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"Instructions for living a life:

Pay attention.

Be astonished.

Tell about it."

— Mary Oliver, from "Sometimes" (2008)
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ABSTRACT

The overall goal of this thesis is to develop engineering approaches for the treatment of

multiple sclerosis (MS), an autoimmune disease of the central nervous system. For this

purpose, we employ both chemical conjugation and protein engineering strategies to prolong

the bioavailability and in vivo half-life of two immunoregulatory molecules. We then evaluate

the ability of these engineered molecules to treat experimental autoimmune encephalomyelitis

(EAE), a murine model of neuroinflammation, and characterize their respective impact on

the immune system.

In Chapter 1, we introduce the mechanisms of self-tolerance and immunological drivers

of autoimmunity, particularly in the context of MS. We then describe the immunopathology

MS, and introduce murine models of neuroinflammation that recapitulate several features

of MS. Lastly, we discuss the current standards of care and identify areas of unmet need in

MS drug development. In Chapter 2, we develop serine butyrate (SerBut), an amino-acid

conjugated butyrate prodrug, by esterifying butyrate to serine. First, we characterize the

bioactivity and biodistribution of SerBut. We then evaluate the prophylactic efficacy of

SerBut in EAE. We subsequently quantify immunological changes induced by SerBut in the

CNS draining lymph nodes, spleen, and spinal cord. We also study the impact of SerBut

administration on global immune responses to vaccination. In Chapter 3, we develop serum

albumin interleukin-33 (SA IL-33), a recombinant fusion protein of the half-life prolonging

blood protein, serum albumin, and the immunoregulatory cytokine, interleukin-33. First,

we characterize SA IL-33 bioactivity, biodistribution, and toxicity. We then evaluate the

prophylactic and therapeutic efficacy of SA IL-33 in chronic and relapsing-remitting EAE.

We subsequently quantify immunological changes induced by SA IL-33 in the CNS draining

lymph nodes, spleen, and spinal cord. In Chapter 4, we summarize the key findings of

this thesis and describe opportunities for future investigation in the areas of protein and

metabolite engineering for neuroimmunomodulation.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Autoimmune Diseases

Autoimmune diseases are group of more than 80 disorders including multiple sclerosis,

rheumatoid arthritis, and systemic lupus erythematosus that affect more than 5% of the

world’s population, and their prevalence is on the rise [1]. Currently, more than 23.5 mil-

lion Americans are living with an autoimmune disease [2]. Autoimmune diseases consist of

aberrant immune responses against the body’s own tissues and result in potentially debili-

tating clinical manifestations [3]. Autoimmune diseases impact women at a higher frequency

than men, as women constitute approximately 78% of diagnosed patients [3], and are among

the top ten causes of mortality in women under age 65 [4]. Due to the chronic nature of

many autoimmune diseases, disease management presents significant healthcare and eco-

nomic challenges. Epidemiological studies estimate that the cost of healthcare management

for autoimmune disease patients exceeds $100 billion annually [2].

The immune system is designed to recognize and respond to “non-self” antigens from

pathogens including bacteria, viruses, fungi and parasites in order to present infection and

invasion [5]. However, it must remain unresponsive to “self” antigens from the host’s tissues

[5] and exist in a state of “self-tolerance” where an individual’s immune system does not

attack host tissues [6]. An autoimmune disease arises following the breakdown or failure of

self-tolerance, causing the body’s immune system to mistakenly attack and damage its own

organs, tissues, and cells via the generation of autoreactive T cells, B cells, and antibodies

against self-antigens [6]. Multiple sclerosis (MS) is a degenerative autoimmune disease of

the central nervous system that occurs when the immune system mistakenly attacks and

destroys myelin sheath that protects nerve fibers [7].

Here, we will introduce mechanisms of self-tolerance, immunological drivers of autoim-
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munity, and various risk factors that trigger the onset of autoimmunity, particularly in the

context of MS. We will then provide an overview of the immunopathology and disease pro-

gression of MS, and discuss the advantages and limitations of murine models employed in

the study of neuroinflammation. Finally, we will describe the current standard of care and

unmet needs in the treatment of MS.

1.2 Mechanisms of Immunological Tolerance

In healthy hosts, the immune system contains a series of checkpoints – collectively referred

to as central and peripheral tolerance – that synergize to protect against the onset of au-

toimmunity without dampening the ability of the immune system to recognize and respond

to pathogens [6]. Central tolerance mechanisms remove newly formed, strongly autoreactive

lymphocytes as they develop in the bone marrow and thymus, whereas peripheral tolerance

mechanisms remove weakly autoreactive lymphocytes in the secondary lymphoid organs and

peripheral tissues that previously evaded elimination by central tolerance mechanisms [1].

1.2.1 Central Tolerance

Central tolerance occurs in the primary lymphoid organs the thymus and bone marrow,

in which immature T and B lymphocytes, respectively, first encounter self-antigen [6]. A

highly sophisticated and carefully controlled system has evolved in which newly developed

T cells are “tested” to ensure that their newly recombined T cell receptor (TCR) does not

strongly bind to self-derived peptide epitopes [6]. In the thymus, T cell precursor cells are

exposed to self-peptide-major histocompatibility (MHC) complexes presented by antigen-

presenting dendritic cells and thymic medullary epithelial cells [8]. Due to their expression

of the autoimmune regulator gene (AIRE), medullary epithelial cells are able to present pe-

ripheral tissue-restricted self-antigens to T cell precursor cells in the thymus, allowing naive

T cells to experience a wide variety of protein antigens otherwise unexpressed by standard
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thymic-resident cells [9]. Lymphocyte precursors whose TCRs display high affinity for self-

peptide-MHC complexes are subsequently eliminated from the repertoire of lymphocytes via

clonal deletion, whereby they undergo apoptotic cell death, which is referred to as negative

selection [6]. Lymphocyte precursors whose T cell receptors do not bind self-peptide-MHC

complexes die due to neglect [10]. Lymphocyte precursors whose TCRs display weak affin-

ity for self-peptide MHC complexes evade central tolerance and undergo positive selection,

differentiating into CD4 or CD8 single positive thymocytes [10].

1.2.2 Regulatory T Cells

Thymic or “natural” regulatory T cells (tTregs) are a subset of CD4+ T helper cells that

derive from CD4+ single-positive thymocytes and adopt a specific anti-inflammatory phe-

notype. The naive T cells which differentate into tTregs typically display TCRs with in-

termediate affinities or avidities for self-peptide MHC ligands, stronger than the affinities

of TCRs that enable positive selection of conventional CD4+ T cells and weaker than the

affinities of TCRs that result in elimination by negative selection [11]. An estimated 80% of

the Treg repertoire originates in the thymus [12]. Tregs constitutively express the cytokine

IL-2Rα chain (CD25), the transcription factor FoxP3, and the inhibitory receptor CTLA-4

[13]. Sustained FoxP3 expression is essential for the development, function, and stability of

Tregs [13]. Humans with loss-of function mutations in the foxp3 gene develop IPEX (immune

dysregulation, polyendocrinopathy, enteropathy, X-linked) syndrome, an early onset, fatal,

T-cell mediated disease that causes a variety of inflammatory and autoimmune diseases in-

cluding diabetes, thyroiditis, hemolytic anemia, hyper-IgE syndrome, exfoliative dermatitis,

splenomegaly, lymphadenopathy, and cytokine storm in affected individuals [14].

Tregs play an essential role in maintaining self-tolerance by suppressing the proliferation

and activation of various immune cell subsets, including the autoreactive lymphocytes that

evade central tolerance [15]. Tregs secrete immunosuppressive cytokines including IL-10 [16],

3



TGF-β [17], and IL-35 [18]. Tregs also induce metabolic disruption of effector cells and anti-

gen presenting cells (APCs) [19]. Through the expression of CD25, the high affinity receptor

for IL-2, Tregs sequester IL-2, a critical stimuli of T cell proliferation and differentiation,

from conventional T cells, resulting in cytokine deprivation-induced apoptosis of naive T cells

lacking CD25 expression [6][20]. Tregs also express the ectoenzymes CD39 (ecto-nucleoside

triphosphate diphosphohydrolase-1) [21] and CD73 (ecto-5’-ectonucleotidase) [22]. By con-

verting extracellular ADP/ATP to AMP and dephosphorylating AMP to adenosine, respec-

tively, these enzymes enable Tregs to suppress ATP-mediated inflammation such as IL-1β,

IL-18, IL-6, and TNF-α cytokine production by APCs [23][24] and increase extracellular

levels of the immunoregulatory metabolite, adenosine, which reportedly suppresses effector

T cell function by activating the adenosine receptor 2A [25]. Tregs also promote immuno-

suppression via interactions with APCs. Tregs constitutively express high levels of CTLA-4.

CTLA-4 binds to the co-stimulatory molecules CD80 and CD86 on APCs with higher affinity

and avidity than CD28, which is expressed by conventional T cells [26]. Subsequently, Tregs

prevent APCs from providing activating co-stimulation to conventional T cells by reducing

CD80/CD86 interaction with CD28 [6][26]. It has also been shown that Tregs induce in-

doleamine 2,3-dioxygenase (IDO) expression on dendritic cells using a CTLA-4-dependent

mechanism [27]. IDO catalyzes the degradation of tryptophan, resulting in the production

of inhibitory molecules called kynurenines [19]. Tregs also express the surface molecule Lag-

3 [28], which binds to MHC class II on immature dendritic cells, subsequently inhibiting

their maturation, activation, and immunostimulatory capacity [11][29]. Additionally, Tregs

express the surface protein TIGIT that engages the poliovirus receptor on mature dendritic

cells, leading to elevated production of IL-10 and reduced IL-12p40 [30]. It has also been

reported that activated Tregs that express granzyme molecules that induce the direct killing

of effector T cells or APCs via perforin-dependent mechanisms [31][32].
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1.2.3 Peripheral Tolerance

Following maturation, lymphocytes exit the thymus and bone marrow, and migrate to sec-

ondary lymphoid tissues such as the spleen and lymph nodes through the peripheral circu-

lation. Several peripheral tolerance checkpoints exist that enable the elimination or inacti-

vation of mature autoreactive lymphocytes in the secondary lymphoid tissues if these cells

encounter their cognate self-antigen, become activated, and pose danger [6]. These mecha-

nisms include deletion, anergy, exhaustion, and as well as expansion of peripherally-induced

Tregs [33].

To become activated, a naive T cell must recognize two signals: a TCR-specific peptide

bound to an MHC molecule and a co-stimulatory signal such as CD80 or CD86 on an APC.

These molecules bind to the naive T cell’s TCR and the receptor CD28, respectively [32].

Both the peptide-MHC complex and the costimulatory signal must be delivered to the T

cell by the same APC (a dendritic cell, macrophage, or B cell) [34]. Upon encountering an

antigen and co-stimulatory signal, naive T cells produce IL-2 and upregulate the alpha chain

of the IL-2 receptor, which associates with the constitutively expressed IL-2β and γ chains

to form a heterotrimeric IL-2 receptor that enables T cells to bind IL-2 with higher affinity

[34]. Co-stimulation of CD28 plays a critical role in T cell activation, proliferation, and

survival [32]. CD28 signaling stabilizes IL-2 mRNA and activates the transcription factors

AP-1 and NFκB, which induce the transcription of the il2 gene [34][35]. CD28 signaling

also induces cell cycle progression by IL-2 independent mechanisms [36][37]. Furthermore,

CD28 co-stimulation promotes T cell survival by increasing the expression of Bcl-XL on T

cells, which has been shown to prevent apoptotic cell death caused by TCR cross-linking,

Fas cross-linking, or IL-2 withdrawal [32][38].

In turn, when mature autoreactive T cells encounter their cognate antigen without co-

stimulation, they are either eliminated by clonal deletion or enter a state of long term

hypo-responsiveness called anergy [39][40]. Deletion occurs via extrinsic or intrinsic apop-
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totic pathways [41]. The extrinsic apoptotic pathway is triggered when pro-apoptotic lig-

ands such as FasL and TNF bind to “death receptors” such as Fas or TNF-R1, respectively,

forming the death-inducing signaling complex, which activates the protease caspase-8 and

downstream signaling molecules that commit the cell to apoptosis [42][43]. The intrinsic

apoptotic pathway is triggered when Bcl-2 proteins such as Bim induce the permeabiliza-

tion of the mitochondrial outer membrane, resulting the release of cytochrome c, which

causes Apaf-1 mediated activation of the protease caspase-9 [43][44]. It has been shown

that Bcl2l11−/−Faslpr/lpr mice that lack Bim and Fas function have defective peripheral

tolerance, resulting in accelerated, fatal lymphadenopathy and more severe autoimmunity

compared to mice that lack only one of the apoptosis inducers, suggesting that both pathways

are important for the prevention of autoimmunity [43].

Alternatively, upon antigen recognition in the absence of co-stimulation, autoreactive T

cells could be rendered anergic [45]. Anergy is defined as a state of long-term hyporespon-

siveness to antigen stimulation [10]. TCR signaling in the absence of CD28 signaling poorly

activates the MAPK, PI3K/Art and IKK pathways, resulting in reduced AP-1 and NFkB

activity and subsequently anergy [46]. Anergic T cells display reduced production of the

cytokines IL-2, IFN-γ, and TNF-α upon TCR stimulation and fail to proliferate [46]. Tregs

and APCs have been shown to regulate anergy in autoreactive T cells [10]. Tregs express

of CD39 and CD73, which convert ATP adenosine, resulting in elevated levels of extracel-

lular adenosine [25]. The binding to adenosine receptor 2A on autoreactive T cells leads

to cAMP-mediated signaling which antagonizes CD28-mediated signaling [46]. APCs can

provide inhibitory second signals that induce anergy. For example, APCs express PD-L1

and PD-L2, which bind to PD-1 on T cells. PD-1 signaling has been shown to interfere

with CD28-mediated activation of PI3K, leading to reduced IL-2 production and, subse-

quently, anergy [32][47]. Tolerogenic dendritic cells are a subset of dendritic cells, induced

and maintained by IL-10 and TGF-β, that display an immature or semi-mature phenotype
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characterized by low constitutive expression of positive costimulatory molecules [48][49]. Due

to their ability to present low levels of antigen in the absence of co-stimulation, tolerogenic

dendritic cells also induce anergy [48]. Although the mechanisms that mediate whether an

autoreactive T cell exposed to self-antigen in the absence of co-stimulation undergoes dele-

tion or anergy have not been fully elucidated, the decision may be impacted by the strength

of the interaction between the TCR and the self-peptide-MHC [8][39][50]. In CD8+ T cells,

it has been demonstrated that continuous exposure to high doses of self-antigen leads to the

induction of anergy while continuous exposure to low doses of self-antigen leads to clonal

deletion [8][39][50].

Antigen exposure in the periphery can induce the expression of FoxP3, resulting the

generation of Tregs extrathymically [51]. Peripherally induced Tregs (pTregs) are differen-

tiated from mature, naive FoxP3−CD4+ T cells upon exposure to tissue-specific antigens

or non-self-antigens from allergens, food, and commensal bacteria in the peripheral tissues

[52][53][54]. Adoptive transfer studies have demonstrate that priming antigen-specific T cells

with sub-immunogenic doses of their cognate antigen results in optimal induction of FoxP3

expression [55][53]. Like tTregs, pTregs also express CD25, FoxP3, and CTLA-4 [51][56].

These cells are involved in maintaining peripheral tolerance at sites of inflammation [53][56].

For example, in the intestinal mucosa-associated lymphoid tissues, pTregs differentiate in re-

sponse to retinoic acid and TGF-β, and suppress the expansion of disease-causing RORγt+

Th17 cells [6]. It has also been demonstrated that exposure to TGF-β in vitro induces foxp3

gene expression in TCR-challenged CD4+ conventional T cells, resulting in the generation

of “induced” Tregs [57]. However, these in vitro generated iTregs may not fully recapitulate

the functional or phenotypic characteristics of in vivo generated pTregs [53].

Following chronic, continuous exposure to antigen, some activated T cells enter a tolero-

genic state called exhaustion [58][59]. Unlike anergy, which occurs in naive T cells due to

the absence of co-stimulation, exhaustion occurs in activated T cells due to continuous TCR
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stimulation from persistent antigen exposure in the presence of co-stimulation [60]. Ex-

hausted T cells progressively lose their effector functions and upregulate multiple inhibitory

receptors including CTLA-4, PD-1, LAG-3, TIM-3, and TIGIT as well as the transcription

factor TOX [60][61]. Over time, these cells become unable to proliferate or secrete cytokines

such as IL-2, TNF-α, and IFN-γ [60][61]. Due to this altered metabolic and gene-expression

profile, exhausted T cells do not become functional memory T cells [59].

1.3 Risk Factors for Autoimmune Diseases

When central and peripheral self-tolerance mechanisms break down, autoreactive T cells,

B cells, and antibodies against self-antigens mistakenly attack and damage the body’s own

organs, tissues, and cells, resulting in pathological autoimmunity [1][6]. Various genetic and

environmental risk factors may predispose an individual to develop an autoimmune disease.

1.3.1 Genetic Factors

Although rare, mutations in single genes can contribute to autoimmunity [1]. For exam-

ple, autoimmune polyendocrinopathy syndrome type 1 (APS1) is an autosomal-recessively

inherited autoimmune disease characterized by hypoparathyroidism, Addison’s disease, and

chronic mucocutaneous candidiasis infection [62]. APS1 develops due to mutations in the au-

toimmune regulatory gene located on chromosome 21 [63], which encodes for the AIRE tran-

scription factor that promotes ectopic expression of peripheral tissue-restricted self-antigens

on thymic medullary epithelial cells [64]. When the AIRE protein is defective, autoreactive

T cell precursors that should have been deleted in the thymus during negative selection evade

central tolerance and escape to the periphery, resulting in multi-organ autoimmunity [62].

However, in many autoimmune diseases, multiple polymorphic genes with risk alleles

contribute to one’s risk for developing the disease [65]. Several genetic variants on chromo-

some 6p21.3 that encode for major histocompatibility complex molecules (also referred to

8



as human leukocyte antigens), proteins involved in antigen presentation and subsequently

self-versus non-self-antigen recognition, confer susceptibility to developing autoimmune dis-

eases [1][66][67]. For example, in the case of MS, risk of onset is elevated in individuals who

have the MHC class II risk alleles HLA-DRB1*15:01, HLA-DRB1*13:03, HLA-DRB1*03:01,

HLA-DRB1*08:01 or HLA-DQB1*03:02, whereas having the MHC class I alleles HLA-

B*44:02, HLA-B*38:01, HLA-A*02:01, and HLA-B*55:01 may reduce susceptibility to MS

[1][65][68][69][70]. It has been shown via MRI that MS patients with the HLA-DRB1*15:01

allele display increased volume of inflammatory white matter lesions and reduced brain

parenchymal volume during active disease [71], whereas patients with the HLA-B*44:02

allele have reduced lesion burden and larger brain volume [72]. Over 200 non-MHC gene

loci have also been implicated in MS susceptibility, including il7r, il12ra, clec16, and cd226

[1][70][73].

1.3.2 Epigenetic Modifications

Autoimmune disease onset may also be impacted by epigenic aberrations in DNA methyla-

tion, histone modifications, or miRNA expression [1]. For example, in both the brain white

matter and peripheral blood mononuclear cells of MS patients, there is hypomethylation

(reduced methylation) of cytosines in the promoter of the pad2 gene, which encodes for pep-

tidylarginine deiminase 2 [74][75]. The PAD-2 enzyme catalyzes the conversion of arginine

residues in myelin basic protein to citrullines, which contributes to myelin destabilization

[76]. Hence, the decrease in pad2 promoter methylation may contribute to the elevated lev-

els of PAD-2 protein detected in MS patients [74][75]. Additionally, in the leukocytes of MS

patients, it has also been shown that there is hypermethylation (increased methylation) of the

promoter of the shp1 gene, which encodes for the protein tyrosine phosphatase SHP-1 [77].

The SHP-1 protein acts as a negative regulator of cytokine signaling, pro-inflammatory gene

expression, and CNS demyelination [77][78]. SHP-1 expression is reduced in lymphocytes
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and myeloid cells of MS patients [78]. Hence, the increase in shp1 promoter methylation

may account for the reduced levels of SHP-1 protein in MS patients [77].

