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Introduction 
 

 

 

1. Multiple Sclerosis 

1.1. Clinical Pathology and Disease Course 

Multiple sclerosis (MS) is a chronic demyelinating disease characterized by cycles of relapsing 

and remitting inflammation, followed in its later stages by progressive neurodegeneration. The 

burden that MS places on society is stark: it is the most prevalent inflammatory disease of the 

central nervous system (CNS) and affects approximately 2.9 million people worldwide, with the 

highest rates occurring the western world.1 The average age of diagnosis is only 30 years 

young, with approximately 50% of patients requiring permanent use of a wheelchair 25 years 

after diagnosis.2 

 

MS symptoms present as sensory and visual impairments, motor system malfunctioning, 

fatigue, pain, and in later stages, as worsening cognitive deficits, presented as increased scores 

on the commonly used Expanded Disability Status Scale (EDSS) for quantifying disability in MS. 

The pathological hallmarks of the disease are confluent demyelinated lesions within the gray 

and white matter of the CNS.3,4 These lesions are the result of the breakdown of the blood-

brain barrier (BBB) and infiltration of innate and adaptive immune cells that promote and 

sustain the processes of demyelination and degeneration of neuronal axons, gliosis, and 

inflammation which collectively result in worsening disturbances in neuronal signaling 

throughout the body.5 As a result, patients experience continual decrease in brain volume from 

cortical and gray matter atrophy.6 

 

Four clinical subtypes of MS were defined by the US National Multiple Sclerosis Society (NMSS) 

Advisory Committee in 1996 and have been the standard classification for various disease 

courses ever since.7 These four disease courses were defined as relapsing remitting (RRMS), 

secondary progressive (SPMS), primary progressive (PPMS), and progressive relapsing (PRMS). 

The two core phenotypes of these disease courses relate to an either relapsing or progressive 

form of disease. Relapsing forms of disease, where patients experience periods of neurological 

1 
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dysfunction followed by remission, is the most common form of disease. About two thirds of 

patients transition to the progressive stage of disease within 10-15 years of diagnosis.8 Only 

10% of patients are diagnosed from the onset with progressive forms of disease, where 

neurological symptoms persist from the start and increase in their severity. Progressive forms 

of disease are more difficult to treat and have a poor prognosis. 

 

1.2. Disease Etiology and Risk Factors 

Multiple sclerosis is considered to be an environmentally triggered disease that occurs among 

individuals with genetic susceptibility. Genome-wide association studies (GWAS) have 

identified over 200 risk variants to date and place the genetic component of disease at around 

30%.9,10 The greatest genetic risk for MS is linked to polymorphisms in human leukocyte 

antigen (HLA) class I and II genes, the human equivalent of the mouse major histocompatibility 

complex (MHC) genes. In particular, the class II variant HLA-DRB1*15:01 has significant disease 

association (odds ratio (OR) ~ 3) and remains the most dominant genetic risk factor identified 

thus far.11 Conversely, the class I variant HLA-A*02 provides significant protection against 

disease.12 Given the strong involvement of both class II primed CD4+ and class I primed CD8+ 

T lymphocytes in disease pathogenesis, it is likely that variations in the HLA genes may promote 

either protective or pathogenic T cell responses that contribute to disease initiation. 

 

The remaining 70% of non-genetic disease-driving factors are classified as environmental. 

These non-genetic risk factors can be further divided into two categories: those that compound 

with an already present genetic risk and those occurring independently. Environmental risk 

factors observed to compound with already existing genetic risk factors are previous Epstein-

Barr Virus (EBV) infection, smoking, and adolescent obesity. Compelling evidence suggests that 

these three risk factors work by activating auto-reactive T cells, eventually leading to their CNS-

targeted effects. 

 

The most significant nongenetic risk factor for MS is previous infection with Epstein-Barr Virus 

(EBV), particularly when it results in symptomatic infectious mononucleosis, typically occurring 

during adolescence or early adulthood.13 Nearly all MS patients have antibody titers against 

EBV nuclear antigen 1 (EBNA1). While this might not seem surprising—over 90% of the 

population have antibody titers against EBV—a clear linear relationship has been documented 
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between higher serum titers of anti-EBNA1 IgG antibodies and the increased risk of MS 

development.14 In a study of over 10 million members of the US military, risk of MS 

development increased 32-fold in young adults after EBV infection. Only one of the 801 MS 

cases occurred in an EBV-negative individual.15,16 Research into potential mechanisms provides 

evidence for molecular mimicry mediated via cross-recognition of T and B lymphocytes. 

EBNA1-specific T cells were shown to frequently recognize myelin antigens and produced 

inflammatory cytokines, including interferon-γ (IFNγ) and interleukin (IL)-2, as a response, but 

not in response to other autoantigens.17 More recently, it was observed that B cell 

autoantibodies recognizing EBNA1 have a similarly high affinity for CNS antigen GlialCAM.18 

These insights underscore the complex interplay between viral infection and adaptive immune 

responses in the development of MS. 

 

Environmental risk factors influencing MS susceptibility independently of genetic risk—such as 

vitamin D status, gender, and diet—are more challenging to study, largely due to the 

intersectionality of these risk factors with other inseparable societal factors, such as wealth 

disparities, access to resources, and many more. Proposed biological explanations include 

hormone effects on T cell functioning and the myriad impacts of modern-day stress, though 

these theories require much more scientific validation.19–21 Overall, MS is a complex disease 

likely driven by multiple, interacting genetic and non-genetic factors. 

 

1.3. Immunopathology and Cellular Involvement 

Theories on the triggers of MS diverge into two schools of thought known as the “inside-out” 

versus the “outside-in” hypotheses.22 The “inside-out” hypothesis of MS development points 

to CNS-intrinsic “cytodegeneration”, or cellular damage within the CNS, that leads to antigen 

drainage through the cerebrospinal fluid (CSF) to initiate autoimmune responses.23 In contrast, 

the “outside-in” hypothesis proposes that the CNS-extrinsic activation of autoreactive T cells 

responsible for later disease development occurs starting in the periphery.24 The heterogeneity 

of MS hints towards a likelihood of both hypotheses occurring simultaneously and to a 

different degree between patients.  

 

Cellular drivers of MS include a multitude of immune cell subsets of both lymphocyte and 

myeloid origin. T lymphocytes play a crucial role in MS as the adaptive immune cells which 
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recruit myeloid cells that promote destruction of the myelin sheaths of neuronal axons. Among 

CD4+ T lymphocytes, research suggests MS patients have both fewer suppressive and more 

pathogenic effector helper T (Th) cells. Suppressive CD25+ regulatory T cells (Tregs) of MS 

patients are reduced in number, have lower suppressive capacity in vitro and produce less IL-

10 upon restimulation.25–27 The major pathogenic effector T cell subsets described to promote 

MS development are T helper type 1 (Th1) and T helper 17 (Th17) cells. In MS patients, both 

effector Th1 and Th17 cells are documented to express higher levels of pro-inflammatory 

cytokines IFNγ and IL-17, respectively.28 While MS has traditionally been studied as a CD4+ T 

cell-mediated disease due to the genetic associations with MHC class II alleles, MHC class I-

associated CD8+ T cells are found at equal or greater numbers than CD4+ T cells in plaques of 

MS patients, suggesting a central role.29 Activated CD8+ T cells secrete the inflammatory 

cytokines IFNγ, tumor necrosis factor (TNF), and IL-2, as well as lytic enzymes, such as perforin 

and granzymes, which are shown to be particularly cytotoxic to neurons.30  

 

Interest into the role of B lymphocyte involvement during MS has also piqued after the 

discovery of the success of B cell depletion therapies with anti-CD20 monoclonal antibodies.31 

These therapies sustainably reduce relapse rates without altering the levels of circulating 

antibodies, suggesting that B cells contribute to disease pathogenesis though antibody-

independent mechanisms, such as antigen presentation or by promoting lymphogenesis.32 

Memory B cells have been shown to stimulate the proliferation of self-reactive CD4+ T cells via 

HLA-DR15, the main genetic risk factor for MS.33 Additional studies indicate that B cells in MS 

patients have a higher activation status, and increased lymphotoxin (LT), TNF, and granulocyte-

macrophage colony-stimulating factor (GM-CSF) production that may support effector CD4+ 

and CD8+ T cell responses.34–36 Additionally, B cell-related chemokines, including CXCL10/13, 

LTα, IL-6, and IL-10 are elevated in the CSF of MS patients and may support the formation of 

tertiary lymphoid structures that support chronic inflammation in the leptomeninges.37  

 

Research on innate immune involvement in MS has expanded in the last decade but remains 

highly underdeveloped. Both CNS-intrinsic and extrinsic myeloid cells play a pivotal role in 

driving and sustaining inflammation in MS lesions. Microglia, the CNS-intrinsic myeloid cells, 

are long-lived resident cells that become activated in the heavily myelinated white matter of 

MS patients and promote demyelination through phagocytosis.38 CNS-extrinsic circulating 
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myeloid cells, predominantly neutrophils and monocytes, are recruited to the CNS by 

chemokines and cytokines, such as CXCL1, CXCL2, CXCL8, and G-CSF, released by activated glia 

and T cells.39 In the CNS parenchyma, myeloid cells contribute to axonal demyelination and 

BBB breakdown through phagocytosis and the secretion of pro-inflammatory mediators, such 

as reactive oxygen species (ROS), IL-1β, IL-6, and myeloperoxidase (MPO).40 Ultimately, MS is 

an immune-mediated disease involving a complex interplay of both CNS-intrinsic and extrinsic 

cell types that initiate and perpetuate chronic cycles of demyelination throughout the CNS.  

 

1.4. Treatment Options and Future Clinical Approaches 

The progression of MS can be characterized into early, middle, and late stages (Fig. 1).10 The 

early, preclinical stage of MS is just as its name states: the signs of disease are below the clinical 

threshold for diagnosis. No symptoms exist at this stage, though the disease may be 

incidentally identified via MRI.41 Once symptoms begin to show, patients enter the relapsing-

remitting stage of disease, characterized by episodes of neurological dysfunction followed by 

stages of remission.42 Treatment at this stage seeks to prevent relapses and myelin 

degradation, which can cumulatively lead to permanent neuronal loss. Over time, episodes 

increase in frequency and severity, until remission phases cease entirely, marking the transition 

to the progressive stage. At this late stage, CNS damage from chronic demyelination and 

neuronal death are permanent and irreversible, and only few therapies are available to patients. 

 

 

Figure 1: Clinical course of MS progression. From Filippi et al. 2018.10 
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 The widest range of disease-modifying therapies (DMT) exist for treatment of patients in the 

relapsing-remitting stage of MS.43 Though often pleiotropic in nature, drug action of these 

RRMS-DMTs can be categorized into three main mechanisms of action: 1) lymphocyte 

depletion, 2) increasing the suppressive to pathogenic T cell ratio, or 3) inhibition of migration 

and CNS entry. Lymphocyte depletion using anti-CD52 monoclonal antibodies, (alemtuzumab 

and cladribine), or anti-CD20 monoclonal antibodies (ocrelizumab and rituximab) are effective 

in reducing lesion volume, decreasing relapse rate, and slowing disease progression.31,44 While 

these therapies are efficacious in reducing relapses, they carry risks, with many clinical trials 

documenting adverse effects, such as the observance of secondary autoimmune disease in 30-

40% of patients.45  

 

Several DMTs exist to alter T cell dynamics, either by altering the Th1/Th17-Treg axis or 

interfering with T cell migration. Treatment with the endogenous cytokine interferon-β (IFNβ) 

is shown to down-regulate MHCII expression, interfere with T cell homeostasis, and protect the 

BBB by the inhibition of adhesion molecules.46 Glatiramer acetate, a synthetic mixture of 

random peptides that mimic myelin proteins, promotes tolerance to these epitopes and 

increases the number of Tregs.47 RRMS-DMTs that inhibit migration of lymphocytes target two 

key events. Sphingosine-1-phosphate (S1P) receptor modulators, such as the S1P agonist 

fingolimod, sequesters T cells in the periphery by inhibiting their egress out of the lymph 

nodes.48,49 Conversely, the α4β1 integrin-targeting antibody, natalizumab, impairs integrin-

driven CNS migration by blocking lymphocyte VLA4 binding to VCAM1 on endothelial cells.  

 

 Few treatments are effective in the progressive stage of MS, largely due to the irreversible 

damage to neurons from chronic inflammation. However, current research into 

oligodendrocytes, the cells that carry the potential to remyelinate neuronal axons, proves 

promising.50 Oligodendrocyte precursor cells (OPCs) migrate to sites of inflammation to mature 

into myelinating oligodendrocytes. Future therapies aim to enhance OPC migration to sites of 

inflammation and to promote their maturation through the inhibition of inhibitory and pro-

inflammatory molecules.43 Drugs such as miconazole and clobetasol have proved effective in 

differentiating OPCs in vitro, yet so clinical studies are underway for their efficacy in MS 

patients.51  
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2. Experimental Autoimmune Encephalomyelitis (EAE)  

Studying the human CNS during active disease is limited by the invasive nature of tissue 

analysis. Animal models provide a viable alternative to study the cellular and molecular 

mechanisms promoting disease development and persistence. Experimental autoimmune 

encephalomyelitis (EAE) is the most widely used model that mimics key features of the human 

disease. First described by Rivers and colleagues in 1933, researchers observed that monkeys 

immunized with rabbit brain extracts developed CNS perivascular infiltrates and demyelination 

resembling human multiple sclerosis.52 Since then, several adaptations of the EAE model have 

been developed that place selective focus on mechanisms underlying processes such as 

neuroinflammation, immune system activation, or demyelination.53 Spontaneous models of 

EAE utilize animals with genetically modified T cell and B cell receptors against CNS antigen.54,55 

In contrast, active EAE involves an artificial induction of the adaptive immune response via 

injection with CNS antigen in an adjuvant emulsion, with antigens like myelin oligodendrocyte 

glycoprotein (MOG)35-55 inducing a chronic disease course, while proteolipid protein (PLP)139-151 

induces a relapsing-remitting course.56 The adoptive transfer model of EAE (AT-EAE), induced 

by transfer of in vitro polarized encephalitogenic T cells from antigen-immunized donor mice, 

places a focus on T cell mediated disease mechanisms that is largely independent of peripheral 

organs.57 Finally, the “inside-out” hypothesis of MS described previously is well-modeled by 

the cuprizone model of EAE, which administers the copper chelating agent cuprizone to induce 

damage to oligodendrocytes, placing focus on the de-and remyelination processes occurring 

during EAE.58 

 

 2.1. Immunopathology of the MOG35-55 EAE model 

The MOG35-55 EAE model has significantly contributed to research on neuroautoimmune 

mechanisms due to its chronicity and involvement of both central and peripheral immune 

processes. Key immune processes, such as peripheral T cell priming and clonal expansion, along 

with CNS processes like T cell reactivation, myeloid recruitment, and demyelination, are easily-

observable and time-dependent (Fig. 2). This model has been used to make great strides in the 

understanding of MS and in the development of treatments and therapies that limit disease 

onset or progression.59 The MOG35-55 EAE model is not without its limitations, however. Unlike 
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in MS, B cells do not appear to play a crucial role, as B-cell deficient mice remain susceptible to 

MOG35-55-induced EAE.60 In contrast, other leukocytes, especially T cell and myeloid driven 

disease pathology, are critical at various stages and well-represented in the MOG35-55 EAE 

model. Dendritic cells are essential for antigenic priming and reactivation, for example, while 

CD4+ T cells drive the adaptive immune response which recruits myeloid cells that promote 

demyelination and CNS inflammation.  

 

 

Figure 2: Multi-step pathogenesis of active EAE. (1) T cells encounter cognate antigen in the lymph nodes 

presented on MHCII complexes of dendritic cells and macrophages. (2) Early activated T cells leave the lymph nodes 

in a so-called “first-wave” to become (3) reactivated at the CNS leptomeninges. (4) T lymphocytes clonally expand 

in the spleen before (5) migrating with APCs through the blood stream towards the CNS. Once inside the CNS 

parenchyma, a circular process of T cell reactivation (6), myeloid cell recruitment, and release of demyelinating 

factors (7) will continue until inflammation is inhibited by (8) CNS-invading regulatory T cells. 

 

2.1.1. Antigenic T cell priming in the draining lymph nodes 

CD4+ T cell priming by antigen presenting cells (APCs) is the initiating step of the adaptive 

immune response that occurs in both MS and EAE. This process requires two signals given to 

T cells by APCs: antigen presentation and costimulatory receptor engagement. In the lymph 

nodes receiving immune cells surrounding the site of immunization, termed the draining lymph 

nodes (dLNs), professional APCs, such as dendritic cells and macrophages, capture antigens 

through phagocytosis or endocytosis. These antigens are processed into peptide fragments 

within lysosomes, then loaded onto MHCII molecules which are transported to the extracellular 

surface of APCs for presentation to antigen-specific T cell receptors (TCRs).61  
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Alongside TCR-engagement with MHCII, costimulatory ligands on the surface of APCs transmit 

either activation or inhibitory signals to T cells. Several costimulatory molecules are involved in 

priming autoreactive T cells during MS and EAE, including activating ligands such as CD28 and 

CD40, and inhibitory molecules such as CTLA-4 and PD-1.62 The CD40-CD40L costimulatory 

dyad seems to be particularly important for T cell priming in the periphery and reactivation in 

the CNS during MS and EAE.63,64 Both the MHCII and costimulatory systems have evolved as 

mediators of central tolerance to self-antigens and activate the adaptive immune response to 

foreign antigens. In EAE, CD4+ cells only survive and further differentiate into specialized 

effector subsets after engagement with these two activating signals. Thereafter, the 

environmental cytokine milieu dictates the differentiation trajectory of effector T cells. 

 

2.1.2. Reactivation of peripherally activated T cells in the subarachnoid space (SAS) 

The CNS is composed of three barriers that receive T cells: the arachnoid membrane 

underneath the skull, the blood-CSF barrier, and the blood-brain barrier (BBB) within the CNS 

parenchyma (Fig. 3).59 The arachnoid epithelial membrane acts as a barrier between the dura 

mater, containing arteries, veins, and lymphatics, and the underlying subarachnoid space (SAS) 

containing CSF.65 The choroid plexus epithelium comprises the blood-CSF barrier, where 

leukocytes and small molecules of the ventricular CSF may pass further into the epithelial 

basement membrane.66 Lastly, the BBB of the CNS parenchyma is formed by tightly connected 

endothelial cells of capillaries and post-capillary venules throughout CNS tissue that separates 

the vasculature from the underlying basement membrane and glial limitans.67 Under healthy 

conditions, the CNS epithelial barriers remain tightly connected by endothelial junctions and 

maintain a tightly regulated exchange of metabolites and small molecules.68 During 

neuroinflammation, disruption of the physical endothelial barriers as well as activation of 

leukocytes and the endothelium by upregulation of adhesion molecules promotes leukocyte 

recruitment to the CNS and increases permeability of the BBB.69 Infiltration of immune cells can 

occur at the leptomeningeal blood-CSF barrier, the choroid plexus blood-CSF barrier, or 

through the BBB at post-capillary venules.23  

 

T cell migration to the CNS occurs in two “waves” during EAE. The first wave, known as the 

reactivation phase, acts as a trigger for the larger second wave of leukocyte infiltration that 

coincides with symptom onset.70 During reactivation, the first wave of T cells engages with 
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perivascular MHCII+ APCs to release proinflammatory mediators that prepare the CNS for the 

forthcoming immune response.70 The cytokines released by APCs and T cells locally and distally 

activate microglia throughout the CNS to recruit immune cells to the CNS. In the latency period 

preceding symptom onset, CD4+ T cells upregulate chemokine receptors such as CCR6, CXCR3 

and CXCR4, that facilitate their migration and interaction with adhesion molecules and ligands 

presented on perivascular endothelial cells and APCs.71,72 Perivascular macrophages and 

dendritic cells are the main MHCII+ APCs that engage with T cells during reactivation.57,70 Live 

imaging studies investigating the kinetics of T cell reactivation within the SAS suggest that this 

occurs at 24-60 hours after adoptive transfer or 9-10 days after active EAE immunization.73 The 

strength of T cell reactivation plays a crucial role in disease progression, as strongly reactivated 

T cells produce higher levels of chemokines, promoting increased leukocyte migration to the 

CNS.  

 

 

 
Figure 3: Anatomic organization of the CNS barriers. From Goverman et al. 2009.59 

 

2.1.3. Clonal expansion and CNS migration of peripherally activated T cells 

Upon sensing reactivation signals, CD4+ T cells in peripheral tissues undergo clonal expansion 

before migrating en masse towards the CNS. While clonal expansion primarily occurs in the 

spleen, it has been also documented in other peripheral organs ranging from the lungs to the 

intestine.74–76 Studies suggest that the location of clonal expansion may impart T cells with 

specialized effector functions and cytokine profiles upon reaching the CNS.77,78 The 

development of various effector T cell subsets are well characterized. The main effector T cell 
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subsets driving EAE are the Th1 and Th17 cells, matured under the cytokines IL-12 and IL-23, 

respectively. Th1 cells are characterized by expression of the transcription factor T-bet and 

secretion of IFNγ, while Th17 cells express the nuclear hormone receptor RORγt and secrete 

IL-17. In EAE, Th1 and Th17 cells are associated with different disease courses: Th1 cells lead to 

milder, monocyte-driven neuroinflammation, while Th17 cells cause a more severe, neutrophil-

driven neuroinflammation.79 The cytokine environment of different tissues may influence how 

EAE is polarized through the development of Th1 versus Th17 cells, although further research 

is needed in this area. 

 

All clonally expanding CD4+ T cell populations undergo a maturation process towards a more 

effector, migratory phenotype before entering the bloodstream and circulating towards the 

CNS. This maturation includes downregulation of activation markers and upregulation of 

chemokine receptors such as CCR6, CXCR4, and CXCR6, that bind to their respective ligands 

expressed predominantly in the CNS.80 Migration of these mature effector CD4+ T cells from 

peripheral tissues to the CNS is regulated by a myriad of “stay versus go” signals. The signals 

most relevant in the EAE context include sphingosine-1-phosphate (S1P) signaling and 

chemokine gradients in the blood.71  

 

S1P is a sphingolipid involved in dictating whether T cells remain in or exit secondary lymphoid 

organs (SLOs).81 S1P is produced in the plasma by red blood cells, platelets, and endothelial 

cells to signal to the S1P receptor 1 (S1PR1) on the surface of T cells. Upon binding, S1PR1 is 

internalized, facilitating T cell trafficking into blood and lymph.82 In the context of 

autoimmunity, S1P signaling is highly relevant; the S1P analog fingolimod is a standardized 

treatment for relapsing forms of MS and works by sequestering T cells in the peripheral SLOs.83 

Studies have also shown that deletion of S1PR1 on Th17 cells confers resistance to disease.84 

 

Peripheral autoreactive T cells are recruited to the CNS by the upregulation of integrins and 

chemokines. Interactions between the T cell expressed chemokine receptor, CCR6, and its 

ligand CCL20, upregulated on inflamed CNS endothelial cells, appears to be a key feature of 

the first wave of pathogenic T cells into the CNS during EAE.85,86 During the second wave, 

chemokine receptors of both innate and adaptive leukocytes, such as CXCR3/4/6 and 

CCR2/4/5/6, detect their corresponding ligands (CXCL9/10/11/12/16 and CCL2/20) produced 
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by astrocytes, glial, and endothelial cells in the CNS.71,87 Upon reaching the CNS, endothelial 

integrins ICAM-1 and ICAM2 facilitate leukocyte crawling on endothelial cells of the BBB.88 At 

this stage, TNF production appears to be essential for both T cell and myeloid entry into the 

CNS parenchyma after primary restimulation. Other integrin interactions, such as effector T cell 

α4β1 integrin binding to VCAM-1 on endothelial cells, promote entry of T cells into the CNS 

parenchyma.89,90 Natalizumab, the α4 integrin monoclonal blocking antibody and standard 

treatment for MS, disrupts these T cell-endothelial cell interactions to inhibit T cell infiltration 

into the parenchyma and the resulting disease pathogenesis.91  

 

2.1.4. Demyelination within the CNS parenchyma 

 Demyelination of neuronal axons within the CNS, a hallmark pathology of MS and EAE, is driven 

by infiltrating myeloid cells, mainly monocytes and neutrophils, which are recruited to the CNS 

by GM-CSF-producing Th17 cells.92,93 Early in the disease cascade preceding symptoms, 

reactivation and breakdown of the BBB activate microglia through NF-κB, JNK, and ERK1/2 

pathways, leading to microglial TNF secretion.94,95 Coinciding with weight loss at pre-onset, 

circulating monocytes invade the CNS parenchyma, polarize, and mature into macrophages at 

inflammatory sites, sustained in numbers by hyper-myelopoiesis throughout symptomatic 

disease stages.96–98 Mononuclear phagocytes engage in myelin degradation through 

phagocytosis and ROS production38, while also expressing high mRNA levels of Nos2, the 

matrix metalloproteinases Mmp12 and Mmp14, and inflammatory cytokines such as Il1b, that 

are hypothesized to also contribute to demyelination.98,99  

 

Recent studies suggest a potential role of neutrophils in demyelination.39 Neutrophil-driven 

EAE associated with Th17 cells results in worsened outcomes than monocyte-driven EAE by 

Th1 cells.79 In a cuprizone EAE model, blood circulating CXCR2+ neutrophils are essential for 

demyelination within the CNS, and CXCR2-/- mice are strongly protected against disease.100 Yet 

how results from animal models translate to the human disease is still debated. The neutrophil-

to-lymphocyte ratio directly correlates with MS disease severity, and while neutrophils are rare 

in the CNS tissue of MS patients, neutrophil-derived inflammatory mediators—such as elastase, 

MPO, ROS, and neutrophil extracellular traps (NETs)—are elevated in the blood.40 Though 

neutrophil mediators are shown to disrupt the BBB and have high cytotoxic potential, (e.g. in 
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nerve degeneration in ALS), more research is required to determine whether they directly affect 

demyelination.101–103  

 

While the roles of microglia, monocytes, and neutrophils in MS are not completely elucidated, 

early depletion in any of these cell types greatly reduces EAE progression and 

neuroinflammatory processes.95,104,105 Future therapies targeting these cell types, such as 

nicotine acetylcholine receptor (nAChR) ligands for the prevention of monocyte and neutrophil 

infiltration, may prove effective in short-term treatment for MS patients undergoing relapses 

and work to minimize the demyelination that leads to progressive forms of the disease.106  

 

2.1.5. Remyelination and recovery 

Resident and circulating myeloid cells in the CNS play a dual role in MS and EAE, contributing 

both to demyelination, but restorative remyelination processes as well. While phagocytosis of 

the myelin sheaths contributes to active inflammation, clearance of myelin debris is critical for 

restoration of the lesion environment to a non-inflamed state. Upon myelin phagocytosis, 

activated microglia shift towards an anti-inflammatory state, observed by decreased 

production of the pro-inflammatory cytokines TNF and IL-1β and increased production of anti-

inflammatory prostaglandin E2, activin-A, and insulin-like growth factor.38,107 Infiltrating 

mononuclear cells promote remyelination. A live in vivo imaging study by the Kerschensteiner 

lab suggests that CNS environmental cues influence infiltrating monocytes towards either a 

pro-inflammatory or an anti-inflammatory phenotype, as seen in later EAE stages.98 This shift 

may involve Ly6Clo non-classical monocytes that repopulate inflammatory macrophages. Non-

classical monocytes are shown to patrol the vasculature and can differentiate into anti-

inflammatory macrophages to stimulate wound healing and angiogenesis.38 Anti-inflammatory 

polarization of microglia and macrophages, characterized by arginase expression, and 

production of IL-10 and collagen, is observed to lead to enhanced clearance of myelin debris 

and to promote oligodendrocyte differentiation during remyelination.108 IFNλ, a cytokine highly 

involved in EAE, may be key in explaining the temporal and spatial regulation of pro- versus 

anti-inflammatory signaling at this stage. While IFNλ is known to activate microglia, it 

alternatively limits peroxidation of myelin lipids to ameliorate EAE.107,109 Thus, the complex and 

context-dependent roles of myeloid cells in the CNS underscore a dynamic balance between 



25 

 

pro-inflammatory and anti-inflammatory processes, which is essential for effective tissue repair 

and recovery during remyelination. 