1.3.3 Infectious Agents

Infection by certain bacterial, viral, and fungal pathogens has been linked to elevated au-

toimmune disease risk, in part due to mechanisms such as molecular mimicry and epitope

spreading [1]. Molecular mimicry occurs when pathogen-derived antigens whose peptide se-

quences resemble those of self-antigens cross-activate autoreactive T cells or B cells, leading

to autoimmunity and tissue damage in genetically susceptible individuals [1][79]. An epitope

is the component of an antigen that is recognized by T cells, B cells, or antibodies [80].

Epitope spreading occurs when autoreactivity towards the epitope type that causes the ini-

tial mimicry expands from the dominant epitope to the subdominant or “cryptic” epitopes,

resulting in an immune response against several epitopes [1][81].

For example, Epstein-Barr virus infection may increase one’s risk of developing MS

[69][82]. Epstein-Barr virus (EBV) is human herpesvirus that infects 90% of adults world-

wide and is the main cause of infectious mononucleosis [82][83]. Following infection, latent

EBV remains in the body life-long [84]. An epidemiological study that followed more than 10

million US army personnel biennially between 1993 and 2013, 955 of whom were diagnosed

with MS, showed that participants who converted to EBV seropositivity had a 32-fold in-

creased risk of developing MS compared to participants that remained seronegative for EBV

[69][82]. At the cellular level, EBV-infected B cell and plasma cell infiltrates have been de-

tected in the white matter lesions of MS patients [85][86]. MS patients also display elevated

EBV nuclear antigen 1 (EBNA-1)-specific CD4+ T cells that cross-react with myelin basic

protein peptide [79][87][88]. Antibodies that bind to EBNA-1 epitopes and cross react with

CNS proteins such as GlialCAM have also been identified [89]. At the molecular level, it

has been shown that there is structural homology between EBV nuclear antigen 1 epitopes
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and several CNS proteins including myelin basic protein epitopes [69][90]. This molecular

mimicry may lead to the activation of autoreactive T cells following EBV infection [79].

1.3.4 Commensal Microbiome

Autoimmune disease risk may also be impacted by the composition of the host’s microbiome

[1]. The commensal microbiome consists of living microorganisms, their genes, and metabo-

lites that colonize body sites such as the gut, stomach, oral cavity, skin, urogenital tract, and

respiratory tract [91][92]. Recently, the gut microbiota has been shown to play an important

role in human health [91]. Healthy gut microbiota is characterized by diversity, a large num-

ber of different microbial species [93][94]; stability, the ability to maintain diversity under

external perturbations [94][95]; and resilience, the ability to return to its pre-perturbation

state [94][96]. The gut microbiota in the small and large intestine consist of more than

100 trillion microorganisms [97][98], including bacteria such as Firmicutes, Bacteroidetes,

Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia; fungi; viruses; archaea;

and protozoans [91]. These microorganisms act in symbiosis with the host and play impor-

tant roles in the extraction of energy and nutrients from food; the production of bioactive

molecules such as vitamins, amino acids and lipids; the modulation of the host immune

response; the protection against opportunistic pathogens; and in the prevention or repair of

tissue damage to mucosal barriers [91][94][99].

Cross-talk between the microbiota and both the innate and adaptive immune system is

important for maintaining homeostasis. This cross-talk is mediated by a variety of bacterial

proteins and metabolites. Short chain fatty acids (SCFAs), including acetate, n-propionate,

and n-butyrate, are metabolites secreted by the commensal bacteria Bacteroidetes and Fir-

micutes in the large intestine as the end product of anerobic fermentation of dietary fiber

[100]. SCFAs are some of the best characterized microbial metabolites and have numerous

immunomodulatory functions. Butyrate has been shown to epigenetically regulate gene ex-
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pression by inhibiting classes I and IIa histone deacetylases (HDAC) [101][102]. Treatment

of macrophages, the most abundant immune cell in the lamina propria, with n-butyrate re-

duces their secretion of LPS-induced pro-inflammatory mediators via HDAC inhibition [100].

Commensal microbe-derived butyrate also mediates the differentiation of colonic regulatory

T cells via HDAC inhibition and upregulation of foxp3 gene expression [102]. Notably, bu-

tyrate treatment also promotes the induction of FoxP3+ Tregs even under Th1 and Th17

polarizing conditions [102]. Furthermore, administration of butyrate reduces the severity of

CD4+CD45RBhi T cell transfer-induced colitis in Rag1−/− mice [102][103]. Alternatively,

certain commensal microbes have been shown to promote Th17 responses [96][99][104]. For

example, segmented filamentous bacteria colonize the small intestine by adhering to intesti-

nal epithelial cells [99][104]. SFB colonization induces the production of serum amyloid A,

which promotes lamina propria dendritic cell-mediated differentiation of SFB-specific RORγ

t+ Th17 T cells [99]. These cells produce IL-17A and IL-22 in the lamina propria [99][105]

and protect the intestine from Citrobacter rodentium infection [99]. SFB also induce T cell-

dependent secretory immunoglobulin A (IgA) production by plasma cells in the gut [106].

Changes in the composition of the microbiome can impact autoimmune disease incidence

and progression [94][107]. Dysbiosis occurs due to the excessive growth of potentially harmful

pathobionts normally present at low relative abundances, the reduction or complete loss of

commensal microbes due to microbial killing or diminished proliferation, and/or reduction in

microbiota diversity [96][108]. Dysbiosis has also been shown to impact the immune response

to the microbiota, the integrity of the epithelia present in both intestines and blood-brain

barrier [92]. Intestinal barrier dysfunction can cause low-grade movement of microbes to

other body sites, resulting in inflammatory immune responses to these systemic microbes.

[109].

The impact of the commensal microbiome has been studied in the context of relapsing-

remitting multiple sclerosis (RRMS). Comparison of the fecal microbiota composition of

12



RRMS patients to those of healthy age- and sex-matched controls has shown that RRMS

patients have distinct fecal microbiome profiles with an increased abundance of Psuedomonas,

Mycoplana, Haemophilus, Blautia, and Dorea genera and decreased abundance of Parabac-

teroides, Prevotella, Adlercreutzia, Collinsella, and Erysipelotrichaceae compared to healthy

controls [110]. Additionally, RRMS patients with active disease also displayed reduced

species richness in comparison to RRMS patients in remission and healthy controls [110].

Another study comparing the gut microbiota of RRMS patients to that of healthy subjects

also identified a significant decrease in the number of Clostridium and Bacteroidetes species

in RRMS patients compared to healthy controls [111]. However, it important to note that

fecal microbiota composition is also impacted by additional variables such as diet, age, sex,

ethnicity, geographic location, and environmental factors such as smoking [109].

It has also been shown in a murine model of RRMS, the relapsing-remitting mouse model

of spontaneously developing experimental autoimmune encephalomyelitis (EAE), that the

commensal microbiota, is required trigger the onset of autoimmunity [96][112]. Germ-free

mice displayed impaired Th17 CD4+ T cell differentiation in the lamina propria and Peyer’s

patches, impaired B cell recruitment in the cervical lymph nodes, and reduced susceptibility

to disease onset compared to conventionally housed mice, while microbial re-colonization

induced the activation of autoreactive CD4+ T cells and disease onset in more than 75% of

mice [96][112]. Furthermore, transfer of the fecal microbiota of MS patients into germ-free

mice reduced the proportion of IL-10+FoxP3+ Tregs in the mesenteric lymph nodes and

exacerbated the severity of EAE compared to mice administered microbiota from healthy

controls [113].

1.3.5 Sex Differences

Many autoimmune diseases are more prevalent in women than men [114]. For example,

greater than 80% of patients diagnosed with Sjorgen’s syndrome, lupus, autoimmune thy-
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roid disease, and scleroderma of patients are women [114]. Multiple sclerosis occurs at a

female to male ratio of 3:1, and its prevalence in women is rising [115]. Women are more

likely to develop relapsing-remitting MS, experience first symptoms at a younger age, relapse

more frequently, and develop a greater number of inflammatory lesions, while men have a

higher risk of developing primary progressive MS and subsequently neurological damage

[115]. Sex chromosomes and hormones may contribute these differences in disease suscepti-

bility and progression [116][117]. Females have two X chromosomes, while males have one X

chromosome and one Y chromosome. The X chromosome encodes for approximately 2000

genes, while the Y chromosome encodes for only 48 genes [117]. Several genes on the X

chromosome, such as foxp3, cd40l, and tlr7, encode for proteins such as pattern recognition

receptors, cytokine receptors, and transcription factors that are involved in immune cell

function [116][117]. Although in human females, X inactivation, the silencing of one of the

two X chromosomes, enables the expression of one set of X chromosome genes, about 15%

of X chromosome genes escape X inactivation, which leads to higher X chromosome gene

expression [116]. Sex hormones such as estrogens, progesterone, androgen, and prolactin

may also influence disease onset and outcomes [115]. For example, elevated estrogen and

progesterone levels reportedly contribute to the decrease in relapse rate observed during the

third trimester of pregnancy in MS patients [115][118].

1.3.6 Additional Environmental Factors

Various environmental factors including nutrition and exposure to xenobiotics such as cigarette

smoke, heavy metals, and certain pharmaceuticals also influence one’s susceptibility to au-

toimmune disease [1]. For example, vitamin D is a fat-soluble hormone involved in calcium

and phosphate metabolism [119]. In addition to its well established roles in regulating

metabolism and bone health, vitamin D also impacts brain development and function, cell

proliferation and apoptosis, blood pressure and insulin secretion, and immunomodulation
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[120]. Additionally, vitamin D reportedly inhibits B cell proliferation and differentiation,

promotes Th1 and Th17 CD4+ T cell skewing towards the Th2 phenotype, and expands

Tregs [121]. Humans obtain vitamin D from skin exposure to ultraviolet B radiation, and a

diet rich in fatty fish (salmon and tuna) and vitamin D fortified foods (orange juice, dairy

products, cereals) [120]. Vitamin D deficiency is a risk factor for several autoimmune dis-

eases including MS [1]. The frequency of MS cases increases the farther one is from the

equator, which is inversely correlated with duration and intensity of UVB sunlight exposure

and, in turn, the amount of sunlight-derived vitamin D [120]. Furthermore, a 20-year study

following 92,253 women revealed that taking dietary vitamin D supplements decreased one’s

risk of developing MS. Women who took 400 IU vitamin D or more per day had 41% reduced

MS incidence than women who did not take vitamin D supplements [122].

1.4 Overview of Multiple Sclerosis Pathology, Treatment Options,

and Preclinical Models

Multiple sclerosis (MS) is a chronic, inflammatory demyelinating disease of the central ner-

vous system (CNS) that impacts more than 2.5 million people worldwide [123]. With the

average age of onset being approximately 29 years of age [124], MS is the most common

cause of non-traumatic neurological disability in young adults [125]. MS impacts women at

disproportionally higher rates, as the female to male ratio of diagnosed patients is 3:1 [115].

MS is also one of the most expensive chronic diseases to manage, with annual costs exceeding

$50,000 US dollars per patient [124]. MS is triggered by the environmental factors described

above in genetically susceptible individuals. As the disease progresses, patients develop po-

tentially disabling clinical manifestations including fatigue, pain, muscle weakness, sensory

and vision loss, bladder and bowel dysfunction, and motor impairments [124].
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1.4.1 Multiple Sclerosis Disease Courses

Although the symptoms are heterogeneous, multiple sclerosis can be categorized into four

disease courses: clinically isolated syndrome, relapsing-remitting MS, secondary progressive

MS, and primary progressive MS [126]. Clinically isolated syndrome is defined as the first

episode of neurologic symptoms, in the form of vision problems, vertigo, loss of sensation

in the face, or arm or leg weakness that could later develop into MS if subsequent episodes

occur [126]. Approximately 85%, of patients are initially diagnosed with relapsing-remitting

MS (RRMS) [7]. RRMS is characterized by an initial episode of neurological dysfunction,

followed by remission, defined as a period of partial or complete clinical recovery during

which disease does not worsen [126][7]. Subsequently, the patient experiences more relapses,

defined as a discrete period of disease exacerbation during which new or increasing neuro-

logic symptoms occur [126]. During relapses, inflammatory lesions develop in the CNS and

are detected via MRI [7]. Patients with RRMS undergo recurring periods of relapse and

remission, and disability accumulates, causing approximately 50% of untreated patients to

eventually develop secondary progressive MS (SPMS) about 10 to 15 years after their RRMS

diagnosis [7]. During SPMS, neurologic dysfunction steadily becomes more severe, resulting

in decreased brain volume, increased axon loss, and uninterrupted progression of disability

[126]. Approximately 15% of patients are initially diagnosed with primary progressive MS

(PPMS) [126]. Unlike RRMS, PPMS patients do not experience relapse followed by remis-

sion. Rather, neurologic function progressively deteriorates over time from the initial onset

of symptoms [126].

1.4.2 Immunopathology of Multiple Sclerosis

The immunopathology of MS is multifaceted. Although it is well-studied, many questions

about disease initiation and progression remain unanswered. For example, whether multi-

ple sclerosis is triggered in the periphery or in the central nervous system remains an open
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question [7]. The “outside-in” hypothesis states that MS is initiated by the disruption of

self-tolerance to CNS autoantigens due to the activation and differentiation of autoreactive

T cells in the secondary lymphoid organs [123]. Although the dominant autoantigen has

not been identified in multiple sclerosis, T cells autoreactive to CNS antigens of myelin

basic protein (MBP) [127][128], myelin oligodendrocyte glycoprotein (MOG) [129], and pro-

teolipid protein (PLP) [130] have been detected in both MS patients and healthy individuals

[7]. These autoreactive cells, in turn, migrate from the peripheral tissues to the CNS, ei-

ther by crossing the disrupted blood-brain barrier or the blood-cerebrospinal fluid barrier at

the choroid plexus [7]. In the CNS, these cells become reactivated upon encountering their

cognate antigen presented by APCs such as dendritic cells, macrophages, and microglia [7].

The influx of pathogenic, activated effector Th1 and Th17 CD4+ T cells and CD8+ T cells

that cross the blood-brain barrier and enter the CNS also increases the production of pro-

inflammatory cytokines and chemokines, which recruit and activate peripheral B cells as well

as innate immune cells such as monocytes and macrophages into the inflammatory lesions

[7]. Reactivated Th1 CD4+ T cells produce the cytokines IFN-γ and TNF-α; Th17 CD4+

T cells produce IL-17A, IL-21, IL-22 and IFN-γ; and CD8+ effector T cells produce IL-17A,

IFN-γ, and cytolytic granules [123]. The cytokine IFN-γ upregulates the expression of the

HLA class I and class II molecules and subsequently enhances the ability of APCs to present

antigen [123][131], while IL-17A diminishes the integrity of the blood brain barrier by induc-

ing endothelial cell production of reactive oxygen species [70][123][132]. This inflammation

cascade leads to the demyelination of the myelin sheath and oligodendrocyte cell body, the

proliferation and activation of CNS-resident glial cells such as microglia and astrocytes, and

tissue damage in the form of neuroaxonal degeneration [133]. The alternative “inside-out”

hypothesis states that an event within the CNS, for example a viral infection of the brain,

initially triggers the onset of MS, which subsequently results in the infiltration of autoreactive

immune cells from the periphery [7][134].
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Multiple sclerosis pathology is characterized by the formation of lesions or plaques in the

brain and spinal cord consisting of infiltrating T cells, B cells, and monocytes [7][70]. These

are sites of active demyelination in the white and grey matter [7]. Although inflammation

occurs during all stages of MS, peripheral immune cell-mediated inflammation is more preva-

lent in the acute stages [7], while neurodegeneration is more prevalent in progressive stages

[125]. T cell and B cell infiltrates are more pronounced in the white matter lesions of RRMS

patients, while higher levels of plasma cells have been identified in the CNS of SPMS and

PPMS patients even after T cell and B cell levels decline [135]. Additionally, progressive MS

patients display an increase in grey matter lesions [70].

One key difference between human MS and experimental autoimmune encephalomyelitis

(EAE), a murine model of neuroinflammation that recapitulates certain features of MS, is

that CD8+ T cells make up the majority of T cells present in CNS lesions of MS patients

with established disease, outnumbering CD4+ T cells by approximately 10 to 1 [123][136].

Upon encountering their cognate antigen presented by CNS APCs on MHC class I molecules,

autoreactive CD8+ T cells can induce cell killing by releasing the cytotoxic enzymes granzyme

A and B [123]. Elevated levels of IFN-γ-producing CD8+ cytotoxic T cells autoreactive

towards MBP-derived peptides have been detected in MS patients, suggesting that these

cells may contribute to oligodendrocyte injury [137]. In RRMS patients undergoing relapse,

the levels of granzyme A and B in the cerebrospinal fluid are also elevated compared to

the levels in remission patients and healthy controls, suggesting that CD8+ T cells may be

involved in RRMS pathogy during active disease [138]. Furthermore, immunohistochemistry

analysis of CNS tissues of MS patients shows that cytotoxic CD8+ T cell granules are located

in close proximity to axons, suggesting that these cells may also contribute to axonal damage

[123][139].

B cells also contribute to MS disease pathology. IgG oligoclonal bands – produced by

clonally expanded, terminally differentiated B cells – are one of the hallmarks of disease,
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detected in the cerebrospinal fluid of more than 95% of MS patients [123][140]. Furthermore,

memory B-cells isolated from MS patients reportedly produce more GM-CSF and less IL-10

than those obtained from healthy individuals [123][141] and display elevated expression of

the costimulatory molecules CD80 and CD86 [123][142]. During the early stages of disease, B

cells migrate to the CNS and present autoantigens to T cells via the MHC class II molecule,

resulting in their activation [123]. Transgenic mice engineered to express a MOG-specific

B cell receptor while having B cells selectively deficient in MHC class II failed to develop

MOG-induced EAE and exhibited reduced Th1 and Th17 responses, demonstrating that B

cells may act as antigen presenting cells in murine models of neuroinflammation [143]. B cells

also secrete pro-inflammatory cytokines and chemokines such as TNF-α, IL-6, and GM-CSF

which activate resident CNS cells such as microglia and astrocytes [123].

SPMS patients with advanced disease reportedly contain tertiary lymphoid structures in

the meningeal lymphatics [144][145]. These structures, which consist of aggregated plasma

cells, B cells, T cells, and follicular dendritic cells, act as ectopic germinal centers and may

contribute to late-stage, chronic CNS inflammation by promoting local B cell and T cell

activation and maturation, which subsequently mediate glia cell damage and astrocyte dys-

function [144][145]. It has also been reported that β-synuclein-reactive CD4+ T cells are

enriched in the blood of SPMS patients and contribute to gliosis and neuronal destruction in

the grey matter [70][146]. During chronic inflammation, CNS-resident immune cells such as

microglia and astrocytes, in combination with B cells from ectopic germinal centers, also be-

come activated and secrete soluble signals such as cytokines (e.g. GM-CSF), chemokines (e.g.

CCL2), reactive oxygen species (ROS), and reactive nitrogen species (RNS) that prevent re-

myelination by inhibiting the generation of mature oligodendrocytes and further exacerbate

neurodegeneration [7]. Furthermore, the release of ROS and RNS causes mitochondrial

DNA mutations and injury in neurons [70][123]. During active demyelination, Fe3+ is also

released from degenerating oligodendrocytes, causing oxidative stress. Under inflammatory
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conditions, the xc− cysteine/glutamate antiporter is also upregulated in activated B cells,

microglia, and astrocytes, resulting in the release of glutamate [147]. Excess glutamate pro-

duction causes an influx of Ca2+ into neurons, leading to ionic imbalance, and subsequently

cell death [123][147]. As the disease advances, sustained axonal and neuronal damage accu-

mulate in both the white and grey matter, resulting in brain atrophy and worsening disability

[148].

1.5 Experimental Autoimmune Encephalomyelitis Models

As MS is a complex disease, triggered by a combination of genetic and environmental fac-

tors, and progressing over decades with heterogeneous clinical, pathological, and immuno-

logical manifestations, no single experimental model recapitulates all of the features of dis-

ease [148][149]. In this dissertation, the experimental autoimmune encephalomyelitis (EAE)

model has been used to investigate the ability of engineered molecules, described in subse-

quent chapters, to prevent the onset of neuroinflammation and suppress already-established

disease in mice. These insights could be applied towards the development of therapeutics

for the treatment of MS.

1.5.1 Active MOG35−55 Induced EAE

Active EAE can be induced in female C57BL/6 mice by peripherally immunizing the mice

with MOG35−55 peptide emulsified in heat-inactivated Mycobacterium tuberculosis, also

known as Complete Freud’s Adjuvant (CFA), followed by pertussis toxin [148][150][151].

Myelin oligodendrocyte glycoprotein (MOG) is an immunoglobulin family protein expressed

by CNS cells, particularly on the surface of myelin sheath, that protects axons and neu-

rons [70][150][151]. MOG35−55 peptide is an encephalitogenic region of the MOG protein

[150][151]. When presented by APCs on MHC class II, the antigen induces the activation,

proliferation, and differentiation of autoreactive MOG-specific Th1 and Th17 CD4+ T cells
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in the secondary lymphoid organs, which subsequently migrate to the CNS and trigger the

onset of inflammatory encephalopathy [7]. Immunization with antigens derived from alter-

native regions of the MOG protein, for example, MOG1−125, induce B-cell mediated disease

[152]. Administration of pertussis toxin after immunization with antigen disrupts the blood-

brain barrier, enabling the entry of peripheral immune cells into the CNS [151]. If left

untreated, EAE-bearing mice will develop clinical symptoms of disease approximately 10 to

18 days following the initial immunization [150][151]. Disease severity is assessed via a semi-

quantitative, 5-point scale that progresses from no paralysis to tail paralysis to both hind

limb and forelimb paralysis [150][151]. Peak disease score is defined as maximum disease

score the EAE-bearing mouse attains during the entire experiment [150]. Recovery occurs

when the peak disease score drops by at least 1 grade for at least 2 consecutive days [150].

In the majority of MOG35−55-EAE bearing mice, inflammation persists due to the sus-

tained priming of antigen-specific CD4+ T cells, resulting in chronic disease until endpoint

[150][151]. Prophylactic treatment is defined a treatment started before to the first clinical

signs of disease appear [150]. The purpose of this treatment regimen is to assess whether

the therapy can prevent or delay the onset of disease. Therapeutic treatment is defined as

a treatment begun upon or after the onset of EAE symptoms [150]. The purpose of this

treatment regimen is to assess whether a therapy can reverse already-established disease.

1.5.2 Active PLP139−151 Induced EAE

Relapsing-remitting EAE can be induced in female SJL mice by immunizing the mice with

PLP139−151 peptide emulsified in CFA followed by pertussis toxin [151][153]. Proteolipid

protein (PLP) is another component of CNS myelin [151][153]. PLP139−151 peptide is an

encephalitogenic region of the PLP protein [151][153]. When presented by APCs on MHC

class II, this antigen also activates autoreactive PLP-specific CD4+ T cells in the secondary

lymphoid organs, which subsequently migrate to the CNS and trigger the onset of EAE [153].
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Unlike MOG-EAE, immunization of SJL mice with PLP139−151 results in a relapsing-

remitting form of the demyelinating disease [151][153]. The first wave of disease occurs

synchronously in nearly all mice approximately days 9 to 14 days following immunization

[150]. Nearly all mice recover from the first wave of disease and subsequently enter remission,

defined as a temporary reduction in CNS inflammation and disease symptoms [150][153]. A

remission occurs when the disease score decreases by at least 1 grade, compared to the peak

disease score, for at least 2 consecutive days [150][153]. Following remission, approximately

50 to 80% of the mice relapse non-synchronously within the first 5 to 7 weeks after disease

induction [150][153]. A relapse occurs when the disease score increases by at least 1 grade,

from the minimum score during remission, for at least 2 consecutive days [150]. Relapses

are reportedly caused by epitope spreading, a process by which autoreactive T cells rec-

ognize secondary epitopes, peptides that are distinct from and non-cross reactive with the

disease-inducing epitope [154][155]. These secondary epitopes can emerge due to the myelin

destruction that occurs during the first wave of disease [7][155]. In SJL mice immunized

with the dominant, non-cross reactive epitope, PLP139−151, CD4+ T cells autoreactive to

the secondary encephalitogenic PLP epitope, PLP178−191, have been identified during the

first wave of disease [155]. When these PLP178−191-specific CD4+ T cells were adoptively

transferred into naive mice, they induced the onset EAE in these mice [151][155]. Epi-

tope spreading to PLP139−151 has also been demonstrated in relapsing-remitting EAE mice

originally immunized with PLP178−191 [154].

1.5.3 Limitations of EAE Models

Although the EAE model has led to valuable insights about inflammation-mediated neurode-

generation and remains an essential preclinical research tool, the differences between EAE

and human MS must be considered when using results from EAE models to make hypotheses

about human disease [7]. MS arises spontaneously due to a combination of genetic and envi-
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ronmental factors, while MOG and PLP-EAE are induced by active immunization with CNS

antigens [148]. Two adjuvants are required for these models, CFA to sensitize mice to myelin

antigens and stimulate the immune system, and pertussis toxin to permeabilize the blood-

brain barrier [156][148][149]. The administration of adjuvants does not mimic physiological

conditions. Although the use of adjuvants is not uncommon in murine models of immune

disease [156], it should be noted as a limitation and difference from clinical pathology. EAE

is also induced in inbred, genetically homogeneous mouse populations, which does not take

into account the genetic heterogeneity of MS patients [148]. Furthermore, there are many

genetic and phenotypic differences between the murine and human immune systems [7][157].

The type of immune cell infiltrates and the location of CNS inflammation also differ in these

conditions. In MS, the dominant autoantigen has not been identified, while in EAE, mice

are immunized with a single autoantigen, such as MOG35−55 or PLP139−151, which leads to

the activation of antigen-specific, autoreactive MHC class II-restricted CD4+ T cells [7][149].

In contrast, CD8+ T cells make up the majority of T cells present in CNS lesions of human

MS patients [123][136]. The contribution of CD8+ T cells and B cells to disease progression

in already-established MS is not fully recapitulated in the MOG35−55 or PLP139−151 EAE

models [149]. In addition, human MS is characterized by inflammation and tissue damage

in both the brain (particularly the forebrain, brain stem, and cerebellum) and spinal cord,

while in EAE, the majority of inflammation and tissue damage is localized in the thoracic

and lumbar spinal cord [7][149][150]. Furthermore, although some forms of EAE, for ex-

ample MOG35−55-CFA immunization in C57BL/6 mice, induce chronic disease can last for

months, disease symptoms do not progressively worsen as during primary progressive or sec-

ondary progressive MS [149]. Despite its limitations, a number of FDA-approved MS drugs,

including IFN-β, have undergone preclinical testing in EAE models [156].

23



1.6 Current Standard of Care in Multiple Sclerosis

Although there is currently no cure for MS, over the past 30 years, there have been many

advances in the treatment of MS, particularly the relapsing-remitting form of the disease

[158]. Available MS treatments include corticosteroids, disease modifying therapies, and

monoclonal antibodies [158]. These therapies are effective in managing acute MS attacks

and also reduce the frequency and severity of relapses [124].

1.6.1 Corticosteroids

Corticosteroids such as dexamethasone, betamethasone, methylprednisolone, and prednisone

are synthetic compounds that mimic the functions of the immunosuppressive human hor-

mone, cortisol [159][160]. Corticosteroids can be administered in short-term during an acute

MS attack [161]. Corticosteroids dampen CNS inflammation via broad immunosuppression.

Administration of corticosteroids has been shown to reduce blood-brain barrier disruption,

suppress autoreactive T cell migration into the CNS, downregulate the expression of adhesion

molecules on endothelial cells and monocytes, reduce proinflammatory (IFN-γ and TNF-α)

cytokine and matrix metalloproteinase secretion, increase production of the immunoregula-

tory cytokines IL-10 and TGF-β, reduce the secretion of immunoglobulins, and inhibit MHC

class II expression on macrophages and microglia [162].

Although corticosteroids are useful in reducing the severity of symptoms during relapse,

short-term administration of corticosteroids alone does not impact long-term disease pro-

gression [158][162]. Side effects of short-term corticosteroid treatment can include stomach

pain, insomnia, mood swings, appetite changes, headache, chest pain, heart palpitations,

rash, and swelling of feet or hands [159]. However, long-term administration of high-dose

corticosteroids is no longer recommended because it can lead to severe side effects including

osteoporosis, increased incidence of bone fractures, avascular necrosis and infection, diabetes,

skin atrophy, obesity, glaucoma, cataracts, fatty liver, and hypertension [159][161].
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1.6.2 Disease Modifying Therapies

Disease modifying therapies are defined as treatments that alter the course of MS disease

progression by suppressing or regulating immune cell function [125]. Disease modifying ther-

apies are effective in treating relapsing-remitting MS and reduce the severity and frequency

of MS relapses [125]. Interferon beta (IFN-β) was the first FDA-approved disease modifying

agent for the treatment of RRMS [158]. IFN-β is an immunoregulatory, interferon type 1

cytokine [158][163]. Although its mechanism of action has not been fully elucidated, IFN-β

treatment reportedly increases the production of immunoregulatory cytokines IL-4, IL-5,

IL-10, IL-13, and TGF-β while reducing production of the disease-causing cytokines IL-17A,

IFN-γ, and TNF-α [125][163]. IFN-β also suppresses T cell activation and migration to

the CNS, as well as B cell antigen presentation [125][163]. Transcriptome analysis of MS

patient mononuclear cells has revealed that long-term IFN-β treatment reverses the over-

expression of proinflammatory and matrix metalloproteinase genes while upregulating the

expression of genes involved in immunoregulation and neuroprotection [164]. Clinical trials

in RRMS patients have shown that both IFN-β-1a [165][166] and IFN-β-1b [167] reduce the

relapse rate, relapse severity, and inflammatory lesion burden detected via MRI compared

to the placebo group [158][163]. Common adverse events associated with IFN-β treatment

include influenza-like symptoms (fever, chills), headache, injection site reactions, and fatigue

[163][168]. Less common adverse events occurring in patients administered IFN-β include

mood changes, liver abnormalities, and kidney abnormalities [163][168]. Despite its efficacy

in many patients, approximately one third of RRMS patients are unresponsive to IFN-β

therapy [169], potentially due to the development of anti-drug antibodies [163].

Fingolimod is an orally administered sphingosine-1-receptor modulator that acts on lym-

phocytes [170][171][172]. Fingolimod administration prevents lymphocyte egress from the

lymph nodes, spleen and thymus, which subsequently reduces disease-causing, autoreactive

T cell infiltration into the CNS [170][171][172][173]. Fingolimod treatment increases the
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percentage of CD8+CD28− Treg cells in MS patients, thus reversing the low CD8+ Treg

to CD8+ killer T cell ratio that may contribute to immune dysfunction in untreated MS

patients [174]. In clinical trials, fingolimod treatment significantly reduces the relapse rate,

number of inflammatory lesions measured by MRI, brain-volume loss, and risk of disabil-

ity progression compared to the placebo control over a 24-month period in patients with

RRMS [170][171][172]. Occasional adverse events associated with fingolimod treatment in-

clude headache, back pain, diarrhea, cough, elevated liver-enzyme levels, increased suscepti-

bility to infections (herpes virus, fungal infections, flu), bradycardia, fatigue, reduced white

blood cell levels, rash, hypertension, basal-cell carcinoma [125][170][171][172]. Less common

adverse events occurring in patients administered fingolimod include pneumonia, macular

edema, and reduction in blood neutrophil levels [125][170][171][172].

Additional disease modifying therapies used in the management of RRMS include dimethyl

fumarate, teriflunomide, glatiramer acetate, and cladribine [125]. Dimethyl fumarate is a

methyl ester of fumaric acid that exerts anti-inflammatory and cytoprotective effects via ac-

tivation of nuclear factor erythroid 2-related factor 2 [158][175][176]. Teriflunomide inhibits

dihydroorotate-dehydrogenase, a mitochondrial enzyme that catalyzes pyrimidine synthesis

in proliferating cells [177]. Hence, teriflunomide administration dampens inflammation by re-

ducing the proliferation of T and B cells [177]. Glatiramer acetate is a synthetic polypeptide

mimic of myelin basic protein (MBP) that competes with MBP peptides for binding to major

histocompatibility complex molecules and subsequently reduces autoreactive T cell activa-

tion in MS [158][178]. Cladribine is a purine analogue chemotherapy drug that preferentially

depletes peripheral T and B cells by preventing their replication [179][180].

1.6.3 Monoclonal Antibodies

Natalizumab is a humanized monoclonal antibody that binds to and inhibits the α4 subunit

of α4β1 and α4β7 integrins [181][182]. α4β1 integrin is a transmembrane adhesion molecule
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expressed by lymphocytes [158]. The binding of α4β1 integrin to vascular endothelial adhe-

sion molecule-1 (VCAM-1), expressed by endothelial cells in the blood vessels of the brain and

spinal cord, enables autoreactive lymphocytes to cross the blood-brain barrier and enter the

CNS [158][182]. Antagonism of this interaction by natalizumab reduces the transendothelial

migration of lymphocytes across the CNS [158][182]. In clinical trials, natalizumab treat-

ment significantly reduces the relapse rate, the number of new or enlarged inflammatory

lesions detected by MRI, and risk of disability progression compared to the placebo control

over a 24-month period in patients with RRMS [182] [183]. Occasional adverse events as-

sociated with natalizumab treatment include fever, chills, joint pain, nausea and vomiting,

urinary tract infections, nasal inflammation, headache, dizziness, and joint pain [182][183].

Less common adverse events occurring in patients administered natalizumab include severe

infusion allergic reactions, liver toxicity, increased susceptibility to infections, and increased

risk of progressive multifocal leukoencephalopathy, a brain infection caused by the John

Cunningham virus [125][158][182] [183]. In addition, discontinuation or noncompliance of

the drug can lead to rebound disease activity [173].

Ocrelizumab is a humanized monoclonal antibody that binds to the CD20 [184]. CD20 is

expressed on pre-B cells, naive B cells, and memory B cells; however, it is not expressed on

stem cells, pro-B cells, or differentiated plasma cells that are involved in B cell reconstitution

and the production protective IgG and IgM antibodies, respectively [173][184]. Ocrelizumab

administration depletes pathogenic, CD20-expressing B cells by via completement-dependent

cytotoxicity, antibody-dependent cytotoxicity, and apoptosis induction [184]. In MS, B cell

depletion reportedly reduces the trafficking of peripheral B cells into the CNS, B-cell antigen

presentation to T cells, and B-cell secretion of pathogenic cytokines [185]. Ocrelizumab is

currently the only disease modifying therapy approved by the FDA for the treatment of

primary progressive MS [173]. In clinical trials, ocrelizumab treatment significantly reduced

disability progression and brain lesion volume compared to the placebo in PPMS patients
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[186]. Mild side effects associated with ocrelizumab treatment include infusion site reactions

(redness, swelling), body pain, diarrhea, and swelling of arms or legs [186]. Serious side

effects include increased risk of colitis, herpes infections, respiratory infections, and skin

infections [186].

1.6.4 Limitations of Existing Multiple Sclerosis Treatments

Multiple sclerosis disease modifying therapies manage acute attacks and reduce the frequency

and severity of relapses by broadly suppressing the immune system [124]. However, in doing

so, they can render patients more susceptible to both newly acquired and dormant infections,

and are associated with a wide range of adverse events [124]. Furthermore, most available

treatments are unable to significantly repair or regenerate damaged neurons, oligodendro-

cytes, or supporting glia, rendering them less effective in reversing progressive forms of MS

characterized by neurodegeneration and axon dysfunction [125]. Hence, there remains an

unmet need for new treatments to address these challenges.
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CHAPTER 2

SUPPRESSION OF AUTOIMMUNE ARTHRITIS AND

NEUROINFLAMMATION VIA AN AMINO

ACID-CONJUGATED BUTYRATE PRODRUG WITH

ENHANCED ORAL BIOAVAILABILITY

2.1 Abstract

Butyrate, a metabolite produced by commensal bacteria, has been extensively studied for its

immunomodulatory effects on various immune cells, including regulatory T cells, macrophages,

and dendritic cells. However, butyrate’s development as a drug has been limited by its poor

oral bioavailability due to its rapid metabolism in the gut, its low potency and thus high dos-

ing, and its foul smell and taste. By esterifying butyrate to serine (SerBut), a design based

on the concept of utilizing amino acid transporters to escape the gut and enhance systemic

uptake thus increasing bioavailability, we developed an odorless and tasteless compound for

oral administration. In the collagen antibody-induced arthritis (CAIA) and experimental

autoimmune encephalomyelitis (EAE), murine models of rheumatoid arthritis and multiple

sclerosis, we demonstrated that SerBut significantly ameliorated disease severity, modulated

key immune cell populations both systemically and in disease-associated tissues, and reduced

inflammatory responses without compromising the global immune response to vaccination.

Our findings highlight SerBut as a promising next-generation therapeutic agent for autoim-

mune and inflammatory diseases.
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2.2 Introduction

The gut microbiome has been associated with numerous diseases, with one of the key

mechanisms involving immune regulation through the production of microbial metabolites

[187][188][189][190]. Among these metabolites, short-chain fatty acids (SCFAs), such as

butyrate, have gained significant attention due to their anti-inflammatory and immunomod-

ulatory properties [191][192][193]. Derived from the microbial fermentation of dietary fiber

in the colon, butyrate serves as a primary energy source for colonocytes and maintains in-

testinal homeostasis [191][194]. It is essential for protecting intestinal barrier function by

facilitating tight junction assembly [195][196]. As an epigenetic modulator, butyrate is a

histone deacetylase (HDAC) inhibitor and can thus alter chromatin structures and regu-

late gene expression [197][198][199]. Through HDAC inhibition, butyrate has been shown

to upregulate forkhead box P3 (FoxP3) — a transcription factor involved in the develop-

ment and function of regulatory T cells (Tregs) — as well as suppress nuclear factor κB

(NFκB) activation, inhibit the production of interferon-γ (IFN-γ), and upregulate peroxi-

some proliferator-activated receptor γ (PPARγ) [102][103][200][201]. In addition to its broad

anti-inflammatory activity, butyrate impacts immune cell migration, adhesion, cytokine ex-

pression, proliferation, activation, and apoptosis [202]. Apart from HDAC inhibition, bu-

tyrate can also exert anti-inflammatory effects on immune cells, such as dendritic cells and

Tregs, via signaling through specific G-protein coupled receptors (GCPRs): GPR41, GPR43,

and GPR109A [203][204][205][206]. Collectively, these properties of butyrate hold significant

potential for the development of therapeutic strategies, particularly in the treatment of im-

munological disorders, including autoimmune diseases.

Autoimmune diseases, affect nearly 5% of the global population, and have increased in

prevalence over the last few decades [207]. These disorders arise when the immune system

mistakenly attacks the body’s own cells and tissues, resulting in chronic inflammation and

tissue damage [6]. The onset of autoimmune diseases may be influenced by a combination

30



of genetic and environmental factors [1]. Recent studies have underscored the pivotal role

of the gut microbiome in modulating immune responses and influencing the development

and progression of autoimmune diseases [189]. For instance, dysregulation of the gut mi-

crobiome, or dysbiosis, has been implicated in the pathogenesis of rheumatoid arthritis and

multiple sclerosis [208][209][210][211]. Current therapeutics for autoimmune diseases, such as

immunosuppressive agents, can provide symptom relief but often do not address underlying

causes of these complex disorders. There is accumulating evidence that microbial metabo-

lites, such as SCFAs, can impact the immune system and contribute to the development or

regulation of autoimmune diseases [212]. Consequently, these findings highlight the poten-

tial of using microbial metabolites as therapeutic agents to treat autoimmune diseases by

targeting the underlying mechanisms of these diseases and modulating the immune response.