 

3. Interleukin (IL)-17 signaling pathway in steady state and EAE 

The IL-17 cytokine family contains six members, IL-17A through IL-17F, and five receptors, 

IL-17RA through IL-17RE, which interact in distinct combinations to induce signaling in target 

cells (Fig. 4).110,111 Among the cytokines, IL-17A (otherwise known as IL-17 or CXCL8) and IL-17F 

are the most infamous and well-studied due to their association with pathogenic Th17 cells in 

autoimmune disease. IL-17A and F share a high sequence homology and form homo- and 

heterodimers to signal through the same heteromeric IL-17RA/IL-17RC complex. IL-17A is 

more strongly linked to disease, as IL-17A-deficient mice have strongly decreased EAE, whereas 

IL-17F-deficient mice exhibit only minimal reductions in disease severity.112–114 Additionally, 

complexes formed with homo- or heterodimeric IL-17F have weaker effects on target cells.110  

 

Canonical IL-17 signaling begins when IL-17A binds to the IL-17RA/IL-17RC receptor complex 

on the extracellular membrane of target cells. The cytoplasmic adaptor protein Act1 is recruited 

to the receptor complex, leading to the polyubiquination of TNF receptor associated factor 

(TRAF)-6, a direct activator of the pro-inflammatory nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-κB) pathway.115 Other pro-inflammatory pathways, including the 

mitogen-activated protein kinase (MAPK), and the CCAAT/enhancer-binding protein (C/EBP) 

transcription factors C/EBPβ and C/EBPδ are also induced by IL-17A.116 IL-17 often synergizes 

with other cytokines, such as TNF, LT-β and IL-22, to amplify transcription programs, and induce 

tissue-specific signaling effects.117 IL-17 has broad physiological functions across various 

tissues, likely due to the ubiquitous expression of its receptor IL-17RA, which is the common 

signaling subunit of four IL-17 ligands. 
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Figure 4: IL-17 family ligand-receptor relationships. From Monin and Gaffen et al. 2018.118 

 

A critical balance of IL-17 appears essential for its homeostatic or pathogenic functioning, as 

signaling effects can be helpful in one context and harmful in another.119 One of IL-17’s best 

documented functions is to support anti-microbial, especially anti-fungal, immune resistance 

by the chemoattraction of neutrophils.120–122 This is particularly relevant at the epithelial barriers 

of the lungs, intestine, and oral mucosa, which encounter trillions of microbial and viral signals 

daily. Microbial dysbiosis and increased intestinal IL-17 levels, produced by intraepithelial γδ-T 

cells or lamina propria αβ-T cells, is highly linked to inflammatory bowel disease (IBD).123,124 In 

fibrotic tissues, IL-17 stimulates the proliferation and survival of fibroblasts to aid in wound 

healing, but excess IL-17 can lead to dysregulated tissue remodeling, sclerosis, and fibrosis.125–

127 In the CNS, IL-17 regulates behavior by modulating the neuronal activity of interneurons; in 

this context, increased IL-17 signaling has also been linked to autistic-like behaviors in 

mice.128,129 

 

3.1. IL-17 during EAE 

Both innate and adaptive immune cells produce IL-17 to induce unique signaling effects 

depending on the tissue environment.130 Among innate sources, γδ-T cells (CD3+CD4-TCRγδ+) 

are the largest, best-studied population and play an essential role in IL-17-mediated control of 

fungal and bacterial infection. In vitro culture with IL-1β or IL-23 stimulates rapid secretion of 

IL-17 from γδ-T cells and some studies suggest these cells are an early source of IL-17 during 

EAE.131–133 A lymphoid tissue inducer (LTi)-like subset of ILC3s (CD3-CD4+KIT+THY1+) produces 

IL-17 to support the formation of lymphoid structures in mucosal and gut-associated lymphoid 

tissues (MALT/GALT) and in the spleen.134 IL-17 has been similarly shown to promote tertiary 

lymphoid structures in the leptomeninges during EAE, although the source of IL-17, whether 

Th17 or LTi-like cell-produced, is unclear.135 γδ-T cells, LTi-like cells, invariant NK (iNK) T cells, 
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and NK cells are abundant at the intestinal intraepithelial layer, where they survey the 

commensal species and produce cytokines such as IL-17 and IL-22 in response to microbial 

signals to maintain intestinal homeostasis.  

 

CD4+ Th17 cells are the classical drivers of adaptive IL-17 immunity during EAE, requiring IL-6 

and transforming growth factor (TGF)-β for Th17 lineage commitment, and IL-23 for 

expansion.136,137 TGFβ, IL-6, and IL-1 activate signal transducer and activation of transcription 

(STAT)-3 signaling, which induces expression of the lineage-defining transcription factors 

RORγt and RORα.138,139 Evidence suggests that Th17 cells are heterogenous and able to adopt 

pathogenic and non-pathogenic phenotypes dependent on environmental factors.140 Non-

pathogenic Th17 cells are shown to be generated by IL-6 in combination with TGFβ1, while IL-6 

in combination with IL-1β, and especially IL-23, are essential for Th17 cell pathogenicity and 

their production of GM-CSF during autoimmunity.75,93,141 

 

Th17 cells differentiate and reside primarily in the immune compartment of the intestine, called 

the lamina propria (LP), and are influenced in their differentiation by commensal and 

pathogenic bacteria.142 Segmented filamentous bacterial (SFB), a commensal, spore-forming 

gram-positive bacteria that can permeate the small intestinal ileal lining, promotes the 

expression of epithelium-derived serum amyloid alpha proteins 1 and 2 (SAA1/2) that induces 

Th17 cell differentiation.143,144 Additionally, bacterial-derived adenosine 5’-triphosphate (ATP) 

is shown to drive lamina propria Th17 differentation by CD11c+ cells that secrete IL-6 and TGFβ, 

while germ-free and antibiotic-fed mice have sharp decreases in Th17 numbers.145 Indications 

exist that the state of the microbiome may influence the pathogenic signature of Th17 cells 

through metabolic reprogramming, as commensal SFB was shown to promote a “quiescent”-

like Th17 cell that engages in oxidative phosphorylation and produce large amount of the anti-

inflammatory cytokine IL-10, while Citrobacter rodentium infection promotes pathogenic Th17 

cells which also engage in aerobic glycolysis.146 

 

Th17 cells are the most well-published source of IL-17 during MS and EAE in both the CNS and 

periphery. Within the CNS, the percentage of IL-17+ CD4+ T cells is the highest at the pre-onset 

of EAE, suggesting a role in earlier stages of the disease.76 It has been suggested by several 

publications that IL-17 may decrease BBB integrity by increasing expression of adhesion 
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molecules, disrupting the endothelial tight junction proteins occludin and zona-occludens 

(ZO)-1, and promoting CCR2 and CXCL1 release, allowing for leukocyte infiltration into the 

CNS.147–149 However, these in vitro studies used 200-2,000 times the physiological level of IL-17 

found in mice at the peak of EAE and have not been confirmed in vivo. One study suggests 

that high concentrations of IL-17 during acute EAE can affect synaptic plasticity and cognition 

in the hippocampus, despite this process typically occurring in later, chronic stages and not in 

the acute stages of the disease.150 

 

No more consensus has been reached regarding IL-17’s role within the periphery during EAE. 

IL-17 from innate γδ-T cells in the lymph nodes has been suggested to recruit IL-1β-producing 

myeloid cells that promote T cell priming with myelin antigens.133 Alternatively, IL-17 was 

shown to activate fibroblastic reticular cells in the spleen for proliferation and survival, although 

this study found no reduction in EAE severity upon blockade of this signaling.119 It has further 

been suggested that IL-17 signaling in the intestine may be relevant to disease development. 

This is an attractive hypothesis as Th17 cells, the major effector T cells in EAE, develop 

predominantly in the intestine and could provide a link between the gut and brain in MS. 

However, studies investigating the role of IL-17 have produced conflicting results, with one 

study implicating IL-17 signaling as pathogenic, and others suggesting intestinal IL-17 is 

protective during EAE.151,152  

 

Since its discovery as a major effector cytokine of Th17 cells, anti-IL-17 therapies have been of 

interest for Th17-mediated disease.153 Since 2015, blockade of IL-17A by treatment with the 

monoclonal antibody secukinumab is an approved treatment for plaque psoriasis with high 

efficacy. Treatment for MS patients has proved less promising, however. One study suggests 

treatment with secukinumab may reduce the presence of new lesions in MS, though cumulative 

number of active lesions detected by MRI was unchanged.154 Other antibody treatments 

targeting the p40 subunit shared between IL-12 and IL-23, which act upstream of IL-17 

signaling, showed no significant reductions in any disease parameters measured.155,156  While 

one specific role for IL-17 during MS and EAE has not been found, and likely, different cell and 

tissue-derived IL-17 signals coordinate to modulate neuroautoimmune pathogenesis, greater 

knowledge of IL-17’s pathogenic versus homeostatic functioning may lead to more targeted 

therapies with better outcomes for MS patients.   
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4. Gut-Brain Axis in MS and EAE 

 The gut-brain axis maintains host homeostasis via a complex orchestra of direct and indirect 

signals involving the enteric nervous system (ENS) and the intestinal microbiome. Direct 

signaling occurs bidirectionally via afferent and efferent sympathetic and parasympathetic 

vagal nerve fibers innervating the gut. Efferent signals from the CNS influence immune cells 

and microbial populations by altering gut motility, epithelial permeability, and secretion of 

cytokines, neurotransmitters, and neuropeptides.157,158 Afferent nerve fibers act as sensors of 

the intestinal environment by expressing receptors for microbial metabolites, cytokines, and 

neurotransmitters. Additionally, microbes and their circulating metabolic products, such as 

fatty acids, bile acids, ROS, and polyamines, indirectly regulate the CNS immune system by 

affecting peripheral and CNS-resident immune cell functions.159,160 Evidence for the 

involvement of both direct and indirect gut-brain axis signaling has been demonstrated in both 

MS and EAE. 

 

4.1. The microbiome in MS 

 The human microbiome encompasses 100 trillion microbes, encoding about 100 times more 

genes than the human genome.161 The microbiome of Western humans is taxonomized into 

four relatively stable phyla: Firmicutes (~60%), Bacteroidetes (~20%), Actinobacteria (~15%), 

and Proteobacteria (<5%).162 Gut dysbiosis, defined as an imbalance in the equilibrium of these 

phyla and their sub-species, has been consistently observed in MS patients.163–165 MS patients 

have increased Actinobacteria, decreased Bacteroidetes and Firmicutes, and an increased 

Firmicutes/Bacteroidetes ratio.166 Sub-phyla families and species are variable between regions, 

making cross-cultural comparisons difficult. However, some studies indicate that MS patients 

have increases in bacterial species linked to oxidative stress and decreases in anti-inflammatory 

polyamine- and butyrate-producing bacteria.167,168 

  

How intestinal dysbiosis translates into MS pathology is still being elucidated, yet most 

research in human patients highlights an involvement of T cell reprogramming in the gut. Gut 

associated lymphoid tissue (GALT) contains many T cells and is a major site for their 

activation.159 Several studies suggest that MS-related microbiota exacerbates disease by 
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increasing the effector to regulatory T cell ratio. Human T cells cultured in vitro with bacterial 

extracts from MS patients tend to preferentially differentiate into effector helper T cells rather 

than Tregs.163 Strikingly, these bacterial extracts worsened the severity of EAE when 

transplanted to germ-free mice. Similarly, a high frequency of intestinal Th17 cells in MS 

patients was correlated to higher disease activity.166 One study linked increased 

Methanobrevibacter and Akkermansia and reduced Butyricimonas in MS patients with 

differences in gene expression among circulating T cells and monocytes involved in dendritic 

cell maturation and interferon and NF-κB signaling.165 Prevotella, a commensal species 

commonly reduced in MS patients, was observed to suppress EAE in humanized mice by 

promoting tolerogenic dendritic cells that enhance Treg development and suppress effector T 

cell responses.166,169 Despite the focus on specific bacterial strains, many competing signals 

orchestrate the delicate balance between health and disease. 

  

Restoring gut homeostasis through microbiome modulation is a promising therapeutic avenue 

for several neurological disorders.170 While many DMTs have adverse side-effects and lose 

efficacy over time, treatments with fecal microbiome transplantation (FMT) and probiotic 

supplementation have shown safety, tolerability, and positive outcomes in MS treatment.171 A 

12-week trial found reduced serum levels of CRP, TNF, and IFNγ, and increased Foxp3+ and 

TGFβ with a twice daily mixed-strain probiotic.172 Another 16-week trial found lower EDSS 

scores, reduced depression and anxiety, decreased plasma IL-6 and CRP, and increased IL-10 

and nitric oxide (NO).173 Whether this protection is due to functional changes in immune cells, 

vagal nerve activity, or both, remains to be determined.  

 

4.2. Role of the microbiome in EAE 

 Laboratory models of EAE are invaluable for exploring the systemic effects of the microbiome 

using methods too invasive for human studies. The necessity of the microbiome in EAE is 

evident, as disease resistance is observed in mice housed under germ-free conditions.174 

Research from the same lab even suggests the microbiome may be the decisive factor in 

disease development; gut microbiota transplantation from dimorphic twin pairs led to a 

significantly greater EAE incidence in mice receiving transplants from MS affected twins than 

healthy twins.163 Animal models suggest that the microbiome influences neuroinflammation 

through three mechanisms: 1) modulation of gut-resident T cell populations, 2) indirect effects 
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on CNS-resident innate immune cells via circulating factors, and 3) direct signaling to enteric 

neurons. 

 

The microbiome alters T cell distribution, promoting neuroinflammation through Th17 

development or suppressing it via Treg induction. Several commensal and pathogenic bacteria, 

such as SFB, bacterial-derived ATP, and C. rodentium increase Th17 prevalence, which is 

associated with worsening EAE and MS.143,146,175 Conversely, other bacterial species and 

metabolites promote intestinal Tregs and limit EAE. For example, polysaccharide A from 

Bacteroides fragilis expands IL-10-producing Tregs at the expense of Th17 cells.176,177 This may 

occur by promoting the secretion of retinoic acid, a vitamin A metabolite, by CD103+ dendritic 

cells, which promotes Tregs and inhibits Th17 cells.178 

 

Circulating metabolites also impact the homeostasis and responsiveness of CNS-resident 

innate immune cells. Presence of the intestinal microbiome is essential for the homeostasis of 

neuroglia, including microglia and astrocytes.179 Some studies indicate that microbial 

metabolites can polarize neuroglia towards type-I immunity to reduce EAE severity. For 

example, increased LPS-producing lung bacteria polarized microglia towards type-I immune 

reactivity, effectively weakening their type-II response during EAE.180 Importantly, altering the 

lung microbiome with neomycin treatment did not affect the transcriptome of lung T cells, but 

specifically of microglia. Additionally, dietary tryptophan-derived aryl hydrocarbon receptor 

(AHR) ligands promoted type-I immunity in astrocytes to suppress inflammation and 

neurodegeneration in EAE.181 Bile acid supplementation also prevented inflammatory 

polarization of astrocytes and microglia and protected oligodendrocytes from cell death during 

EAE.182  

 

Lastly, some research suggests intestinal dysbiosis may alter CNS responses via direct vagal 

nerve stimulation. In the cuprizone EAE model, vagotomy reduced demyelination and 

microglial activation, implicating direct neuronal signaling in disease pathogenesis.183 

Interestingly, vagotomy also restored cuprizone-induced intestinal dysbiosis. Conversely, 

electrical vagal nerve stimulation not only reduced EAE severity and duration, but also 

decreased demyelination, neutrophil and lymphocyte CNS infiltration, cytokine production, 

and gliosis by stimulation of the anti-inflammatory cholinergic system.184 It remains unclear 
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whether the microbiome itself stimulates the vagal nerve to reduce inflammation or if it 

modulates acetylcholine-producing T cells that signal to the vagus nerve to inhibit cytokine 

production.185 

 

5. Neutrophils in pathogenesis and immune suppression 

The innate immune system is comprised of myeloid cells, such as monocytes, macrophages, 

granulocytes, and dendritic cells, that rapidly contain pathogens, contribute to the training of 

the adaptive immune system, and maintain tissue homeostasis. Neutrophils are part of the 

polymorphonuclear granulocyte system representing the major circulating leukocyte 

population at around 70% of leukocytes in the blood of humans and 25% in mice.186 As diverse 

“first responders” of the innate immune system, neutrophils exhibit potent cytotoxic, 

antimicrobial, and immunoregulatory functions, and are rapidly produced to mobilize to sites 

of inflammation to both promote and resolve inflammation through a myriad of stimulus-

dependent effector functions.187,188 

 

5.1. Origin and development 

 All circulating leukocytes and erythrocytes originate from hematopoietic stem cells (HSCs) in 

the bone marrow.189,190 HSCs differentiate into lineage progenitors with a spectrum of 

transcriptionally overlapping states (Figure 5). The myeloid lineage is established once HSCs 

differentiate into common myeloid progenitors (CMPs), which then differentiate into 

granulocyte-monocyte progenitors (GMPs)—bipotent precursors capable of becoming 

polymorphonuclear or mononuclear cells.191–193 Upon GMP-commitment to a neutrophil state, 

mitosis ceases and neutrophil maturation begins, marked by a transition from rounded to 

lobed, horseshoe-shaped nuclei. Transcriptomic analysis of bone marrow neutrophils by Evrard 

et al. 2018 identified a three-stage development trajectory post-GMP stage. The transcription 

factor C/EBPε drives GMPs into a committed proliferative precursor (“preNeu”), which then 

differentiates into non-proliferative immature neutrophils before becoming a bonafide mature 

neutrophil.191 The maturation process of post-mitotic neutrophils occurs in approximate 5-6 

days in humans and 2-3 days in rodents, before which neutrophils are retained in the bone 

marrow by CXCR4 and released into circulation via CXCR2.194,195 In circulation, neutrophils have 

a half-life of a day, but persist up to seven days under inflammatory conditions.196  
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Neutrophils exist in two main “pools”: a free-flowing intravascular, recirculating pool and a 

“marginated” pool held in the bone marrow, spleen, and liver.197 Studies using radio-labeled 

granulocytes indicate that the circulating pool represents around 50-70% of total neutrophils 

in humans and 10-25% in mice198 Diffusion mapping and RNA velocity analysis of single-cell 

RNA sequencing data suggest that despite the existence of these two pools, a single 

maturation continuum occurs across different tissues, with overlaps in maturation between 

pools.199 This may vary between context and disease; for example, in a model of Streptococcus 

pneumoniae infection, marginated immature Ly6Gint neutrophils underwent emergency 

granulopoiesis to sustain the circulating, mature Ly6Ghi neutrophils needed for bacterial 

clearance.200   

 

 
Figure 5: Development of murine leukocytes. From Guilliams et al. 2018.201 
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5.2. Effector functions 

Neutrophils engage an arsenal of effector functions to contain pathogens and evoke both 

immunostimulatory and immunosuppressive responses, including: 1) degranulation, 2) release 

of NETs, 3) production of ROS, and 4) extracellular matrix remodeling.40 Granulation and 

NETosis involve the rapid expulsion of clusters of packaged protein and DNA that exert effector 

functions on surrounding cells.202 Granules, dense clusters of anti-microbial proteins, fuse with 

bacterial phagosomal membranes, while NETs are composed of clusters of packed DNA that 

are expelled to exert immunomodulatory effects on neighboring cells. Neutrophil ROS 

stimulates their own NET production, where NADPH oxidase-generated ROS activates MPO in 

the cytoplasm to form a complex with neutrophil elastase (NE). This complex translocates to 

the nucleus, leading to the proteolytic processing of histones that decondense chromatin for 

NET formation.203 Both granules and NETs are highly immunoregulatory to neighboring cells. 

Granules are potently microbicidal, while NETs can induce apoptosis of epithelial and 

endothelial cells, activate leukocytes and tumor cells, and contribute to conditions such as 

thrombosis, atherosclerosis, cancer, and autoimmunity.204  

Neutrophils possess dynamic cytoskeletal structures and express adhesion molecules and 

integrins, allowing them to morphologically “treadmill” themselves along the vasculature and 

extravasate rapidly into tissues.186 Neutrophils migrate between endothelial cells where they 

communicate to cells of the basement membrane, such as pericytes, to influence tissue 

migration of circulating leukocytes. Their release of ECM remodeling signals, including NETs 

and MMPs, restructures tissue and disrupts tight junctions to alter the permeability of blood-

endothelial barriers and influx of circulating leukocytes.205 NETs have been documented to both 

promote NF-κB-mediated angiogenesis in vitro, while impairing revascularization in models of 

stroke and wound healing.206–208 

 

5.3. Neutrophils during neuroinflammation 

As the “first responders” during inflammation, neutrophils are among the earliest cells detected 

after EAE induction. Within 24 hours of EAE-induction, they appear in the meninges and 

increase in numbers in the periphery and CNS leading up to the onset of clinical EAE, after 

which their numbers decrease.209 Depletion of neutrophils during the pre-onset stage of EAE 

inhibits disease development, highlighting an early, critical window for their pathogenic 
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functions.105,210 Neutrophils play both immunostimulatory and immunosuppressive roles in 

neuroinflammation. 

 

Their immunostimulatory roles include promoting BBB breakdown, facilitating leukocyte 

migration, and aiding T cell activation and differentiation. Neutrophils passing over IL-1β-

activated endothelial cells release pro-inflammatory mediators like ROS, IL-1β, TNF, and matrix 

metalloproteinases (MMPs), which disrupt the BBB and recruit and promote the influx of 

migrating leukocytes.211 Neutrophils can also phagocytose myelin and induce neuronal death 

through granule release and NET formation.40,205  

 

Neutrophils influence T cell differentiation and activation both directly and indirectly, which 

can both promote or suppress neuroinflammation. Release of antimicrobial peptides, such as 

cathelicidin, and acquisition of antigen-presenting function during inflammation promotes 

pathogenic T cell responses both in the periphery and the CNS.212 Neutrophils also aid the 

maturation of CNS APCs, including dendritic cells, macrophages and Ly6Clo monocytes, which 

reactivate T cells in the perivascular space.213 Conversely, neutrophils may suppress T cell 

function directly through their apoptotic bodies, programmed death ligand-1 (PD-L1) and 

arginase-1 (Arg1) expression and indirectly by promoting Treg differentiation. Neutrophils with 

these suppressive functions are classified as myeloid-derived suppressor cells (MDSCs) and are 

increasingly explored as a potential therapy in autoimmune disease.  

 

5.4. Myeloid-derived suppressor cells (MDSCs) 

MDSCs were nomered in 2007 upon increasing evidence of “immunosuppressive cells of 

myeloid origin” with enhanced T cell suppression capabilities.214 Like other myeloid cells, 

MDSCs develop from CMPs and are supported by growth factors such as GM-CSF, G-CSF, and 

M-CSF. The transcription factors C/EBPβ and STAT3 drive the differentiation, expansion, and 

suppressive functioning of MDSCs, with IFNγ-stimulation further enhancing their suppressive 

capacity.215,216 MDSCs are divided into two main subsets: polymorphonuclear/granulocytic 

(G-MDSCs) or monocytic (M-MDSCs). In humans, G-MDSCs are defined as CD14- CD15+ and 

M-MDSCs as CD14+HLA-DR_CD15-. In mice, G-MDSCs are defined as Ly6G+ Ly6Clo and 

M-MDSCs as Ly6G- Ly6Chi.217 Although these surface markers are traditionally used to classify 

MDSCs, they are a highly plastic and heterogenous population and overlap in surface 
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phenotype with normal CD11b+ myeloid cells. In mice, MDSCs are solely distinguished from 

normal myeloid cells by their ability to suppress T cell proliferation and migration and their 

increased resistance to apoptosis. Compared to their normal counterparts, MDSCs have lower 

phagocytic capacity, and produce ROS, myeloperoxidase (MPO), arginase-1, prostaglandin E2, 

and anti-inflammatory cytokines like IL-10 and TGFβ.218 MDSCs also generate nitric oxide 

species (NOS), which can inhibit T cell dynamics through chemokine nitration or directly 

inducing their apoptosis.219,220 Due to the highly plastic nature of MDSCs, G-MDSCs and 

M-MDSCs may utilize any of these suppressive mechanisms organ and context-dependently.  

 

Differences in activation status influence myeloid fate towards “normal” or “suppressive” 

functioning.221 While normal myeloid cells arise from strong, acute activation by pathogen-

associated or damage-associated molecular patterns (PAMPs and DAMPs), MDSCs arise from 

persistent, weak activation signals from tumors or other chronic sources of inflammation.222 

Microbial dysbiosis may also influence MDSC development, as MDSCs express receptors for 

bacterial-derived SCFAs that promote their immunosuppression.223 During homeostasis, the 

bone marrow contains the largest pool of MDSCs. During inflammation, rapid myelopoiesis in 

the bone marrow and egress of immature myeloid cells and progenitors, increases the 

peripheral pool of MDSCs. To what extent MDSC maturation occurs in the bone marrow or 

periphery is an open question. One study using single-cell RNA sequencing analysis in a murine 

breast cancer model showed that G-MDSCs arise in the spleen as a result of an aberrant 

maturation trajectory of splenic neutrophil progenitors.224 

 

Research on MDSCs during neuroinflammation suggests that they play a protective role. As 

their numbers increase in the spleen, bone marrow, blood, and CNS throughout early and 

active disease stages, MDSCs globally suppress autoreactive T cells, but are also documented 

to encourage suppressive lymphocytes and remyelination within the CNS.188 MDSC depletion 

worsens EAE, while adoptive transfer mitigates it, reducing T cell infiltration, gliosis, and 

enhancing myelin repair.225,226 In the spleen, M-MDSCs and G-MDSCs suppress CD4+ T cell 

proliferation through arginase-1 and ROS, induce NO-mediated T cell apoptosis, and rely on 

PD-L1 for their immunosuppressive functions.227–229 CNS-derived activation signals appear to 

drive MDSC production during EAE. For example, intrathecal administration of the TLR ligand 

MIS416 recruits IL-10-producing G-MDSCs with higher suppressive potential than 
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M-MDSCs.230 MDSCs may also promote IL-10-secreting regulatory T and B cells that dampen 

inflammation.225 At later stages, M-MDSCs were shown to support remyelination by secreting 

osteopontin to promote OPC survival, proliferation, and differentiation.231 

 

Some studies have suggested that MDSCs can exacerbate neuroinflammation by promoting 

Th17 responses.232,233 Clinical evidence supporting this comes from the correlation of MDSC 

presence within lesions with prolonged disease duration in PPMS patients.234 While MDSCs 

may inhibit acute inflammation, their role in creating an anti-inflammatory environment could 

hinder tissue healing processes. It’s important to note that most studies investigating MDSCs 

use traditional surface marker expression (Gr-1, Ly6G, or Ly6C), which overlap significantly with 

classical monocyte and neutrophil subsets. Identifying MDSC-specific markers is crucial for 

future research to differentiate the development and functions of MDSCs from their normal 

myeloid counterparts.  

 

MDSC-mediated immunosuppression shows potential as a novel therapeutic approach for 

neuroautoimmune diseases. A promising study showed that treating MS patients with the 

glucocorticosteroid methylprednisolone improved outcomes and increased 

arginase-1-producing MDSCs.235 In EAE models, cannabidiol (CBD) attenuated disease by 

promoting MDSC expansion in the spleen and CNS.236,237 Additionally, IFNβ, a widely prescribed 

treatments for RRMS, reduced EAE severity by increasing CNS MDSCs and enhancing their 

ability to induce T cell apoptosis.238 Whether these mechanisms apply to IFNβ-treated MS 

patients has not been elucidated. 

 

6. Rationale of the study 

As one of the highest upregulated genes during acute neuroinflammation, IL-17 is strongly 

associated with disease in MS and EAE.239,240 Despite this, its precise role and biological targets 

remain contentious.119,241,242 Some studies implicate IL-17 in CNS pathology, while others 

suggest its primary function lies in peripheral tissues during the early stages of EAE.133,148,243 

Beyond its role in autoimmune inflammation, IL-17 is crucial for maintaining microbial 

homeostasis at epithelial barriers.117 Recent findings from our laboratory indicate that the 

IL-17-regulated microbiome may influence peripheral inflammation during EAE. However, 
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whether this effect is additive to IL-17-mediated inflammation or functions independently 

remains unresolved.152 We hypothesize that CD4+ T cell-derived IL-17 contributes to 

early-stage EAE by acting in the periphery to promote autoimmune neuroinflammation. 