In spite of this promise, oral administration of sodium butyrate has faced challenges due

to its foul and persistent odor and taste, even when administered with enteric coatings or

encapsulation [213]. Moreover, butyrate is not absorbed in the gut regions where it could

exert therapeutic effects and is rapidly metabolized in the gut as an energy source, limiting

its pharmacological impact [213]. Alternative routes of butyrate administration, such as in-

trarectal delivery or continuous intravenous infusion, are often deemed unfeasible for patients

with chronic disorders [214][215][216][217]. Therefore, there is a need for innovative delivery

methods for butyrate, including prodrugs that can enhance its systemic bioavailability.

To overcome these limitations, we sought to develop a prodrug strategy that enables

butyrate to bypass metabolism in the gut, enter the bloodstream, and exert its therapeutic

effects systemically after liberation. In this study, we designed an L-serine conjugate of

butyrate (O-butyryl-L-serine, or here SerBut) that exploits the gut transport mechanisms

of amino acids. Additionally, the conjugation effectively masked the odor and taste of free

butyrate, important for facilitating patient compliance for potential clinical applications.

We found that SerBut not only enhanced systemic bioavailability, but also facilitated its
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crossing of the blood-brain barrier (BBB), thereby enabling access to the central nervous

system (CNS). In a mouse model of collagen antibody-induced arthritis (CAIA), SerBut

treatment showed a significant reduction in disease progression that was associated with a

systemic increase in Tregs and an increase in the ratio of immunoregulatory M2 macrophages

to proinflammatory M1 macrophages. In an experimental autoimmune encephalomyelitis

(EAE) model of multiple sclerosis, SerBut significantly suppressed disease onset and severity,

decreased immune cell infiltration in the spinal cord, and upregulated inhibitory markers

such as PD-1 and CTLA-4 on CD4+ T cells, increased Tregs, and downregulated activation

markers on a variety of myeloid cells in the spinal cord-draining lymph nodes. SerBut

treatment did not reduce vaccinal immune responses at either the humoral or cellular levels.

Thus, in two disease models, SerBut administration modulated immune responses at both the

myeloid and lymphoid compartments without unduly blunting protective immune responses.

2.3 Materials and Methods

2.3.1 Study Design

The objective of this study was to chemically conjugate L-serine to butyrate to improve

butyrate’s oral bioavailability and investigate the therapeutic potential of the conjugate,

SerBut, in the context of CAIA and EAE, murine models of RA and MS, respectively.

In the biodistribution study, we quantified the butyrate content in various major organs

following oral gavage of SerBut. In the RA model, mice were treated daily with either PBS

or SerBut via oral gavage. Paw inflammation was assessed over time, and the pathology of

inflamed paws and joints was evaluated using histology. Immune responses were analyzed

by flow cytometry after sacrificing the mice at the end of the experiment when consistent

RA scores were established. In the EAE model, we compared the efficacy of SerBut, PBS,

free butyrate, and free L-serine in suppressing disease progression. Immune responses were
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evaluated after sacrificing the mice when they reached a plateau in disease scores. In the

vaccination study, we evaluated the global immunosuppressive effects of SerBut in compar-

ison to the effects of FTY 720, an FDA-approved MS therapy. The study endpoint was

determined based on previous reports that day 13 after OVA immunization was sufficient to

induce anti-OVA IgG antibodies [218].

Sample size was determined using results obtained from previous and preliminary studies

[218][219]. At least 5, and in most cases 7-9 independent biological replicates were examined

for each group analyzed. See figure legends for details on sample size for each display figure.

All experiments were replicated at least twice. Mice were randomly assigned to treatment

groups. The individual who assessed clinical scores for RA and EAE experiments was distinct

from the individual who administered the treatment and was blinded to the treatment group.

The individual who performed fluorescent imaging and histology analysis was also blinded

to treatment groups. Statistical methods are described in the "Statistical analysis" section.

2.3.2 Synthesis of SerBut

L-Serine (20 g, 0.19 mol) was added to trifluoroacetic acid (200 mL) and the suspension was

stirred for 30 min until fully dissolved. Butyryl chloride (25.7 mL, 0.23 mol) was then added

to the solution and the mixture was stirred for 2 hr at room temperature. The reaction was

then transferred to an ice bath and diethyl ether (500 mL) was added, which resulted in a

precipitation of a white solid. The resultant fine white precipitate was collected by filtration,

washed with cold diethyl ether, and dried under vacuum to afford 26.3 g of O-butyryl-L-

serine (0.15 mol, 79%). The final product was confirmed by 1H NMR (500MHz, DMSO-d6)

[ppm]: 0.88 (3H, t), 1.55 (2H, m), 2.32 (2H, t), 4.30 (1H, t), 4.43 (2H, d), 8.66 (2H, s), 14.06

(1H, s).
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2.3.3 Mice

C57BL/6 mice, aged 8-12 wk, were purchased from Charles River (strain code: 027, Charles

River). BALB/c mice, aged 6-10 wk were purchased from the Jackson Laboratory (strain

code: 000651, JAX). C57BL/6 and BALB/c mice were maintained in a specific pathogen-

free (SPF) facility at the University of Chicago. Mice were maintained on a 12 hr light/dark

cycle at a room temperature of 20-24°C. All protocols used in this study were approved by

the Institutional Animal Care and Use Committee of the University of Chicago.

2.3.4 Flow Cytometry and Antibodies

Flow cytometry was performed using a BD LSRFortessa, and data were analyzed using

FlowJo 10.8.0. Antibodies against the following surface and intracellular markers were used

in the CAIA and EAE mouse models: Arginase 1 (Invitrogen), CD3 (BioLegend), CD3 (BD

Biosciences), CD4 (BioLegend), CD5 (BioLegend), CD8 (BioLegend), CD11b (BioLegend),

CD11c (BD Biosciences), CD19 (BD Biosciences), CD25 (BioLegend), CD40 (BioLegend),

CD45 (BD Biosciences), CD86 (BioLegend), CD206 (BioLegend), CTLA-4 (Invitrogen),

F4/80 (BioLegend), FoxP3 (Invitrogen), Ly6C (BioLegend), Ly6G (BioLegend), I-A/I-E

(BioLegend), IL-10 (BioLegend), iNOS (Invitrogen), PD-1 (BioLegend), and RORγt (BD

Biosciences). The I-A(b) mouse MOG 38-49 GWYRSPFSRVVH (MOG tetramer, PE) was

obtained from NIH Tetramer Core Facility. The antibodies used to stain myeloid cells and

lymphoid cells are summarized in Table 2.1 and Table 2.2, respectively.
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Table 2.1: Antibodies for Staining Myeloid Cells in SerBut In Vivo Experiments

Specificity Fluorochrome Clone Name Dilution Vendor
Arginase 1 PE-Cy7 A1exF5 1:200 Invitrogen
CD11b BV 711 M1/70 1:200 Biolegend
CD11c BV 421 HL3 1:200 BD Biosciences
CD40 PerCP-Cy5.5 3/23 1:200 Biolegend
CD86 AF 700 GL-1 1:200 Biolegend
CD206 PE CO68C2 1:200 Biolegend
F4/80 APC BM8 1:200 Biolegend
I-A/I-E APC-Cy7 M5/114.15.2 1:200 Biolegend
iNOS BUV 737 CXNFT 1:200 Invitrogen
Live/Dead BV 510 N/A 1:500 Invitrogen
Ly6C BV 605 HK1.4 1:200 Biolegend
Ly6G AF 488 1A8 1:200 Biolegend

Table 2.2: Antibodies for Staining Lymphoid Cells in SerBut In Vivo Experiments

Specificity Fluorochrome Clone Name Dilution Vendor
CD3 BV 605 145-2C11 1:200 Biolegend
CD3 BUV 737 17A2 1:200 BD Biosciences
CD4 BV 605 RM4-5 1:200 Biolegend
CD4 BV 711 RM4-5 1:200 Biolegend
CD5 PE 53-7.3 1:200 Biolegend
CD8 AF 700 53-6.7 1:200 Biolegend
CD19 BUV 396 1D3 1:200 BD Biosciences
CD25 APC QA19A49 1:200 Biolegend
CD45 BUV 395 30-F11 1:200 eBioscience
CD45 V450 30-F11 1:200 BD Biosciences
CLTA-4 PE-Cy7 UC10-4B9 1:200 Invitrogen
FoxP3 AF 488 FJK-16s 1:200 Invitrogen
IL-10 APC-Cy7 JES5-16E3 1:200 Biolegend
Live/Dead BV 510 N/A 1:500 Invitrogen
MOG PE N/A 1:100 NIH Tetramer
PD-1 BV 711 29.1A12 1:200 Biolegend
RORγt PerCP-Cy5.5 Q31-378 1:200 BD Biosciences
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2.3.5 Mouse BMDC Isolation and Activation Study

Murine bone marrow-derived dendritic cells (BMDCs) were collected from 6-wk-old female

C57BL/6 mice as described by Lutz et al [220]. BMDCs were seeded at 3 x 106 total

cells/plate in petri dishes. Cells were cultured at 37°C and 5% CO2 in the media: RPMI 1640

(Life Technologies), 10% HIFBS (Gibco), GM-CSF (20 ng/mL; recombinant mouse GM-

CSF (carrier-free) from BioLegend) , 2 mM l-glutamine (Life Technologies), 1% antibiotic-

antimycotic (Life Technologies). Media was replenished on days 3 and 6. Cells were used

for experiments on day 9. Isolated BMDCs were plated in round-bottom 96 well plates at

100,000 cells per well in RPMI media and co-cultured with various concentrations of either

NaBut or SerBut (from 0.02 to 1.8 mM) for 24 hr. Subsequently, LPS (1 µg/mL) was

added for an additional 18 hr. The supernatant of cell culture was collected and analyzed

by LEGENDplex assay (Biolegend) to determine the concentrations of cytokines. BMDCs

were collected and stained with live/dead stain (Cat No. L34957, Invitrogen) and fluorescent

antibodies against CD11c (BD Biosciences), CD80 (BioLegend), CD86 (Invitrogen), and I-

A/I-E (BioLegend) were analyzed using flow cytometry (BD LSRFortessa). The antibodies

used to stain SerBut-treated BMDCs are summarized in Table 2.3.

Table 2.3: Antibodies for Staining of BMDCs in SerBut In Vitro Experiments

Specificity Fluorochrome Clone Name Dilution Vendor
CD11c PE-Cy7 HL3 1:200 BD Biosciences
CD80 PE 16-10A1 1:200 Biolegend
CD86 FITC GL-1 1:200 Invitrogen
I-A/I-E APC-Cy7 M5/114.15.2 1:200 Biolegend
Live/Dead BV 510 N/A 1:500 Invitrogen

2.3.6 Biodistribution of SerBut

C57BL/6 mice were orally administered with 50.4 mg NaBut or 80 mg SerBut (both contain-

ing equivalent 40 mg butyrate). At 3 hr post-administration, mice were anesthetized under
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isoflurane, blood was collected via cheek bleeding, and mice were then transcardially perfused

with a minimum of 30 mL PBS containing 1 mM EDTA. Organs, including liver, mesenteric

lymph nodes (mLNs), spleen, lung, spinal cord, and brain were collected, immediately frozen

on dry ice, and then transferred to -80°C until further processing.

To extract butyrate from plasma or organs, a 1:1 v/v acetonitrile (ACN) to water so-

lution was used. Plasma was mixed 1:1 with the ACN/water solution and centrifuged to

remove denatured proteins. Organs were weighed, transferred to Lysing Matrix D tubes (MP

Biomedical), and combined with the 1:1 v/v ACN/water solution. Samples were then lysed

using a FastPrep-24 5G homogenizer (MP Biomedicals) and centrifuged. The supernatants

were collected for butyrate measurement.

Samples were prepared and derivatized as described in the literature [193][221]. A 3-

nitrophenylhydrazine (NPH) stock solution was prepared at 0.02 M in water:ACN 1:1 v/v.

A 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) stock solution (with 1% pyridine

added) was prepared at 0.25 M in water:ACN 1:1 v/v. The internal standard, 4-methylvaleric

acid, was added. Samples were mixed with NPH and EDC stocks at a 1:1:1 volume ratio.

The mixture was heated in a heating block at 60°C for 30 min. Samples were then filtered

through 0.22 µm filters and transferred into HPLC vials, which were stored at 4°C before

analysis.

An Agilent 6460 Triple Quad MS-MS was used to detect the derivatized butyrate. Both

derivatized butyrate-NPH and 4-methylvaleric-NPH were detected in negative mode. Col-

umn: Thermo Scientific C18 4.6 × 50 mm, 1.8 µm particle size, at room temperature.

Mobile phase A: water with 0.1% v/v formic acid. Mobile phase B: acetonitrile with 0.1%

v/v formic acid. Injection volume: 5.0 µL. Flow rate: 0.5 mL/min. Gradient of solvent:

15% mobile phase B at 0.0 min; 100% mobile phase B at 3.5 min; 100% mobile phase B

at 6.0 min; 15% mobile phase B at 6.5 min. The MS conditions were optimized using pure

butyrate-NPH or 4-methylvaleric-NPH at 1 mM. The fragment voltage was set to 135 V,
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and the collision energy was 18 V. Multiple reaction monitoring (MRM) of 222 → 137 was

assigned to butyrate, and MRM of 250 → 137 was assigned to 4-methylvaleric acid as the

internal standard. The ratio between MRM of butyrate and 4-methylvaleric acid was used

to quantify butyrate concentration. The final butyrate content in each organ was normalized

by organ weight.

2.3.7 Collagen-Antibody Induced Arthritis (CAIA) Model

BALB/c mice, aged 6 wk, were purchased from the Jackson Laboratory and housed in the

animal facility at the University of Chicago for 2 weeks before immunization.

Mice were orally gavaged with PBS or SerBut (25 mg) once daily starting on day -14 at

the age of 8 wk. CAIA was induced by passive immunization with an anti-collagen antibody

cocktail (1 mg per mice, Arthrogen-CIA 5-Clone Cocktail Kit, Chondrex, Inc.) (on day 0,

followed by an intraperitoneal injection of LPS (25 µg) on day 3. Mice were provided with

soft (pine) bedding throughout the experiment. Arthritis severity was monitored daily after

day 3 using the criteria for clinical scores according to instructions from Chondrex, Inc., as

described previously [218].

On day 12, the thickness of mouse fore- and hindpaws was measured to assess the swelling

resulting from arthritis. On day 13, mice were sacrificed, and the spleen and hock-draining

LNs, including popliteal, axillary, and brachial LNs, were harvested for immunostaining

followed by flow cytometry analysis. The paws were collected for histological analysis, as

described previously [218]. In brief, paws were fixed in 2% paraformaldehyde (Thermo Scien-

tific), decalcified in Decalcifer II (Leica), and stored in 70% ethanol until paraffin embedding.

Paraffin-embedded paws were sliced into 5 µm-thick sections and stained with hematoxylin

and eosin, or Masson’s trichrome. The images were scanned with a CRi Panoramic SCAN

40x or MIDI 20x Whole Slide Scanner, or Olympus VS200 Slideview Research Slide Scanner,

and analyzed using ImageJ and QuPath software.
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2.3.8 Experimental Autoimmune Encephalomyelitis (EAE) Model

C57BL/6 female mice (7-8 wk old) were purchased from Charles River Laboratories and

housed in the animal facility at the University of Chicago for 2 wk before immunization.

Female C57BL/6 mice, aged 10 wk, were subcutaneously immunized in the dorsal flanks

with an emulsion of MOG35−55 in Complete Freund’s Adjuvant (MOG35−55/CFA Emulsion,

Hooke Laboratories) on day 0, followed by i.p. administration of pertussis toxin in PBS on

both day 0 and day 1. The development of EAE was monitored, and clinical scores were

measured daily from day 7 to day 20. The criteria for clinical scores was determined according

to the instructions from Hooke Laboratories as described previously [219].

In the experiment to be described in Figure 2.9, mice were administered drinking water

containing 100 mM NaBut, L-Serine (L-Ser), or SerBut from day -14 until the end of the

study. On day 2 after EAE induction, PBS, NaBut (15 mg, molar equivalent to SerBut),

L-Ser (12 mg, molar equivalent to SerBut), or SerBut (24 mg) were administered once daily.

In the experiment to be described in Figure 2.15, mice were administered of PBS or SerBut

(24 mg) twice daily by oral gavage from day 2 after EAE induction.

On day 21 or 22, mice were sacrificed. The spinal cords were collected and separated

into three sections for immunofluorescence imaging, cytokine measurement through homog-

enization, or immunostaining for flow cytometry analysis. Blood was collected via cardiac

puncture, and spleen, mesenteric LNs, spinal cord-draining LNs (sc-dLNs, including cervical

LNs and iliac LNs), and spleen were harvested. Isolated single-cell suspension were collected

for the immunostaining followed by the flow cytometry analysis. Cytokine from the plasma

and spinal cord after homogenization were analyzed via LEGENDplex assay (BioLegend).

2.3.9 Immunofluorescance Imaging of Spinal Cord

Thoracic and lumbar spines of EAE mice were collected. The tissues were fixed in 2%

paraformaldehyde (Thermo Scientific) and then stored in 70% ethanol until paraffin embed-
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ding. Paraffin-embedded spinal cords were sliced into 5 µm-thick sections as previously de-

scribed [219]. The sections were deparaffinized through a series of washes in xylene, ethanol,

and double-distilled water, immersing them in each solution for 2 min. Antigen retrieval was

performed using 1x pH 6.0 citrate buffer at 50-55°C for 45 min. Sections were blocked for

1 hr at room temperature with PBS containing 0.3% Triton-X and 5% normal goat serum.

Primary antibodies against CD45 (clone 30-F11, BioLegend) and MBP (clone ab40390, Ab-

cam) were applied at 1:100 dilution in blocking buffer and incubated for 16 hr at 4°C.

Sections were washed and then incubated with donkey anti-rat IgG (H+L) AF647 (A48272,

Invitrogen) and donkey anti-rabbit IgG (H+L) AF488 (2340683, Jackson ImmunoResearch)

secondary antibodies for 16 hr at 4°C. After further washing, sections were mounted using

Fluoromount-G Mounting Medium and imaged with an Olympus IX83 spinning-disc con-

focal fluorescence microscope. Image processing was performed using ImageJ and QuPath

software.

2.3.10 Evaluation of Immune Responses to Vaccination and Safety Profile of

SerBut

Mice were orally gavaged with PBS, SerBut (twice daily, 24 mg/dose), or FTY 720 (once

daily, 0.02 mg/dose) starting on day -3 until the end of the experiment. On day 0, mice were

immunized subcutaneously in the front hocks with 10 µg endotoxin-free ovalbumin (OVA),

50 µg alum, and 5 µg MPLA [218]. Mice were bled on day 9 and day 13, and plasma was

analyzed for anti-OVA total IgG antibodies using a mouse anti-OVA IgG antibody assay kit

(Chondrex). On day 13, mice were sacrificed, the hock-draining LNs and spleen were har-

vested and cells were isolated for the immunostaining followed by the flow cytometry analysis.

One million cells from each spleen were seeded in a 96-well plate and incubated with OVA

at 100 µg/mL for a 3-day restimulation. The supernatant of cell culture was collected, and

cytokines were measured via LEGENDplex mouse Th cytokine assay (BioLegend). In addi-

40



tion, plasma samples collected on day 13 were analyzed using a biochemistry analyzer (Alfa

Wassermann Diagnostic Technologies) according to the manufacturer’s instructions. The

panel included albumin, alanine amino-transferase, amylase, aspartate amino-transferase,

blood urea nitrogen, calcium, creatine kinase, creatine, total bilirubin, and total protein.

2.3.11 Statistical Analysis

Statistical analysis and plotting of data were performed using Prism 9.0 (Graphpad), as

indicated in the figure legends. One-way ANOVA with Dunnett’s or Kruskal-Wallis test (if

not normally distributed) for multiple comparisons was used in Figures 2.1c-h, Figures 2.9b,

d-n, and Figures 2.20b-g. Student’s T-test was used in Figures 2.5b-d, h-m and Figures 2.15b,

d, f-o. Two-way ANOVA with Tukey’s or Bonferroni’s post-test was used in Figures 2.20h-m.

In Figure 2.5b, Figure 2.9b, and Figure 2.15b, the area under curve (AUC) values of clinical

scores were compared using one-way ANOVA with Dunnett’s post-test, or Student’s T-test.

In Figure 2.9c and Figure 2.15c, the probability curve of EAE clinical scores remaining below

1.0 were compared between each two groups using the Log-rank (Mantel-Cox) test. Data

represent mean ± s.e.m.; n is stated in the figure legend.

2.4 Results

2.4.1 Conjugation of L-Serine to Butyrate Maintained its Biological Activity

While Enhancing Oral Bioavailability.

We conjugated L-serine to butyryl chloride using trifluoroacetic acid at room temperature,

resulting in a 79% yield of the final product, O-butyryl-L-serine (SerBut) (Figure 2.1a, Figure

2.2). The conjugation effectively masked the unpleasant odor associated with free sodium

butyrate or butyrate acid.
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Figure 2.1: Characterization of SerBut bioactivity and biodistribution. (a) Chemi-
cal synthesis of serine conjugate with butyrate (SerBut). (b) Experimental schema of BMDCs
incubated with sodium butyrate (NaBut) or SerBut at a series of concentrations for 24 hr,
followed by LPS stimulation for 18 hr. (c) Percentage of live BMDCs after treatment. (d-f)
Percentage of d) CD80+, e) CD86+, or f) MHC class II+ cells analyzed by flow cytometry.
(g) TNF-α concentration in the cell culture supernatant of BMDCs. n = 3 and the experi-
ments were repeated twice. (Continued on next page.)
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Figure 2.1: Continued: (h) Butyrate biodistribution after SerBut or NaBut oral admin-
istration in C57BL/6 mice. The amount of butyrate was detected and quantified in the
plasma, liver, mesenteric lymph nodes (mLNs), spleen, lung, spinal cord, and brain. Blood
was collected by cheek bleeding at 3 hr post-oral gavage. Mice were sacrificed and perfused
at 3 hr post-oral gavage, and organs were collected for butyrate quantification. Butyrate
was derivatized with 3-nitrophenylhydrazine and quantified by LC-MS/MS. n = 5 mice per
group. Data represent mean ± s.e.m. Statistical analyses were performed using a one-way
ANOVA with Dunnett’s test. Figure 2.1b, h were created using BioRender.com.

 

Figure 2.2: 1H NMR spectrum of SerBut (500MHz, DMSO-d6) [ppm]: 0.88 (3H, t),
1.55 (2H, m), 2.32 (2H, t), 4.30 (1H, t), 4.43 (2H, d), 8.66 (2H, s), 14.06 (1H, s).

Butyrate is known to regulate myeloid cells, including the inhibition of dendritic cell

(DC) maturation in response to proinflammatory stimuli [222]. We employed bone marrow-

derived dendritic cells (BMDCs) to compare the biological effects of SerBut to free sodium

butyrate (NaBut) (Figure 2.1b). BMDCs were first incubated with butyrate formulations for

24 hr, and then stimulated with lipopolysaccharide (LPS) for 18 hr. We found that NaBut
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exhibited cytotoxicity to BMDCs at butyrate concentrations above 0.5 mM, while SerBut

was well tolerated up to 1.8 mM (Figure 2.1c). Flow cytometry was used to compare the

expression of MHC class II, CD80, and CD86 on BMDC surfaces. At the same concentration

of 0.2 mM NaBut, SerBut showed similar suppression levels of MHC class II and CD80

(Figure 2.1d, e). Although SerBut did not suppress CD86 expression as effectively as NaBut

at 0.2 mM (Figure 2.1f), we observed dose-dependent suppression of CD86 with SerBut at

higher concentrations (Figure 2.3b). Similarly, SerBut suppressed the secretion of TNF-α

from BMDCs (Figure 2.1g, Figure 2.3d). As demonstrated by suppression of LPS-stimulated

BMDC activation, SerBut retains the biological activity of butyrate.

The primary site for amino acid absorption is the small intestine, where amino acid trans-

porters are present in intestinal epithelial cells [223]. We conducted a biodistribution study

to determine whether conjugating L-serine to butyrate enhances oral butyrate absorption

and bioavailability. We measured free butyrate levels in plasma and several major organs

after oral gavage of SerBut and compared them with NaBut (Figure 2.1h). We found that

SerBut significantly increased plasma butyrate levels at 3 hr after oral administration com-

pared to NaBut. In the liver, where orally administered drugs enter directly through the

hepatic portal circulation, we observed elevated butyrate levels in mice treated with SerBut

but not NaBut. In secondary lymphoid organs, we observed elevated butyrate in the mesen-

teric lymph nodes (mLNs) and spleen. Butyrate levels were also elevated in lungs at 3 hr

post-administration of SerBut.

L-serine is an amino acid known to cross the BBB via the sodium-dependent system A

and the sodium-independent alanine, serine, and cysteine transport system [224][225]. Mon-

taser et al showed that utilizing the L-type amino acid transporter 1 enhances the efficient

delivery of small prodrug across the BBB38 [226]. Therefore, we investigated whether L-

serine conjugation could assist butyrate in entering the CNS, including the spinal cord and

brain. Our findings revealed that SerBut significantly increased butyrate levels in both the
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spinal cord (a remarkable level of approximately 43% that in the liver, as compared in mi-

crograms of butyrate per gram of tissue) to even brain (to approximately 6%), whereas no

exposure was observed after administration with NaBut (Figure 2.1h).
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Figure 2.3: SerBut suppresses BMDC activation. BMDCs were incubated with SerBut
at a series of concentrations for 24 hr, followed by LPS stimulation for 18 hr. (a-c) Percentage
of a) CD80+, b) CD86+, or c) MHC class II+ BMDCs analyzed by flow cytometry. (d)
Concentration of TNF-α in the BMDC cell culture supernatant. Data represent mean ±
s.e.m. Statistical analyses were compared between LPS only group with no LPS or SerBut-
treated group, performed using a one-way ANOVA with Dunnett’s test.
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Figure 2.4: In Vitro BMDC activation assay flow cytometry gating strategy.
Flow cytometry gating strategy for the identification of MHC class II+, CD80+, or CD86+
BMDCs. This gating strategy was used in Figure 2.1c-f and Figure 2.3.

2.4.2 SerBut Suppresses Collagen Antibody-Induced Arthritis (CAIA) in

Mice.

The composition of gut microbiota has been shown to affect the development of rheumatoid

arthritis (RA) [208][209][227]. Previous research has shown that butyrate can improve RA

symptoms by targeting key immune cells such as osteoclasts and T cells [228]. Furthermore,

studies have demonstrated that butyrate supplementation effectively reduces arthritis sever-

ity in animal models by modulation of regulatory B cells [229]. Given SerBut’s enhanced

accumulation in crucial immune tissues following oral administration, we sought to evalu-

ate its efficacy in the CAIA mouse model (Figure 2.5a). This model is induced by passive

immunization with a cocktail of anti-collagen antibodies followed by LPS, which triggers a

cascade of innate immune cell infiltration to the joints leading to inflammation and swelling

within one week of immunization [218].
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Figure 2.5: SerBut suppresses collagen antibody-induced arthritis development.
(a) Experimental schema of the collagen antibody-induced arthritis (CAIA) model. Mice
were orally gavaged with PBS or SerBut (25 mg) once daily beginning on day -14. CAIA was
induced by passive immunization with anti-collagen antibody cocktail on day 0, followed by
intraperitoneal injection of lipopolysaccharide (LPS). (b) Arthritis scores in mice measured
daily after the immunization. (c) Arthritis scores from PBS or SerBut treated mice on day
12. (Continued on next page.)
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Figure 2.5: Continued: (d) The thickness of forepaws or hindpaws measured on day 12 in
mice treated with PBS or SerBut. (e) Representative images of paws after treatment. (f)
Representative images of mouse joints from paws stained with hematoxylin and eosin on
day 12 in each treatment group. Bar = 500 µm. Arrows indicate immune cell infiltration.
(g) Representative images of mouse joints from paws stained with Masson’s trichrome on
day 12. Bar = 500 µm. Blue represents collagen staining. (h-i) Percentage of h) FoxP3+
regulatory CD4+ T cells or i) FoxP3+ regulatory CD8+ T cells of live cells in the spleen
measured by flow cytometry. (j-m) Percentage of j) RORγt+ of CD4+ T cells and k) IL-10+
of CD19+ B cells, as well as l) Arg-1+ of CD11b+F4/80+ macrophages, and m) M2/M1
macrophage ratio in the hock draining LNs. n = 7 mice per group. Data represent mean ±
s.e.m. Statistical analyses were performed using Student’s T-test.

Mice were pretreated with SerBut or PBS once daily by oral gavage, beginning two wk

before the induction of arthritis. We observed that SerBut treatment significantly suppressed

the development of arthritis in treated mice. In contrast, PBS-treated mice exhibited severe

inflammation in the fore- and hindpaws, demonstrated by their increasing clinical scores

over time and the measurements of paw thickness (Figure 2.5b-e). Histological analysis

revealed that oral administration of SerBut effectively suppressed inflammatory responses

in the paws and reduced joint pathology compared to PBS-treated mice (Figure 2.5f, g). In

the CAIA model, anti-collagen antibodies binding to joint cartilage activates complement

proteins, leading to the recruitment of immune cells such as macrophages and T cells to the

affected joints [230][231]. This immune cell infiltration contributes to joint inflammation,

tissue damage, and the clinical manifestations of arthritis. In our study, we observed that

SerBut treatment effectively reduced immune cell infiltration into the joints (Figure 2.5f,

Figure 2.6). Additionally, anti-collagen antibodies specifically target and degrade collagen in

the joints, causing cartilage integrity and joint function loss, ultimately leading to arthritis

symptoms [232]. We found that SerBut treatment also prevented collagen loss in the joints

(Figure 2.5g, Figure 2.7, suggesting that SerBut may have therapeutic potential in mitigating

joint damage and preserving collagen content in the autoimmune arthritis.
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Figure 2.6: Hematoxylin and eosin stained images of mouse joints. Histology images
of mouse joints from paws stained with hematoxylin and eosin, from the experiment in Figure
2.5. (One hindpaw sample from SerBut treatment group was excluded due to sample damage
during processing.)
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Figure 2.7: Masson’s trichrome stained images of mouse joints. Histology images of
mouse joints from paws stained with Masson’s trichrome, from the experiment in Figure 2.5.
Blue represents collagen staining.

To better understand the immunomodulatory effects of SerBut in CAIA, we analyzed

immune cell populations in the spleen and hock-draining LNs using flow cytometry. Our
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results showed that SerBut treatment increased FoxP3 expression in both CD4+ and CD8+

T cells in the spleen (Figure 2.5h, i), indicating that SerBut induced systemic Tregs in the

RA disease setting. In the hock-draining LNs (Figure 2.5j), SerBut significantly reduced

the proportion of Th17 cells, as evidenced by the decreased percentage of RORγt+ CD4+

T cells. Additionally, we observed a significant increase in IL-10-producing B cells within

the hock-draining LNs (Figure 2.5k), which play a vital role in maintaining immune home-

ostasis [229][233]. Finally, the hock-draining LNs also demonstrated upregulation in Arg-1

expression on macrophages (Figure 2.5l), leading to an increased M2(Arg1+)/M1(iNOS+)

macrophage ratio in the hock-draining LNs (Figure 2.5m). The shift towards a higher propor-

tion of immunoregulatory M2 macrophages suggests that SerBut promotes a more balanced

immune response, which may be crucial for suppressing inflammation in the paws and re-

ducing joint damage in the context of RA. Overall, these findings highlight the potential

therapeutic utility of SerBut in treating RA by modulating the immune system at both the

innate and adaptive levels, mitigating disease symptoms.

a b

Figure 2.8: Flow cytometry gating strategy for identification of T and B cells in
the spleen and hock draining LNs of CAIA mice. (a) Flow cytometry gating strategy
for the identification of FoxP3+ regulatory CD4+ T cells or FoxP3+ regulatory CD8+ T
cells in spleen. (b) Gating strategy for the identification of RORγt+ of CD4+ T cells, and
IL-10+ of CD19+ B cells in the hock draining LNs, as shown in Figure 2.5h-m.
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2.4.3 SerBut Suppresses EAE Development via Modulation of T Cells and

Myeloid Cells in the Spinal Cord-Draining Lymph Nodes.

Multiple sclerosis (MS) is an autoimmune disease in which T cells become reactive to myelin

autoantigens, resulting in a chronic demyelination of the CNS. Evidence suggests a connec-

tion between gut microbiota and MS [113][210][211][234][235][236][237], particularly dysbiosis

in the gut microbiota of MS patients, which includes a reduction of SCFA-producing bac-

teria [111]. Oral administration of SCFAs, such as butyrate, has been shown to alleviate

the severity of EAE, a mouse model of MS, by reducing Th1 cells and increasing Tregs

[212][238]. Butyrate has also been shown to enhance remyelination in a mouse model of

cuprizone-induced demyelination [239]. Our biodistribution study revealed that SerBut sig-

nificantly increased butyrate levels in the brain and spinal cord, in addition to the lymphatic

tissues, suggesting that it may have the potential to treat neuroinflammation.

We assessed the efficacy of SerBut in preventing EAE development. To minimize phys-

iological stress from daily oral gavage, mice were administered drinking water containing

100 mM SerBut for the two wk preceding disease induction and were subsequently adminis-

tered 24 mg SerBut via oral gavage once daily (Figure 2.9a). SerBut treatment significantly

reduced the EAE clinical score in treated mice (Figure 2.9b). The treatment also delayed

EAE onset, as is demonstrated by the lower percentage of SerBut-treated mice with a disease

score greater than 1 (Figure 2.9c). Neither NaBut nor L-serine suppressed disease at molar

equivalent doses.

A thorough analysis of immune cell populations in the spinal cord-draining LNs (SC-

dLNs) revealed that SerBut treatment significantly increased PD-1 and CTLA-4 expression

on CD4+ T cells, expanded Tregs, and upregulated CTLA-4 expression on CD4+ Tregs

(Figure 2.9d-h).
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Figure 2.9: SerBut ameliorates EAE development more effectively than free bu-
tyrate or serine. (a) Experimental schema. EAE was induced in C57BL/6 mice using
MOG35−55/CFA with pertussis toxin. Mice were administered drinking water containing
100 mM NaBut, L-Serine (L-Ser), or SerBut from day -14 until the end of the study. On
day 2 after EAE induction, PBS, NaBut (15 mg, molar equivalent to SerBut), L-Ser (12 mg,
molar equivalent to SerBut), or SerBut (24 mg) were administered once daily. (b) Disease
progression as indicated by the clinical score. The areas under the curve were compared, and
statistical analyses were performed using a one-way ANOVA with Dunnett’s test. (c) The
probability that EAE clinical scores remained below 1.0 for the three treatment groups. Sta-
tistical analysis was performed using the Log-rank (Mantel-Cox) test comparing every two
groups. (d-m) Phenotypes of CD4+ T cells from the spinal cord-draining lymph nodes (SC-
dLNs, i.e. the iliac and cervical LNs), including the percentage of d) PD-1+, e) CTLA-4+, or
f) FoxP3+ CD25+ of total CD4+ T cells; g) PD-1+ or h) CTLA-4+ of FoxP3+CD25+CD4+
Tregs; the percentage of i) MOG Tetramer+CD4+ or j) RORγt+CD4+ T cells of total live
cells; and k) Foxp3+CD25+, l) PD-1+, m) CTLA-4+ of MOG Tetramer+CD4+ T cells.
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Figure 2.9: Continued: (n) Heatmap of the percentage of co-stimulatory molecules (CD40+
or CD86+) or MHC class II+ cells of myeloid cells in the SC-dLNs, indicated by the color as
shown in the corresponding scale bar. Data represent mean ± s.e.m. Statistical analyses were
compared between PBS and each treatment group using one-way ANOVA with Dunnett’s
test or Kruskal-Wallis test (if not normally distributed). n = 8 mice per group.

These results suggest that SerBut may help suppress excessive immune responses during

EAE by modulating key immune checkpoints and regulatory T cell populations. Additionally,

in the SC-dLNs, SerBut treatment reduced the number of myelin oligodendrocyte glycopro-

tein (MOG)-specific T cells and MOG+RORγt+CD4+ T cells (Th17 cells), antigen-specific

pathogenic cells that contribute to EAE development (Figure 2.9i, j). SerBut treatment

also increased FoxP3, PD-1, and CTLA-4 expression on these MOG+CD4+ T cells (Figure

2.9k-m), potentially preventing these cells from promoting inflammation and tissue damage

in EAE. Consistent with disease score readouts, neither NaBut nor L-serine induced any

changes to these cellular immune responses.

Figure 2.10: Flow cytometry gating strategy for identification of CD4+ T cell
subsets in dLNs and spleen of EAE mice. Flow cytometry gating strategy for the
identification of PD-1+, CTLA-4+, or FoxP3+CD25+ of CD4+ T cells, PD-1+ or CTLA-
4+ of FoxP3+CD25+CD4+ Tregs, MOG Tetramer+CD4+ or CD4+RORγt+ T cells, and
Foxp3+CD25+, PD-1+, CTLA-4+ of MOG Tetramer+CD4+ T cells.
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Figure 2.11: Flow cytometry gating strategy for identification of CD8+ T cell
subsets in dLNs of EAE mice. (a) The gating strategy and (b) the percentage of
FoxP3+ or (c) PD-1+ of CD8+CD4− T cells in the spinal cord-draining lymph nodes (SC-
dLNs, iliac and cervical LNs) measured by flow cytometry, from the experiment in Figure
2.9. Data represent mean ± s.e.m. Statistical analyses were compared between PBS and
each treatment group using one-way ANOVA with Dunnett’s test. P values less than 0.05
were shown.

In the innate immune compartment, SerBut treatment reduced the expression of co-

stimulatory markers, including CD40 and CD86, as well as the antigen-presenting molecule

MHC class II, on various myeloid cells including CD11b+CD11c− cells, CD11b+F4/80+

macrophages, CD11c+ dendritic cells, CD11b+CD11c+ dendritic cells, and CD11b+Ly6C+

Ly6G− myeloid-derived suppressor cells (MDSCs) (Figure 2.9, Figure 2.12). As these myeloid

cells play a crucial role in initiating and propagating immune responses, the reduction of

co-stimulatory molecules and MHC class II expression on these cells suggests that SerBut

treatment may inhibit their activation and function. This could lead to a dampening of the

inflammatory response and contribute to EAE suppression. MDSCs are reported to have

immunosuppressive functions, such as inhibiting T cell proliferation and promoting Treg

expansion, in the context of EAE [240][241]. We observed not only a downregulation of

activation markers on these cell types but also a significant increase in the percentage of
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these cells in both SC-dLNs and mesenteric LNs (Figure 2.13). Overall, our results demon-

strate that SerBut modulate the activity of various immune cell populations and reduces

inflammatory responses in EAE-bearing mice. All these effects were observed exclusively

with SerBut treatment and not with free L-serine nor NaBut, suggesting the importance of

serine conjugation in enhancing butyrate’s systemic and possibly CNS bioavailability.
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Figure 2.12: Expression of co-stimulatory molecules and MHC class II on myeloid
Cells from dLNs of EAE mice. The percentage of co-stimulatory molecules (CD40+ and
CD86+) and MHC class II+ myeloid cells in the SC-dLNs from Figure 2.9n. Data represent
mean ± s.e.m. Statistical analyses were compared between PBS and each treatment group
using one-way ANOVA with Dunnett’s test.
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Figure 2.13: CD11b+Ly6C+Ly6G− cells in LNs of EAE mice. The percentage of
CD11b+Ly6C+Ly6G− cells in the (a) spinal cord-draining LNs or (b) mesenteric LNs from
the experiment in Figure 2.9. Data represent mean ± s.e.m. Statistical analyses were
compared between PBS and each treatment group using one-way ANOVA with Dunnett’s
test.