 

The objectives of this project were the following: 

1. To define the disease stage at which IL-17 is critical for EAE progression in the periphery. 

2. To quantify the influence of the microbiome on EAE outcomes and determine whether 

this effect is synergistic with or independent of IL-17-mediated inflammation. 

3. To identify a cellular target of IL-17 signaling involved in autoimmune 

neuroinflammation.  
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Materials & Methods 
 

 

1. Reagents & Equipment 
 

Reagent Supplier 

0.9% NaCl solution for perfusion Berlin-Chemie, Germany 

anti-IFNγ Bio X Cell, USA 

Acetic acid Sigma-Aldrich, USA 

Adjuvant Complete H37Ra (CFA) BD Biosciences, USA 

Agarose (Electrophoresis grade) Biozym Scientific, Germany 

β-Mercaptoethanol Fluka Chemie GmbH 

BD FACS Lysing Solution BD Biosciences, USA 

Bovine Serum Albumin (BSA) Merck, Germany 

Brefeldin A Merck, Germany 

Chloroform Roth, Germany 

Collagenase II Thermo Fisher Scientific, USA 

Dithiothreitol (DTT) Thermo Fisher Scientific, USA 

Dubecco’s Modified Eagle Medium (DMEM) Gibco® Life Technologies™, USA 

DNase I Roche, Switzerland 

Dulbecco’s modified PBS (DPBS) Merck, Germany 

Ethanol AppliChem, Germany 

Ethylenediaminetetraacetic acid (EDTA) Merck, Germany 

FC Block BioLegend, USA 

Fetal bovine serum (FBS) Thermo Fisher Scientific, USA 

Gene ruler 100 bp DNA ladder Thermo Fisher Scientific, USA 

Gibco® Hank’s buffered saline solution (HBSS) Thermo Fisher Scientific, USA 

Gibco® Hank’s buffered saline solution (HBSS) with Ca2+ and Mg2+ Thermo Fisher Scientific, USA 

Gibco® MEM non-essential amino acids (NEAA) 100x Thermo Fisher Scientific, USA 

Gibco® RPMI 1640 Thermo Fisher Scientific, USA 

Gibco® Sodium pyruvate Thermo Fisher Scientific, USA 

Glycin Roth, Germany 

GoTaq® qPCR Master Mix Promega, USA 

2 
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Hank’s Buffered Saline Solution (HBSS) Sigma-Aldrich, USA 

HEPES Thermo Fisher Scientific, USA 

Interleukin (IL)-23 Sino Biological, China 

Ionomycin Merck, Germany 

Isopropyl alcohol AppliChem, Germany 

KHCO3 Roth, Germany 

L-Glutamine Thermo Fisher Scientific, USA 

Liberase™-TL Roche, Switzerland 

Methanol Roth, Germany 

Midori Green Nippon Genetics, Germany 

Mycobacterium tuberculosis Des. H37Ra BD Biosciences, USA 

Myelin oligodendrocyte glycoprotein (MOG) 35-55 GenScript, USA 

NaCl Roth, Germany 

Non-Essential Amino Acids (NEAA) Gibco® Life Technologies™, USA 

Normal goat serum (NGS) Thermo Fisher Scientific, USA 

NH4Cl Roth, Germany 

Nuclease-free H2O Qiagen, Germany 

Olive oil Merck, Germany 

Papain Merck, Germany 

Paraformaldehyde (PFA) 4% Santa Cruz Biotechnology, USA 

Penicillin/Streptomycin (P/S) Thermo Fisher Scientific, USA 

Percoll Merck, Germany 

Pertussis toxin from Bordatella pertussis List Labs, USA 

Phorbol Myristate Acetate (PMA) Merck, Germany 

Phosphate buffered saline (PBS) Sigma-Aldrich, USA 

Proteinase K Roche, Switzerland 

REDTaq® ReadyMix™ Merck, Germany 

Roti Histofix Roth, Germany 

RPMI 1640 Gibco® Life Technologies™, USA 

Shandon Immu-Mount Fisher Scientific, USA 

Sodium chloride (NaCl) Roth, Germany 

Sodium dodecylsulfate (SDS) AppliChem, Germany 

Sodium pyruvate Gibco® Life Technologies™, USA 

Sucrose  Merck, Germany 
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Tamoxifen Merck, Germany 

Tris Roth, Germany 

Triton X-100 Merck, Germany 

TRIzol™ Reagent Thermo Fisher Scientific, USA 

Trypan blue Thermo Fisher Scientific, USA 

Tween 20 AppliChem, Germany 

Table 1: List of chemicals and reagents 

 

 

Agilent TapeStation 4150 Agilent, USA 

Aspiration system, Vacusafe Integra Biosciences, Germany 

Centrifuge 5417R Eppendorf, Germany 

Centrifuge Megafuge 16R Thermo Fisher Scientific, USA 

CO2 incubator SANYO, Japan 

Dissection microscope M80 Leica, Germany 

FACSCanto II™ BD Biosciences, USA 

FACSymphony™ A3 BD Biosciences, USA 

Gel-Imager: Gel Doc XR Biorad, USA 

Infinite® M200Pro NanoQuant, Tecan Tecan, Switzerland 

Laminar flow cabinet, Hera Safe Thermo Fisher Scientific, USA 

Microvette Serum Collection Tubes Sarstedt, Germany 

MyCycler™ Thermal cycler Biorad, USA 

Sprout Mini-centrifuge Technolab GmbH, Germany 

StepOnePlus™ Real-Time PCR system Applied Biosystem, USA 

Qubit Flex Fluorometer Thermo Fisher Scientific, USA 

Table 2: Laboratory equipment 
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2. Buffers, Media, and Kits 

Buffer/Medium Composition 

0% media 

(Made in RPMI 1640 media) 

20 mM HEPES 

100 U/mL P/S 

1 mM Sodium Pyruvate 

50 μM β-Mercaptoethanol 

3% media 

(Made in RPMI 1640 media) 

3% FBS (v/v) 

20 mM HEPES 

100 U/mL P/S 

10x Ammonium-Chloride-Potassium (ACK) lysis buffer (pH 7.4) 150 mM NH4Cl 

100 mM KHCO3 

10 mM EDTA 

50x Tris-acetate-EDTA (TAE) buffer (pH 8.3) 2 M Tris 

1 M Acetic acid 

50 mM EDTA pH 8.0 

FACS buffer PBS 

2% FBS (v/v) 

IHC blocking buffer PBS 

2% NGS 

0.3% Triton X-100 

T cell media 

(Made in RPMI 1640 media) 

10% FBS (v/v) 

2 mM L-Glutamine 

1% NEAA (v/v) 

1 mM Sodium pyruvate 

1 mM HEPES 

50 µM β-Mercaptoethanol 

Tail lysis buffer (TENS) 10 mM Tris 

5 mM EDTA 

0.2% SDS (v/v) 

200 mM NaCl 

Table 3: List of buffers and media 
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Kit Supplier 

anti-CD19 Microbeads  Miltenyi Biotec, Germany 

BD cDNA Kit BD Biosciences, USA 

BD Cytofix/Cytoperm Fixation/Permeabilization Solution Kit BD Biosciences, USA 

BD Rhapsody Enhanced Cartridge Reagent Kit BD Biosciences, USA 

BD Single-Cell Multiplexing Kit BD Biosciences, USA 

Calcein, AM Cell Dye Invitrogen, USA 

CD4+ T cell isolation kit  Miltenyi Biotec, Germany 

CellTrace™ Violet Cell Proliferation Kit Thermo Fisher Scientific, USA 

Foxp3 / Transcription Factor Staining Kit eBioscience™, Invitrogen, USA 

Mouse IL-17A (homodimer) Uncoated ELISA Invitrogen, USA 

QuantiTect® Reverse Transcription Kit Qiagen, Germany 

StepOnePlus™ Real-Time PCR SYBR Green Kit Life Technologies, USA 

Table 4: List of kits 

 

Antibody Conjugate Clone Host Dilution Supplier Application 

CD3 FITC 145-2C11 Armenian 

Hamster 

1:100 Biolegend FACSymphony 

CD3ε Unconjugated 145-2C11 Armenian 

Hamster 

1:100 Invitrogen IHC 

CD4 Percp GK-1.5 Rat 1:400 Biolegend FACS CantoII 

CD8a PE-Cy7 RM4-5 Rat 1:1000 Biolegend FACS (all) 

CD11b BV510 M1/70 Rat 1:1000 BD Horizon™ FACSymphony 

CD11b PE-Cy7 M1/70 Rat 1:1000 eBioscience FACS CantoII 

CD11c AlexaFluor700 N418 Arm. 

Hamster 

1:500 BD 

Pharmingen 

FACSymphony 

CD19 BYG670-P 6D5 Rat 1:800 Biolegend FACSymphony 

CD43 PE S7 Mouse 1:1000 BD 

Pharmingen 

FACS (all) 

CD44 BV650 IM7 Mouse 1:1000 BD 

OptiBuild™ 

FACSymphony 

CD44 FITC IM7 Rat 1:500 eBioscience FACS CantoII 

CD45 BUV805 30-F11 Rat 1:1000 BD 

Pharmingen 

FACSymphony 
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CD88 APC 20/70 Rat 1:500 Biolegend FACSymphony 

CD90.1 Percp OX-7 Mouse 1:600 Biolegend FACS CantoII 

CD90.2 APC-eFl780 53-2.1 Rat 1:500 eBioscience FACS CantoII 

CD154 

(CD40L) 

APC MR1 Arm. 

Hamster 

1:200 Biolegend FACS CantoII 

CD196 

(CCR6) 

PE-Cy7 29-2L17 Arm. 

Hamster 

1:800 Biolegend FACS CantoII 

CD274 (PD-

L1) 

BV605 MIH5 Rat 1:1000 BD 

OptiBuild™ 

FACSymphony 

CX3CR1 PE-CF594 Z8-50 Rat 1:300 BD Horizon™ FACSymphony 

F4/80 BB790 T45-2342 Rat 1:400 BD 

Pharmingen 

FACSymphony 

Fixable 

viability dye 

BV450 N/A N/A 1:1000 eBioscience FACSymphony 

Fixable 

viability dye 

eFluor506 N/A N/A 1:1000 eBioscience FACS CantoII 

Foxp3 eFluor450 FJK-16S Rat 1:200 eBioscience FACS CantoII 

GM-CSF PE MP1-22E9 Rat 1:200 Biolegend FACS CantoII 

IL-17A eFluor450 eBio17B7 Rat 1:300 eBioscience FACS CantoII 

IFNγ PE-Cy7 XMG1.2 Rat 1:500 eBioscience FACS CantoII 

Ly6C BV570 HK1.4 Rat 1:500 Biolegend FACSymphony 

Ly6G BV750-P 1A8 Rat 1:500 BD 

OptiBuild™ 

FACSymphony 

MHCII BV786 M5/114.15.2 Rat 1:1000 BD 

OptiBuild™ 

FACSymphony 

NK1.1 APC-Cy7 PK136 Mouse 1:1000 BD 

Pharmingen 

FACSymphony 

SiglecF BV480 E50-2440 Rat 1:500 BD 

OptiBuild™ 

FACSymphony 

Sirpα BYG790-P P84 Rat 1:500 Biolegend FACSymphony 

Secondary Antibodies 

α-Hamster 

IgG 

Alexa488 polyclonal Goat 1:1200 Sigma 

Aldrich 

IHC 

Table 5: List of antibodies 
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3. Software & Algorithms 

Software Developer/Reference Source 

batchelor Haghverdi et al. 2018 https://www.bioconductor.org/packages/release/ 

bioc/html/batchelor.html 

Cell Ranger 10x Genomics https://www.10xgenomics.com/support/software/ 

cell-ranger/latest 

ClusterExplorer 

v1.7.6 

FlowJo Software https://flowjo.com/exchange 

ClusterProfiler Xu et al. 2024, Nature https://github.com/YuLab-SMU/clusterProfiler 

Downsample v3.3.1 FlowJo Software https://flowjo.com/exchange 

dplyr Wickham et al. 2023 https://dplyr.tidyverse.org/ 

edgeR Robinson et al. 2010 https://bioconductor.org/packages/release/ 

bioc/html/edgeR.html 

Enrichr Chen et al. 2013 https://cran.r-

project.org/web/packages/enrichR/vignettes/enrichR.html 

fastMNN Zhang et al. 2019 https://rdrr.io/github/LTLA/batchelor/man/fastMNN.html 

FlowJo v10 FlowJo Software https://www.flowjo.com 

FlowSOM v4.1.0 Van Gassen et al. 2015 https://github.com/SofieVG/FlowSOM 

GraphPad Prism 10 GraphPad Software https://www.graphpad.com 

magrittr Wickham et al. 2022 https://magrittr.tidyverse.org/ 

muscat Crowell et al. 2024 https://github.com/HelenaLC/muscat 

R 4.1.0 The R Foundation https://www.r-project.org 

scater McCarthy et al. 2017 https://bioconductor.org/packages/release/bioc/html/ 

scater.html 

scDblFinder Germain et al. 2022 https://bioconductor.org/packages/release/bioc/html/ 

scDblFinder.html 

scran Lun et al. 2016 https://bioconductor.org/packages/release/bioc/html/ 

scran.html 

Seurat v5 Hao et al. 2023 https://satijalab.org/seurat/ 

SingleCellExperiment Amezquita et al. 2020 https://www.bioconductor.org/packages/release/bioc/ 

html/SingleCellExperiment.html 

Table 6: List of software and algorithms 
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4. Mouse Experiments 

4.1. Mouse Strains 

 The following mouse strains were used for experiments: 

IL-17AF-/- mice, herein referred to as IL-17-/-, were provided by the lab of I. Prinz.244 Control 

mice were IL-17+/- and were housed among IL-17-/- littermates (termed IL-17Cohoused). Half of all 

knockout mice were housed only among other IL-17-/- mice directly after weaning from day 21 

after birth (termed IL-17Separate).  

2D2 TCR (TCRMOG) mice, described by Bettelli et al. 2003, were purchased from Jackson 

Laboratory and used at 50 weeks of age for in vivo T cell priming experiments.55  

IL-17RAfl/fl mice245 were created in our lab and bred to PDGFRβ-CreERT2
 mice246 purchased from 

Jackson Laboratory. These mice are herein referred to as IL-17RAΔPER.  

 

 Both males and females above eight weeks of age were used for experiments. All mice used 

were on the C57BL/6 background and housed under specific pathogen-free conditions at the 

Translational Animal Research Center (TARC) of the University Medical Center Mainz. All animal 

experiments were approved by the local administration (Landesuntersuchungsamt Koblenz; 

G23-1-023) and were performed in accordance with the guidelines from the TARC Mainz. 

 

4.2. Tamoxifen Treatment 

 All experimental IL-17RAΔPER mice received tamoxifen treatment at the age of 6-7 weeks old. A 

20 mg/mL tamoxifen solution was prepared by dissolving 0.4 g tamoxifen powder (Merck) in 

1 mL 99% ethanol and 19 mL olive oil pre-warmed to 56°C. Tamoxifen was dissolved by rotation 

overnight at 4°C. Each mouse received 100 μL (0.2 mg tamoxifen) intraperitoneally (i.p.) for five 

consecutive days. 

 

4.3. Active EAE Induction 

An emulsion of MOG35-55 in CFA was prepared by homogenization of 1 mg/mL MOG35-55 in PBS 

with CFA supplemented with mycobacterium tuberculosis H37RA. Solution was homogenized 

by sonification throughout the solution until completely emulsified. 100 L of this solution 

containing 50 g MOG35-55 were injected subcutaneously (s.c.) into the tail base. At the day of 

immunization and two days later, 150 ng PTx in PBS was additionally administered 
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intraperitoneally (i.p.) to promote the innate immune response to the peptide. From day 6 post 

immunization (p.i.), mice were weighed daily and the clinical scores were documented 

according to table 6. Upon reaching a score of 4.25, mice were sacrificed according to animal 

welfare regulations.  

Symptoms and Behavior Score 

No symptoms, normal behavior 0 

Decreased tone in the tail tip 0.25 

Decreased tail tone 0.5 

Tail partially paralyzed 0.75 

Tail completely paralyzed 1.0 

Mouse can be turned to the dorsal side but turns back immediately 1.25 

Mouse can be turned to the dorsal side but turns back rather easily 1.5 

Mouse can be turned to the dorsal side but needs more effort to turn back 1.75 

Mouse can be turned to the dorsal side and stays at least 1 s in this position 2.0 

Mouse walks with lowered buttocks 2.25 

Mouse walks with lowered buttocks and shows wadding gait 2.5 

Gait sorely afflicted, but walking movements are still recognizable 2.75 

No clear walking movement but limbs not yet paralyzed 3.0 

Paralysis of one of the hind legs 3.25 

Paralysis of both hind legs but mouse still moves forward rather effortless 3.5 

Paralysis of both hind legs; forward movement slowed down 3.75 

Mouse stays in position and only moves forward with supreme effort 4.0 

Mouse does not move forward and bends to one side 4.25 

Mouse lies on one side even if turned to the other side 4.5 

Mouse lies apathetically on the belly or side, breathing slowly, eyes (almost) 
closed 

5.0 

Mouse is dead 6.0 

Table 7: Scoring system for the clinical signs of EAE 
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4.4. Adoptive Transfer (AT) EAE 

4.4.1. Standard Th17 adoptive transfer EAE 

Rag1-/- mice (C57BL/6J-Rag1em10Lutzy/J) carrying a knock-out allele of the recombination 

activation gene 1 locus were used as recipient mice for standard adoptive transfer EAE. Because 

these mice lack the ability to form mature B and T lymphocytes, this mouse line is useful in 

investigating the effector function of transferred T cells and allowing the researcher to easily 

relocate transferred cells in tissues of interest without additional congenic markers.  

 

IL-17-/- mice and controls were immunized with MOG/CFA and PTx as described for active EAE 

immunization. Ten days after immunization, spleen, inguinal, and paraaortic lymph nodes were 

harvested and single cell suspensions were generated by passing the organs through a 40 μm 

cell strainer. Under sterile conditions, erythrocytes were lysed by incubating the cells with ACK 

for 3 minutes at room temperature. The reaction was stopped by adding FACS buffer and cells 

were pelleted by centrifugation at 400 x g for 10 min at 4°C. Cell pellets were resuspended in 

T cell medium and live cell numbers were determined. Cells were seeded at a concentration of 

5 x 106 cells/mL in T cell medium supplemented with Th17-favoring conditions: 20 μg/mL 

MOG35-55, 15 ng/mL IL-23, and 10 μg/mL α-IFN-γ. Cells were cultured for 4 days at 37°C and 

5% CO2. After 4 days, cells were harvested and live cell number was determined. Blasting cells 

as a percentage of live, single cells was determined by flow cytometric analysis of the cell size 

by gating forward scatter (FSC) against side scatter (SSC). 5 x 106 blasting cells were then 

transferred intravenously (i.v.) in sterile PBS into the recipient Rag1-/- animals. Recipient mice 

were furthermore treated with 150 ng PTx at the day of cell transfer and two days later. From 

day 6 post transfer (p.t.), recipient mice were weighed daily and the clinical scores were 

documented according to table 7.  

 

4.4.2. “Criss-cross” adoptive transfer EAE 

The “criss-cross” adoptive transfer EAE was used to compare the genotype effects of both 

transferred cells and the recipient environment within a single experiment. Active EAE was 

induced in donor IL-17-/- mice and controls and spleens and lymph nodes were harvested at 

day 10. Single cell suspensions were cultured according to the standard AT-EAE protocol 

(2.4.4.1). One day before cell transfer, IL-17-/- and control recipient mice were sub-lethally 
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irradiated with 4 Gray radiation to create a niche for the transferred cells to proliferate. After 

the four-day Th17 culture, 5 x 106 blasting cells from IL-17-/- or control donors were then 

transferred intravenously (i.v.) in sterile PBS into irradiated recipient IL-17-/- or control animals. 

Recipient mice were furthermore treated with 150 ng PTx at the day of cell transfer and two 

days later. From day 6 post transfer (p.t.), recipient mice were weighed daily and the clinical 

scores were documented according to table 7. 

 

4.4.3. Lymph node & spleen adoptive transfer EAE 

To compare the efficiency of transfer EAE from lymphocytes isolated from the spleen and 

lymph nodes, active EAE was induced in donor IL-17-/- mice and controls. Spleens and lymph 

nodes were harvested at day 10 and processed separately. Single cell suspensions were 

cultured separately by organ according to the standard AT-EAE protocol (2.4.4.1). After the 

four-day Th17 culture, lymphocyte-deficient Rag-/- recipient mice received an i.v. injection 

5 x 106 blasting cells in sterile PBS from either the spleen or lymph nodes or either IL-17-/- or 

control donor mice. Recipient mice were furthermore treated with 150 ng PTx at the day of cell 

transfer and two days later. From day 6 post transfer (p.t.), recipient mice were weighed daily 

and the clinical scores were documented according to table 7. 

 

4.4.4. CD4+ MACS adoptive transfer EAE 

To investigate the independent effect of CD4+ T cells upon adoptive transfer, IL-17-/- mice and 

controls were immunized with MOG35-55, spleens and lymph nodes were harvested at DPI 10 

and single cell suspensions were cultured according to the conditions of the standard AT-EAE 

protocol (2.4.4.1). Ly5.1 mice (B6.SJL-PtprcaPepcb/BoyCrl) carrying the allelic variant Ptprca 

encoding for the congenic marker CD45.1, were used as recipient mice, since transferred cells 

can be easily identified with antibody staining against the C57BL/6 allelic variant Ptprcb 

(CD45.2). One day before cell transfer, Ly5.1 mice were sub-lethally irradiated with 4 Gray 

radiation to create a niche for the transferred cells to proliferate. After the four-day Th17 

culture, cultured cells were collected and CD4+ cells were purified using magnetic sorting with 

CD4+ microbeads (Miltenyi) following the manufacturer’s protocol. Briefly, cultured cells were 

incubated with CD4+ microbeads and the magnetically-labeled CD4+ cells were collected and 

counted. 2x106 CD4+ T cells were injected i.v. in sterile PBS into the tail vein of irradiated Ly5.1 

wild-type recipient mice. Recipients were furthermore treated with 150 ng PTx at the day of 
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cell transfer and two days later. From day 6 post transfer (DPT), recipient mice were weighed 

daily and the clinical scores were documented according to table 7. Recipient mice were 

sacrificed at DPT 15 and the combined spinal cord and brain (CNS) and serum were analyzed. 

 

4.5. In vivo Priming: Transfer of 2D2-TCRMOG T cells  

 Priming of 2D2-TCRMOG cells was performed according to an unpublished protocol 

recommended from the lab of Prof. Dr. Steffen Jung. Spleens were harvested from naïve 2D2 

mice, mechanically dissociated in FACS Buffer and filtered through a 40 μm cell strainer. 

Erythrocytes were removed by ACK lysis for 3 minutes at room temperature. CD4+ T cells were 

purified from single cell suspensions using the CD4+ T cell isolation kit (Miltenyi) according to 

the manufacturer’s protocol. Briefly, cells were incubated with a cocktail of biotin-conjugated 

antibodies targeting non-T cells. Cells were then incubated with anti-biotin microbeads and 

magnetically-labeled non-target cells were depleted from solutions to obtain a CD4+ T cell 

purity of > 95%. Cell suspensions were counted and washed twice in pure PBS to remove any 

excess BSA. 1 x 104 2D2-TCRMOG CD4+ T cells in PBS were injected i.v. into the tail vein of 

IL-17-/- mice and controls 24 hours before active EAE induction. Active EAE was induced 

according to the protocol listed above and inguinal draining lymph nodes and spleens were 

harvested for flow cytometric analysis on day 5 of active EAE. Transferred cells were identified 

in donor mice by their expression of the congenic marker CD90.1. 

  

4.6. In vitro “criss-cross” Th17 culture  

 The “criss-cross” in vitro Th17 culture was performed to observe the effects of IL-17-/- CD4+ 

cells versus CD4- cells on cell blasting in culture. Single cell suspensions were obtained from 

the combined spleen and lymph nodes of IL-17-/- mice and controls at EAE DPI 10. CD4+ T cells 

were purified using magnetic sorting with CD4+ microbeads (Miltenyi) following the 

manufacturer’s protocol. Briefly, cell suspensions were incubated with CD4+ microbeads and 

both CD4- (unlabeled) cells and CD4+ (labeled) cells were collected and counted. CD4+ T cells 

from knockouts and controls were combined with CD4- cells of either knockouts or controls at 

a 1:4 ratio. Cells were seeded in 96-well U-bottom plates in triplicates at a concentration of 

5 x 106 cells/mL in T cell medium supplemented with 20 μg/mL MOG35-55, 15 ng/mL IL-23, and 

10 μg/mL α-IFN-γ, and cultured for 4 days at 37°C and 5% CO2. Blasting cells as a percentage 
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of live, single cells was determined by flow cytometric analysis of the cell size by gating forward 

scatter (FSC) versus side scatter (SSC). 

4.7. CD4+ Reconstitution of Lymphopenic Mice 

 Rag1-/- mice (B6.129S7-Rag1tm1Mom/J) that lack recombination activating genes (RAG), and 

therefore mature B and T lymphocytes, were used as recipient mice to investigate the 

functionality of transferred genetically modified T cells during EAE. CD4+ T cells from naïve 

IL-17-/- mice and controls were purified from single splenocytes using the CD4+ T cell isolation 

kit (Miltenyi) according to the manufacturer’s protocol. Briefly, cells were incubated with a 

cocktail of biotin-conjugated antibodies targeting non-T cells. Cells were then incubated with 

anti-biotin microbeads and magnetically-labeled non-target cells were depleted from solutions 

to obtain a CD4+ T cell purity of > 95%. Cell suspensions were counted and washed twice in 

pure PBS to remove any excess BSA. 5 x 106 CD4+ T cells in PBS were injected i.v. into the tail 

vein of Rag1-/- mice 7 days before active EAE induction. Active EAE was induced according to 

the protocol listed above (2.4.3). Recipient mice were weighed daily from DPI 8 and the clinical 

scores were documented according to table 7. Inguinal draining lymph nodes, spleens, colons, 

and lungs were harvested for flow cytometric analysis on day 26 of active EAE.  

 

5. Molecular Biology 

5.1. Genotyping: DNA Isolation and Polymerase Chain Reaction 

 Ear or tail biopsies were taken at the recommended ages and lysed overnight at 56°C in TENS 

buffer supplemented with 400 mg/mL proteinase K. DNA was extracted by adding an equal 

volume of isopropyl alcohol to precipitate the DNA. DNA was pelleted by centrifugation at full 

speed for 10 min at room temperature. Supernatant was discarded and DNA was washed with 

70% ethanol. After centrifugation at full speed for 10 min at room temperature, supernatant 

was again discarded and the pellet was dried at 37°C for 30 minutes and DNA was reconstituted 

in 200 L distilled water and used for polymerase chain reaction (PCR).  

 

PCR was performed in a total volume of 20 L, composed of 1 L DNA and 19 L of a 

polymerase and primer containing master mix. To prepare the master mix, 500 L REDTaq® 

ReadyMix™ were supplemented with 5 L of each primer (stock concentration: 100 M) and 
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filled with water to a total volume of 1 mL PCR reactions were performed at the primer-specific 

annealing temperature (table 8).  

 

Amplified DNA fragments were distinguished by size by agarose gel electrophoreses. Agarose 

gels were prepared at 2.5% in 1x TAE buffer (total volume 400 mL) and supplemented with 

12 L Midori green DNA stain. Gels were run at a constant voltage of 120-130 V for 30-45 

minutes. DNA bands were visualized under UV light using the Gel Doc XR+ gel documentation 

system (Bio-Rad) and band sizes were determined by comparing with the GeneRuler 100 bp 

plus DNA ladder (Thermo Fisher Scientific). 