 

Figure 2.14: Flow cytometry gating strategy for identifying myeloid cell subsets
in dLNs and spleen of EAE mice. Flow cytometry gating strategy for CD11b+CD11c−,
CD11b+F4/80+, CD11c+, and CD11b+CD11c+, CD11b+Ly6C+Ly6G− cells in Figure 2.9n,
Figure 2.12, and Figure 2.13.
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2.4.4 SerBut Administered Post-EAE Induction Suppresses Disease

Progression and Inhibits Immune Responses in the Spinal Cord

We next sought to investigate whether administration of SerBut post-EAE induction could

also suppress disease progression and induce immunological changes in the spinal cord. Mice

were administered twice-daily gavage of SerBut after EAE induction (Figure 2.15a).
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Figure 2.15: Twice daily oral gavage of SerBut post-EAE induction suppresses
disease progression. (a) Experimental schema. EAE was induced in C57BL/6 mice using
MOG35−55/CFA followed by pertussis toxin. On day 2 after EAE induction, PBS (n = 9)
or SerBut (n = 8) at 24 mg/dose was administered twice daily by oral gavage. (b) Disease
progression as indicated by the clinical score. The areas under the curve were compared,
and statistical analyses was performed using Student’s T-test. (c) The probability of EAE
clinical score remaining below 1.0 in the three treatment groups. Statistical analysis was per-
formed using the Log-rank (Mantel-Cox) test. (d) Body weight change. (e) Representative
immunofluorescence images of spinal cord sections from EAE mice treated with PBS or Ser-
But. Red: anti-CD45 staining; green: anti-myelin basic protein (MBP) staining. Bar = 250
µm. (f) The concentration of IFN-γ normalized by the total protein in the spinal cord homog-
enized supernatant. (g-l) The percentage of g) CD45+, h) CD3+CD45+, i) RORγt+CD4+,
j) CD11b+CD11c−, k) F4/80+CD11b+, and l) CD11chi of live cells in the spinal cord. (m-o)
The percentage of m) MHC class II+ of CD11b+CD11c−, n) F4/80+CD11b+, or o) CD11chi
cells in the spinal cord. Data represent mean ± s.e.m. Statistical analyses were performed
using Student’s T-test.

57



We observed that the SerBut-treated mice had significantly lower EAE clinical scores

compared to PBS-treated mice (Figure 2.15b). Only 2 out of 8 mice in the SerBut-treated

group developed EAE with scores higher than 1 by the end of the study, and the rest remained

healthy throughout the experiment (Figure 2.15c). Additionally, PBS-treated mice began to

experience a significant drop in body weight starting on day 14, whereas the SerBut-treated

mice continued to grow over time (Figure 2.15d).

When PBS-treated mice reached a plateau in disease score, we sacrificed both groups and

examined the spinal cords to assess the impact of treatment. From immunofluorescence im-

ages with anti-CD45 and anti-myelin basic protein (MBP) staining, we observed substantial

immune cell infiltration into the spinal cords of PBS-treated mice, but not in SerBut-treated

mice (Figure 2.15e, Figure 2.16). The two mice from the SerBut-treated group that did not

respond to treatment also showed corresponding immune cell infiltration into their spinal

cords (Figure 2.16).
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Figure 2.16: Immunofluorescence images of spinal cord sections from PBS and
SerBut-treated EAE mice. Spinal cord sections were obtained from the experiment
in Figure 2.15. The EAE clinical score on day 20 post-disease induction is displayed in
the bottom right corner of each image. Red: anti-CD45 staining; green: anti-myelin basic
protein (MBP) staining.
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Additionally, we homogenized part of the spinal cord and measured IFN-γ levels. We ob-

served a reduction in IFN-γ in the spinal cords of SerBut-treated mice (Figure 2.15). We also

quantified the effect of SerBut treatment on the immune cell compartment in the spinal cord

via flow cytometry. We observed a decrease in immune cell populations across most immune

cell types in the spinal cord, including CD45+ cells, CD3+ T cells, and pathogenic Th17

cells (RORγt+CD4+ T cells) (Figure 2.15g-i), as well as macrophage-like CD11b+CD11c−

and CD11b+F4/80+ cells (Figure 2.15j-k). We did not observe a significant reduction in the

CD11c+ DC population (Figure 2.15l); however, there was a decrease in MHC class II on

their surface, as well as on CD11b+CD11c− cells, indicating diminished activation of these

cells in the spinal cords of SerBut-treated mice (Figure 2.15m-o).

 

Figure 2.17: Gating strategy for identification of myeloid cell subsets in the spinal
cord of PBS and SerBut-treated EAE mice. Flow cytometry gating strategy for
CD11chi, CD11b+CD11c−, and CD11b+F4/80+ of live cells and MHC class II+ of these
myeloid cells in the spinal cord, from the experiment in Figure 2.15.
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The reduced MHC class II on the myeloid cells was observed not only in the spinal cord,

but also in the mesenteric LNs (Figure 2.18). In this experiment, we also noted that SerBut

increased the frequency of Foxp3+ Tregs both systemically in the spleen and locally in the

SC-dLNs and mesenteric LNs (Figure 2.19), consistent with our findings in previous RA

and EAE experiments. These findings suggested that SerBut exerts its immunomodulatory

effects both systemically and in disease-related tissues.
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Figure 2.18: SerBut treatment suppresses CD11chi dendritic cells and
F4/80+CD11b+ macrophages in the mesenteric LNs. The percentage of (a) MHC
class II+ and geometric mean fluorescent intensity (gMFI) of CD11chi dendritic cells and
(b) F4/80+CD11b+ macrophages isolated from the mesenteric LNs, from the experiment
in Figure 2.15. Data represent mean ± s.e.m. Statistical analyses were performed using
Student’s T-test.

60



PBS SerBut
0

5

10

15

20

Fo
xp

3+  
%

of
 C

D
4+  

T 
ce

lls

p = 0.0113

PBS SerBut
0

10

20

30

Fo
xp

3+  
%

of
 C

D
4+  

T 
ce

lls

p = 0.0431

PBS SerBut
0

5

10

15

20

Fo
xp

3+  
%

of
 C

D
4+  

T 
ce

lls

p = 0.0311

Spleen SC-dLNs mLNsa b c

Figure 2.19: SerBut treatment induces Treg expansion in several organs. The
percentage of FoxP3+ of CD4+ T cells in the (a) spleen, (b) spinal cord-draining LNs (SC-
dLNs), and (c) mesenteric LNs (mLNs), from the experiment in Figure 2.15. Data represent
mean ± s.e.m. Statistical analyses were performed using Student’s T-test.

2.4.5 SerBut Does Not Impact Global Immune Responses to Vaccination or

Alter Blood Chemistry Biomarkers

Several immune modulators employed in autoimmunity blunt systemic immune responses to

vaccination or infection. As a benchmark, we employed fingolimod (FTY 720) is a widely

used oral compound for treating MS [242]. FTY 720 targets the sphingosine-1-phosphate

receptor and affects the immune system by sequestering lymphocytes in lymph nodes, reduc-

ing their migration to the CNS and ultimately supressing inflammation [243]. Studies have

shown that oral prophylactic administration of FTY 720 in mice completely prevents the

development of EAE, while therapeutic administration reduces the severity of EAE [243].

However, FTY 720 can inhibit global immune responses, as demonstrated in a previous

study from our group, where FTY 720 administration to mice vaccinated with ovalbumin

(OVA) and adjuvant prevented the generation of OVA-specific IgG [218]. To gain insight

into whether SerBut might impact global immune responses to vaccination, we vaccinated

mice with OVA, along with the adjuvants alum and monophosphoryl-lipid A (MPLA), which

mimic the clinical vaccine adjuvant AS-04, through subcutaneous injections in the hock.
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Figure 2.20: SerBut does not impact immune responses to vaccination compared
to FTY 720. (a) Experimental schema. Mice were orally gavaged with PBS, SerBut (twice
daily, 25 mg/dose), or FTY 720 (once daily, 0.02 mg/dose) beginning on day -3 until the
end of the experiment. (Continued on next page.)
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Figure 2.20: Continued: On day 0, mice were immunized subcutaneously in the front hocks
with 10 µg endotoxin-free ovalbumin (OVA), 50 µg ALUM, and 5 µg MPLA. (b, c) Mice
were bled on b) day 9 and c) day 13, and plasma was analyzed for anti-OVA IgG antibodies.
(d-g) The percentage of d) CD19+B220+, e) CD3+, f) CD4+ of total live cells, and g)
FoxP3+ of CD4+ T cells in the spleen. (h-m) Production of the cytokines h) TNF-α, i)
IFN-γ, j) IL-6, k) IL-5, l) IL-13, and m) IL-10, measured in the supernatant of isolated
splenocytes upon restimulation with OVA protein for 3 days. Data represent mean ± s.e.m.
Statistical analyses were performed using one-way ANOVA (b-g) or two-way ANOVA (h-m)
with Dunnett’s post hoc test.

Mice were treated with either PBS, SerBut, or FTY 720 by oral gavage (Figure 2.20a).

Blood collected on days 9 and 13 revealed OVA-specific IgG antibody generation in both PBS

and SerBut-treated mice but much less so in FTY 720-treated mice, indicating that FTY

720, unlike SerBut, suppressed humoral responses to the OVA vaccination (Figure 2.20b, c).

To evaluate cellular responses, we sacrificed the mice and isolated immune cells from

the spleen and hock-draining lymph nodes. FTY 720 reduced B cell (CD19+B220+), T cell

(CD3+), and CD4+ T cell populations in both hock-draining LNs and the spleen (Figure

2.20d-f, Figure 2.22). Interestingly, FTY 720 substantially increased FoxP3+ Tregs in both

LNs and the spleen (Figure 2.20g, Figure 2.22). In vitro restimulation of splenocytes iso-

lated from FTY 720-treated mice with OVA, revealed a significant reduction in cytokine

production, including TNF-α, IFN-γ, IL-6, IL-5, IL-13, and IL-10 (Figure 2.20h-m), indicat-

ing that FTY 720 suppressed antigen-specific T cell responses to OVA. In contrast, SerBut

treatment did not suppress these cellular responses, although interestingly, we did observe

some increase in the production of cytokines IL-6, IL-5, IL-13, and IL-10 following SerBut

treatment (Figure 2.20h-m).
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Figure 2.21: Flow cytometry gating strategy for identifying B cell subsets in Ser-
But vaccination study. Gating strategy for identifying CD19+B220+ cells in Figure 2.20c
and Figure 2.20d. Dump gate used to exclude cells stained with FITC antibody against
F4/80, CD11c, Gr-1, CD4, and CD8.
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Figure 2.22: Impact of SerBut and FTY 720 administration on B cell and T
cells in dLNs following vaccination. Percentages of (a) CD19+B220+, (b) CD3+, (c)
CD4+ of total live cells and (d) FoxP3+ of CD4+ T cells in the hock-draining LNs, from
the experiment in Figure 2.20. Data represent mean ± s.e.m. Statistical analyses were
performed using one-way ANOVA with Dunnett’s post hoc test.

We also conducted biochemistry analysis on the mouse serum from the vaccination study

to determine if the SerBut or FTY 720 treatment induced organ toxicity in addition to effects
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on immune responses (Figure 2.23). Compared to PBS, SerBut treatment did not induce

significant changes in the key readouts from the biomarker panel, which included markers

of liver, pancreas, and kidney toxicity. FTY 720 induced a modest reduction in blood urea

nitrogen levels but no additional changes. Overall, these findings suggest that SerBut did

not have a significant impact on global immune responses to vaccination and is safe for mice

when administered at the indicated dose via twice-daily oral gavage.
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Figure 2.23: Biochemistry analysis of mouse serum samples. Biochemistry analysis
of mouse serum samples from the experiment in Figure 2.20. Data represent mean ± s.e.m.
Statistical analyses were compared between every two groups using one-way ANOVA with
Tukey’s test.

2.5 Discussion

In this study, we investigated the therapeutic potential of SerBut in treating CAIA and

EAE, murine models of RA and MS, respectively. Orally administered free butyrate can be

absorbed and quickly metabolized by host tissues and cells via butyryl-CoA/acetate CoA

transferase and phosphotransbutyrylase-butyrate kinase pathways [244]. In the colon, bu-
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tyrate is primarily consumed by the colonocytes as an energy source [213]. By employing

a simple chemical strategy to conjugate serine to butyrate, we improved the oral bioavail-

ability of butyrate including into the CNS, creating a prodrug candidate that offers several

advantages, including a lack of unpleasant odor and taste, and higher efficacy compared to

free butyrate. Our results demonstrated that SerBut significantly ameliorated the severity of

both diseases, modulated key immune cell populations, and reduced inflammatory responses,

all without compromising global immune responses to vaccination.

Butyrate, a key metabolite from commensal bacteria, has multiple modulating effects

across different types of immune cells. It has been shown to facilitate peripheral generation

of Tregs through both direct upregulation of FoxP3 by HDAC inhibition [102][201], and indi-

rect effects from the induction of tolerogenic DCs [203][245]. In our study, we demonstrated

that SerBut treatment increased peripheral Tregs in both CAIA and EAE settings, as well

as in both local LNs and spleen (Figure 2.5h, Figure 2.5f, k, Figure 2.11b, Figure 2.19).

Notably, we observed enhanced biodistribution of SerBut in these tissues after oral admin-

istration, which is not limited to gut tissues as previously reported [246][247]. Butyrate has

also been shown to modulate the differentiation of macrophages and DCs [213]. Through

HDAC inhibition, butyrate downregulates LPS-induced proinflammatory cytokines produced

by macrophages [100], and activates macrophage metabolism towards oxidative phosphory-

lation through upregulation of Arg-1, promoting an anti-inflammatory M2 phenotype [248].

In our CAIA studies, enhancing the systemic bioavailability of butyrate through SerBut sig-

nificantly increased the M2/M1 macrophage ratio in hock-draining LNs, which could exert

direct anti-inflammatory effects on paw and joint inflammation. Moreover, butyrate has

been shown to suppress DC activation and induce tolerogenic DCs through a combination of

signaling via GPR109A and HDAC inhibition [203]. In our study, we observed a similar effect

from SerBut compared to free NaBut in suppressing LPS-induced activation, including co-

stimulatory markers CD80 and CD86, and MHC class II expression of BMDCs isolated from
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mice. Consistently, in the EAE model, we observed downregulation of these costimulatory

markers and MHC class II on various myeloid cells across different tissues, suggesting the

important roles butyrate can play in suppressing disease progression through this pathway

while delivered systemically.

Myeloid cells, such as DCs and macrophages, play a crucial role in antigen presentation

and T cell activation. For instance, CD86 interacts with CD28 on T cells, promoting their

activation and proliferation [249][250]. CTLA-4 is a surface receptor predominantly expressed

on T cells, particularly on Tregs, and competes with CD28 for binding to CD86 on myeloid

cells, delivering an inhibitory signal to T cells [251]. Intriguingly, in the EAE experiment,

we observed that SerBut treatment significantly increased CTLA-4 expression on both total

CD4+ T cells, and Tregs in the spinal cord-draining LNs. This concurrent upregulation

of CTLA-4 on T cells, and downregulation of CD86 on myeloid cells can synergistically

contribute to a more profound suppression of immune activation, ultimately dampening

autoimmune responses.

In the EAE experiment, we have shown that twice-daily administration of SerBut signif-

icantly reduces immune cell infiltration into the spinal cord. We do not know if this CNS

effect is modulated directly as a result of the butyrate that crosses the BBB or whether

its effect on peripheral immune cells indirectly impacts the CNS. Additionally, the effect

of butyrate on BBB (or blood-spinal cord barrier) endothelial cell functions and integrity

warrants further investigation.

We have shown that SerBut has several potential benefits over free NaBut for clinical

translation: serine conjugation to butyrate masks its odor and taste, yields higher bioavail-

ability, and demonstrates superior efficacy in suppression of autoimmune disease models

than NaBut. The dose used in these studies can be converted to 6 grams per dose for human

clinical trials, which could be formulated as powder that could be added drinking water for

daily consumption. Importantly, SerBut did not negatively impact global immune responses
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to vaccination, as demonstrated by the generation of equivalent OVA-specific IgG humoral

and cellular immune responses in both PBS and SerBut-treated mice. Although we observed

effective immune modulation in the context of autoimmune arthritis and EAE, the immune

response elicited by a strong, Th1-biasing adjuvant (the TLR4 agonist MPLA in the alum

depot) was sufficient to overcome the effects of SerBut [252].

The findings of our study provide evidence for the potential of SerBut as a next-generation

therapeutic agent for RA and MS. Further studies, including preclinical and clinical studies,

are needed to better understand the long-term safety and efficacy of SerBut in the context of

rheumatoid arthritis, multiple sclerosis, and other autoimmune and inflammatory diseases.

Given its broad immunomodulatory effects shown in our study, it would be valuable to

explore the potential of SerBut in treating a broader range of immune-related conditions.
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CHAPTER 3

ACTIVITY-ATTENUATED SERUM ALBUMIN-FUSED

INTERLEUKIN-33 SUPPRESSES EXPERIMENTAL

AUTOIMMUNE ENCEPHALOMYELITIS

3.1 Abstract

Interleukin-33 (IL-33) is an immunoregulatory cytokine that reduces the severity of experi-

mental autoimmune encephalomyelitis (EAE), a murine model of multiple sclerosis (MS), but

displays poor pharmacokinetics and immunotoxicity that hinder its clinical translation. To

address these limitations, we developed an activity-attenuated IL-33 by recombinant fusion

to serum albumin (SA). SA IL-33 displayed fewer adverse events at immunity-modulating

doses and enhanced bioavailability in the secondary lymphoid organs (SLOs), sites of T cell

priming in autoimmunity, compared to unmodified IL-33 (WT IL-33). Prophylactic subcu-

taneous SA IL-33 administration prevented EAE development with superior efficacy to WT

IL-33 and similar efficacy to fingolimod, an FDA-approved MS drug that systemically sup-

presses immunity. Therapeutic SA IL-33 administration also significantly reduced disease

score in both chronic and relapsing-remitting EAE. SA IL-33 promoted immunoregulation

by reducing the infiltration of CD45+ cells including disease-causing Th17 T cells in the

spinal cord, while expanding type 2 immune cells including ILC2s, ST2+ Tregs, Th2 T cells,

and M2-polarized macrophages in the SLOs of EAE-bearing mice. These findings suggest

that SA IL-33 is a promising therapeutic for neuroinflammatory diseases.
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3.2 Introduction

Multiple sclerosis (MS) is an inflammatory, degenerative disease of the central nervous sys-

tem (CNS) that impacts more than 2.5 million people worldwide [123]. Disease is caused

by the activation and migration of autoreactive lymphocytes and innate immune cells into

the CNS [7]. This inflammation cascade leads to demyelination of the myelin sheath and

oligodendrocyte cell body, activation and proliferation of glial cells, and neuroaxonal degen-

eration, resulting in disabling clinical manifestations including fatigue, pain, sensory and

vision loss, and motor impairment [124]. Although current MS disease-modifying therapies

manage acute attacks and reduce the frequency of relapses, these treatments act by broadly

suppressing the immune system, increasing susceptibility to infections; require lifelong treat-

ment; and are less effective in halting progressive forms of MS [125]. Hence, there remains

an unmet need for MS treatments that can restore homeostasis without broadly suppressing

the immune system.

Interleukin-33 (IL-33) is an 18 kD cytokine that induces type 2 immunity [253][254].

Originally described as an alarmin secreted by necrotic epithelial cells following helminth

infection [254][255] and allergen exposure [256], recent studies show that IL-33 also promotes

immunoregulation and tissue repair [257]. IL-33 expands a subset of FoxP3+CD4+ Tregs that

co-express ST2 (IL-33R) [258][259][260][261][262]. ST2+ Tregs have been shown to suppress

CD4+ T cell proliferation more effectively than ST2− Tregs in vitro, and secrete elevated

levels of the immunoregulatory cytokines IL-10 and TGF-β [260]. IL-33 also synergizes

with TGF-β to induce naive CD4+ T cell differentiation into ST2+ Tregs [258]. Upon IL-33

stimulation, ST2+ Tregs produce amphiregulin, a ligand for epidermal growth factor receptor

that promotes tissue repair following inflammation-mediated tissue damage [257][263][264].