 

Primer Name Primer Sequence TAnnealing [°C] Direction 

β-Actin  TGTTACCAACTGGGACGACA 58 

 

Sense 

β-Actin  GACATGCAAGGAGTGCAAGA Anti-sense 

IL17AF  ATCCAATCCCCCATCACCTT  

55 

 

Sense 

IL17AF  GTTGGGACTTGCCATTCTGA Anti-sense 

IL17AF  TGCTTCCTCTACCAGCCATT Anti-sense 

IL17RA  GGCAGCCTTTGGGATCCCAAC  

58 

 

Sense 

IL17RA  CTACTCTTCTCACCAGCGCGC Anti-sense 

IL17RA  GTGCCCACAGAGTGTCTTCTGT Anti-sense 

PDGFRb-Cre  CCACCTTGAATGAAGTCAACAC  

60 

 

Sense 

PDGFRb-Cre  AGCTTGTGGCAGTGTAGCTG Anti-sense 

PDGFRb-Cre  ACATGTCCATCAGGTTCTTGC Anti-sense 

Universal-Cre  GCACTGATTTCGACCAGGTT 58 

 

Sense 

Universal-Cre  CCCGGCAAAACAGGTAGTTA Anti-sense 

Table 8: List of primers for PCR 

 

5.2. RNA Isolation and Quantification 

 Tissues were snap-frozen in liquid nitrogen and stored at -80°C until further processing. RNA 

was extracted from frozen tissue (half brain or whole spleen) using the TRIzolTM reagent 

method. 800 μL TRIzolTM reagent was added to metal bead lysing matrix tubes (MP 

Biomedicals) followed by the addition of frozen tissue. After a 5-minute incubation at room 

temperature, the tissues were homogenized using the FastPrep-24 homogenizer (MP 

Biomedicals), then centrifuged at 12,000 x g for 10 minutes at 4°C. The supernatant was mixed 
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with 200 μL chloroform, incubated for 2-3 minutes at room temperature, and centrifuged again 

at 12,000 x g for 15 minutes at 4°C. RNA was precipitated by adding 400 μL isopropyl alcohol 

to the supernatant and centrifuging at full speed for 10 minutes at 4°C. The pellet was washed 

twice with 70% ethanol then resuspended in 100 μL nuclease-free water by incubation for 10 

minutes at 56°C. RNA quality and concentration were determined by measuring absorbance at 

260 nm and 280 nm using the NanoQuant Plate™ for the Infinite M200 pro plate reader (Tecan). 

 

5.3. cDNA Reverse Transcription and Quantitative Real-Time PCR  

 1 μg of RNA was reverse transcribed into cDNA using the Quantitect® Reverse Transcription 

Kit (Qiagen). cDNA was diluted 1:4 in nuclease-free water and subsequently used for 

quantitative real-time PCR (RT-PCR) was performed with the StepOnePlus™ Real-Time PCR 

SYBR Green Kit (Life Technologies). Fold changes were calculated using the delta-delta CT 

method and normalized to controls.  Hypoxanthin-Guanin-Phosphoribosyltransferase (Hprt) 

was used as a housekeeper gene for brain samples, while β-Actin (Actb) was used for spleen 

tissues. Primers for Actb, Ccr7, Cxcl2, Hprt, Icam1, Icam2, Mmp2, Mmp9, Pecam1, and Vcam1 

were ordered as QuantiTect Primer Assays (Qiagen). Primers for Cxcl1 were designed with the 

primer-BLAST tool from the National Center for Biotechnology Information (NCBI). Primers for 

Ccl19 and Ccl21 were taken from published sequences.247 Sequences for these primers are 

given in the following table: 

 

Primer Name Primer Sequence (5’ to 3’) 

Ccl19 fwd TGTGTTCACCACACTAAGGGG 

Ccl19 rev CCTTTGTTCTTGGCAGAAGACT 

Ccl21 fwd ATCCAATCCCCCATCACCTT 

Ccl21 rev GTTGGGACTTGCCATTCTGA 

Cxcl1 fwd ACCATGGCTGGGATTCACCTC 

Cxcl1 rev CCAAGGGAGCTTCAGGGTCAA 

Table 9: List of primers for RT-PCR 

 

5.4. Enzyme-linked immunosorbent assay (ELISA) 

Whole blood was stored at -80°C until assay could be performed. ELISA was performed using 

the anti-mouse IL-17 uncoated ELISA kit according to the manufacturer’s protocol (Invitrogen). 
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Briefly, a 96-well flat-bottomed plate was coated overnight at 4°C with 100 μL of anti-mouse 

IL-17 capture antibody diluted in PBS. Coating solution was removed and washed three times 

with wash buffer (PBS + 0.05% Tween-20). Wells were blocked with 200 μL of ELISA/ELISPOT 

diluent for one hour at room temperature. Wells were washed once with wash buffer. Samples 

and standards were added to the wells and the plate was sealed and incubated overnight at 

4°C. Wells were washed thrice with wash buffer, then 100 μL of detection antibody was added 

to each well and the plate was sealed and incubated at room temperature for 1 hour. Wells 

were washed thrice with wash buffer then 100 μL of Avidin-HRP was added to each well. Plate 

was sealed and incubated at room temperature for 30 minutes. Plate was washed five times 

with wash buffer then 100 μL of tetramethylbenzidine (TMB) substrate solution was added to 

each well and incubated at room temperature for 15 minutes. Stop solution (1M H3PO4) was 

added at 100 μL per well and absorbance was measured at 450 nm on an Infinite M200 pro 

TECAN plate reader (Tecan Trading AG, Switzerland). Concentrations of IL-17A were 

determined by referencing absorbance measurements from the standard curve. 

 

5.5. Sphingosine-1-phosphate quantification 

Sphingosine-1-phosphate (S1P) concentrations in the spleen and serum were measured 

according to Post et al. 2022.248 Spleen tissue of equal masses were snap-frozen in liquid 

nitrogen until further processing. Serum was isolated from approximately 500 μL whole blood 

acquired by cardiac puncture using serum collection tubes. Serum volumes were equilibrated 

between samples before S1P quantification. Sphingolipids were extracted using methyl-tert-

butyl ether (MTBE)-based liquid–liquid extraction method (LLE). Cells were pelleted in Precellys 

tubes (Peqlab) to which steel balls were manually added. 1000 µL of MTBE/methanol (10:3, v/v), 

which served as an extraction solvent, were added to the tubes and then 250 µL of ice-cold 

0.1% formic acid containing 5 µM tetrahydrolipstatin/3′-(aminocarbonyl) [1,1′-biphenyl]3-yl)-

cyclohexylcarbamate and 10 µg/mL butyl hydroxytoluene as homogenization solvent. A 10 µL 

methanolic solution of internal standard S1P d17:1 was then added to the tubes. The 

concentration of internal standards in the spike solution was set so as to result in a target 

concentration in the 100 µL final extracts of 200 ng/mL S1P d17:1. Samples were then 

homogenized for 20 s at 6000 rpm. Homogenates were transferred into 1.5 mL Eppendorf 

tubes, vortexed for 30 s at 4°C and centrifuged for 10 min at 13,000 rpm. Upper organic phase 

was recovered in new 1.5 mL tubes, evaporated to dryness under a gentle stream of nitrogen, 
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reconstituted in 90 µL methanol and stored at -20°C until further analysis. Lower aqueous 

phase was used for protein content determination using the BCA assay. Lipids were analyzed 

by liquid chromatography/multiple reaction monitoring (LC/MRM) using QTRAP 5500 (AB 

Sciex) operating in positive/ negative ion mode switching. Lipid species were quantified using 

the Multiquant software version 3.0.3. The determined lipid concentrations were normalized to 

protein content of the samples. 

 

5.6. Well-based Single-cell RNA-Sequencing 

For RNA sequencing of single CD19- splenocytes, four spleens per condition (12 total) were 

harvested using the standard protocol and CD19+ cells were magnetically depleted using CD19 

microbeads (Miltenyi). Samples were concentrated to 1000 cells/µL and stained with calcein, 

AM solution (Invitrogen) and viability was measured using the BD Rhapsody system (BD 

Biosciences). Samples were incubated with sample tags from the BD single-cell multiplexing kit 

(BD Biosciences) allowing for six samples to be simultaneously analyzed per cartridge (two 

samples per condition per cartridge). 30,000 cells were loaded onto each cartridge from the 

pooled samples (5,000 cells/sample). Magnetic beads were added, cells were lysed, and mRNA 

was extracted and captured using the BD Rhapsody Enhanced Cartridge Reagent Kit (BD 

Biosciences). cDNA was synthesized using the BD cDNA Kit (BD Biosciences), concentrations 

were determined with the Qubit Flex fluorometer (Thermo Fisher Scientific), and quality was 

assessed using the Agilent TapeStation 4150 (Agilent). Libraries were prepared with the BD 

Rhapsody System and 4 nM concentrated libraries were used for RNA sequencing (based on 

an average size of 675 bp). Cells were sequenced on the NovaSeq X Plus (Illumina) from 40,000 

total cells with an average depth of 50,000 reads per cell.  

6. Cell Biology 

6.1. Cell Isolations 

 6.1.1. Leukocyte isolation from lymphoid tissues 

For leukocyte isolation from lymphoid tissues (spleen and lymph nodes), tissues were digested 

with 2 mg/mL collagenase II and 50 g/mL DNase I in PBS containing Mg2+ and Ca2+ for 30 

minutes at 37°C shaking with 500 rpm. Erythrocytes from the spleen were lysed by incubation 
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with ACK for 3 minutes at room temperature. The reaction was stopped with FACS buffer and 

the cells were pelleted by centrifugation at 300 x g for 10 minutes at 4°C.  

 

 6.1.2. Leukocyte isolation from CNS tissues 

For leukocyte isolation from the CNS parenchyma, brains and/or spinal cords were isolated 

from 0.9% NaCl perfused mice, finely minced in PBS with a razor blade, pelleted, then digested 

with 2 mg/mL collagenase II and 50 g/mL DNase I in PBS containing Mg2+ and Ca2+ for 30 

minutes in a 37°C water bath. The digestion reaction was stopped with 8 mL of FACS buffer. 

Tissue suspension was homogenized using an 18-gauge needle and centrifuged at 300 x g for 

10 minutes at 4°C. Supernatant was discarded and the homogenate was mixed with 70% Percoll 

in PBS. A gradient of 30%, 37%, and 70% Percoll was generated by underlying the 

corresponding Percoll phases. Samples were centrifuged at 500 x g for 40 minutes at 20°C 

without acceleration or brake. The cell fraction between the 37% and 70% Percoll layers were 

collected and washed with FACS buffer.  

 

 Leukocyte isolation from the dural meninges was carried out according to Rustenhoven et al. 

2021.249 The top of the skull was removed from 0.9% NaCl perfused mice and placed into cold 

PBS. Meninges were peeled from the skull under a dissection microscope (Leica) using fine 

forceps and placed back into PBS until all samples were harvested. Samples were digested for 

15 minutes at 37°C with 500 rpm constant agitation in 1 mL of pre-warmed digestion media 

(DMEM + 2% FBS + 1 mg/mL collagenase VIII + 0.5 mg/mL DNase I). Samples were filtered 

through a 70 m strainer, washed with FACS buffer, and cells were stained for flow cytometry. 

 

 6.1.3. Leukocyte isolation from colon 

 Intestinal leukocytes were harvested from colon according to Shanmugavadivu et al. 2024.250 

Organs were removed from the mouse and the cecum was discarded from the colon. Fat was 

removed, the tissue was opened by cutting longitudinally and rinsed in 3% media to clear it of 

feces and debris. The epithelial layer was removed by incubating the tissue with 3% media 

containing 20 mM EDTA and 1 mM DTT for 20 minutes at 37°C on a horizontal roller. Samples 

were vortexed and shaken vigorously, rinsed with 3% media, then transferred to 0% media 

containing 5 mg/mL Liberase TL (Roche) and 100 μg/mL DNase I (Sigma-Aldrich) for cellular 

digestion. It was then cut into small pieces and incubated at 37°C for 30 minutes on a horizontal 
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roller. After digestion, the resulting cell suspension was filtered serially through 100 μm then 

70 μm filters. Cells were washed and resuspended with 3% media, counted, and stained for 

flow cytometry.  

 

 6.1.4. Leukocyte isolation from liver 

 Livers were removed from 0.9% NaCl perfused mice and placed into PBS until all tissues were 

collected. Liver was minced into small pieces and forced gently through a 100 μm filter on a 50 

mL conical tube using a syringe plunger. Tubes were filled up to 50 mL with RPMI containing 

10% FCS and 1.25 mM HEPES. Samples were centrifuged at 100 x g for one minute at room 

temperature without brake or acceleration. Supernatant was transferred to a new tube and 

suspension was centrifuged at 500 x g for 8 minutes at room temperature. Supernatant was 

removed and the pellet was resuspended with 10 mL of 37.5% Percoll in Hank’s Balanced Salt 

Solution without magnesium or calcium and containing 100 U/mL of heparin. Samples were 

centrifuged at 900 x g for 30 minutes at room temperature without brake or acceleration. 

Erythrocytes were lysed in 2 mL of ACK buffer for 5 minutes at room temperature. Reaction 

was stopped with 8 mL of FACS buffer then centrifuged at 500 x g for 8 minutes at 8°C. Cells 

were resuspended in FACS buffer, counted, and stained for flow cytometry. 

 

 6.1.5. Leukocyte isolation from lung 

 Lungs were removed from 0.9% NaCl perfused mice and placed into PBS until all lungs were 

collected. Lungs were then transferred to 1 mL of digestion buffer (100 U/mL collagenase IV in 

RPMI) in 2 mL tubes, cut into small pieces, and incubated for 30 minutes at 37°C with 500 rpm 

rotation. Samples were removed and resuspended with 1 mL pipette. Another 1 mL of digestion 

buffer was added and samples were incubated again for 30 minutes at 37°C with 500 rpm 

rotation. To stop the digestion reaction, samples were put on ice for 5 minutes, then 40 μL of 

0.5M EDTA was added before vortexing and another 5-minute incubation at room temperature. 

Samples were filtered through a 100 μm cell strainer on a 50 mL conical tube and mechanically 

dissociated with the flat end of a syringe plunger. Filters were washed with 20 mL of 10 mM 

EDTA in PBS, centrifuged at 300 x g for 6 minutes at 4°C. Erythrocytes from the spleen were 

lysed by incubation with 1 x ACK for 3 minutes at room temperature. The reaction was stopped 

with FACS buffer and the cells were pelleted by centrifugation at 300 x g for 10 minutes at 4°C. 
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 6.1.6. Leukocyte isolation from blood 

 Mice were euthanized with an overdose of CO2 and 3-4 drops of blood were collected via 

cardiac puncture using a syringe with a 26G needle. The blood was placed into 1 mL of cold 

PBS on ice until all samples were collected. Samples were centrifuged at 200 x g for 10 minutes 

at 4°C and the pellets were resuspended in anti-Fc receptor block in FACS buffer and incubated 

for 15 minutes at 4°C. After another centrifugation at 200 x g for 10 minutes at 4°C the pellets 

were resuspended in 100 μL of FACS buffer containing surface antibodies and incubated at 4°C 

in the dark for 30 minutes. After the staining period, 1 mL of BD FACS lysing solution (BD 

Biosciences) was added directly to the samples and incubated for 5-10 minutes in the dark at 

room temperature. Samples were washed twice with FACS buffer and resuspended in 300 μL 

of FACS buffer. Samples were acquired within 48 hours using a FACSymphony A3 flow 

cytometer (BD Biosciences).  

  

6.2. Flow Cytometry 

 Single cell suspensions were seeded at 2 x 106 cells per well in a 96-well plate (or 5 x 106 cells 

per well for restimulation; conditions stated below). Cells were pelleted by centrifugation at 

300 x g for 5 minutes at 4°C. Fc receptors were blocked by resuspension in 100 μL of anti-

mouse CD16/32 Fc blocking solution and incubated for 20 minutes at 4°C. Cells were washed 

then subsequently incubated for 30 minutes at 4°C in the dark in 50 μL of a cocktail containing 

surface-binding antibodies and a viability dye in FACS buffer. Cells were then washed and 

pelleted. Samples were either acquired directly on a FACSCantoII (BD Biosciences), 

FACSymphony A3 (BD Biosciences) for multidimensional myeloid analysis, or fixed overnight 

with 2% formaldehyde and acquired within one week. For intranuclear staining of the 

transcription factor Foxp3 as a marker for regulatory T cells, cells were stained for surface 

antibodies, then fixed and permeabilized with the Foxp3 kit (eBioscienceTM) according to kit 

instructions. Cells were then stained overnight for transcription factors. For intracytoplasmic 

stainings of cytokines and CD40L, cells were restimulated for 6h in the presence of 20 μg/mL 

MOG35-55 peptide and 1 ng/mL Brefeldin A at 37°C in T cell medium. After surface staining, cells 

were fixed and permeabilized with the Cytofix/Cytoperm kit (BD Biosciences) according to kit 

instructions, and stained for intracellular cytokines overnight. Analyses were performed with 

FlowJoTM v10 software (BD Biosciences). 
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6.3. Immunohistochemistry 

 Immunohistochemistry of the meninges was performed according to the protocol of Louveau 

et al. 2018.251 Briefly, mice were transcardinally perfused with 0.9% NaCl and skull caps were 

removed and placed into 4% PFA overnight. Using fine forceps, dural meninges were carefully 

removed from the skull cap under a dissection microscope and placed into PBS in a 12-well 

plate (Leica). Meninges were washed twice for 5 minutes in PBS to remove any leftover PFA 

and blocked for one hour at room temperature in IHC blocking buffer (listed in table 3). 

Samples were incubated with CD3 primary antibody diluted in IHC blocking buffer overnight 

at 4°C. Samples were washed thrice for 5 minutes in PBS then stained with secondary antibodies 

in 0.05% Triton X-100 in PBS for one hour at room temperature. DAPI was added for the last 

five minutes (1:1000), samples were washed thrice, then placed onto microscope slides under 

a dissection microscope. Slides were covered and embedded in Shandon Immu-Mount (Fisher 

Scientific). Images were acquired with a TCS Sp8 DIVE confocal microscope (Leica). 

 

7. Data Analysis 

7.1. t-distributed Stochaistic Neighbor Embedding (t-SNE) of FACSymphony data 

 Dimensionality reduction analysis was performed using FlowJo software. Cells were pre-gated 

to exclude doublets, dead cells, and lymphocytes (CD19+ B cells and CD3+ T cells). CD11b+ 

events were randomly downsampled using the Downsample plugin and samples from each 

condition were concatenated into one FCS file. Dimensionality reduction was performed using 

the t-SNE plugin. The FlowSOM plugin was used to cluster cells and ClusterExplorer plugin was 

used to investigate marker expression for manual cluster annotation. 

 

 7.2. Single Cell RNA Sequencing Analysis 

7.2.1. Quality control and integration 

 RNA-Seq data in the form of FASTQ files were demultiplexed and aligned to the mm10 genome 

using Cell Ranger software (10x Genomics). The returned filtered cell barcode and feature 

matrices were then used for further analyses in R v4.1.0. Single-cell reads were mapped to the 

ens.mm.v102 Ensembl database for gene level annotation. Cells with high mitochondrial genes 

(> 20%) were removed and doublets were detected and removed using the scDblFinder 
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package. Batch correction and MNN-based data integration were performed using the 

batchelor and fastMNN packages. Data was normalized using the logNormCounts function of 

the scater package. Gene variation and highly variable genes were identified using scran to 

construct a single nearest neighbor (SNN) graph with k = 25. Dimensionality reduction was 

performed using principal component analysis (PCA) to identify principal components that 

capture the most significant variance in the gene expression data.  

 

 7.2.2. Cell annotation 

Initial cell-type annotation was performed with reference to the official Immgen mouse dataset. 

Stromal cells and endothelial cells were removed from all samples. T cells were subclustered 

into either CD4+ T cells or CD8+ T cells based on their dual expression of Cd3 and unique 

expression of Cd4 or Cd8, respectively. Erythroid progenitors were identified by unique Car2 

expression, as described by Paul et al. 2015.252 Stem-like progenitors were identified by 

expression of Top2a and further subclassified according to neutrophil or monocyte lineage 

markers. Monocytes were defined by Ccr2 expression and subdivided into four subsets: two 

classical subsets expressing Hspa1b (“C1”) or Cd83 (“C2”), Top2a-expressing progenitors, and 

Spn-expressing non-classical monocytes. Neutrophils were defined by expression of the 

degranulation genes S100a8, S100a9, and S100a11 and were further subdivided into subsets 

based on data from Evrard et al. 2018191: Top2a-expressing progenitors, Mki67-expressing 

proliferating neutrophils, Cybbhi immature neutrophils, and Il1b and Cxcr2-expressing mature 

neutrophils. Dendritic cells nearly unanimously expressed Itgax and were subdivided into four 

subclusters: two classical DC subsets expressing Xcr1 (“cDC1s”) or Sirpα (“cDC2s”), Zeb2-

expressing Ccr2-negative plasmacytoid DCs (“pDCs”), and high Ccr7 and Relb-expressing 

migratory DCs (“migDCs”). Monocyte-derived macrophages were identified by dual Ccr2 and 

Zeb2 expression (termed “MoMacs”). 

 

7.2.3. Differential abundance and differential gene expression Analysis 

 Lowly expressed genes (< 10 reads) were removed and raw counts were used for differential 

abundance (DA) and differential gene expression (DEG) analysis using muscat, magrittr, and 

edgeR. Sample-level DEG analysis was performed in a “pseudo-bulk” manner using pbDS 

comparing IL-17Cohoused versus controls and IL-17Separate versus IL-17Cohoused. An FDR < 0.05 and 
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log2FC > 0.5 were used to identify DEGs for generation of volcano plots. Gene ontology (GO) 

enrichment (GO Biological Process 2015) of DEGs was performed using Enrichr.  

 

 7.2.4. Calculation of gene signatures with UCell 

 Cell signatures for MDSC were visualized on a UMAP using the UCell package. The following 

genes were included in the MDSC gene signature: Cd84, Ctsd, Arg2, Pla2g7, Il1b, Clec4e, Junb, 

Wfdc17, Clec4d. 
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Results 
 

 

1. An IL-17-dependent microbiome promotes the progression of EAE  

During steady-state, IL-17 plays an essential role in microbiome homeostasis of the host.117 

Through the use of separate and co-housing conditions of mice, previous research from our 

group suggests that the role played by IL-17 in microbiome homeostasis may also determine 

the outcome of autoimmune disease in the EAE model.152 To determine whether IL-17 deletion 

or the housing conditions affected the development of EAE, IL-17 knockout mice (IL-17-/-) were 

generated by the breeding of IL-17 homozygous knockout females (IL-17-/-) to heterozygous 

knockout males (IL-17+/-), resulting in 50% heterozygous and 50% homozygous IL-17 knockout 

offspring (Fig 6A). From the homozygous IL-17 knockout offspring, housing groups were 

created at weaning (21 days old) by housing half of the IL-17-/- mice among IL-17 heterozygous 

control littermates (to create the cohoused IL-17 knockout group, termed hereafter as 

IL-17Cohoused) and housing the other half among only IL-17-deficient littermates (termed 

hereafter as IL-17Separate). Since IL-17 is only expressed during inflammation and to confirm the 

deletion of IL-17, active EAE was induced in both groups of IL-17-/- mice (cohoused and 

separately housed) and controls according to the protocol shown in Fig. 6B. Leukocytes were 

isolated from the spinal cord and MOG-specific T cells were analyzed by flow cytometry (Fig. 

6C) for expression of IL-17. The deletion of IL-17 was confirmed in IL-17-/- animals (Fig 6D).  

 

IL-17 deficiency resulted in a reduced EAE score compared to controls (Fig 7A). An additional 

reduction in EAE score was observed between the IL-17Separate group compared to the 

IL-17Cohoused group. This implicates not only an effect of IL-17-deficiency, but also an effect of 

the IL-17-dependent microbiome on the outcome of EAE. This phenotype was largely observed 

as a result of EAE incidence, with IL-17Separate mice having the lowest incidence of disease (45% 

of immunized animals) and IL-17Cohoused mice having an intermediate disease incidence (54% 

of immunized animals) between IL-17Separate mice and controls (92% of immunized animals) (Fig 

7B). No significant differences were seen in the day of disease onset; both groups presented 

with clinical symptoms starting, on average, between day 13 to 15 after immunization (Fig 7C). 

3 
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Pooled maximum clinical scores of all immunized mice showed a significant decrease in the 

peak disease score of IL-17Separate compared to controls (Fig. 7D). Since significantly less  

 

 

Figure 6: Generation of IL-17-deficient mice under separate and co-housing conditions. (A) 

Schematic overview of breeding strategy used to generate IL-17 knockout (IL-17-/-) mice under separate 

(IL-17Separate) and co-housed (IL-17Cohoused) conditions. (B) Diagram illustrating protocol for active EAE 

induction by immunization with MOG35-55/CFA and pertussis toxin (PTx). (C) Representative flow 

cytometry gating strategy used to identify live single cells, CD4+ T cells (CD90.2+ CD4+), and 

MOG-specific (CD44+ CD40Lhi) T cells isolated from the inflamed spinal cords of mice at peak EAE (DPI 

19). (D) Representative flow cytometry dot plots showing IL-17A expression by MOG-specific T cells from 

the spinal cords of control and IL-17-/- mice at the peak of EAE. 

 
 

IL-17Separate mice exhibited symptoms, the significance in the peak score might be confounded 

by the decreased disease incidence of IL-17Separate mice. To compare disease severity of sick 

mice between groups, data was pooled from only mice that became sick with a clinical score 

(Fig. 7E). Among sick mice, there was no significant difference in the maximum disease score 
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between the three groups. This implicates the role of IL-17 and its related microbiome as 

altering a so-called “tipping point” of disease; though IL-17-deficient mice have reduced EAE 

incidence, IL-17 plays no role in the disease severity until mice surpass an inflammatory 

threshold that leads to development of a clinical score. 

 

 

Figure 7: IL-17 and its dependent microbiome increase the incidence of MOG35-55-EAE. (A) Active 

EAE clinical scores of IL-17-deficient mice either separately housed (red line; IL-17Separate) or cohoused 

(black dashed line; IL-17Cohoused) among controls (black line). Significance calculated from area under the 

curve (AUC). (B) Symptom-free survival curve, (C) day of disease onset, and peak scores of (D) all mice 

or (E) only sick mice from data shown in (A). Data combined from three independent experiments with 

n = 8-20 mice per group. Data is shown as either (A) mean +/- SEM or (C-E) mean +/- SD. P values 

calculated using one-way ANOVA of either (A) AUC or (D) individual data points. Kaplan-Meier survival 

analysis was performed on (B) with Wilcoxon rank test. * p < 0.05; ** p < 0.01. 
 

2. IL-17-deficient mice have decreased numbers of leukocytes in the 

CNS parenchyma at the peak of EAE 

Active EAE progression in the CNS requires the infiltration of mononuclear leukocytes that 

promote neuronal demyelination and the development of inflammatory lesions.40,97 To 

investigate whether leukocyte infiltration into the CNS parenchymal tissue was affected by loss 

of IL-17, spinal cords were harvested from MOG35-55-immunized IL-17-/- and control mice at the 

peak of disease (DPI 19) and T cell and myeloid cells were analyzed via flow cytometry. CD4+ T 
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cells were stained for common antigens and analyzed according to the gating strategy in figure 

6C. Significantly fewer CD4+ T cells were found in the spinal cords of immunized IL-17Separate 

mice compared to controls (Fig 8A, B). The percentage of MOG-specific T cells among total 

CD4+ T cells was unchanged between groups, as represented by the flow cytometry dot plots 

in Fig. 8C. However, significantly fewer MOG-specific CD4+ T cells were found in the spinal 

cords of IL-17Separate mice compared to controls (Fig. 8D). Surprisingly, IL-17Cohoused mice had the 

highest number of CD4+ and MOG-specific T cells of any group (Figure 8B, D). This data, 

however, was obtained from a single experiment where IL-17Cohoused mice had an equal 

incidence to controls and did not reflect the general trend of decreased disease incidence seen 

in other experiments. Production of the EAE-related pro-inflammatory cytokines GM-CSF and 

IFNγ, quantified as cytokine-positive staining cells as a percentage of total MOG-specific T cells, 

was increased in both IL-17-/- groups (Fig. 8E). Increased cytokine production from the IL-17-/- 

MOG-specific T cells in the CNS suggests that the decrease in EAE incidence is largely due to 

number of MOG-specific T cells infiltrating the CNS, and not due to a lack of functionality. 