IL-33 also expands other ST2-expressing immune cells including Th2 T cells [265], type 2

innate lymphoid cells (ILC2s) [266], M2-polarized macrophages [267], and dendritic cells

(DCs) [268] that may modulate Treg phenotype [263][269]. Upon IL-33 stimulation, Th2 T
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cells [254] and ILC2s [266] produce the type 2 cytokines, IL-5 and IL-13. IL-33 synergizes

with IL-13 to induce M2 macrophage polarization through increased arginase-1 production

[267]. M2-macrophages secrete IL-10 and TGF-β, which also promote Treg differentiation

and maintenance [263]. Stimulation of CD11c+ DCs with IL-33 increases IL-2 production,

resulting in ST2+ Treg expansion [268]. IL-33 also suppresses disease-causing Th17 T cells

[270][271][272][273][274] by reducing the expression of the pro-inflammatory genes tbx21,

ifng, and csf2 [270]. Furthermore, IL-33-stimulated Th17 cells inhibit the proliferation of

responder T cells in vitro, suggesting that IL-33 may skew their phenotype from pathogenic

to immunoregulatory [270].

Cytokine therapies that suppress pathogenic immune responses and expand regulatory

populations are promising for treatment of autoimmune diseases [275]. As Th17 and Th1 T

cells may contribute to MS pathogenesis [7], there is great interest in developing an IL-33

therapy to skew the immune response towards a Treg or Th2 phenotype, particularly in

the secondary lymphoid organs (SLOs), sites of autoreactive T cell priming [276][277][278].

However, the clinical utility of unmodified IL-33 is hindered by its short plasma half-life [279]

and immunotoxicity through the induction of type 2 cytokine expression and associated cel-

lular responses [280]. In a study evaluating the impact of recombinant IL-33 on experimental

autoimmune encephalomyelitis (EAE), a murine model of neuroinflammation, daily cytokine

administration was required to achieve moderate disease suppression [281]. Because unmod-

ified IL-33 has a molecular weight of less than 40 kD, the threshold size of renal clearance

[282], and lacks recycling mechanisms such as binding to neonatal Fc receptor, it is rapidly

degraded by proteolytic enzymes in the bloodstream or cleared by the kidneys [279]. This

results in poor trafficking and persistence in the SLOs [279]. Hence, it must be administered

frequently to achieve therapeutic efficacy, which could lead to dose-limiting toxicity [283].

Serum albumin (SA) is the most abundant protein in blood plasma [284]. We have

previously shown that recombinant fusion of interleukin-4 (IL-4) to SA extends the plasma
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half-life of IL-4 and increases its persistence in the SLOs [219]. These effects are mediated,

in part, by the protein’s interaction with the neonatal Fc receptor [219]. Here, we focused

on a cytokine that expands both Treg subsets and protective type 2 immune cells, with the

objective of restoring homeostasis during an overactive Th17 response. For this purpose, we

recombinantly fused IL-33 to SA, generating SA IL-33. We then evaluated the impact of

SA IL-33 therapy on multiple models of EAE and performed extensive immunophenotyping

to characterize its impact on the immune system. SA fusion not only extended the plasma

half-life of IL-33 and increased its persistence in the SLOs, but also attenuated the cytokine’s

bioactivity, reducing drug-related adverse events in both healthy and disease-bearing mice

at immunity-modulating doses. Prophylactic administration of SA IL-33 prevented the de-

velopment of EAE. Furthermore, therapeutic treatment reduced the severity of both chronic

and relapsing-remitting disease. At the cellular level, SA IL-33 suppressed the infiltration

of CD45+ cells, including disease-causing MOG Tetramer+ Th17 T cells, as well as IFN-γ

and TNF-α levels in the spinal cord homogenate of EAE-bearing mice. Strikingly, SA IL-33-

treated mice also displayed elevated levels of spinal cord amphiregulin, a tissue-repair asso-

ciated growth factor. In the SLOs, SA IL-33 treatment expanded ILC2s, M2 macrophages,

ST2+ Tregs, and Th2 T cells, altogether suggesting that this engineered molecule ameliorates

neuroinflammation by promoting immunoregulation with minimal immunotoxicity.

3.3 Materials and Methods

3.3.1 Mice

Female, 8-wk-old C57BL/6 mice were purchased from Charles River. Female 6-wk-old

SJL/JCrHsd mice were purchased from Envigo. The mice were acclimated at the University

of Chicago Animal Facility for 2 wk prior to use. All experiments and procedures in this

study were performed in accordance with the Institutional Animal Care and Use Committee
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at the University of Chicago.

3.3.2 Expression and Purification of Recombinant SA IL-33

To produce SA IL-33, codon optimized DNA sequences encoding mouse serum albumin with-

out its pro-peptide (amino acids 25-608 of the entire serum albumin sequence), mouse IL-33

and a (GGGS)2 linker were synthesized and subcloned into the mammalian expression vector

pcDNA3.1(+) by GenScript Biotech. To enable affinity purification, a sequence encoding for

a hexahistidine (H6) tag was added along the C-terminus. The amino acid sequence of SA IL-

33 is displayed in Table 3.1. SA IL-33 was expressed in suspension-adapted HEK 293F cells

(Gibco) cultured in FreeStyle 293 Expression Medium (Gibco). On the day of transfection,

HEK cells were resuspended in fresh media at a density of 1 x 106 cells mL−1. A mixture of

1 µg mL−1 SA IL-33 plasmid DNA and 2 µg mL−1 linear 25 kD polyethyleneimine (Poly-

sciences) prepared in OptiPRO Serum Free Medium (Gibco) was added to suspension cells

sequentially. The transfected cells were incubated at 37°C in 5% CO2 with orbital shaking

at 135 rpm. After 7 days of culture, the HEK cell supernatant was collected, centrifuged at

4,000g for 10 min, and filtered through a 0.22-µm filter (Corning). Protein purification was

carried out using an ÄKTA Pure 25 Chromatography System (Cytiva) as described previ-

ously [219][218][285][286][287][288][289]. Briefly, affinity chromatography was performed by

loading the supernatant into a 5 mL HisTrap HP column (Cytiva). The column was washed

with binding buffer (20 mM NaH2PO4, 0.5 M NaCl, 20 mM imidazole at pH 7.4). The

H6-tagged protein was eluted from the column by flowing a gradient of elution buffer (500

mM imidazole, 20 mM NaH2PO4, 0.5 M NaCl at pH 7.4). The protein was then loaded

into a HiLoad Superdex 200 Prep Grade column (Cytiva) for further purification by size

exclusion chromatography and eluted in phosphate buffered saline. All purification steps

were performed at 4°C.
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Table 3.1: Amino Acid Sequence of SA IL-33

Protein Name Amino Acid Sequence
SA-IL-33-H6 EAHKSEIAHRYNDLGEQHFKGLVLIAFSQYLQKCSYDEHAK

LVQEVTDFAKTCVADESAANCDKSLHTLFGDKLCAIPNLRE
NYGELADCCTKQEPERNECFLQHKDDNPSLPPFERPEAEA
MCTSFKENPTTFMGHYLHEVARRHPYFYAPELLYYAEQYN
EILTQCCAEADKESCLTPKLDGVKEKALVSSVRQRMKCSSM
QKFGERAFKAWAVARLSQTFPNADFAEITKLATDLTKVNKE
CCHGDLLECADDRAELAKYMCENQATISSKLQTCCDKPLLK
KAHCLSEVEHDTMPADLPAIAADFVEDQEVCKNYAEAKDVF
LGTFLYEYSRRHPDYSVSLLLRLAKKYEATLEKCCAEANPPA
CYGTVLAEFQPLVEEPKNLVKTNCDLYEKLGEYGFQNAILVR
YTQKAPQVSTPTLVEAARNLGRVGTKCCTLPEDQRLPCVED
YLSAILNRVCLLHEKTPVSEHVTKCCSGSLVERRPCFSALTVD
ETYVPKEFKAETFTFHSDICTLPEKEKQIKKQTALAELVKHK
PKATAEQLKTVMDDFAQFLDTCCKAADKDTCFSTEGPNLVT
RCKDALAGGGGSGGGSSIQGTSLLTQSPASLSTYNDQSVSFVL
ENGCYVINVDDSGKDQEQDQVLLRYYESPCPASQSGDGVDG
KKLMVNMSPIKDTDIWLHANDKDYSVELQRGDVSPPEQAFF
VLHKKSSDFVSFECKNLPGTYIGVKDNQLALVEEKDESCNNI
MFKLSKIHHHHHH

3.3.3 Characterization of Recombinant SA IL-33 Protein Purity

SDS-PAGE was performed as described previously [218][219][285][286][287][288][289]. Briefly,

the purified SA IL-33 protein was loaded onto a 4-20% Mini-PROTEAN TGX precast poly-

acrylamide gel (Bio-Rad) and gel electrophoresis was performed. To visualize the protein

bands, the gel was then stained with SimplyBlue SafeStain (Invitrogen), according to the

manufacturer’s instructions. Gel images were acquired using a ChemiDoc XRS+ Gel Imag-

ing System (Bio-Rad). SA IL-33 was verified to be > 90% pure. To validate that the protein

band on the SDS-PAGE gel corresponded to the H6-tagged SA IL-33, an anti-histidine West-

ern blot was performed as described previously [219][285][286][287][288][289]. Briefly, purified

SA IL-33 was separated on a 4-20% Mini-PROTEAN TGX gel (Bio-Rad) and transferred

onto a PVCF membrane (Thermo Fisher Scientific). The H6-tagged protein was stained with
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an HRP anti-histidine tag antibody (clone J099B12, Biolegend) at 1:2500 dilution [289]. The

membrane was developed via Clarity Max Western ECL substrate (Bio-Rad) and imaged

using the ChemiDoc XRS+ Gel Imaging System (Bio-Rad). The purified protein was con-

firmed to contain < 0.01 endotoxin units mL−1 via a HEK-Blue human TLR-4 reporter

cell line (InvivoGen) assay, performed according to the manufacturer’s instructions. The

concentration of the protein was determined using a NanoDrop spectrophotometer (Thermo

Fisher Scientific) by measuring the absorbance at 280 nm.

3.3.4 WT IL-33 and SA IL-33 Binding to Mouse ST2 (IL-33 Receptor)

The binding of WT and SA IL-33 to mouse ST2/IL-33R was assessed using an enzyme-linked

immunosorbent assay (ELISA). Flat bottom, 96-well plates were coated with 4 µg mL−1

recombinant mouse ST2/IL-33R Fc Chimera Protein (R&D Systems) in PBS overnight at

4°C. The following day, the wells were washed three times in PBS-T (PBS supplemented

with 0.05% (v/v) Tween-20 (Bio-Rad)) and then blocked with PBS supplemented with 2%

(w/v) bovine serum albumin (Sigma Aldrich) and 0.1% (v/v) Tween-20 for 1 hr at room

temperature. After blocking, wells were washed once with PBS-T and incubated with the

indicated concentrations of WT IL-33 or SA IL-33 for 2 hr at room temperature. Following

three PBS-T washes, the wells were then incubated with a biotinylated antibody against

mouse IL-33 (R&D Systems) for 2 hr at room temperature. The wells were then washed three

times with PBS-T and incubated with a horseradish peroxide-conjugated antibody against

mouse IL-33 (R&D Systems) for 1 hr at room temperature. After five washes with PBS-

T, the ST2-receptor bound IL-33 was detected via tetramethylbenzidine (TMB) substrate

(Thermo Fisher Scientific). Stop Solution (1N H2SO4) was added to the TMB wells after 20

min incubation at room temperature. The absorbance (optical density) was measured at 450

nm and 570 nm using an Epoch Microplate Spectrophotometer (BioTek). The background

signal at 570 nm was subtracted from the optical density at 450 nm, as described previously
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[290][291]. The affinity (dissociation constant, Kd) of WT IL-33 and SA IL-33 against

ST2/IL-33R was calculated using a nonlinear, four parameter, dose-response curve fit model

in Prism software (v.9, GraphPad).

3.3.5 Plasma Pharmacokinetics of WT IL-33 and SA IL-33

Female, 8-wk-old, naive C57BL/6 mice (Charles River) were administered 26 µg WT IL-33

or SA IL-33 (equivalent to 26 µg WT IL-33) by subcutaneous injection in the dorsal flank.

Mice were bled 2, 4, 8, 12, 24, 36, 48, 72, and 96 hr after IL-33 administration. Blood was

stored in EDTA-containing heparinized tubes (BD Biosciences). Plasma was separated by

centrifugation at 1,000g for 10 min. The concentration of IL-33 in the plasma was measured

using a Mouse IL-33 DuoSet ELISA (R&D Systems) according to the manufacturer’s in-

structions. The in vivo half-life of WT IL-33 and SA IL-33 was estimated using a one-phase,

exponential decay model in Prism software (v.9, GraphPad).

3.3.6 Tissue Biodistribution of WT IL-33 and SA IL-33

Female, 8-wk-old, naive C57BL/6 mice (Charles River) were administered 26 µg WT IL-

33 or SA IL-33 (equivalent to 26 µg WT IL-33) by subcutaneous injection in the dorsal

flank. Following cardiac perfusion with PBS, the iliac lymph nodes, cervical lymph nodes,

brachial lymph nodes, spleen, liver, spinal cord, brain, kidney, lungs, and heart were col-

lected 6 hr or 48 hr post-IL-33 administration. Organs were immersed in Lysing Matrix D

tubes (MP Biomedicals) containing Tissue Protein Extraction Reagent (Thermo Fisher Sci-

entific) supplemented with Complete Protease Inhibitor (Roche), and homogenized using a

FastPrep-24 5G bead beating grinder and lysis system (MP Biomedicals) for 40 sec at 5,000

beats minute−1, as described previously [219][286][287]. To separate tissue homogenate from

debris, samples were centrifuged at 10,000g for 10 min, and the supernatant was collected.

The concentration of IL-33 in the tissue homogenate was then measured using a Mouse IL-33
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DuoSet ELISA (R&D Systems), according to the manufacturer’s instructions. IL-33 levels

were normalized by total protein content, which was measured using the BCA Protein Assay

(Pierce), according to the manufacturer’s instructions.

3.3.7 Isolation of Type 2 Innate Lymphoid cells (ILC2s) from Murine Lungs

Lung tissues from female, 8-wk-old, naive C57BL/6 mice (Charles River) were perfused in

PBS and mechanically dissociated [290][292]. Tissues were then digested with Collagenase

D (2mg mL−1, Sigma Aldrich) and Collagenase IV (2mg mL−1, Gibco) in Dulbecco’s Mod-

ified Eagle Medium (DMEM) (Gibco) supplemented with 5% heat-inactivated FBS (Gibco)

and 1.2 mM CaCl2 (Sigma Aldrich) for 1 hr at 37°C [290][292]. Lung cell suspensions

were strained through a sterile, 70 µm filter (Corning). Red blood cells were lysed using

ACK Lysing Buffer (Gibco) for 5 min at 4°C. The lysing buffer was quenched with 25 mL

DMEM containing 10% FBS. Single cell suspensions were then washed once with DMEM

and resuspended in Roswell Park Memorial Institute (RMPI) Medium 1640 medium (Gibco)

supplemented with 10% FBS, 1% Penicillin-Streptomycin (Pen-Strep) (Gibco) and 50 µM β-

mercaptoethanol (Sigma Aldrich). ILC2s were isolated from mouse lung cell suspensions by

immunomagnetic negative selection using an EasySep Mouse ILC2 Enrichment Kit (Stem

Cell Technologies) according to the manufacturer’s instructions. Briefly, cells were resus-

pended in PBS supplemented with 2% FBS and 1 mM EDTA (Invitrogen), diluted to 1 x

108 cells mL−1, and incubated with mouse ILC2 enrichment cocktail and magnetic Strep-

tavidin RapidSpheres that bound to non-ILC2s. Mouse ILC2s were subsequently separated

from non-ILC2s via the EasySep magnet. Cells were then cultured in RMPI 1640 medium

supplemented with 10% FBS, 1% Pen-strep and 50 µM β-mercaptoethanol, and rested for 6

hr at 37°C in 5% CO2 prior to the in vitro bioactivity assay.
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3.3.8 In Vitro Bioactivity of WT IL-33 and SA IL-33 in Murine Lung ILC2s

Murine ILC2s (50,000 cells/well) cultured in a 96-well plate (Corning) were stimulated with

various concentrations of recombinant mouse IL-33 (WT IL-33) (Biolegend) or SA IL-33 for

18 hr at 37°C in 5% CO2. The production of cytokines IL-5, IL-10, and IL-13 in the ILC2

supernatant following IL-33 treatment was measured via LEGENDplex Mouse Th Cytokine

assay (Biolegend) according to the manufacturer’s instructions. Cells were washed once with

PBS and stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Biolegend) at 1:500

dilution and anti-mouse CD16/32 antibody at 1:200 dilution in PBS at 4°C for 20 min.

Cells were then washed once with FACS buffer (PBS supplemented with 2% FBS and 2 mM

EDTA) and stained with the following cell surface antibodies diluted 1:200 in FACS buffer for

45 min at 4°C: anti-B220, CD3ϵ, CD4, CD5, CD8α, CD11b, CD11c, CD19, CD25, CD45,

FcϵRIα, Gr-1, ICOS, NK1.1, ST2, TCR-β, TCR-γδ, TER-119, and Thy1.2. Cells were

then fixed in 2% paraformaldehyde (Sigma Aldrich) for 1 hr at 4°C, washed three times,

and resuspended in FACS buffer. Data was acquired on an LSR-Fortessa (BD Biosciences)

and analyzed using FlowJo Software (v.10, BD Biosciences). The antibodies used in this

experiment are summarized in Table 3.2. The EC50 of IL-33-induced CD25 upregulation in

mouse ILC2 cells was calculated using a nonlinear, four parameter, dose response curve fit

model in Prism software (v.9, GraphPad).
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Table 3.2: Antibodies for Staining ILC2s in IL-33 Bioactivity Assay
Specificity Fluorochrome Clone Name Dilution Vendor
B220 FITC RA3-6B2 1:200 Biolegend
CD3ϵ FITC 500A2 1:200 Biolegend
CD4 FITC GK1.5 1:200 Biolegend
CD5 FITC 53-7.3 1:200 Biolegend
CD8α FITC 53-6.7 1:200 Biolegend
CD11b FITC M1/70 1:200 Biolegend
CD11c FITC N418 1:200 Biolegend
CD16/32 N/A 93 1:200 Biolegend
CD19 FITC 6D5 1:200 Biolegend
CD25 PerCP-eFluor 710 PC 61.5 1:200 eBioscience
CD45 BUV 395 30-F11 1:200 BD Biosciences
FcϵRIα FITC MAR-1 1:200 Biolegend
Gr-1 FITC RB6-8C5 1:200 Biolegend
ICOS APC DX29 1:200 BD Biosciences
Live/Dead BV 510 N/A 1:500 eBioscience
NK1.1 FITC PK136 1:200 Biolegend
ST2 PE U29-93 1:200 BD Biosciences
TCR-β FITC H57-597 1:200 Biolegend
TCR-γδ FITC GL3 1:200 Biolegend
TER-119 FITC TER-119 1:200 Biolegend
Thy1.2 PE-Cy7 53-2.1 1:200 Biolegend

3.3.9 In Vitro Bioactivity of WT IL-33 and SA IL-33 in Human Embryonic

Lidney (HEK)-Blue IL-33 Cells

The HEK-Blue IL-33 reporter cell line was developed by InvivoGen and consists of HEK293

cells transfected with the human IL1RL1 gene [293][294]. These cells also express an NF-

κB/AP-1-inducible secreted embryonic alkaline phosphatase (SEAP) reporter [293][294].