 

Myeloid cells are the main drivers of neuronal demyelination during EAE and are recruited into 

the CNS by T cell-derived signals such as G-CSF and CXC chemokines.39,97 We hypothesized 

that due to a decreased number of T cells in the CNS, fewer myeloid-recruiting signals would 

be released, and IL-17Separate mice would also have the least number of myeloid cells present in 

the CNS parenchyma. To quantify myeloid cells (characterized as CD45+ CD11bhi), CD11b- 

leukocytes and CD45int microglia were excluded, as seen in the flow cytometry gating strategy 

in Fig. 8F. As expected, myeloid cells were significantly reduced in IL-17Separate mice. A slight 

reduction in myeloid cell number in IL-17Cohoused mice compared to controls was also observed, 

though this did not reach statistical significance (Fig. 8G). 
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Figure 8: IL-17-deficient mice have reduced leukocytes in the spinal cord parenchyma at peak of 

EAE. The spinal cords of MOG35-55-immunized mice were analyzed at peak (DPI 19) of EAE. (A) Dot plots 

of flow cytometry data showing the percentage of CD4+ T cells among live single cells. (B) Quantification 

of absolute numbers of data shown in (A). (C) Dot plots of flow cytometry data showing the percentage 

of MOG-specific T cells, defined by high CD40L expression, among total CD4+ cells. (D) Quantification 

of absolute numbers of data shown in (C). (E) Cytokine expression as a percentage of total MOG-specific 

T cells. (F) Representative gating strategy to identify total lymphocytes (CD45+CD11b-), myeloid cells 

(CD45+CD11b+), and microglia (CD45int, CD11b+). (G) Quantification of myeloid cells as absolute number 

per spinal cord of individual mice. Data is shown as mean +/- SD. Data from (B, D, E) is representative of 

two independent experiments. Data in (G) is from one independent experiment with one IL-17Separate data 

point excluded by statistical outlier analysis (Ctrl, n = 11; IL-17Cohoused, n = 5; IL-17Separate, n = 3). Analysis 

was performed using (B, D, G) Brown Forsynthe and Welch ANOVA for normally distributed data with 

unequal SDs or (E) ordinary one-way ANOVA. * p < 0.05; ** p < 0.01. 
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3. IL-17 is redundant for pathogenic T cell priming during EAE 

Because IL-17-deficient mice had a reduced number of leukocytes in the CNS parenchyma, we 

hypothesized that IL-17 plays a role at earlier time points in the periphery to decrease the later 

disease incidence. One of the earliest stages in the EAE immune cascade is T cell priming with 

self-antigen by antigen presenting cells (APCs) in the skin draining lymph nodes (LNs) 

surrounding the site of immunization. Upon immunization with myelin oligodendrocyte 

glycoprotein peptide (MOG35-55), the number of antigen-specific T cells that recognize the 

MOG35-55 peptide increase in number in the LNs until three to seven days after immunization. 

To amplify the quantifiable effect of T cell priming in IL-17-/- mice, a transgenic mouse line with 

a MOG35-55-specific T cell receptor (TCR) was used (2D2-TCRMOG mouse line first described in 

Bettelli et al. 2003).55 To investigate whether IL-17 plays a role in the antigenic priming of T 

cells, mice were injected intravenously with 1 x 104 2D2-TCRMOG CD4+ T cells one day before 

immunization with MOG35-55 peptide (active EAE induction) and spleen and inguinal draining 

LNs were harvested five days after immunization for flow cytometry analysis, following the 

timeline of a previous study (Fig. 9A).133 Upon recognition of self-antigen, antigen-specific T 

cells proliferate in number. Therefore, the number of transferred 2D2-TCRMOG cells, identifiable 

by the congenic marker CD90.1 (Thy1.1), were quantified between IL-17-/- mice and controls as 

a readout for the strength of antigen-presentation (Fig. 9B). In the draining LNs, absolute 

number of transferred 2D2-TCRMOG cells were non-significantly increased in IL-17-/- mice (Fig. 

9C). IL-17-/- mice on average had nearly twice as many (2 x 104 per mouse) 2D2-TCRMOG cells in 

the draining LNs as controls (1 x 104 per mouse). Percentage of cytokine producing transferred 

cells in the LNs was comparable between IL-17-/- mice and controls (Fig. 9D). In the spleen, the 

number of transferred cells was comparable between IL-17-/- mice and controls, with all mice 

having on average 5 x 104 transferred cells per spleen (Fig. 9E). Cytokine production by 

transferred cells in the spleen was also comparable between groups (Fig. 9F). From these data, 

it can be concluded that IL-17 plays no role in the antigenic priming of MOG-specific T cells by 

APCs, nor in the initial clonal expansion that occurs by these T cells in the earliest stages of 

EAE. 
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Figure 9: IL-17 is redundant for T cell priming in the secondary lymphoid organs during EAE. (A) 

Experimental overview. 10,000 MOG-specific (2D2-TCRMOG) CD4-T cells were transferred into mice one 

day before immunization with MOG35-55 peptide in CFA. Inguinal draining (d)LNs and spleen were 

harvested 5 days after EAE induction to quantify cell number and cytokine production of transferred 

TCRMOG cells. (B) Exemplary flow cytometry strategy from the LNs and spleen for gating of transferred 

TCRMOG cells. Quantification of number of transferred cells and percentage of cytokine expression was 

quantified for the dLNs (C, D) and spleen (E, F). Data is shown as mean +/- SD and combined from two 

independent experiments (Ctrl, n = 15; IL-17Cohoused, n = 8; IL-17Separate, n = 10). 
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4. IL-17 is redundant for the expansion of peripheral pathogenic T cells  

Since no differences in antigenic T-cell priming were observed at day 5 of EAE, a later time 

point was chosen to determine whether peripheral autoimmunity was progressing in the 

absence of IL-17. Day 10, referred to in this text as disease “pre-onset”, is a critical time point 

in EAE. At pre-onset, antigen-specific lymphocytes are clonally expanding in the periphery and 

taking on phenotypes allowing their migration towards and infiltration of the CNS, where they 

initiate immune processes ultimately leading to demyelination.80  

 

To investigate whether clonal expansion is inhibited by loss of IL-17 or the specific housing 

conditions, lymphocytes were isolated from the spleen at day 10 of EAE and analyzed via flow 

cytometry. CD4+ T cells were defined by flow cytometric gating as CD90.2+ and CD4+ (Fig. 10A). 

As a percentage of total live cells, increased CD4+ T cells are observed in both IL-17-/- groups, 

with IL-17Separate mice having a significantly increased percentage of CD4+ T cells compared to 

controls (Fig. 10B). IL-17Cohoused mice additionally had a trend towards increased absolute 

numbers of CD4+ T cells (Fig. 10C). MOG-specific T cells were gated from CD4+ T cells based 

on the positive expression of CD44 and CD40L (Fig. 10D). CD44 is a general activation marker, 

while CD40L is rapidly expressed after antigen-specific activation. As it can be assumed that 

most T cells recently activated with self-antigen in the EAE model are MOG-specific, CD40L was 

used as a surrogate marker for MOG-specificity. MOG-specific T cells, both as a percentage of 

total CD4+ T cells and in absolute number, were unchanged between all groups (Fig. 10E, F). 

Among these MOG-specific T cells, percentage of pro-inflammatory cytokine-producing cells 

remained the same among conditions (Fig. 10G). However, absolute numbers of GM-CSF+ and 

IFNγ+ T cells were increased in both IL-17-/- groups compared to controls, and significantly 

higher in IL-17Cohoused mice (Fig. 10H). While this may solely reflect the trend towards increased 

number of total CD4+ and MOG-specific T cells, it shouldn’t be discounted that increased 

number of GM-CSF and IFNγ producing cells may play a role in the peripheral disease 

pathogenesis. 

 

Taken together, this data suggests that the absence of IL-17 does not prevent clonal expansion 

and pathogenicity of MOG-specific T cells in the periphery. To confirm whether IL-17-/- T cells 

maintain their pathogenic potential, a functional approach was taken. T cells with and without 

IL-17 were polarized in vitro under Th17-skewing conditions and adoptively transferred i.v. into 
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lymphopenic Rag1-/- host mice. IL-17-/- T cells successfully induced adoptive transfer EAE at a 

near similar severity to control T cells (Fig 10I). This data indicates that IL-17 signaling from T 

cells is not required to induce CNS neuroautoimmune inflammation and that rather other 

peripheral mechanisms are present that hinder the development of active EAE in IL-17-/- mice.  

 

 

 Figure 10: IL-17 is redundant for the clonal expansion and pathogenicity of splenic MOG-specific 

CD4+ T cells. (A) Representative gating strategy of CD4+ T cells in the spleen, pre-gated from single live 

cells. Quantification of CD4+ T cells as (B) percentage of live cells and (C) absolute number. (D) 

Representative gating strategy of MOG-specific T cells (CD44+ CD40Lhi) in the spleen, pre-gated from 

single live CD4+ T cells. Quantification of MOG-specific T cells as (E) percentage of CD4+ T cells and (F) 

absolute number. Quantification of cytokine expressing cells as (G) percentage of total MOG-specific T 

cells and (H) absolute number. (I) Clinical scores after adoptive transfer of encephalitogenic T cells from 

IL-17-/- mice (red dots) or controls (white dots). Data from (B-C, E-F, G-H) pooled from 3-4 independent 

experiments with at least n = 4 per experiment and shows mean +/- SD. Data in (I) from one experiment 

and shows mean +/- SEM with 7-8 per group. Analysis was performed using either (B) ordinary one-way 

ANOVA or (H) Kruskal-Wallis ANOVA for non-normal data. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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5. IL-17 is essential for promotion of cell blasting by myeloid cells  

In the IL-17-deficient environment, CD4+ T cells are sufficiently primed with antigen, clonally 

expand, and produce inflammatory cytokines when restimulated with antigen ex vivo. This 

effect is seen independently of the housing conditions. It was suspected that other cell types 

present may actively suppress CD4+ T cell responses in the periphery. Regulatory T cells (Tregs) 

are the paradigm suppressors of adaptive immune responses, mediating their suppressive 

effects on CD4+ and CD8+ T cell responses via the production of cytokines such as IL-10 and 

TGFβ.28 Since an increase in overall CD4+ T cell number was previously observed, it was 

hypothesized that an increased number of Tregs may inhibit other CD4+ T cells in their 

peripheral functions. Flow cytometric analysis revealed no differences in Treg numbers 

between conditions (Fig. 11A). This suggested no imbalance in the suppressive to effector T 

cell ratio in IL-17-/- mice that might impede pathogenic T cell functions.  

 

A more functional approach was then taken to investigate whether the IL-17-deficient 

environment suppresses pathogenic T cells. The adoptive transfer EAE model was adapted in a 

so-called “criss-cross” approach. Blasting cells (further described in the next paragraph) 

cultured from MOG35-55-immunized IL-17-/- mice and controls were transferred into sub-lethally 

irradiated wild-type and IL-17-/- recipient hosts. This created four groups of recipients: controls 

receiving control or IL-17-/- cells, and knockouts receiving control or IL-17-/- cells. It was 

hypothesized that if a suppressive environment in IL-17-deficient hosts exists, these mice 

would be less susceptible to adoptive transfer EAE. Surprisingly, results showed that disease 

curves diverged based on genotype of transferred cells, with control cells inducing more severe 

disease with earlier day of onset than IL-17-/- cells, irrespective of the genotype of the hosts 

(Fig. 11B). This data was not only counterintuitive to the hypothesis of the experiment, but 

contradicted previous results showing minimal effect of IL-17 expression on severity of 

adoptive transfer EAE (Fig. 10I).  

 

An observation made during this experiment was that after ex vivo Th17 culture, IL-17-/- 

cultures had fewer blasting cells than controls (Fig. 11C). Blasting cells can be visualized both 

under a microscope as a swelling of the cytoplasm and in flow cytometry as an increase in 

forward scatter properties. Blasting cells in Th17 cultures are not only an indication of 

pathogenicity of the culture, but the percentage of blasting cells as a percentage of total live 
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cells is used to calculate the number of injected cells in our lab’s adoptive transfer EAE protocol 

(ref. section 2.4.4.1). Relative to controls, IL-17-/- mice had significantly fewer blasting cells after 

Th17 culture, with IL-17Cohoused mice having the lowest percentage of approximately half the 

percentage of blasting cells as controls (Fig 11D).  

 

The adoptive transfer EAE protocol used by our lab combines cells from the spleen and lymph 

nodes of immunized donor mice into one 4-day culture. To determine whether the decrease 

in blasting cell percentages differed between organs, spleen and lymph nodes from immunized 

mice were cultured separately and blasting cell percentage was determined by flow cytometry. 

Cultured IL-17-/- cells from the spleen showed a similar decrease in blasting cells compared to 

controls as observed for the combined cultures (Fig. 11E). This was unsurprising, as a greater 

proportion of cultured cells come from the spleen due to larger cell number overall. Lymph 

node cultures, however, showed an increased percentage of blasting cells in IL-17-/- mice (Fig. 

11F). To determine whether these differences in blasting percentage had functional differences 

upon adoptive transfer, lymphopenic Rag1-/- mice received 5 x 106 blasting cells i.v. from either 

the spleen or lymph node cultures of controls and IL-17-/- mice. Surprisingly, decreased blasting 

cells from the IL-17-/- splenocytes did not correlate to a decreased EAE severity upon adoptive 

transfer as seen previously, with both control and IL-17-/- cultures resulting in a rapid and severe 

disease course leading to early termination of the experiment for these groups (Fig. 11G). The 

disease curves of lymph node recipients correlated to the blasting phenotype: IL-17-/- cultures 

resulted in an earlier day of onset compared to control cultures, though peak scores were 

unchanged (Fig. 11G).  
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Figure 11: Investigation of a suppressive splenic environment in IL-17-/- mice. (A) Absolute numbers 

of Foxp3+ Tregs from the spleens of MOG35-55-immunized mice at active EAE DPI 10. (B) Clinical scores 

after adoptive transfer of Th17-polarized WT cells (black) or IL-17-/- cells (red) into WT (solid lines) or KO 

(dashed lines) recipient mice. (C) Flow cytometry dot plot of blasting cells as a percentage of live cells 

from Th17 cultured donor cells as used for (B). (D) Quantification of blasting cells of cohoused and 

separately housed knockout mice normalized to controls. Data is pooled from 3 experiments and 

normalized within each experiment to average control blasting percentage. (E, F) Blasting cells quantified 

from the (E) spleen and (F) dLNs after 4 days of in vitro Th17 culture. (G) Clinical scores after adoptive 

transfer of cells from spleen (closed dots) or dLNs (open dots) of control mice (black) or KO mice (red). 

(H) Quantification of the composition of blasting cells from positive flow cytometric staining of B cell 

(CD19+), myeloid (CD11b+), or T cell markers (CD4+ or CD8+). Data from one experiment. (I) CD4+ cells 

from IL-17-/- mice and controls were sorted from the spleen and dLNs of MOG35-55-immunized mice at 

DPI 10 and cultured with the remaining CD4- (APC) fraction of both groups for 4 days under Th17-

skewing conditions. Flow cytometry dot plots show percentage of blasting cells as percentage of live 

cells. Adoptive transfer EAE clinical score data (B, G) is shown as mean +/- SEM. Other quantifications (A, 

D-F, H) show mean +/- SD. P-values calculated using either (D) one-way ANOVA or (F, G) student’s t-

test. * p < 0.05; *** p < 0.001; **** p < 0.0001. 
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Flow cytometry was used to analyze the composition of blasting cells for differences between 

control and IL-17-/- mice. While the composition of cell subsets was the same between groups, 

surprisingly, only 20% of blasting cells were CD4+ T cells (Fig. 11H). The majority of the blasting 

cells were composed of cells with antigen presenting capacity, including CD11b+ myeloid cells 

(50% of blasting) and CD19+ B cells (20% of blasting). It was hypothesized that IL-17-/- APCs 

may be the cause for decreased blasting cells in the IL-17-/- Th17 cultures. To investigate this, 

another criss-cross experiment was performed in vitro. CD4+ T cells were magnetically sorted 

by positive selection from MOG35-55-immunized IL-17-/- mice and controls at EAE DPI 10 and 

co-cultured with the remaining CD4- fraction, termed the “APC” fraction, from both IL-17-/- and 

control mice. Co-culture of control CD4+ T cells with IL-17-/- APCs resulted in a blasting 

percentage that mirrored the full IL-17-/- culture (Fig. 11I). This indicated that in vitro, IL-17 is 

required for APCs to promote blasting of the entire culture. IL-17-/- APCs in vitro likely have 

changed functionality which regulates blasting function of themselves and their surrounding 

cells. This was a first indication of a potential suppressive function of IL-17-/- APCs, which may 

also exert suppressive or other regulatory functions in vivo. 

 

6. Pathogenicity of IL-17-deficient T cells is retained in a CD4+ T cell 

adoptive transfer model of EAE 

To exclude potential in vivo inhibitory effects of APCs in the adoptive transfer model of EAE, 

CD4+ T cells were magnetically sorted after four days of Th17 culture and 2x106 CD4+ T cells 

were adoptively transferred i.v. into irradiated wild-type hosts. Though IL-17-/- CD4+ T cells 

were able to induce adoptive transfer (AT)-EAE, the disease scores of IL-17-/- recipients were 

lower than control CD4+ recipients (Fig. 12A). In line with the decrease in disease severity, fewer 

IL-17-/- CD4+ T cells were found in the CNS (combined brain and spinal cord) of recipient mice 

(Fig. 12B). CCR6 is a chemokine receptor that is essential for migration of pathogenic Th17 cells 

to the CNS during EAE.71 Although fewer numbers of CD4+ T cells were observed in the CNS of 

IL-17-/- recipients, there was no observed difference in T cell CCR6 expression to suggest a 

deficiency in the CCR6 migratory axis (Fig. 12C). To determine whether the decrease in EAE 

severity correlated to a decreased concentration of circulating IL-17 levels, IL-17 concentrations 

were measured in the serum of host mice at day of analysis (peak of disease; day 15). IL-17 

concentrations were comparable between IL-17-/- and control T cell recipients (Fig. 12D). This 
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suggests that the lack of IL-17 signaling from transferred CD4+ T cells does not affect the ability 

of the host mice to produce IL-17 from other sources and that concentrations of circulating 

IL-17 were not responsible for the decrease in EAE severity observed upon CD4+ T cell adoptive 

transfer EAE.    

 

Inflammatory cytokine expression was quantified from transferred (CD90.2+ CD4+) MOG-

specific (CD44+ CD40Lhi) T cells (Fig. 12E). Approximately 70% and 60% of transferred MOG-

specific T cells expressed GM-CSF and IFNγ, respectively, and this percentage was unchanged 

between genotypes (Fig. 12F). 30% of the transferred MOG-specific control T cells expressed 

IL-17A, while IL-17-/- transferred cells were confirmed to be negative for IL-17A expression. 

Numbers of both GM-CSF+ and IFNγ+ cells were reduced by about half in the CNS of hosts 

receiving IL-17-/- donor cells, mirroring the decrease seen in total CD4+ T cells in the host CNS 

(Fig. 12G).  

 

Analysis was also performed on (CD90.1+ CD4+) MOG-specific (CD44+ CD40Lhi) host T cells (Fig. 

12H). No differences were observed among MOG-specific T cells producing the inflammatory 

cytokines GM-CSF, IFNγ, or IL-17A as a percentage of total CD4+ T cells (Fig. 12I). Notably, no 

host cells produced IL-17A, suggesting this cytokine may only be produced by the “first wave” 

of infiltrating T cells, represented in this model by the transferred cells. Transferred cytokine-

producing cells also greatly outnumbered host cells, which were observed at only a tenth of 

transferred cell numbers in the spinal cords (Fig. 12G, J). Numbers of both GM-CSF+ and IFNγ+ 

host T cells were also reduced by approximately half in recipients of IL-17-/- T cells, though this 

did not reach statistical significance (Fig. 12J).  

 

Taken together, this data suggests that while the IL-17-deficient cells retain the ability to induce 

disease, reduced numbers of CD4+ T cells in the host CNS may contribute to an improved 

disease outcome. However, the question of why CD4+ T cells are reduced in the CNS upon 

adoptive transfer is unclear.  
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Figure 12: Reduced numbers of IL-17-/- CD4+ T cells are present in the CNS after adoptive transfer. 

Magnetically sorted CD4+ T cells from MOG35-55-immunized IL-17-/- mice and controls were adoptively 

transferred into irradiated control mice and the CNS (combined brain and spinal cord) and serum of 

recipient mice were analyzed at day post transfer (DPT) 15. (A) Clinical scores after adoptive transfer of 

CD4+ T cells from immunized IL-17-/- mice (blue line) versus controls (black line). (B) Absolute number 

of transferred CD4+ T cells in the CNS. (C) Histogram of CCR6 expression on donor CD4+ T cells in the 

CNS. (D) Concentrations of IL-17A in the serum measured by ELISA. MOG-specific (CD44+ CD40LHi) 

transferred T cells in the CNS were analyzed via (E) flow cytometry. Pre-gated on single live CD45.2+ 

CD4+ CD90.2+ T cells. Cytokine production from transferred cells is shown as both (F) percentage and 

(G) number. MOG-specific (CD44+ CD40LHi) host T cells in the CNS were analyzed via (H) flow cytometry. 

Pre-gated on single live CD45.1+ CD4+ CD90.2+ T cells. Cytokine production from transferred cells is 

shown as both (I) percentage and (J) number. Data shown is from one experiment with n = 4-6 per 

group. Data from (B, D, F, G, I, J) is shown as mean +/- SD. Analysis of (B, G) was performed using 

student’s t-test. * p < 0.05; ** p < 0.01. 

  



77 

 

7. IL-17 production from T cells is redundant for their migration 

As previously discussed, several mechanisms simultaneously regulate the final outcome of T 

cell migration towards the CNS during EAE. Due to the observation of decreased number of T 

cells in the CNS but increased T cells in the spleens of actively immunized IL-17-/- mice, it was 

hypothesized that IL-17 deficiency may decrease the prevalence of EAE by regulating T cell 

migration towards the CNS, either in the periphery or in the CNS itself. 

 

S1P is found in low concentrations in tissues and higher concentrations in blood and lymphatic 

circulation in a so-called “S1P gradient” that regulates lymphocyte egress or retention in 

peripheral tissues.83 Expression and localization of the S1P receptor on T cells are additionally 

regulated to dictate whether T cells respond to S1P in the environment.253 We hypothesized 

that IL-17-/- mice may have altered S1P concentrations or expression levels of S1PR that prevent 

T cell migration from the spleen. Concentrations of S1P were measured in both the serum and 

spleen of MOG35-55-immunized mice on DPI 10 of active EAE. No differences were observed in 

the blood circulating or splenic S1P concentrations between IL-17-/- mice and controls (Fig. 

13A, B). Cellular localization of S1PR1 was determined by flow cytometric staining to compare 

the intracellular versus extracellular location of S1PR1 on T cells. No differences were observed 

between IL-17-/- mice and controls (Fig. 13C). The vast majority of T cells in both groups 

expressed almost exclusively intracellular S1PR1 with no differences in expression level 

between genotypes, indicating a T cell readiness for migration out of the spleen (data not 

shown). 

 

CCR7 and its ligands CCL19 and CCL21 are critically involved in the migration of T cells and 

dendritic cells (DCs) towards SLOs.254 CCR7-deficient T cells have been shown to accumulate in 

the splenic red pulp with reduced ability to recirculate out of peripheral tissues.255 Inside of the 

splenic tissue, extracellular matrix remodeling signals, such as matrix metalloproteinases 

(MMPs), are released by neutrophils to remodel tissue at sites of lymphocyte egress.256 MMPs 

2 and 9 have specifically been implicated in EAE to drive T cell migration and BBB breakdown. 

To gain insight into whether IL-17-/- mice exhibit changes in leukocyte-derived migration 

signals, quantitative real time PCR (RT-PCR) was performed on RNA isolated from whole splenic 

tissue at active EAE DPI 10. mRNA expression of CCR7, CCL19, and CCL21 was increased in 

IL-17Cohoused mice and even further increased in IL-17Separate mice compared to controls, 
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indicating that no deficiencies in CCR7-dependent signaling existed that might prevent T cells 

migration out of the spleen (Fig. 13D). On the contrary, increased CCR7 signaling suggests even 

heightened migratory signaling in IL-17-/- mice. While mRNA expression levels of MMP2 were 

unchanged (data not shown), MMP9 expression was significantly downregulated in the spleens 

of IL-17Cohoused mice and even further downregulated in IL-17Separate mice compared to controls 

(Fig. 13D).  

 

 

Figure 13: Analysis of peripheral migratory mediators in MOG35-55-EAE mice at pre-onset DPI 10. 

Sphingosine-1-phosphate (S1P) concentrations were measured in (A) serum and (B) whole spleen. (C) 

Ratio of cellular location (surface to intracellular) of S1PR1 on splenic CD4+ T cells quantified by flow 

cytometry. (D) Relative mRNA expression of migration-related genes in the spleen (relative values 

normalized to β-actin). Data from one independent experiment with n = 3-8 per group. Data is shown 

as mean +/- SD. Statistical analysis of (D) was performed using one-way ANOVA. * p < 0.05; ** p < 0.01. 

 

Leukocytes in the spleen not only respond to intra-splenic migration signals, but are also 

recruited towards the CNS by chemokine gradients and infiltrate the parenchyma upon 

interaction with adhesion molecules. CXCL1 and CXCL2 are upregulated in the CNS during both 

MS and EAE and are well-established in recruitment of leukocytes towards the CNS during CNS 

autoimmunity.209,257 Adhesion molecules, such as ICAM1, ICAM2, VCAM, and PECAM (CD31) 

are critical for the attachment of T cells to endothelial cells and transmigration into the CNS 

parenchyma.88,90 A study by Wojkowska et al. found that IL-17A may play a role in both of these 

processes by promoting adhesion molecule expression and CXCL1 release from brain 

endothelial cells in vitro.149 Other studies have implicated IL-17 as involved in the adhesion and 

tight junction molecule reorganization occurring at the BBB.147,148 To determine whether these 

effects were observable in vivo, RT-PCR was performed on mRNA isolated from whole brain 

tissue.  While expression levels of the chemokines CXCL1 and CXCL2 were unchanged in IL-17-/- 

mice, decreased gene expression was seen in nearly all adhesion molecules analyzed (Fig. 14A). 

While ICAM1, ICAM2, and VCAM had decreases in gene expression that were affected by both 
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IL-17 deletion and separate housing conditions, PECAM expression was significantly decreased 

in IL-17-/- mice irrespective of housing conditions. Contrary to what is seen in the spleen, MMP9 

expression in the brain was unchanged among groups, while expression of MMP2 was 

significantly decreased in IL-17-/- mice. This suggests that changes in extracellular remodeling 

processes are not only occurring in the spleen of IL-17-deficient mice, but in the CNS as well. 

Though not significantly changed, decreases in the mRNA expression of tight junction 

molecules claudin-5 and occludin were observed as well in IL-17-/- mice. Importantly, none of 

these changes were linked with housing conditions, though trends were observed in ICAM-1, 

ICAM-2, and Claudin-5 expression.  

 

 

 

Figure 14: Analysis of pro-inflammatory molecules in the brain at EAE pre-onset. Mice were 

immunized for active EAE and brains were harvested at DPI 10. (A) Relative mRNA expression of 

inflammatory gene markers from total brain tissue (relative values normalized to HPRT). (B) 

Representative flow cytometry gating strategy to identify expression of adhesion molecules on BBB 

endothelial cells. (C) Mean fluorescence intensity (MFI) of adhesion molecule expression on endothelial 

cells. Bar graph data shown as mean +/- SD. Data each from one independent experiment with n = 3-5 

per group. Statistical analysis performed using one-way ANOVA. * p < 0.05; ** p < 0.01. 
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To observe whether reduced mRNA expression translated into reduced protein expression of 

adhesion molecules, CD31+ Ly6C+ endothelial cells were analyzed via flow cytometry for their 

expression of ICAM-1, ICAM-2, and VCAM-1 (Fig. 14B). However, IL-17-/- mice had equal 

numbers (not shown) and expression levels  of adhesion molecules on endothelial cells (Fig. 

14C). Whether the decreased mRNA expression of MMPs and TJs translates into decreased 

protein expression in EAE-immunized IL-17-/- mice, should be determined for a better 

understanding of the molecular mediators of migration and inflammation that are altered in 

these mice. Further, the analysis of whole brain tissue cannot be used to judge expression levels 

of molecular mediators on specific cell types, which may be better analyzed using flow 

cytometry.  

 

Finally, to determine in vivo whether lack of IL-17 expression inhibits peripheral CD4+ T cells in 

their migration towards the CNS, Rag1-/- mice, which lack functional T and B cells, were 

reconstituted with CD4+ T cells purified from the spleens of IL-17-/- mice and controls (Fig. 15A). 

After allowing for the settlement and homeostatic expansion of the transferred CD4+ T cells in 

peripheral tissues for 7 days, active EAE was induced in reconstituted Rag1-/- mice and the 

disease development was monitored. Clinical scores of reconstituted mice were similar 

between groups, indicating no deficiency in the migratory capabilities of IL-17-/- T cells (Fig. 

15B). Due to the close association of IL-17+ CD4+ T cells with mucosal tissues, we were also 

curious whether there existed a preferential settlement of the reconstituted cells in mucosal 

organs. No differences were seen between genotypes in the settlement of reconstituted CD4+ 

T cells in either the dLNs, spleen, colon, or lung (Fig. 15C).  

 

In summary, although IL-17-expressing CD4+ T cells are critical drivers of EAE, our findings 

show that CD4+ T cells lacking IL-17 expression remain pathogenic. CD4+ T cells from MOG35-55-

immunized IL-17-/- mice are primed with self-antigen, expand in the periphery, produce 

inflammatory cytokines upon restimulation, and are able to induce EAE when adoptively 

transferred to wild-type recipients. Additionally, T cell-deficient mice reconstituted with IL-17-/- 

T cells develop EAE with a severity similar to controls. This suggests that IL-17-/- T cells exhibit 

no migratory defects and implicates other cells types in modulating disease progression in 

mice globally deficient in IL-17. To explore this possibility, we shifted our focus to other 

leukocyte subsets contributing to EAE development.  
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Figure 15: IL-17 from CD4+ T cells is redundant for their migration during EAE in an IL-17-

sufficient environment. (A) Schematic overview of CD4+ reconstitution EAE for evaluation of in-vivo T-

cell migration. CD4+ T cells were isolated by magnetic sorting from IL-17Separate and control mice and 

5 x 106 sorted cells were transferred into lymphocyte-deficient recipient mice (Rag1-/-). Active EAE was 

induced in recipient mice 7 days after cell transfer and EAE disease progression was monitored. (B) EAE 

disease scores of Rag1-/- host mice from experimental setup described in (A). Graph is representative of 

two independent experiments with n = 8 per group. (C) Quantification of absolute numbers of CD4+ 

donor T cells recovered from respective organs of EAE-immunized host mice at EAE DPI 26. Data pooled 

from 2 independent experiments with n = 12 per group. Data is shown as either (B) mean +/- SEM or 

(C) mean +/- SD. 

 

8. IL-17-deficiency alters the meningeal leukocyte composition during 

EAE 

In the IL-17-deficient brain during active EAE, mRNA levels of T cell recruiting chemokines are 

unchanged, while mRNA levels of adhesion molecules are decreased. Additionally, CD4+ T cell 

numbers in the spleens of IL-17-/- mice and controls are similar, while IL-17-/- mice have nearly 

no T cells in the CNS parenchyma. It was therefore hypothesized that lymphocytes may be 

recruited to the CNS, yet unable to penetrate the BBB in the absence of IL-17. Several studies 

have implicated IL-17 in the destruction of the BBB by decreasing expression of tight junctional 

proteins, though these conclusions have been made from in vitro experiments alone.147,148 

 

The meninges and subarachnoid space (SAS) are recognized as immunoregulatory hubs for 

autoreactive T cells trafficking to the CNS during EAE.57,73,249 To determine whether T cells are 

present at the BBB of immunized IL-17-/- mice, dural meninges of IL-17-/- mice and controls 

were isolated just after the development of disease symptoms. This post-onset time point was 

chosen to ensure a sufficient number of actively migrating lymphocytes at the level of the 

meninges. Immunohistochemical stainings revealed that compared to controls, fewer CD3+ T 
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cells were present in the dural meninges of IL-17Cohoused mice (Fig. 16A). Aligning with the EAE 

phenotype, even fewer T cells were present in IL-17Separate mice compared to IL-17Cohoused, 

indicating not only a genotype-dependent but also a housing-dependent decrease in T cells 

reaching the dural meninges.  

 

To quantify these observations of T cells and to explore what changes may exist in other 

immune cell subsets, dural meninges were isolated at post-onset of EAE and multidimensional 

flow cytometry analysis was performed via qualitative 2D t-distributed stochastic neighbor 

embedding (t-SNE). Clusters were created using the ClusterExplorer plugin for FlowJo software 

and were manually annotated according to surface marker expression (Fig. 16B). t-SNE 

comparison showed changes in multiple immune subsets upon IL-17 deletion, none of which 

were housing-dependent (Fig. 16C). IL-17-/- mice irrespective of housing conditions displayed 

increased percentage of B cells, a loss of a specific subset of macrophages, and increased non-

classical monocytes. Further, the distribution of neutrophils shifted on the tSNE plot, indicative 

of the existence of phenotypical differences between genotypes. With reference to a heatmap 

of marker expression (Fig. 16D), IL-17-/- neutrophils in the dural meninges express less Ly6G 

and less CD11b compared to controls (Fig. 16C). Previous studies indicate expression of Ly6G 

and CD11b as a marker of neutrophil maturity, suggesting that more immature neutrophils are 

present in the IL-17-/- meninges.200 Furthermore, a small subpopulation of SiglecF+ neutrophils 

are lacking in IL-17-/- mice. Numerical quantification of immune cell subsets between 

conditions shows a step-wise decrease in CD45+ immune cells in the dura, with controls having 

an average of 22,900 cells per dura, IL-17Cohoused mice having 18,500 per dura, and IL-17Separate 

mice having the significantly lowest number of all groups, with 9,300 cells per dura on average 

(Fig. 16E). T and B cells combined consisted of only about 20% of all dural infiltrates. Both 

groups of IL-17-/- mice had decreases in T cell numbers of about half the numbers of control 

cells, and this effect was independent of housing conditions (Fig. 16F). B cell numbers in the 

IL-17Cohoused mice were approximately four times the average of controls, with minimal increases 

observed in B cell number in the IL-17Separate mice compared to controls (Fig. 16G). The vast 

majority of immune cells in the dural meninges were of myeloid origin, expressing either CD11b 

and/or CD11c. Quantification of CD11b+ myeloid cells showed a numerical trend that 

resembled the entire CD45+ immune cell compartment: controls had the highest number of 

myeloid cells with 17,200 cells per dura, IL-17Cohoused mice had only 11,200 myeloid cells per 
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dura, and IL-17Separate mice had significantly fewest myeloid cells, with only 5,500 myeloid cells 

per dura on average (Fig. 16H). The majority of myeloid cells were Ly6G+ neutrophils, of which 

again a step-wise decrease in number was seen: controls on average had 11,700 neutrophils 

per dura, IL-17Cohoused mice had 7,750 neutrophils per dura, and IL-17Separate had significantly 

fewest neutrophils, with only 3,200 neutrophils per dura on average (Fig. 16I).  

 

In summary, IL-17-/- mice had a genotype and housing-dependent reduction in immune cells 

infiltrates in the dural meninges. This was largely due to a reduction of myeloid cells, which 

compose the majority of immune cells in the inflamed meninges. Neutrophils comprised the 

majority of myeloid cells and a genotype and housing-dependent reduction in neutrophil 

number was similarly observed. Neutrophils are critically involved in pro-inflammatory 

processes at sites of inflammation. The reduction of neutrophil numbers in the meninges, 

together with previous data showing decreased expression of MMP2 in the CNS parenchyma, 

suggests that neutrophils may play a role in the progression of EAE at multiple layers of the 

CNS, engaging in functions such as extracellular matrix remodeling or immunoregulation of 

other cell subsets. These results were obtained from one experiment only and must be 

confirmed for validity, yet this data suggests that T cells have a decreased ability to reach the 

CNS in IL-17-deficient mice and are not simply “stuck” at the BBB. 
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Figure 16: IL-17-deficient mice have reduced leukocytes in the dural meninges at EAE post-onset. 

(A) Confocal images of immunohistochemical staining of the dural sagittal meninges at post-onset of 

active EAE (DPI 16) with fluorescently labeled secondary antibodies to visualize T cells (CD3, red). Nuclear 

staining was performed with DAPI (blue). Images are representative of n = 2-4 per group. Scale 

bar = 100 μm. (B) Multidimensional flow cytometry analysis of the dural meninges at post-onset of 

active EAE (DPI 17). Exemplary annotation of data presented as a 2D t-SNE graph manually annotated 

according to expression of lineage markers. Live leukocytes (CD45+) were randomly sampled with 6,655 

cells taken per sample and n = 4 per condition. (C) Comparison of t-SNE plots between conditions. (D) 

Heatmap of relative marker expression of selected markers on combined t-SNE from (B).  Quantification 

of absolute numbers of (E) immune cells (CD45+), (F) T cells (CD3+), (G) B cells (CD19+), (H) CD11b+ 

myeloid cells, and (I) neutrophils (CD11b+ Ly6G+) per dura. All data from one experiment. Data from (E-I) 

shown as mean +/- SD. Analysis was performed using one-way ANOVA. * p < 0.05; ** p < 0.01. 
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9. IL-17-deficiency alters the splenic myeloid cell composition during 

EAE 

Until this point, in vivo experiments ruled out T cells as a driver of EAE suppression in IL-17-

deficient mice and changes in myeloid cells were observed in the dural meninges during the 

peak of EAE. As B cells are acknowledged to play a minimal role in the pathogenesis of 

MOG35-55-induced EAE, focus was then placed on the analysis of myeloid subsets in the 

periphery to observe whether the phenotype seen in the meninges was a local or global 

phenomenon.60 Priority was first given to analysis of the spleen, due to its recognition in recent 

years as the major peripheral immunoregulatory hub during EAE.75 Myeloid cells in the spleen 

were qualitatively analyzed by multidimensional flow cytometry by random sampling of non-

lymphocytes (CD19- CD3-) at active EAE DPI 10 and creation of 2D t-SNE graphs (Fig. 17A). 

Clusters were manually annotated according to surface marker expression (Fig. 17B). 

Comparison of t-SNE graphs between conditions revealed differences in many myeloid 

subsets, including increases in macrophages, non-classical monocytes, DCs, and NK cells (Fig. 

17C). Strikingly, splenic neutrophils populations were also shifted in their t-SNE location in IL-

17-/- mice similar to the observations made from the dura. In contrast to the dura, however, 

neutrophils in the IL-17-/- spleen appeared to be of a more mature phenotype than controls, 

with higher Ly6G, CD88, and CD11b expression. Numeric quantification of myeloid cells in the 

spleen showed that IL-17-/- mice had significantly fewer myeloid cells, with approximately half 

the number of CD11b+ cells of the controls (Fig. 17D). This phenotype was independent of 

housing conditions. Manual gating of individual subsets revealed that IL-17-/- mice had 

significantly fewer neutrophil numbers in the spleen compared to controls, and that this was 

also independent of housing conditions (Fig. 17E). To verify that the changes in the splenic 

myeloid compartment of IL-17-/- mice was an EAE-specific phenotype and not a result of 

increased inflammation during steady-state, flow cytometry was used to analyze the splenic 

immune compartment of naïve IL-17-/- mice (Fig. 18A). No differences were seen in lymphocyte 

(Fig. 18B) or myeloid populations (Fig. 18C) in the spleen at steady-state, confirming that the 

altered myeloid compartment is an inflammation-driven phenomenon. This data from EAE pre-

onset suggests that IL-17 already plays a role earlier in EAE progression in myeloid cell 

recruitment in the spleen. However, at this time point, no differences are observed due to 
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housing conditions unlike the results of the dural meninges, suggesting that the effect of the 

microbiome may play a role in the EAE model that is CNS-specific.  

 

 

Figure 17: IL-17 deletion alters the composition of the splenic myeloid compartment. Splenocytes 

from IL-17-/- mice and controls at active EAE DPI 10 were analyzed by multidimensional flow cytometry. 

Exemplary annotation of data presented as a (A) 2D tSNE graph manually annotated according to 

relative marker expression shown in (B). Living non-lymphocytes (CD19- CD3-) were randomly sampled 

with 30,000 cells taken per sample and n = 4 per group. (C) Comparison of tSNE plots between 

conditions. Quantification of absolute numbers of (D) total myeloid cells (CD11b+) and (E) individual 

myeloid subsets from manually gated flow cytometry data. Data shown in (A-C) is representative of 3 

independent experiments. Data from (D, E) is shown as mean +/- SD and pooled from 3 independent 

experiments with n = 11-15 per group. Analysis was performed using one-way ANOVA on each cell 

subset. * p < 0.05; ** p < 0.01. 



87 

 

 

 

Figure 18: IL-17-/- mice show no differences in the splenic myeloid compartment at steady-state. 

Splenocytes from naïve IL-17-/- mice and controls were analyzed by flow cytometry. (A) Representative 

gating strategy to identify B cells (CD19+), T cells (CD90.2+), DCs (CD11c+; gated from CD19- CD90.2-), 

monocytes (Ly6C+; gated from CD11b+) and neutrophils (Ly6G+; gated from CD11b+). Quantification of 

absolute numbers of (B) lymphocytes and (C) myeloid subsets from data shown in A. Data shown in 

(A-C) is from one experiment with n = 8-9 per group. 

 

10. Neutrophil compartment is altered throughout the IL-17-/- 

peripheral environment during EAE 

To determine whether the altered myeloid composition in the spleen and meninges was a 

tissue-specific or broader peripheral phenotype, multidimensional flow cytometry was 

performed on other peripheral organs. We hypothesized that 1) the splenic phenotype would 

be reflected in the blood, indicating reduced myeloid emigration from the bone marrow, and 

2) gut-neighboring lymphoid tissues (mesenteric lymph nodes (mLNs), colon, and liver) may 

provide evidence for housing/microbiome-specific changes to myeloid cell composition. t-SNE 

analysis of the blood revealed a similar composition to the spleen, with Ly6G+ neutrophils and 

Ly6C+ monocytes comprising the largest percentage of myeloid cells (Fig. 19A). Blood myeloid 

cells of IL-17-/- mice showed similar differences to those in the spleen; macrophages and DCs 

were increased in percentage, while monocytes remained largely unchanged by IL-17 

deficiency (Fig. 19B). Neutrophils also shifted towards a more mature Ly6Ghi phenotype, with 

fewer immature Ly6Glo neutrophils. The myeloid composition of the liver was predominantly 

composed of mononuclear phagocytes, including Kupffer cells, monocytes, and monocyte-

derived macrophages (Fig. 19C). Neutrophils were only subtly changed in the liver of IL-17-/- 

mice, though these differences mirrored the phenotype seen in the spleen and blood: IL-17-/- 

neutrophils were composed of more “mature” Ly6Ghi and CD11bhi neutrophils (Fig. 19D).  
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The colon and mLNs are sites of high microbial settlement which is managed innately by cells 

with phagocytotic and antigen presenting function. Unsurprisingly, the myeloid compartment 

of the colon and mLNs were predominantly composed of classical antigen presenting cells, 

such as CD11c+ DCs (Fig. 19E, G). While most colonic myeloid subsets were comparable 

between IL-17-/- mice and controls, neutrophils were decreased in the IL-17Cohoused mice and 

nearly absent in the IL-17Separate mice (Fig. 19F). In the mLNs, reductions were observed only 

among non-classical monocytes and neutrophils of IL-17-/- mice, with the strongest decrease 

observed in the IL-17Cohoused mice where these cell types were nearly absent (Fig. 19H).  

 

To complement the t-SNE analysis, manual gating was performed on total CD11b+ myeloid 

cells in each organ. Myeloid cells as a percentage of total CD45+ immune cells were only 

reduced in the blood and liver (Fig. 20A). Absolute myeloid cell counts in the blood were not 

measured due to the technical challenges of normalizing cell count per volume. However, 

myeloid cells were reduced in count in all other organs excluding the colon (Fig. 20B). A non-

significant, step-wise reduction in myeloid numbers was observed in the liver. On average, 

controls had the highest myeloid cell count (~2 x 106 per liver), followed by IL-17Cohoused mice 

(~1 x 106 cells per liver), and IL-17Separate mice (~0.5 x 106 myeloid cells per liver).  

 

Neutrophils reflected the patterns observed with total CD11b+ myeloid cells. Neutrophils, both 

as a percentage of total myeloid cells and absolute number, were reduced across nearly all 

organs and conditions (Fig. 20C, D). Both t-SNE and quantitative analysis produced data 

showing a consistent decrease in neutrophils across peripheral organs of IL-17-/- mice, 

confirming a broad role in neutrophil recruitment during inflammation. However, due to the 

limited number of mice used in the liver and blood analyses, more mice should be used to 

determine whether the microbiome has an effect on the IL-17-dependent neutrophil 

recruitment, maturation and/or maintenance in peripheral tissues.  
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Figure 19: Cross-organ analysis of the peripheral myeloid compartment of IL-17-/- mice. Myeloid 

cells (CD3- CD19- CD11b+) from IL-17-/- mice at active EAE DPI 10 were analyzed by multidimensional 

flow cytometry. Exemplary annotation of data from the (A) blood, (C) liver, (E) colon, and (G) mLNs 

presented as a 2D tSNE graph manually annotated according to expression of lineage-specific markers. 

2D tSNE plot comparison between conditions for the (B) blood, (D) liver, (F) colon, and (H) mLNs. Data 

shown is from one experiment with n = 3 per group.   
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 Figure 20: Quantification of myeloid cells across peripheral organs of IL-17-deficient mice. Myeloid 

cells (CD3- CD19- CD11b+) from respective organs at active EAE DPI 10 were analyzed via flow cytometry 

for (A) percentage of total CD45+ immune cells and (B) absolute number. Neutrophils (Ly6G+) were gated 

from CD11b+ myeloid cells and analyzed as (C) percentage of total myeloid cells (CD11b+) and (D) 

absolute number. Data from 1 (liver, blood), or 2 (dLNs, colon) independent experiments with n = 4-20 

per group. Data is shown as mean +/- SD. Analysis of (C, D) was performed using one-way ANOVA. 

Graph shows resulting p-values of this analysis. 
 

11. Single-cell transcriptomic analysis of splenocytes at pre-onset of 

EAE 

While quantitative flow cytometry provides valuable insights into cellular mechanisms, it is 

limited in its number of fluorometric parameters, making it challenging to assess molecular-

level functional changes. To investigate molecular changes resulting from IL-17 deletion or 

separate housing conditions, single-cell RNA sequencing was performed on B cell-depleted 

splenocytes of mice at the pre-onset stage of active EAE (DPI 10) (Fig. 21A). Since B cells 

constitute a large portion of splenocytes and are published to play an inconsequential role in 

MOG35-55-EAE60, magnetic depletion of B cells was performed to increase sequencing depth for 

other splenocyte subsets. The remaining splenocytes were multiplexed with sample tags (BD 

Biosciences), mRNA was extracted and captured, and cDNA was synthesized. Libraries were 

prepared (BD Rhapsody system) and cells were sequenced on the NovaSeq X Plus (Illumina) 
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platform from 40,000 total cells with an average depth of 50,000 reads per cell. The resulting 

analysis yielded 25 clusters of immune cells, encompassing both lymphocyte and myeloid 

lineages (Fig. 21B). 

 

 

Figure 21: Single cell RNA sequencing strategy and cell cluster annotation of B cell-depleted 

splenocytes. (A) Experimental overview. Cells were isolated from MOG35-55-immunized mice at active 

EAE DPI 10 for microwell-based single cell RNA sequencing (scRNA-seq) using the BD Rhapsody 

platform. Four mice were taken per condition, totaling n = 29,705 cells that were combined for analysis. 

(B) t-SNE map of CD45-barcoded splenocytes reveals 25 unique clusters. (C) t-SNE plots showing relative 

gene expression of cluster-specific markers used for manual cluster annotation. Green indicates high 

expression while purple indicates low expression of respective genes.  
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After unsupervised clustering, stromal and endothelial cells were removed and T cells were 

further subclustered into CD4+ and CD8+ subsets. Stem cell-like progenitors and differentiated 

myeloid subpopulations were manually classified according to the expression of lineage-

specific markers (Fig. 21C). Erythroid progenitors were identified by unique Car2 expression, as 

described by Paul et al. 2015.252 Neutrophil and monocyte precursors both expressed Mpo and 

Elane, with neutrophil-like progenitors additionally expressing Mgl2 and monocyte-like 

progenitors expressing the monocyte-lineage marker Ccr2. The entire neutrophil compartment 

expressed neutrophil-associated genes such as Cebpe and degranulation genes S100a8, 

S100a9, and S100a11. Neutrophils were further subdivided into subsets based on data from 

Evrard et al. 2018191: proliferating neutrophils expressed the proliferation genes Top2a and 

Mki67, immature neutrophils highly expressed Ly6g and the oxidative stress marker Cybb, and 

mature neutrophils highly expressed Il1b and Cxcr2.  

 

Ccr2-expressing monocytes were further subclassified into three groups: two classical subsets, 

“C1” monocytes (expressing Hspa1b) and “C2” monocytes (expressing Cd83 and Il1b) and one 

non-classical subset defined by Spn expression. Zeb2 was used to identify Ccr2-expressing 

monocyte-derived macrophages (“MoMacs”) or Ccr2-negative plasmacytoid dendritic cells 

(pDCs), as previously described.258 Classical dendritic cells (cDCs) were subdivided into 

Xcr1/Irf8-expressing cDC1s and Sirpα-expressing cDC2s, while migratory DCs (migDCs) were 

identified by high Ccr7 and Relb expression.  

 

12. Gene expression of CD4+ T cells is unaffected by loss of IL-17  

Previous conclusions about peripheral IL-17-/- T cells were made after manipulation ex vivo; 

either after six-hour in vitro restimulation for cytokine production or after four-day Th17 culture 

for adoptive transfer experiments. While IL-17-/- CD4+ T cells produced cytokines after antigen 

restimulation (Fig. 10G, H) and induced disease in adoptive transfer EAE (Fig. 10I), we wanted 

to rule out whether these findings were biased by the in vitro conditions. In particular, before 

adoptive transfer, CD4+ T cells are cultured closely among APCs in the absence of stromal 

support and in media containing high levels of IL-23 and anti-IFNγ, which may not reflect in 

vivo conditions. To determine whether IL-17-/- T cells undergo molecular changes in the 
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peripheral environment without external manipulation, single cell sequencing analysis of T cells 

was performed. 

 

T cells were automatically annotated according to the ImmGen mouse reference dataset, with 

CD4+ T cells further manually classified based on CD3 and CD4 co-expression (Fig. 22A). 

Differential gene expression (DEG) analysis was performed on the entire CD4+ T cell subset in 

a pseudobulk manner using edgeR. Surprisingly, only two genes were upregulated in 

IL-17Cohoused CD4+ T cells compared to controls: the blood coagulation factor F13a1 and a 

glycosyltransferase linked to pro-tumor activity, St8sia6 (Fig. 22B). No gene expression 

differences were observed based on housing conditions comparing the IL-17Separate to 

IL-17Cohoused mice (Fig. 22C). Taking together the results of RNA sequencing and the multitude 

of previously performed functional analyses, we can state firmly and conclusively that IL-17 has 

no impact on CD4+ T cell gene expression or functionality during pre-onset of EAE.  

 

 

Figure 22: Splenic IL-17-/- CD4+ T cells have no differences in gene expression. T cells from the 

spleens of MOG35-55-immunized mice were harvested at active EAE day 10 for scRNA-seq analysis. (A) 

t-SNE map depicting gene expression of Cd3e and Cd4 for the classification of CD4+ T cells among total 

CD45+ immune cells. (B) Log2fold changes of differentially expressed genes in IL-17Cohoused (n = 1571 

cells) compared to control (n = 790 cells) CD4+ T cells. Upregulated genes (log2FC > 0.5, p-value < 0.05) 

are shown in red while insignificant genes are shown in grey. (C) Log2fold changes of differentially 

expressed genes in IL-17Separate (n = 1702 cells) compared to IL-17Cohoused (n = 1571 cells). Non-significant 

genes are shown in grey. 
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13. IL-17 deletion is inconsequential for Il17-expressing splenocytes 

The IL-17-/- mouse line retains exons 1, while exons 2 and 3 of the Il17a and Il17f genes are 

deleted. Consequently, Il17a and Il17f were not detected as DEGs in our dataset, and IL-17-/- 

mice expressed about one third of the number of mRNA transcripts compared to controls, as 

expected from the genetic system which lacks two of three exons (data not shown). Notably, 

CD4+ T cells were not the primary mRNA producers of either cytokine. The highest levels of 

Il17a and Il17f mRNA were found in ILCs and NKT cells (Fig. 23A, B). Since studies suggest the 

role of Il17f during EAE is largely redundant, DEG analysis was performed on lymphoid subsets 

expressing Il17a.114 DEG analysis of ILCs and NKT cells, showed only one and two differentially 

expressed genes due to IL-17 deletion, respectively (Fig. 23C, D). Expression of Il17a by other 

previously reported cell subsets, such as γδ-T and NK cells, was also observed in our dataset 

(Fig. 23A). Again, no differences in gene expression were observed among these cell subsets 

and no DEGs were detected between the housing conditions for any lymphocyte subsets (data 

not shown). Previous reports have suggested that neutrophils polarized by IL-23 can 

upregulate STAT3-dependent RORγt to consequently express Il17a under inflammatory 

conditions.259 The only non-lymphoid splenocytes shown to express Il17a during EAE in our 

dataset were erythrocyte progenitors and eosinophils, neither of which had differences in gene 

expression among IL-17 deletion (data not shown). Il17f mRNA expression was more universal 

and equally distributed, with most cell subsets expressing Il17f to some degree (Fig. 23B). 

Further investigation is needed to determine whether IL-17A or IL-17F mRNA translates into 

protein in these various cell types and to understand the functionality of IL-17 production from 

these cells. This data further confirms that IL-17 deletion has no effect on IL-17-expressing cells 

of the spleen during the pre-onset stage of the EAE model. 
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Figure 23: mRNA expression of IL-17A and IL-17F by splenic leukocytes during EAE pre-onset. 

mRNA levels of (A) Il17a and (B) Il17f among splenic immune cells of control mice at EAE DPI 10. Data 

is shown as log counts of mRNA expressing cells. Log2fold changes of differentially expressed genes in 

IL-17Cohoused compared to control (C) ILCs and (D) NKT cells. Upregulated genes (log2FC > 0.5, p-value < 

0.05) are shown in red, downregulated genes (log2FC < -0.5, p-value < 0.05) are shown in blue, and 

insignificant genes are shown in grey. 
 

14. Single cell transcriptomic analysis of IL-17 deficient neutrophils 

Previous flow cytometry analysis showed that neutrophils are reduced in nearly all peripheral 

organs of IL-17-/- mice during the pre-onset stage of EAE. In the spleen specifically, neutrophils 

were observed to have a more “mature” phenotype according to previous research, with higher 

protein expression of Ly6G, CD88, and CD11b.200 Single cell sequencing was used as a tool to 

answer several key questions: What are the exact identifies of the various neutrophil clusters in 
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the spleen and what might their functions be during pre-onset of EAE?  Does IL-17 absence or 

presence affect functioning of these neutrophils? And relatedly, do IL-17-/- mice have more 

suppressive neutrophils which may reduce EAE severity starting in the periphery?  

 

To characterize neutrophil populations in the spleen at DPI 10 of active EAE, neutrophils were 

subsetted and separately analyzed to gain greater depth of analysis (Fig. 24A). Four subsets 

were identified based on gene expression profiles: progenitor-like, proliferating, immature, and 

mature neutrophils. Progenitor-like neutrophils were the least abundant (928 detected cells), 

while proliferating (2,142 cells), immature (3,400 cells) and mature neutrophils (2,771 cells) were 

present in similar numbers. Quantification by condition showed that consistent with flow 

cytometry results, IL-17-/- mice had significantly fewer progenitor-like, proliferating, and 

immature neutrophils while mature neutrophil numbers remained unchanged (Fig. 24B). The 

top 15 gene signatures for each subset were determined using the Seurat FindAllMarkers 

function (Fig. 24C) and referenced to developmental signatures of neutrophils in so-called 

“neutrotime”.199 Progenitor-like neutrophils uniquely expressed genes involved in primary 

granule production such as Mpo, Ctsg, and Elane. Proliferating neutrophils were characterized 

by cell cycle-related genes, including Ccna2, Top2a, Prc1, and Pimreg. Immature neutrophils 

expressed markers associated with early-to-intermediate stage neutrotime signatures, such as 

Ifitm6, and Capg. Mature neutrophils expressed late-stage neutrophil signatures, including 

Sirpb1b, Il1b, and Ccl6, as well as ROS-related genes like Ptgs2 and the transcription factor 

Atf3. Notably, mature neutrophils also expressed Il1b and Wfdc17, genes previously described 

as markers for myeloid-derived suppressor cells (MDSCs).224 

 

 To understand the functionality of these clusters, GO-term enrichment analysis was performed 

on the top 200 gene signatures for each cluster (Fig. 24D). Progenitor-like neutrophils showed 

enrichment in RNA processing genes, while proliferating neutrophils were enriched in gene 

signatures related to mitosis and chromosome dynamics, reflecting their proliferative state (Fig. 

24D). Immature and mature neutrophils were associated with a broad range of 

immunoregulatory functions. Specifically, immature neutrophils expressed genes related to 

neutrophil activation and degranulation, angiogenesis, and ROS production (Fig. 24D). Mature 

neutrophils, on the other hand, expressed genes related to cell-cell adhesion, regulation of T 

cell activation, and leukocyte migration (Fig. 24D). These findings suggest that immature and 
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mature neutrophils are the relevant immunoregulatory cell types in the spleen during the pre-

onset stage of EAE. Further, the imbalance of immature and mature neutrophil numbers in 

IL-17-/- mice points towards a disruption in the related immune functions of these subsets. 

 

To identify potential target genes of IL-17 and the microbiome, DEG analysis was performed 

on all four subsets of neutrophils to compare the effects of gene deletion (IL-17Cohoused vs. 

controls) and housing conditions (IL-17Separate vs. IL-17Cohoused). Genes were considered 

significant if p < 0.05 and log2FC > 0.5 (upregulated) or log2FC < -0.5 (downregulated). All 

subsets showed substantial changes in gene expression due to IL-17 deletion.  

 

Progenitor-like neutrophils had 55 DEGs (47 upregulated, 8 downregulated) while proliferating 

neutrophils had 81 DEGs (59 upregulated, 22 downregulated) (Fig. 25A, B). The most highly 

upregulated gene in progenitor-like neutrophils was the adhesion molecule Vcam1, while 

Thbs1, an extracellular matrix remodeling protein, was most upregulated in proliferating 

neutrophils. Both subsets shared downregulation of Lipg, Csf2rb, Lrg1, and interferon-induced 

genes (Ifitm1, Ifitm2, and Ifitm3), and upregulation of Trib1, Fosl2, B2m, Cd93, and MHC class-Ib 

related genes (H2-Q4, H2-Q6, and H2-Q7). GO-term analysis indicated that DEGs of these 

early-stage neutrophils were involved in pathways related to neutrophil effector functioning, 

including regulation of cell activation state, leukocyte proliferation, and cytokine production 

(Fig. 25C, D). No significant gene expression changes were observed due to differences in 

housing conditions (Fig. 25E, F).  

 

Late-stage neutrophils also exhibited vast changes in gene expression due to IL-17 deletion. 

Immature neutrophils had 64 DEGs (29 upregulated, 35 downregulated) while mature 

neutrophils had 34 DEGs (17 upregulated, 17 downregulated) (Fig. 26A, B). The most highly 

upregulated genes were Ear2 and Dubr in immature neutrophils, and Jaml and H2-Q6 in mature 

neutrophils. Both later-stage subsets downregulated similar genes to each other and to earlier-

stage neutrophils, including Prok2, Csf2rb, Lrg1, Emilin2, Lipg, and interferon-induced Ifitm 

genes. GO-term analysis indicated that DEGs of IL-17-/- immature neutrophils were involved in 

pathways related to cytokine signaling, leukocyte activation, chemotaxis, apoptosis, and MHC 

class I signaling (Fig. 26C). DEGs of IL-17-/- mature neutrophils were involved in pathways 

related to cell activation, immunoglobulin and TNF production, and antigen processing and 
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presentation (Fig. 26D). No significant gene expression changes were observed due to 

differences in housing conditions (Fig. 26E, F).  

 
Figure 24: scRNA sequencing of IL-17-deficient splenic neutrophils at EAE pre-onset. (A) tSNE plot 

of neutrophil subsets defined by top 2,000 highly variable genes per cluster. Neutrophil-progenitors 

n = 928 cells, proliferating neutrophils n = 2142 cells, immature neutrophils n = 3400 cells, mature 

neutrophils n = 2771 cells. (B) Absolute number of cells per cluster for each condition. (C) Dot plot 

displaying the top 15 highly expressed marker genes of each cluster. Dot size represents the percentage 

of cells expressing the marker. Color represents the relative expression level of each marker. (D) Gene 

ontology (GO) enrichment analysis showing the top GO terms of each cluster using enrichR. Data in (B) 

shows mean +/- SD and was analyzed using one-way ANOVA. * p < 0.05; ** p < 0.01. 
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Figure 25: Differential gene expression analysis of splenic early-stage neutrophils at EAE pre-

onset. Volcano plots showing log2fold changes of differentially expressed genes (DEGs) in IL-17Cohoused 

mice versus controls of (A) progenitor-like and (B) proliferating neutrophil subsets. DEGs are shown in 

red with a log2fold change > 0.5 and differentially downregulated genes with a log2fold change < -0.5 

are shown in blue. Dot plots of enriched GO Terms of DEGs of (C) progenitor-like and (D) proliferating 

neutrophil subsets. Dot size represents the number of genes differentially regulated per GO term. Color 

represents the –log10(q-value) for each GO Term. Volcano plots showing log2fold changes of DEGs of 

IL-17Separate compared to IL-17Cohoused mice for (E) progenitor-like and (F) proliferating neutrophil subsets. 
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Figure 26: Differential gene expression analysis of late-stage splenic neutrophils at EAE pre-onset. 

Volcano plots showing log2fold changes of differentially expressed genes (DEGs) in IL-17Cohoused mice 

versus controls of (A) immature and (B) mature neutrophils at active EAE DPI 10. Upregulated genes are 

shown in red with a log2fold change > 0.5 and downregulated genes with a log2fold change < -0.5 are 

shown in blue. Dot plots of enriched GO Terms of DEGs of (C) immature and (D) mature neutrophil 

subsets. Dot size represents the number of genes differentially regulated per GO term. Color represents 

the –log10(q-value) for each GO Term. Volcano plots showing log2fold changes of DEGs of IL-17Separate 

compared to IL-17Cohoused mice for (E) immature and (F) mature neutrophil subsets. 
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15. IL-17-/- mice have a greater proportion of myeloid cells with MDSC 

signatures 

Myeloid-derived suppressor cells (MDSCs) are increasingly recognized for their regulatory roles 

in autoimmunity and cancer.217 MDSCs can be divided into granulocytic (G-MDSCs) or 

monocytic (M-MDSCs), characterized by neutrophil or monocyte morphology, respectively.218 

Our in vitro results suggested that IL-17 was essential for cell blasting, a parameter indicative 

of the cell activation within a culture and that this effect was dependent on CD4- (non-T cell) 

splenocytes (Fig. 11). We hypothesized that the myeloid cells of IL-17-/- mice may present with 

a suppressive phenotype, characteristic of MDSCs. Further, we hypothesized that the mature 

neutrophils retained in IL-17-/- mice may exhibit G-MDSC properties that suppress 

inflammation in the periphery during EAE. To explore this, neutrophils subsetted from scRNA-

seq data were visualized by Uniform Manifold Approximation Projection (UMAP) and scored 

for expression levels of MDSC gene signatures using UCell (Fig. 27A). Mature neutrophils 

indeed had the highest MDSC gene signature scores of all neutrophil subsets (Fig. 27B). 

Immature neutrophils had low MDSC scores, while progenitor-like and proliferating 

neutrophils had near-zero MDSC gene signatures. The preservation of mature neutrophils and 

reduction in other neutrophil subsets suggest a shift of the neutrophil compartment towards 

G-MDSC functionality in IL-17-/- mice. 

 

 

Figure 27: MDSC signature genes are predominantly expressed by mature neutrophils. (A) UMAP 

plot depicting neutrophil subsets. (B) Score of MDSC signature genes projected on UMAP from (A) 

calculated with UCell.  
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Both G-MDSCs and M-MDSCs are described for their involvement in the EAE context. To 

determine whether the shift towards an MDSC phenotype in IL-17-/- mice was a unique 

phenomenon of G-MDSCs or also M-MDSCs, monocyte subsets were similarly quantified and 

scored for expression of MDSC marker genes. Four monocyte subsets were identified based 

on gene expression profiles: progenitor-like, non-classical (NC), and two classical subsets, 

named C1 and C2, respectively (Fig. 28A). NC monocytes comprised the smallest fraction (795 

detected cells), while progenitor-like (1,185 cells), C1 (1,211 cells) and C2 monocytes (1,753 

cells) were found at higher and similar numbers. Quantification by condition showed a 

significant decrease in progenitor-like monocytes in IL-17-/- mice, whereas NC and classical C2 

monocyte subsets were significantly increased in number (Fig. 28B). Classical C1 monocytes 

remained unchanged.  

 

The top 15 gene signatures for each subset were calculated using the Seurat FindAllMarkers 

function, revealing unique gene expression signatures between monocytes (Fig. 28C). Similar 

to neutrophil progenitors, progenitor-like monocytes expressed granulocyte monocyte 

progenitor (GMP) gene signatures such as Mpo, Ctsg, and Elane. Classical C1 monocytes 

uniquely expressed cell-stress and microbial-sensing genes Txnip and Tirap, while C2 

monocytes displayed high expression of genes related to effector processes such as vascular 

smooth muscle cell contraction (Junb), extracellular matrix remodeling (Thbs1), and pattern 

recognition responses (Cd14). NC monocytes expressed gene signatures confirmed in previous 

studies, such as the metabolic genes Eno3 and Pparg and glycoprotein Cd300e.260 

 

We hypothesized that, similar to neutrophils, the expanded monocyte subsets in IL-17-/- mice—

C2 and NC monocytes—also had higher MDSC signatures. To test this, MDSC gene signatures 

were again analyzed using UCell (Fig. 28D). Indeed, C2 monocytes had the highest MDSC scores 

of all monocyte subsets, followed by NC monocytes (Fig. 28E). The remaining monocyte 

subsets had lower MDSC scores, with progenitor-like monocytes showing the lowest MDSC 

score (Fig. 28E). In summary, IL-17-/- mice have increased MDSCs of both G-MDSC and 

M-MDSC phenotype, which potentially leads to disease suppression in the periphery. This data 

suggests that IL-17 plays a critical role in the maturation process of both G- and M-MDSCs 

towards suppressive phenotypes.  
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Figure 28: IL-17-deficient mice have increased monocyte subsets with MDSC signatures. (A) tSNE 

plot of monocyte subsets defined by top 2,000 highly variable genes per cluster. Monocyte-like 

progenitors: n = 1185, monocytes c1: n = 1211, monocytes c2: n = 1753, Non-classical monocytes: 

n = 795. (B) Absolute number of cells of each cluster for each condition. (C) Dot plot displaying the top 

15 highly expressed marker genes of each cluster. Dot size represents the percentage of cells expressing 

the marker. Color represents the relative expression level of each marker. (D) UMAP plot depicting 

monocyte subsets. (E) Score of MDSC signature genes projected on UMAP from (D) calculated with 

UCell. 
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16. IL-17 signals to perivascular stromal cells (PvCs) to promote EAE 

pathogenesis 

The target cells of IL-17 signaling during EAE have long been debated. Two key in vitro studies 

suggested that IL-17 signals to BBB endothelial cells, leading to barrier breakdown due to tight 

junction dysregulation.147,148 However, these results may be confounded by the use of primary 

brain endothelial cells which often contain other cells of the glia limitans, including pericytes 

and astrocytes. Additionally, none of these findings have since been confirmed in vivo. Other 

studies investigating conditional deletion of IL-17RA in vivo on myeloid cells, mesenchymal 

stem cells, and reticular fibroblasts produced no effect on EAE outcomes.119,133,261 Deletion of 

IL-17RA on intestinal epithelial cells worsened EAE severity, indicating that IL-17 signaling in 

the gut may even play a protective role.151 This research does not explain, however, the work 

showing that EAE incidence is reduced in mice with complete IL-17RA deletion.119 A study from 

Liu et al. showed in vitro that IL-17 signals to pericytes to induce neutrophil-recruiting 

chemokines like GM-CSF, CXCL1, and CXCL8.262 Pericytes, the cells that ensheath vascular 

endothelial cells, were a promising candidate for IL-17RA deletion, due to their additional roles 

in immunomodulation.263,264 Despite evidence pointing to IL-17’s role at endothelial barriers, a 

specific target cell type had not been confirmed in vivo. We hypothesized that in the EAE 

context, IL-17 signals to pericytes to promote neutrophil recruitment and neuroinflammation.  

 

To investigate this hypothesis, we developed a mouse line with pericyte-specific IL-17RA 

deletion. PDGFRβ is highly expressed on pericytes, and, to a lesser extent, on other perivascular 

cells (PvCs) such as smooth muscle cells and certain fibroblast subsets.249 Therefore, IL-17RA 

floxed mice were crossed to the PDGFRb-CreERT2 strain to generate mice lacking IL-17RA 

signaling on pericytes (hereafter termed IL-17RAΔPER mice). Pericyte-specific deletion of IL-17RA 

led to significantly reduced clinical EAE scores (Fig. 28A). Like the global cytokine knockout 

model (IL-17-/- mice), this reduction was largely reflected by a significantly decreased EAE 

incidence (Fig. 28B). IL-17RAΔPER mice that developed EAE had similar disease severity as 

controls, as shown by peak scores (Fig. 28C). Unlike IL-17-/- mice, IL-17RAΔPER mice showed a 

trend towards delayed day of onset (Fig. 28D). Since the adoptive transfer EAE model develops 

independently of secondary lymphoid organs, we used this model to determine whether the 

ameliorated active EAE in IL-17RAΔPER mice was due to peripheral or CNS-mediated disease 
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mechanisms. Wild-type pathogenic Th17 cells were adoptively transferred into IL-17RAΔPER mice 

and controls using the standard protocol. No difference in severity in adoptive transfer EAE 

was observed, hinting towards a role of peripheral mechanisms mediating the reduction in 

active MOG35-55 EAE severity in IL-17RAΔPER mice (Fig. 28E).  

 

 

Figure 29: IL-17RA signals to pericytes to increase the incidence of MOG35-55-EAE. (A) Clinical scores 

of MOG35-55-immunized mice with conditional deletion of IL-17RA on PDGFRb+ cells (IL-17RAΔPER) versus 

controls (IL-17RAFl/Fl). Significance calculated from area under the curve (AUC). (B) Symptom-free survival 

curve, (C) peak clinical scores, and (D) day of disease onset from data shown in (A). (E) Clinical scores 

after i.v. adoptive transfer of Th17 cells into IL-17RAΔPER (blue; n = 5) or control mice (grey; n = 10). Data 

in A-D combined from two independent experiments with n = 16 mice per group. Data from E is from 

one independent experiment. Data is shown as either (A, E) mean +/- SEM or mean +/- SD (C, D). 

P-values calculated using (A) t-test of AUC, (C, D) t-test of individual data points, or (B) Kaplan-Meier 

survival analysis with Wilcoxon rank test. * p < 0.05. 
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17. Loss of IL-17RA signaling on pericytes is redundant for T cell priming 

and expansion  

Focus was next placed on determining which peripheral mechanisms are affected by loss of 

IL-17RA signaling on pericytes. To investigate this, T cell dynamics were analyzed at two key 

time points: priming (DPI 5) and pre-onset (DPI 10). Inguinal draining LNs were harvested for 

flow cytometry analysis to compare the number and percentage of CD4+ T cells and cytokine 

production between conditions (Fig. 30A). Absolute number and percentage of CD4+ T cells 

and CD40Lhi MOG-specific T cells were unchanged in the dLNs from IL-17RA deletion at DPI 5 

(Fig. 30B, C). Additionally, pro-inflammatory cytokine production from MOG-specific T cells was 

unchanged (Fig. 30D). This provides evidence for a redundancy of IL-17RA signaling in pericytes 

for antigenic priming of T cells in the dLNs. The same analysis was performed from spleens 

harvested at DPI 10 (Fig. 30E). Similarly, no differences were observed in the percentage and 

total number of CD4+ or MOG-specific T cells (Fig. 30F, G). Production of pro-inflammatory 

cytokines was also unchanged at this time point (Fig. 30H). This data confirms previous results 

of global IL-17 cytokine deletion; IL-17 receptor deletion on pericytes plays no role in the T cell 

dynamics at priming or pre-onset stages of EAE. 
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 Figure 30: IL-17RA signaling to pericytes is redundant for T cell priming and expansion. A-D, 

Draining inguinal lymph nodes from MOG35-55-immunized mice at active EAE day 5 were analyzed via 

flow cytometry. (A) Representative dot plots showing CD4+ (above; % live cells) and MOG-specific T cells 

(below; % CD4+ cells) as percentage of respective parent populations. Quantification of percentage of 

parent population and absolute cell number of (B) CD4+ T cells and (C) MOG-specific T cells from data 

shown in (A). (D) Cytokine production from MOG-specific CD4+ T cells shown as percentage of MOG-

specific T cells and absolute number. E-H, Spleens from MOG35-55-immunized mice at EAE day 10 were 

analyzed via flow cytometry. (E) Representative dot plots showing CD4+ (above; % live cells) and MOG-

specific T cells (below; % CD4+ cells) as percentage of respective parent populations. Quantification of 

percentage of parent population and absolute number of (F) CD4+ T cells and (G) MOG-specific T cells 

from data shown in (E). (H) Cytokine production from MOG-specific CD4+ T cells shown as percentage 

of MOG-specific T cells and absolute cell number. All data produced from one experiment with n = 5-6 

per group. All graphs show mean +/- SD. 
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18. Neutrophils are reduced upon loss of IL-17RA signaling on PvCs 

During pre-onset of EAE, loss of IL-17 cytokine affected the peripheral myeloid compartment, 

particularly altering the number and composition of neutrophils. To investigate whether IL-17 

signals to pericytes mediate these effects, multidimensional flow cytometry was used to 

analyze the splenic myeloid compartment at pre-onset (DPI 10) of active EAE (Fig. 31A). Major 

myeloid subsets, including neutrophils, monocytes, and DCs were identified based on 

expression of lineage markers (Fig. 31B). Unlike what was seen with global IL-17 cytokine 

deletion, no qualitative shifts in the myeloid cell compartment were observed in IL-17RAΔPER 

mice, indicating no phenotypic differences (Fig. 31C). However, quantitative analysis revealed 

a trend towards reduced percentage and number of myeloid cells in IL-17RAΔPER mice (Fig. 31D, 

E). Neutrophils, which comprised approximately 35-50% of all myeloid cells, were also found 

reduced in number in the spleens of IL-17RAΔPER mice (Fig. 31F). Although this data is based on 

a single experiment with few mice per condition, the trend of the data suggests a promising 

conclusion: IL-17 may signal to pericytes to recruit neutrophils during EAE, but this signaling 

may not be essential for the phenotypic maturation of neutrophils seen with total IL-17 

cytokine deletion.  
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Figure 31: Pericyte IL-17RA signaling recruits neutrophils to the spleen during EAE. Analysis of the 

splenic myeloid compartment from MOG35-55-immunized mice at active EAE day 10 was performed using 

multi-dimensional flow cytometry. Living non-lymphocytes (CD19- CD3-) were randomly sampled with 

13,500 cells taken per sample. (A) Exemplary annotation of data presented as a 2D t-SNE graph manually 

annotated according to relative marker expression shown in (B). (C) Comparison of t-SNE plots between 

conditions. Myeloid cells were quantified as (D) percentage of live CD45+ leukocytes and (E) absolute 

numbers per spleen. (F) Absolute numbers of individual myeloid subsets were quantified by manually 

gating according to surface marker expression (cDCs: CD11c+MHCII+; Macs: F4/80+MHCII+; classical 

monocytes: Ly6ChiCD43-; intermediate monocytes: Ly6CintCD43int; non-classical monocytes: Ly6CloCD43hi; 

neutrophils: Ly6G+. All data from one experiment with n = 5 per group. Data shown in (D-F) is shown as 

mean +/- SD. P-values shown from analysis performed using student’s t-test comparing knockouts and 

controls. 
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Discussion 
 

 

The cytokine IL-17 is strongly associated to disease progression in human MS and its animal 

model, EAE.112,239,240 In vitro research suggests that IL-17 contributes to BBB permeability by 

weakening tight junction molecules.147,148 In vivo studies implicate IL-17’s involvement across 

all disease stages, both in the CNS and peripheral tissues. Proposed functions range from the 

priming of pathogenic T cells, to proliferation of splenic fibroblasts, as well as late-stage 

cognitive defects in the hippocampus.119,133,150 Our lab previously demonstrated that IL-17 

influences EAE development by modulating intestinal microbiome homeostasis.152 The aim of 

this project was to conduct temporal and organ-specific analyses to elucidate the cellular 

dynamics during EAE in the absence of IL-17 and its microbiome-mediated regulation.  

 

Most previous studies on IL-17’s role during EAE have used animals with genetic deletion of 

IL-17A alone. To limit potential compensatory effects of IL-17F, mice lacking both IL-17A and 

IL-17F were used in this project to abrogate all cytokine signaling to the IL-17RA-IL-17RC 

receptor complex during EAE. Deletion of IL-17 decreased the incidence of EAE to about half 

and CNS inflammatory infiltrates were significantly reduced. In the periphery, the absence of 

IL-17 was redundant for the priming and pathogenicity of CD4+ T cells during EAE. Not only 

were IL-17-/- T cells identical to controls in number, activation status, and cytokine production, 

but these cells also retained the potential to adoptively transfer EAE to wild-type recipients. 

However, peripheral myeloid subsets, particularly neutrophils and monocytes, showed an 

altered abundance and phenotype in IL-17-/- mice. Decreased splenic myeloid abundance was 

also observed upon pericyte-specific deletion of IL-17RA.  

 

Together, the data suggests that IL-17 provides critical signals to pericytes to recruit myeloid 

cells.  Additionally, IL-17 may regulate myeloid maturity and pathogenicity, as the absence of 

IL-17 correlated with an increased proportion of phenotypically suppressive myeloid cells. 

Finally, the IL-17-regulated microbiome, was observed to have only modest synergistic effects 

with IL-17-deletion. The housing conditions of IL-17-/- mice, while influencing disease 

incidence, produced few differences at the level of gene and protein expression and abundance 

4 
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of leukocytes, hinting at the microbiome’s involvement in other organs or through alternative 

mechanisms. 

 

1. IL-17 is redundant for CD4+ T cell pathogenicity during EAE 

The necessity of IL-17 from CD4+ T cells for the induction of EAE is contested, and the research 

in some cases, contradictory. In some adoptive transfer studies, IL-17-/- CD4+ T cells have been 

shown to effectively transfer disease,112 while in others they do not.152,265 Other research 

suggests that IL-17 expression may actually mark a stem-like CD4+ T cell that has not yet 

developed pathogenic characteristics.75 Yet in MS and during EAE, CD4+ Th17 cells are the 

largest producers of IL-17 in the inflamed CNS and LNs.112,239,266  

 

In this project, we observed a reduced number of MOG-specific T cells in the spinal cords of 

IL-17-/- mice after active MOG35-55-EAE immunization. Among these T cells, there was an 

increased proportion of cytokine-producing cells, possibly attributed to IL-17’s observed role 

in negative regulation of CD4+ T cells via autocrine IL-17RA signaling.267,268 This data suggests 

that the lower incidence of EAE in IL-17-/- mice may result from fewer T cells, rather than a lack 

in functionality of those cells. We hypothesized that IL-17 plays an earlier role in the periphery 

to promote the development of CNS-infiltrating pathogenic T cells. Analysis of MOG-specific 

CD4+ T cells in SLOs was performed at priming (day 5) and pre-onset (day 10) stages of EAE. 

At both time points, IL-17-/- T cells were found in similar numbers to controls and produced 

comparable levels of the pro-inflammatory cytokines GM-CSF and IFNγ in the LNs, and even 

increased levels in the spleen. This data contradicts a previous finding showing that IL-17A is 

required for the priming of pathogenic T cells in the lymph nodes during active EAE 

development.133 Single-cell RNA sequencing analysis of splenic CD4+ T cells at pre-onset 

showed only two differentially expressed genes in IL-17Cohoused CD4+ T cells compared to 

controls: the blood coagulation factor F13a1 and a glycosyltransferase linked to pro-tumor 

activity, St8sia6, neither of which might explain a decrease in EAE incidence among IL-17-

deficient mice.269 This data supports the hypothesis that during early stages of active EAE, IL-

17 is redundant for the priming and expansion of peripheral CD4+ T cells. Further, IL-17-

deficient T cells are not transcriptionally different from controls, indicating a redundancy of IL-

17 for their pathogenicity in the periphery. 
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Various adoptive transfer (AT) experiments were additionally performed to test whether IL-17 

from T cells is required for their pathogenic functionality. IL-17-/- CD4+ T cells induced EAE in 

recipient mice whether transferred among other splenocytes or as a purified CD4+ suspension, 

though disease severity varied between experiments. Several reasons may exist for the 

inhibition of active EAE in IL-17-/- mice and promotion of AT-EAE by IL-17-/- T cells. First, AT-EAE 

is shown to occur independently of SLOs, such as the spleen and LNs, and is dependent largely 

on the reactivation of transferred cells in the CNS by MHCII+ APCs.57 During active EAE, IL-17-/- 

T cells may have a reduced ability to exit SLOs and migrate towards the CNS—a factor irrelevant 

in AT-EAE. This hypothesis is supported by the unchanged CD4+ T cell count in the IL-17-/- 

spleen and their reduced presence in the dural meninges at EAE onset. Additionally, increased 

suppressive myeloid cells in the periphery may inhibit IL-17-/- T cells during active EAE, but not 

necessarily at the CNS during AT-EAE. Suppressive myeloid cells have been shown to 

accumulate in the spleen, an organ largely redundant in AT-EAE.224  

 

Despite the ability of IL-17-/- transferred cells to induce disease in wild-type hosts in the AT-EAE 

model, disease severity was lower compared to control T cell transfers. Increased IL-17 from 

circulating CD4+ T cells is positively associated with MS severity.266 Serum IL-17 levels were 

comparable between recipients of IL-17-/- and control CD4+ T cells, ruling out circulating IL-17 

as a factor affecting AT-EAE severity. Comparable levels of circulating IL-17 also indicate that 

adoptive transfer of IL-17-/- T cells does not limit recipient mice from producing IL-17 from 

other sources, such as ILCs, iNKT, or γδ-T cells.132,270  

 

Decreased AT-EAE disease severity may occur due to two reasons: suppression of the 

transferred cells in vitro by MDSCs present in the culture prior to transfer or decreased strength 

of reactivation. Our data supports the hypothesis that IL-17-/- mice have an increased presence 

of peripheral suppressive myeloid cells upon active EAE immunization, which could inhibit 

CD4+ T cell activity prior to adoptive transfer during the four-day Th17 culture. CD4+ splenocyte 

cultures taken from active EAE-immunized mice, regardless of genotype, showed reduced 

blasting cells after 4-day Th17 culture when co-cultured with IL-17-/- APCs. During AT-EAE, 

IL-17-/- mice receiving control Th17 cells developed disease similarly to control mice, 

suggesting that the rapid, CNS-specific disease progression of AT-EAE may make peripheral 
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MDSCs irrelevant in this model. To eliminate a potential effect of suppressive IL-17-/- APCs, 

future experiments might use an adoptive transfer protocol in which CD4+ T cells are directly 

isolated, purified, and cultured without the presence of myeloid cells.  

 

T cell reactivation by CNS-resident APCs is a critical determinant of later disease severity, as 

strongly reactivated T cells produce higher levels of chemokines, leading to increased leukocyte 

migration to the CNS.73,271 Weaker reactivation may result from either a reduced T cell presence 

at the CNS or diminished interactions between T cells and APCs. Earlier research documents 

the highest numbers of IL-17+ CD4+ T cells are observed just before active EAE onset in the 

CNS, adding evidence to support a possible role for IL-17 in reactivation.76 Our data shows that 

less than half of the number of IL-17-/- CD4+ T cells enter the CNS than controls after adoptive 

transfer, supporting the hypothesis that fewer T cells reach the CNS without IL-17 expression. 

Additionally, IL-17 production was limited to transferred T cells, with about a third of 

transferred control T cells producing IL-17 at the peak of analysis. Host CD4+ T cells, recruited 

to the CNS in the so-called “second wave”, produced no IL-17 in our model. Unfortunately, no 

myeloid analysis of the CNS was performed to investigate whether fewer myeloid cells were 

recruited to the CNS, which would provide additional evidence for weakened reactivation by 

IL-17-/- T cells. It is important to note that this experiment was performed once and results must 

be confirmed. If reproduced, future experiments such as flow cytometry and imaging of the 

SAS at time points of reactivation (i.e. 1-2 days after adoptive transfer) could clarify both the 

number of transferred cells reaching the CNS and how many of them engage directly with 

MHCII+ APCs.70,272 Additionally, the target cells of IL-17 signaling during reactivation signaling 

should be clarified. Preliminary, unpublished data from our lab suggests that IL-17RA deletion 

on microglia, astrocytes, endothelial cells, and myeloid cells does not affect the outcome of 

active EAE, though adoptive transfer experiments were never performed in these mice. 

Additionally, IL-17 signaling to pericytes does not appear to play a detrimental role at the 

reactivation stage, as data from this thesis shows that IL-17RA deletion on pericytes produces 

a slightly more severe EAE.  

 

In summary, this data supports the hypothesis that IL-17-/- T cells retain their pathogenicity in 

both active and adoptive transfer models of EAE, although reduced CD4+ T cell numbers in the 

CNS improves disease outcomes in the latter. Further investigation is needed to understand 
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why CD4+ T cells are reduced in the CNS post-adoptive transfer, potentially owing to weakened 

reactivation within the CNS or suppression prior to transfer in the Th17 culture conditions.  

 

2. The role of IL-17 in lymphocyte migration 

 Inhibition of lymphocyte migration to the CNS prevents the development of 

neuroinflammation, as seen by the efficacy of DMTs such as fingolimod and natalizumab.48,91 

Compared to controls, IL-17-/- CD4+ T cells were similar in number in the spleen, but reduced 

in the dural meninges and CNS parenchyma during active EAE. No differences in mRNA 

expression nor protein expression of the CNS-homing chemokine receptor CCR6 was observed 

to suggest a migratory deficit in IL-17-/- T cells.72,85,86 We hypothesized that IL-17 may be 

involved in CNS-directed T cell migration through regulation of other peripheral mechanisms.  

 

To test whether IL-17 from CD4+ T cells is necessary for their migration from SLOs, lymphopenic 

Rag-/- mice were reconstituted with CD4+ T cells, allowing for lymphocyte settlement and 

expansion in peripheral tissues and SLOs. Active EAE immunization resulted in similar clinical 

scores between groups, indicating that IL-17 signaling from CD4+ T cells is not required for 

their exit from SLOs and migration into the CNS during EAE. This does not rule out, however, 

the presence of IL-17 from other innate sources in Rag-/- mice, such as ILCs or γδ-T cells.132,133 

Single-cell sequencing results from lympho-competent mice revealed higher IL-17 mRNA 

levels in other spleen cell subsets, including iNKT cells and ILC3s, which, if also true in Rag1-/- 

mice, could compensate for the absence of CD4-derived IL-17.  

 

As IL-17 from CD4+ T cells was redundant for their migration, we hypothesized that other 

molecules involved in T cell migration may be altered by IL-17 deletion, such as S1P levels or 

expression of chemokines or adhesion molecules. S1P levels in the blood and CCR7 expression 

in the spleen were comparable between all groups during active EAE, indicating no changes in 

leukocyte egress versus retention signals. Protein expression of the adhesion molecules 

ICAM-1, ICAM-2, PECAM, and VCAM-1 were unchanged on IL-17-/- brain endothelial cells 

during EAE. This contradicts a previous study implicating IL-17 in the breakdown of the BBB via 

ICAM-1 upregulation.147 It is important to note that prior studies implicating IL-17’s 

involvement in BBB disruption were conducted in vitro with IL-17 protein concentrations 
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200-2000 times higher than the biological levels at the peak of EAE, potentially limiting their in 

vivo relevance.147,148 More comprehensive analyses, such as single-cell RNA sequencing or 

proteomics of IL-17-deficient endothelial, perivascular, and glial cells, may provide a better 

understanding of the cell-type specific molecular changes occurring at the BBB.  

 

Whole tissue RT-PCR analysis revealed reduced mRNA expression of neutrophil-derived MMP9 

in the spleen and MMP2 in the brain. MMP2 and MMP9 regulate neuroinflammation through 

ECM reorganization, degradation of BBB tight junctions, and synergize to potentiate the effects 

of cytokine-induced chemokine expression, including CXCL8 and CXCL6.273,274 Mice deficient 

for MMP2 and MMP9 are fully resistant against EAE development.275 Decreases of MMPs 

should be confirmed with protein expression analysis, however, the reduction of MMP mRNA 

levels, along with globally reduced neutrophil numbers in IL-17-/- mice, suggests that 

neutrophil-mediated extracellular remodeling processes that facilitate leukocyte migration out 

of the splenic veins in the red pulp may be altered in the CNS and periphery of IL-17-/- mice.  

 

3. IL-17-deficiency correlates with altered neutrophil maturity in 

immunoregulatory hubs  

During steady-state, IL-17 maintains mucosal homeostasis and responses to pathogens by 

signaling to epithelial and stromal cells to induce the production of neutrophil-recruiting 

chemokines, such as CXCL-1 and CXCL-8.242 IL-17’s role in neutrophil recruitment during 

infection, cancer, and tissue injury is researched extensively, yet whether the same mechanisms 

are employed to exacerbate autoimmune neuroinflammation is a novel field.119 In experimental 

autoimmune prostatitis, IL-17 was shown to recruit neutrophils in a CXCL-1/CXCL-2-dependent 

manner to promote autoimmunity in this model.276 To our knowledge, the only study to link 

IL-17’s pathogenicity during EAE to a neutrophil recruiting role emphasized a critical time 

window during the priming stage until DPI 5, which is inconsistent with our findings showing 

that IL-17 deficiency does not affect T cell priming in the periphery.133  Our results indicate that 

neutrophils are globally reduced in number in IL-17-/- mice, including spleen, blood, liver, colon, 

and lymph nodes during pre-onset of EAE, and the meninges and CNS parenchyma at peak of 

EAE. In the pre-onset stage of EAE, Th17 cells expand in all peripheral organs before 
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chemokine-dependent migration towards the CNS.76,174,277 Global IL-17-deficiency likely results 

in a full-body phenomenon of reduced neutrophil-recruiting abilities of T cells.  

 

Additionally, neutrophils are phenotypically altered in peripheral organs of IL-17-/- mice. Initial 

flow cytometry results revealed that neutrophils (gated as the total Ly6G+ population) in the 

IL-17-/- spleen expressed higher Ly6G, CD88, and CD11b. A study investigating neutrophils in 

the spleen during S. pneumoniae infection observed that expression of Ly6G and CD11b 

positively correlated to neutrophil maturity and effector functioning.200 It was unclear whether 

similar phenotypical and functional conclusions could be drawn between disease models. To 

investigate this, single-cell transcriptomics was performed to phenotype neutrophils in the 

splenic IL-17-/- environment. Unsupervised clustering of single-cell sequencing data revealed 

four subsets of neutrophils in the spleen during pre-onset of EAE with gene expression related 

to increasing stages of maturity. Both the number of neutrophil subsets and their core gene 

expression signatures aligned with results of previous publications investigating neutrophil 

signatures in the bone marrow, blood, and spleen.191,199,224 Single-cell sequencing results 

confirmed the observations from flow cytometry. IL-17-/- mice had significant decreases in the 

three most immature neutrophil subsets, including progenitor-like, proliferating, and immature 

neutrophils. Mature neutrophils were unchanged in IL-17-/- mice, suggesting a role for IL-17 in 

either the recruitment of developing neutrophil subsets from the bone marrow or their 

peripheral maturation during inflammation-induced emergency granulopoiesis. Why mature 

neutrophils were unaffected in number in IL-17-/- is unclear. Mature neutrophils may be more 

resistant to apoptosis or represent a “marginated” pool that maintain residency, mature locally 

rather than in the bone marrow, or have a longer lifespan than immature subsets, though this 

would need to be investigated with fate mapping and kinetics experiments.  

 

Flow cytometry analysis revealed that shifts in neutrophil surface marker expression varied 

between the periphery and CNS. While splenic neutrophils were observed to have a shift 

towards higher Ly6G, CD88, and CD11b expression to suggest maturity, neutrophils in the dura 

at peak of EAE expressed less Ly6G, CD88, and CD11b. This may suggest that more immature 

neutrophils are present in the IL-17-/- dural meninges. Preliminary RT-PCR data showed that 

IL-17-/- mice have a significant reduction of MMP9 transcripts in the spleen, but reduced MMP2 

transcripts in the brain, also providing evidence for differences in neutrophil functioning 
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between the CNS and periphery. While these observations must be confirmed, our data 

suggests that phenotypic, and likely, functional differences exist between splenic and 

meningeal neutrophils in IL-17-/- mice during EAE.  

 

4. Transcriptomic analysis of IL-17-/- neutrophils 

Upon reaching maturity, neutrophils acquire various effector functions such as granule and 

NET release, production of ROS and ECM remodeling proteins, phagocytosis, and antigen-

presentation.40,259 Correspondingly, in our dataset, later-stage neutrophils, defined as immature 

and mature, have the highest gene expression related to these effector functions. Immature 

neutrophils expressed genes related to degranulation, angiogenesis, tissue migration, and ROS 

production, while mature neutrophils had expression patterns related to innate immune 

signaling, cell adhesion, chemotaxis, and T cell activation. Reduced immature neutrophils in 

IL-17-/- spleens provides evidence for a shift in the effector functions of neutrophils at the pre-

onset of EAE. 

 

Contrast comparison of splenic neutrophils from IL-17Cohoused versus controls shows that all 

neutrophil subsets, irrespective of maturity, have differential transcriptomes related to 

neutrophil effector functions. Both IL-17-/- immature and mature neutrophils have decreased 

gene expression related to cell activation, such as Il4ra in mature neutrophils and Tnfsf13b, 

Ctsc, Cd38, and Csf2rb in immature neutrophils.259 As neutrophil activation is a prerequisite for 

effector function, decreased activation signatures in immature and mature neutrophils 

implicates deficiencies in their effector functions. This hypothesis is supported by the 

downregulation of genes involved in NETosis and angiogenesis in our data. Immature 

neutrophils from IL-17Cohoused mice showed downregulation of genes encoding cathepsins 

(Ctsb, Ctsc, and Ctsd), which engage in proteolytic cleavage of histone modifying proteins that 

critically regulate NETosis.278 Furthermore, across maturation states, IL-17-/- neutrophils show 

several DEGs related to regulation of angiogenesis and vascular tone (Jaml, Lipg, Lrg1, Prok2, 

Thbs1, Vcam1).278–280 The protokineticin Prok2, downregulated in both immature and mature 

neutrophils, is documented to regulate biological functions such as neurogenesis, 

angiogenesis, and neutrophil migration in response to G-CSF.281 The co-dysregulation of 

NETosis and angiogenesis is noteworthy, as these processes often occur hand-in-hand during 
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inflammation. NETs signal to endothelial cells to regulate angiogenesis, tissue damage, and 

vascular tone and, when dysregulated, contribute to conditions such as thrombosis, fibrosis, 

atherosclerosis, stroke, and hypertension.204,208 In a mouse model of Alzheimer’s disease, 

neutrophils were observed to release both NETs and IL-17 in meningeal vessels.282 Vascular 

tone is a critical regulator of leukocyte migration into and out of tissues and alterations in the 

vasculature could both explain lymphocyte accumulation in the spleen, decreased leukocytes 

in the CNS, and the resulting decreased EAE incidence in IL-17-/- mice.  

 

In summary, IL-17-/- neutrophils exhibit DEG patterns related to effector functioning across 

stages of maturity. The expression of genes related to NET production is particularly 

noteworthy, as NETs play roles in tissue remodeling, angiogenesis, and leukocyte recruitment. 

Investigating ROS production may be predictive of altered effector functioning, since ROS is 

essential for NET production.203 Immunocytochemical staining for NET markers, such as NE or 

citrullinated histones, could provide further evidence for dysregulated NETosis. Additionally, 

stimulating endothelial cells in vitro with supernatants or NETs from IL-17-/- neutrophil cultures 

could yield insights into the potential impact of IL-17-/- NET production on vascular remodeling.  

 

5. IL-17 limits the development of MDSCs during EAE  

Myeloid-derived suppressor cells (MDSCs) potently suppress T cell activity to reduce T cell-

mediated autoimmune inflammation.187,219 These cells have been previously described as 

having decreased phagocytotic ability and increased resistance to apoptosis.283 Preliminary 

data from this thesis supports the hypothesis that IL-17-/- mice have more peripheral MDSCs 

that reduce EAE incidence.  Cell blasting, a marker of activation, was reduced upon ex vivo 

culture of IL-17-/- splenocytes under Th17 conditions. This effect was dependent on IL-17-/- 

myeloid cells, as IL-17-/- CD4+ T cells did not affect the blasting composition of cells when 

cultured with IL-17-sufficient myeloid cells, despite increased IFNγ production that is shown to 

enhance MDSC functions.284  

 

Flow cytometry analysis of IL-17-/- myeloid cells revealed reduced neutrophil numbers and 

increased expression of maturity markers, such as Ly6G, CD11b, and CD88. Single-cell RNA 

sequencing analysis of neutrophils identified four clusters ranging in maturity from early to 
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late-stages based off of gene transcription signatures.191 While IL-17-/- mice showed decreased 

numbers of progenitor, proliferating, and immature neutrophils, mature neutrophils remained 

unaffected, confirming the shift in maturation observed via flow cytometry. Notably, mature 

neutrophils expressed the highest levels of previously reported MDSC marker genes, such as 

Il1b, Wfdc17, Clec4d, Ctsd, and Jaml.224 Our dataset indicated that mature neutrophils also 

highly expressed Sirb1b, Sirpb1c, Clec7a, and Ccr6 transcripts, suggesting their potential as 

novel biomarkers of MDSCs during EAE.  

 

Comparative analysis of DEGs between IL-17-/- mice and controls revealed that mature IL-17-/- 

neutrophils express higher levels of Thbs1, a glycoprotein linked to suppressive functioning 

and vasodilation by perivascular neutrophils in hepatocellular carcinoma.279,285 The polarization 

of IL-17-/- neutrophils towards a MDSC phenotype may begin during early maturation. 

Proliferating and immature IL-17-/- neutrophils showed reduced expression of Emilin2, an 

angiogenic factor inversely correlated with MDSC presence in a colorectal cancer model.286 

Why neutrophils with mature signatures persist in IL-17-/- mice despite decreased progenitors 

and immature cells remains unclear. MDSCs are known to be anti-proliferative and resistant to 

apoptosis, which likely contribute to an extended lifespan.283 Additionally, MDSCs may 

represent a “marginated” pool of neutrophils that do not reenter circulation, are long-lived, 

and unaffected by IL-17 deletion.197 Mature IL-17-/- neutrophils may adopt gene expression 

patterns promoting longevity, as seen by upregulation of Airn, an inhibitor of the insulin-like 

growth factor receptor 2 (Igf2r), linked to neutrophil accumulation and persistence in allergic 

inflammation.287  

 

In conclusion, the preservation of mature neutrophils with MDSC signatures and reduction of 

immature effector subsets in IL-17-/- mice indicate a shift towards a more suppressive 

neutrophil profile and ameliorated disease. It remains to be determined whether MDSCs 

represent a fully mature population. While MDSCs have been previously classified an 

“immature” population, other studies indicate overlaps in gene expression between MDSCs 

and mature neutrophils, including Il1b and Wfdc17.191,218,224 Single-cell trajectory analysis using 

algorithms like Monocle could provide insights into the development of neutrophil subsets 

during EAE, clarify whether MDSCs are truly mature cells, and identify defining markers and 

transcription factors for MDSC development. Further exploration of the kinetics and 
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functionality of mature neutrophils could include fate-mapping experiments and assessments 

of NETosis, ROS and T cell suppression. Additionally, metabolomics could reveal IL-17-

dependent changes toward a MDSC metabolic profile, seen by increased glycolysis, fatty acid 

oxidation, and lipid metabolism.288  

 

6. Role of the IL-17-dependent microbiome 

Recent research has highlighted the role played by the host microbiome and its metabolic 

products in the development and homeostasis of the innate and adaptive immune systems.159–

161 During autoimmune neuroinflammation, the microbiome has been shown to influence T cell 

reprogramming, microglial function, and modulate the immune response through afferent ENS 

signaling.163,180,185 This thesis is an extension of our lab’s previously published work, which 

showed that the microbiome of IL-17-/- mice under different housing conditions translates to 

different EAE outcomes.152 In Regen et al. 2021, the fecal microbiome of IL-17-/- mice was shown 

to contain higher levels of gram-positive LPS-producing bacteria, such as Firmicutes, 

Erysipelotrichaceae, Clostridiales and Ruminococcus, as well as segmented filamentous 

bacteria (SFB) that permeate the intestinal barrier.152 In this study, IL-17-/- mice cohoused with 

controls (IL-17Cohoused) displayed an “intermediate” microbiome profile between controls and 

IL-17-/- mice housed separately (IL-17Separate) from controls. To delineate the distinct effects of 

IL-17 deletion and the microbiome, these three groups were used as a comparison in this study. 

 

Fewer IL-17-/- mice developed disease than controls, but this effect was strongest when IL-17-/- 

mice were housed separately from controls after weaning, aligning with the previous 

findings.152 However, no statistical significance was reached between housing conditions and 

the incidence reduction between groups was modest (approximately 10% difference). 

Consistent with disease incidence, IL-17Separate mice had fewer CD4+ T cells and myeloid cells 

within the CNS compared to IL-17Cohoused mice. However, no differences were observed in the 

spleen, where CD4+ MOG-specific T cells and myeloid cell numbers were similar between 

housing conditions. Additionally, Treg numbers did not vary by housing condition to suggest 

a polarization towards more suppressive T cells. Finally, transcriptomic analysis of CD4+ T cells 

revealed minimal differences in gene expression, implying that the microbiome plays no role 

in splenic T cell reprogramming within our model.  
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No effects on neutrophil numbers were observed between housing conditions to suggest that 

the microbiome synergizes with IL-17 functions. This indicates a unique function of the 

microbiome, which may be difficult to pinpoint. In the original publication, IL-17Cohoused mice 

have an intermediate microbiome between IL-17Separate and controls.152 While the microbiomes 

between IL-17Cohoused mice and controls were significantly different, no statistical significance 

was observed between separate and cohoused knockout microbiomes in the original 

publication.152 It is likely that the microbiome-dependent effect observed in IL-17Separate mice is 

also present in IL-17Cohoused mice, making the effect of the microbiome and cytokine deletion 

difficult to quantify and even more difficult to separate from each other.  

 

The modest changes to the microbiome between housing conditions may be reflected by CNS-

resident cell homeostasis, a topic not addressed in this thesis. This may occur indirectly through 

signaling of microbial products to bile acid receptors on astrocytes and microglia in the white 

matter or directly by stimulating intestinal sympathetic nerve fibers.157,182 Studies have 

indicated that the microbiome can affect microglial homeostasis and inflammatory responses 

by polarizing microglia toward a type-I immune response, effectively weakening their response 

to type-II inflammation in the EAE model.179,180 Microglia are crucial producers of chemokines 

after T cell reactivation and play a key role in demyelination of neurons. RNA sequencing 

analysis of microglia during pre- and post-clinical EAE stages may reveal whether similar effects 

are present in our model. The microbiome also signals directly to vagal nerve fibers and 

indirectly by promoting acetylcholine-synthesizing T cells in the gut.185 Both vagotomy and 

vagus nerve stimulation has been shown to reduce EAE severity.183,184 Although the field of 

ENS-driven autoimmune research is still emerging and the regulatory signals for pro- versus 

anti-inflammatory effects are unknown, an analysis of intestinal metabolites—particularly 

neuropeptides and neurotransmitters—could provide initial clues about changes in ENS-

signaling mediators between housing conditions. While splenic T cells remain unchanged 

across housing conditions, the possibility that intestinal T cells signaling to the ENS are altered 

cannot be dismissed. Sequencing analysis of intestinal T cells during pre-onset stages of EAE 

could provide insights into whether microbiome-dependent T cell regulation is gut-specific. 
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7. IL-17 signals to pericytes to recruit neutrophils and promote EAE 

development 
 

Pericytes are cells of mesodermal origin that critically regulate the stability and integrity of 

blood vessels in both the CNS and periphery.289 In this context, pericytes not only provide 

structural support for endothelial cells, but also regulate blood vessel permeability and 

contractility, participate in the local immune response by acting as antigen-presenting cells 

(APCs), secrete cytokines and other inflammatory mediators, and regulate leukocyte migration 

by modulating the expression of tight junctions and adhesion molecules.263 In the periphery, 

pericytes may also have additional functions in tissue repair, fibrogenesis, and angiogenesis.290 

Th17 cells have long been considered to act on the BBB via the production of IL-17, but 

evidence supporting the action of endothelial cells is weak and often primary cell isolation 

methods do not discriminate between endothelial and perivascular cells.147,148 A study 

comparing human endothelial cells to pericytes demonstrated that not only do pericytes 

express higher levels of IL-17RA, but that IL-17 acts on pericytes, rather than endothelial cells, 

to produce inflammatory cytokines such as IL-6, TNF, and IL-1β, and CXCL-8.262 To date, no 

data have been published showing whether IL-17 signaling in pericytes plays a role during EAE. 

 

To investigate whether IL-17 signaling to pericytes plays a role during EAE, the pericyte-specific 

PDGFRβ-CreERT2 mouse line was used. PDGFRβ is expressed on perivascular cells, including 

primarily pericytes and some subsets of fibroblasts and smooth muscle cells lining the 

abluminal side of capillaries and postcapillary venules.249,264 This thesis has shown that IL-17 

signals to its receptor on PDGFRβ+ pericytes to promote autoimmune neuroinflammation in 

the MOG35-55-EAE model, potentially through the recruitment of neutrophils. Similar to IL-17-/- 

mice, reduced neutrophils were most strongly observed in the spleen. Within the spleen, 

PDGFRβ-expressing cells are mainly located in the red pulp. The splenic red pulp supports 

hematological functions such as the filtration of red blood cells and platelets, fetal 

erythropoiesis, and extravasation of leukocytes into the blood stream via the splenic vein.291 

Neutrophils critically regulate leukocyte migration through the production of NETs and ECM-

remodeling factors including metalloproteinases (MMPs), fibronectins, collagenases, and the 

gelatinases MMP2 and MMP9.208,256  
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IL-17 signaling to PDGFRβ-expressing perivascular cells may regulate EAE development 

through the recruitment of neutrophils with tissue remodeling or angiogenic properties that 

restructure tissues to accommodate the efflux and influx of migrating leukocytes. Some data 

from this thesis already support this hypothesis, including decreased mRNA levels of the 

gelatinases MMP2 and MMP9 in the spleen and brain of IL-17-/- mice, respectively. However, 

the expression of NETs and other remodeling factors should also be investigated to determine 

the precise involvement of these factors. To our knowledge, no in vivo cellular target of IL-17 

has been discovered thus far to explain the cytokine’s disease promotion in the EAE context. 

Further studies are needed to confirm pericytes as a cellular target of IL-17 during 

neuroinflammation. Identification of a cellular target of IL-17 could lead to more precision 

therapies for MS treatment if confirmed in human tissues.  
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Summary 
 

 

 

Interleukin-17 (IL-17) is a pro-inflammatory cytokine that signals in tissues throughout the body 

to coordinate microbial homeostasis, host pathogen responses, and tissue repair. Increased IL-17 

is associated with several autoimmune diseases, including multiple sclerosis (MS) and its animal 

model experimental autoimmune encephalomyelitis (EAE). We found that global deletion of IL-17 

leads to a reduction in EAE incidence and reduced leukocyte infiltration into the central nervous 

system (CNS). This effect was partially mediated by the microbiome, with knockout mice housed 

separately from controls having an even greater EAE resistance and lower CNS leukocyte 

infiltration. While the priming, expansion, and pathogenicity of CD4+ T cells were unaffected, 

peripheral myeloid cells, particularly neutrophils, were decreased in IL-17-deficient mice but 

unaffected by housing conditions. In the spleen, neutrophils also exhibited differences in 

maturation state, with IL-17-deficient mice having less immature neutrophils but unaffected 

numbers of mature neutrophils with gene expression patterns resembling myeloid-derived 

suppressor cells (MDSCs). Variation in the maturation state of neutrophils was additionally 

observed in the dural meninges of IL-17-deficient mice. The recruitment of neutrophils, but not 

the maturation, were mediated through IL-17RA signaling on perivascular cells. Mice lacking 

IL-17RA on perivascular cells (IL-17RAΔPER) had decreased splenic neutrophils, but no differences in 

expression of surface markers to indicate changes in neutrophil phenotypes. Outside of the CNS, 

no differences in any leukocyte populations were observed upon separate housing conditions. Our 

findings indicate that IL-17 signaling plays a critical role in the recruitment and maturation of 

neutrophils with inflammatory and suppressive phenotypes during EAE.  
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Zusammenfassung 
 

 

Interleukin-17 (IL-17) ist ein proinflammatorisches Zytokin, das in Geweben im ganzen Körper als 

Botenstoff dient, um die mikrobielle Homöostase, die Reaktion des Wirts auf Krankheitserreger 

und die Gewebereparatur zu koordinieren. Eine erhöhte IL-17-Konzentration wird mit mehreren 

Autoimmunkrankheiten in Verbindung gebracht, darunter die Multiple Sklerose (MS) und ihr 

Tiermodell, die Experimentelle Autoimmune-Enzephalomyelitis (EAE). Wir haben gezeigt, dass die 

globale Deletion von IL-17 zu einer Verringerung der EAE-Inzidenz und einer geringeren 

Leukozyten-Infiltration in das zentrale Nervensystem (ZNS) führt. Dieser Effekt wurde teilweise 

durch das Mikrobiom vermittelt, denn IL-17-Knockout-Mäuse, die getrennt von Kontrolltieren 

aufwuchsen, wiesen eine noch höhere EAE-Resistenz und eine geringere Leukozyten-Infiltration in 

das ZNS auf. Das Priming, die Expansion und die Pathogenität von CD4+ T-Zellen waren nicht 

beeinträchtigt. Hingegen wurde die Anzahl peripherer myeloider Zellen, insbesondere neutrophiler 

Granulozyten, durch die IL-17-Deletion verringert, aber nicht durch die Haltungsbedingungen 

beeinflusst. In der Milz wiesen die Neutrophilen auch Unterschiede in ihrem Reifestadium auf, mit 

weniger unreifen Neutrophilen, aber einer unveränderten Anzahl reifer Neutrophiler, in IL-17-

defizienten Mäusen. Die reifen Neutrophilen zeigten Genexpressionsmuster, die myeloiden 

Suppressorzellen (MDSCs) ähneln. Variationen im Reifestadium der Neutrophilen wurden 

zusätzlich in der Dura mater von IL-17-/- Mäusen beobachtet. Es wurde zudem gezeigt, dass die 

Rekrutierung, nicht aber die Reifung, von Neutrophilen durch IL-17RA-Signalgebung auf 

perivaskulären Zellen vermittelt wird. Mäusen, denen IL-17RA auf perivaskulären Zellen fehlte 

(IL-17RAΔPER), hatten verringerte Zahlen Neutrophiler in der Milz, aber die Neutrophilen zeigten 

keine Unterschiede in der Expression von Oberflächenmarkern, die auf Veränderungen des 

Phänotyps hingewiesen hätten. Außerhalb des ZNS wurden zwischen den verschiedenen 

Haltungsbedingungen keine Unterschiede in Leukozyten-Populationen festgestellt. Unsere 

Ergebnisse deuten darauf hin, dass der IL-17-Signalweg eine entscheidende Rolle in der 

Rekrutierung und möglicherweise auch der Reifung neutrophiler Granulozyten mit entzündlichen 

und suppressiven Phänotypen während der EAE spielt.  
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