The binding of IL-33 to IL-33R on HEK-Blue IL-33 cells triggers a signaling cascade that

induces NF-κB activation and, in turn, SEAP production, measured using QUANTI-Blue

reagent [293][294]. HEK-Blue IL-33 cells (InvivoGen) were cultured in DMEM supplemented

with 4.5 g/L glucose (Gibco), 2 mM L-glutamine (Gibco), 10% heat-inactivated FBS, 1%

Pen-Strep, and 100 µg/mL Normocin (InvivoGen), according to the manufacturer’s instruc-
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tions. HEK-Blue IL-33 cells (50,000 cells/well) seeded on a 96-well plate (Corning) in a

total volume of 200 µL/well were stimulated with the indicated concentrations of WT IL-33

(Biolegend) or SA IL-33 overnight at 37°C in 5% CO2. A total of 20 µL of HEK-Blue IL-33

supernatant was diluted in 180 µL QUANTI-Blue Solution (InvivoGen) in a flat-bottom 96-

well plate and incubated at 37°C for 1 hr. Untreated supernatant was used as the negative

control. SEAP levels were detected at 620 nm using an Epoch Microplate Spectrophotome-

ter (BioTek). The EC50 of IL-33-induced SEAP levels was calculated using a nonlinear, four

parameter, dose response curve fit model in Prism software (v.9, GraphPad).

3.3.10 In Vivo Assessment of IL-33 Toxicity in Healthy Mice

To assess the impact of IL-33 administration on naive mice, female 8-wk-old, C57BL/6 mice

(Charles River) were subcutaneously injected with PBS, 26 µg of WT IL-33, or equimolar

SA IL-33 in the dorsal flank. 24 hr after treatment, blood was collected and stored in EDTA-

containing, heparinized tubes. The plasma was separated by centrifugation at 1,000g for 10

min. The concentration of the cytokines IL-5, IL-6, IL-9, IL-10, and IL-13 in the plasma was

quantified using the LEGENDplex Mouse Th Cytokine Panel (Biolegend), according to the

manufacturer’s instructions. Any values below limit of detect were considered as the limit

of detection.

3.3.11 MOG35−55 Experimental Autoimmune Encephalomyelitis Model

Female, 8-wk-old, C57BL/6 mice were purchased from Charles River and allowed to acclimate

in the animal facility for 2 wk. Experimental autoimmune encephalomyelitis (EAE) was

induced, as described previously [219], by subcutaneously immunizing 10-wk-old mice with

MOG35−55 antigen emulsified in Complete Freund’s Adjuvant (CFA) (Hooke Laboratories)

in the dorsal flank. To promote permeability of the blood-brain barrier, 2 hr after MOG35−55

immunization, and again on the following day, pertussis toxin from Bordetella pertussis
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(Hooke Laboratories) dissolved in PBS was administered intraperitoneally, according to the

manufacturer’s instructions. EAE disease score was determined daily from day 7 until study

endpoint by a blinded investigator according to the clinical score criteria established by

Hooke Laboratories, as described previously [219]. In prophylactic treatment experiments,

mice were administered PBS, WT IL-33, or SA IL-33 subcutaneously in the dorsal flank every

other day from day 8 post-immunization until study endpoint, unless otherwise specified.

As a positive control, mice were administered fingolimod (FTY 720) orally (1 mg/kg body

weight) from day 8 until study endpoint. In therapeutic treatment experiments, EAE-bearing

mice with already-established disease were subcutaneously administered PBS or SA IL-33

in the dorsal flank every other day from day 20 post-immunization until study endpoint.

FTY 720 was administered orally (1 mg/kg body weight) every day from day 20 until study

endpoint. To prevent cage effects, treatments were assigned evenly across all cages. In

therapeutic treatment experiments, the average clinical score at the start of treatment was

the same across all treatment groups.

3.3.12 PLP139−151 Relapsing-Remitting EAE Model

Female, 6-wk-old, SJL/JCrHsd mice were purchased from Envigo and allowed to acclimate

in the animal facility for 2 wk. EAE was induced, as described previously [290], by sub-

cutaneously immunizing 8-wk-old mice with PLP139−151 antigen emulsified in CFA (Hooke

Laboratories) in the dorsal flank. Approximately 2 hr after PLP139−151 immunization, and

again on day 2 post-immunization, pertussis toxin (Hooke Laboratories) dissolved in PBS

was administered intraperitoneally, according to the manufacturer’s instructions. EAE dis-

ease score was determined daily from day 7 to endpoint by a blinded investigator according

to the scoring criteria established by Hooke Laboratories, as described previously [290]. Af-

ter the first episode of paralysis, mice were subcutaneously administered PBS or SA IL-33 in

the dorsal flank every other day from day 18 post-immunization until day 36. FTY 720 was
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administered orally (1 mg/kg body weight) every day from day 18 to day 36. To prevent cage

effects, treatments were assigned evenly across all cages. The average clinical score at the

start of treatment was the same across all groups. The acute phase was defined as the first

episode of disease [150][153][290][295]. Remission was defined as a period of clinical improve-

ment following the first episode of disease or a relapse, during which the peak disease score

decreased by ≥ 1 grade for ≥ 2 consecutive days [150][153][290][295]. Relapse was defined

as an increase in the minimum remission disease score by ≥ 1 grade [150][153][290][295].

3.3.13 Preparation of Single-Cell Suspensions from EAE Tissues

At the endpoint of EAE experiments, the spinal cord, cervical and iliac lymph nodes (CNS-

dLNs), and spleen were harvested from each mouse. Spinal cord and CNS-dLNs were in-

cubated with Collagenase D (2mg mL−1, Sigma Aldrich) in DMEM (Gibco) supplemented

with 10% heat-inactivated FBS (Gibco) and 1.2 mM CaCl2 (Sigma Aldrich) for 45 min at

37°C [290][291]. Lymph nodes, spinal cords, and spleens were mechanically dissociated and

strained through a sterile, 70 µm filter (Corning). Red blood cells in the spleen suspen-

sions were lysed using ACK Lysing Buffer (Gibco) for 5 min and quenched with 25 mL

DMEM supplemented with 10% FBS [290][291]. Single cell suspensions were then washed

once with DMEM supplemented with 10% FBS and resuspended in RMPI 1640 medium

(Gibco) supplemented with 10% FBS and 1% Pen-Strep (Gibco).

3.3.14 Flow Cytometry of EAE Tissues

Single-cell suspensions of the spinal cord, CNS-dLNs, and spleen from EAE-bearing mice

were added to 96-well U-bottom plates. Cells were washed once with PBS and stained with

LIVE/DEAD Fixable Aqua or Violet Dead Cell Stain Kit at 1:500 dilution and anti-mouse

CD16/32 antibody at 1:200 dilution in PBS at 4°C for 20 min. Cells were then washed

once with FACS buffer (PBS supplemented with 2% FBS and 2 mM EDTA) and stained
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with the following cell surface antibodies diluted 1:200 in FACS buffer for 45 min at 4°C:

anti-B220, CD3ϵ, CD4, CD5, CD8α, CD11b, CD11c, CD19, CD25, CD45, CD69, CD86,

FcϵRIα, F4/80, Gr-1, ICOS, KLRG1, MHC class II (I-A/I-E), NK1.1, PD-1, ST2, TCR-β,

TCR-γδ, TER-119, and Thy1.2. To detect MOG-specific cells, the cells were washed once

in PBS and stained with PE-conjugated MOG38−49 Tetramer (NIH Tetramer Core Facility)

diluted 1:100 in PBS for 45 min at room temperature. For intracellular staining, cells were

fixed and permeabilized for 1 hr at 4°C (Foxp3/Transcription Factor Fixation and Permeabi-

lization Kit, eBioscience). Cells were then washed twice and stained overnight at 4°C with

the following intracellular antibodies diluted 1:200 in Permeabilization buffer (eBioscience):

anti-Arginase-1, CD206, CTLA-4, FoxP3, GATA3, and RORγt. After staining, cells were

washed twice and resuspended in FACS buffer. Data was acquired on an LSR-Fortessa (BD

Biosciences) and analyzed using FlowJo Software (v.10, BD Biosciences). The antibodies

used to stain ILC2s in CNS-dLNs and spleen, T cells in the spinal cord, myeloid cells in the

spinal cord, T cells in the CNS-dLNs and spleen, and myeloid cells in the CNS-dLNs and

spleen are summarized in the Tables 3.3, 3.4, 3.5, 3.6, and 3.7, respectively.
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Table 3.3: Antibodies for Staining ILC2s in EAE CNS-dLNs and Spleen
Specificity Fluorochrome Clone Name Dilution Vendor
B220 FITC RA3-6B2 1:200 Biolegend
CD3ϵ FITC 500A2 1:200 Biolegend
CD4 FITC GK1.5 1:200 Biolegend
CD5 FITC 53-7.3 1:200 Biolegend
CD8α FITC 53-6.7 1:200 Biolegend
CD11b FITC M1/70 1:200 Biolegend
CD11c FITC N418 1:200 Biolegend
CD16/32 N/A 93 1:200 Biolegend
CD19 FITC 6D5 1:200 Biolegend
CD25 PerCP-eFluor 710 PC 61.5 1:200 eBioscience
CD45 BUV 395 30-F11 1:200 BD Biosciences
CD69 BUV 737 H1.2F3 1:200 BD Biosciences
FcϵRIα FITC MAR-1 1:200 Biolegend
GATA3 BV 421 L50-923 1:200 BD Biosciences
Gr-1 FITC RB6-8C5 1:200 Biolegend
ICOS APC DX29 1:200 BD Biosciences
KLRG1 BV 605 2F1/KLRG1 1:200 Biolegend
Live/Dead BV 510 N/A 1:500 eBioscience
NK1.1 FITC PK136 1:200 Biolegend
TCR-β FITC H57-597 1:200 Biolegend
TCR-γδ FITC GL3 1:200 Biolegend
TER-119 FITC TER-119 1:200 Biolegend
Thy1.2 PE-Cy7 53-2.1 1:200 Biolegend
ST2 PE U29-93 1:200 BD Biosciences

Table 3.4: Antibodies for Staining T Cells in EAE Spinal Cord
Specificity Fluorochrome Clone Name Dilution Vendor
CD3ϵ BUV 395 145-2C11 1:200 BD Biosciences
CD4 BUV 496 GK1.5 1:200 BD Biosciences
CD8α BV 605 53-6.7 1:200 Biolegend
CD16/32 N/A 93 1:200 Biolegend
CD45 APC-Cy7 30-F11 1:200 BD Biosciences
CD45 BV 786 30-F11 1:200 BD Biosciences
Live/Dead BV 421 N/A 1:500 eBioscience
MOG APC N/A 1:100 NIH Tetramer
RORγt APC Q31-378 1:200 BD Biosciences
RORγt BV 786 Q31-378 1:200 BD Biosciences
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Table 3.5: Antibodies for Staining Myeloid Cells in EAE Spinal Cord
Specificity Fluorochrome Clone Name Dilution Vendor
CD11b PerCP-Cy5.5 M1/70 1:200 BD Biosciences
CD11c PE-Cy7 HL3 1:200 Biolegend
CD16/32 N/A 93 1:200 Biolegend
CD45 BV 786 30-F11 1:200 BD Biosciences
CD86 BUV 396 GL1 1:200 BD Biosciences
CD206 PE Y17-505 1:200 BD Biosciences
F4/80 APC T45-2342 1:200 BD Biosciences
I-A/I-E APC-Cy7 M5/114.15.2 1:200 Biolegend
Live/Dead BV 421 N/A 1:500 eBioscience

Table 3.6: Antibodies for Staining T Cells in EAE CNS-dLNs and Spleen
Specificity Fluorochrome Clone Name Dilution Vendor
CD3ϵ BUV 395 145-2C11 1:200 BD Biosciences
CD4 BUV 496 GK1.5 1:200 BD Biosciences
CD8α BUV 737 5H10-1 1:200 BD Biosciences
CD16/32 N/A 93 1:200 Biolegend
CD25 APC-Cy7 PC61 1:200 BD Biosciences
CD152 PerCP-Cy5.5 UC10-4B9 1:200 Biolegend
CD279 PE-Cy7 J43 1:200 BD Biosciences
FoxP3 AF 488 MF23 1:200 BD Biosciences
GATA3 BV 421 L50-923 1:200 BD Biosciences
Live/Dead BV 510 N/A 1:500 eBioscience
MOG APC N/A 1:100 NIH Tetramer
RORγt BV 786 Q31-378 1:200 BD Biosciences
ST2 PE U29-93 1:200 BD Biosciences

Table 3.7: Antibodies for Staining Myeloid Cells in EAE CNS-dLNs and Spleen
Specificity Fluorochrome Clone Name Dilution Vendor
Arginase-1 AF 488 A1exF5 1:200 eBioscience
CD11b PE-Cy7 M1/70 1:200 BD Biosciences
CD16/32 N/A 93 1:200 Biolegend
CD45 APC-Cy7 30-F11 1:200 BD Biosciences
CD86 BUV 396 GL1 1:200 BD Biosciences
CD206 BV 785 C068C2 1:200 Biolegend
F4/80 PE T45-2342 1:200 BD Biosciences
Live/Dead BV 510 N/A 1:500 eBioscience
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3.3.15 Ex Vivo Myelin Oligodendrocyte Glycoprotein Restimulation Assay

For ex vivo restimulation assays, 5.0 x 105 cells isolated from CNS-dLNs or spleen of PBS,

SA IL-33, or FTY 720-treated EAE-bearing mice were resuspended in RMPI 1640 medium

supplemented with 10% FBS and 1% Pen-Strep, and seeded in 96-well U-bottom plates, as

described previously [219][290]. The cells were restimulated with a final concentration of 50

µg mL−1 mouse Myelin Oligodendrocyte Glycoprotein (MOG) Protein (Anaspec) for 72 hr

at 37°C with 5% CO2 [219][290]. After 72 hr, cells were centrifuged at 1,000g for 5 min and

the supernatant was collected for cytokine analysis using LEGENDplex Mouse Th Cytokine

Panel (Biolegend).

3.3.16 Detection of Cytokines in the Spinal Cord Homogenate of EAE Mice

Spinal cords of PBS, SA IL-33, or FTY 720-treated EAE-bearing mice were immersed in

Lysing Matrix D tubes (MP Biomedicals) containing Tissue Protein Extraction Reagent

supplemented with Complete Protease Inhibitor, and homogenized using a FastPrep-24 5G

bead beating grinder and lysis system for 40 sec at 5,000 beats per min. To separate the

homogenate from tissue debris, samples were centrifuged at 10,000g for 10 min and the

supernatant was collected. The concentration of cytokines in the tissue homogenate was then

measured using a LEGENDplex Mouse Th Cytokine assay (Biolegend), LEGENDplex Mouse

Free Active TGF-β1 assay (Biolegend), and Mouse Amphiregulin DuoSet ELISA kit (R&D

Sytems), according to the manufacturer’s instructions. Cytokine levels were normalized by

total protein content. Total protein content was measured using the BCA Protein Assay

(Pierce), according to the manufacturer’s instructions.

3.3.17 Statistical Analysis

Prism software (v.9, GraphPad) was used to evaluate statistically significant differences be-

tween experimental groups. For multiple comparisons, one-way analysis of variance (ANOVA)
87



followed by the Tukey post hoc test was performed, unless otherwise specified. For compar-

ison of two experimental groups, a two-tailed Student’s T-test was used, unless otherwise

specified. For comparison of two survival curves, the Log-rank (Mantel-Cox) test was per-

formed. All statistical analyses are stated in the figure legends.

3.4 Results

3.4.1 Fusion of IL-33 to Serum Albumin Prolongs IL-33 Persistence in the

Plasma and Secondary Lymphoid Organs

To generate SA IL-33, murine IL-33 was recombinantly fused to murine SA via a (GGGS)2

flexible linker (Table 3.1, Figure 3.1a). SA IL-33 was expressed in HEK293F cells and

purified via affinity-based nickel chromatography followed by size exclusion chromatography

(Figure 3.2a). SDS-PAGE (Figure 3.2b) and anti-histidine western blot (Figure 3.2c) analysis

of H6-tagged SA IL-33 revealed a single protein band between the 75 and 100 kD size

standards, consistent with the expected molecular weight of SA IL-33 (approximately 84 kD).

IL-33 binds to the extracellular domain of ST2 (IL-33R) [254], which recruits interleukin-

1 receptor accessory protein (IL-1RAcP), forming a receptor complex [296][297]. Protein

folding predictions, performed using AlphaFold, identified a conformation in which SA IL-

33 bound to the IL-33 co-receptors, ST2 and IL-1RAcP (Figure 3.1b). SA IL-33 binding

to murine ST2 was confirmed via ELISA, with both WT and SA IL-33 binding to ST2 in

a dose-dependent manner (Figure 3.1c). SA-fusion moderately increased the dissociation

constant (Kd) of IL-33 by approximately 3.2-fold.

88



0.01 0.1 1 10 100
0.0

0.3

0.6

0.9

1.2

1.5

1.8

IL-33 Concentration (µM)

O
. D

. (
45

0 
nm

 - 
57

0 
nm

) SA IL-33, Kd = 4.548 µM  
WT IL-33, Kd = 1.403 µM

0 20 40 60 80 100
0.1

1

10

100

1000

10000

Time (hours)

IL
-3

3 
in

 P
la

sm
a 

(n
g 

m
L-1

) 

SA IL-33, t1/2 = 24.21 hrs 

WT IL-33, t1/2 = 0.89 hr

W
T IL

-33

SA IL
-33

0

1000

2000

3000

4000

5000

pg
 IL

-3
3 

pe
r m

g 
to

ta
l p

ro
te

in

0.0005

Illiac LNs 

WT IL
-33

SA IL
-33

0

50

100

150

200

250

pg
 IL

-3
3 

pe
r m

g 
to

ta
l p

ro
te

in 0.0775

Spinal Cord 

W
T IL

-33

SA IL
-33

0

3000

6000

9000

12000

15000

18000

pg
 IL

-3
3 

pe
r m

g 
to

ta
l p

ro
te

in

0.0002

Brachial LNs 

Cervical LNs 

W
T IL

-33

SA IL
-33

0

5000

10000

15000

20000

25000

Ar
ea

 U
nd

er
 C

ur
ve

ng
 IL

-3
3 

in
 P

la
sm

a 
hr

 m
L-1

<0.0001

AUC

W
T IL

-33

SA IL
-33

0

100

200

300

400

500

pg
 IL

-3
3 

pe
r m

g 
to

ta
l p

ro
te

in 0.0114

Liver 

W
T IL

-33

SA IL
-33

0

3

6

9

12
pg

 IL
-3

3 
pe

r m
g 

to
ta

l p
ro

te
in

Brain 

0.0776

W
T IL

-33

SA IL
-33

0

200

400

600

800

1000

pg
 IL

-3
3 

pe
r m

g 
to

ta
l p

ro
te

in

0.0008

Spleen

a c

h if

j l m nk

g

ed

b

W
T IL

-33

SA IL
-33

0

500

1000

1500

2000

2500

pg
 IL

-3
3 

pe
r m

g 
to

ta
l p

ro
te

in

0.0330

Figure 3.1: SA fusion prolongs the persistence of IL-33 in the plasma and SLOs.
(a) Schematic of SA recombinantly fused to IL-33 via a (GGGS)2 linker. (b) Protein folding
prediction of SA IL-33 binding to primary IL-33 receptor, ST2, and co-receptor, IL-1RAcP.
Image generated using AlphaFold. (c) Affinity (dissociation constant, Kd) of WT IL-33 and
SA IL-33 against immobilized ST2 was measured using ELISA (n = 3). (d) Experimental
design of pharmacokinetics study. Naive C57BL/6 mice were administered 26 µg WT IL-33
or molar e.q. SA IL-33 via s.c. injection. Blood was collected at the indicated time points
and the concentration of IL-33 in the plasma was measured using ELISA (n = 3). (e, f) The
e) half-life and f) area under the curve of WT and SA IL-33 in the plasma were estimated
using a one-phase exponential decay model (GraphPad Prism). Continued on next page.
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Figure 3.1: Continued: (g) Overview of tissue biodistribution study. Naive mice were ad-
ministered 26 µg WT IL-33 or molar e.q. SA IL-33 via s.c. injection. The amount of IL-33
in the (h) iliac LNs, (i) cervical LNs, (j) brachial LNs, (k) spleen, (l) liver, (m) spinal cord,
and (n) brain was determined 6 hr after s.c. injection. Organs were perfused in PBS and
then homogenized for protein extraction. IL-33 levels were quantified using ELISA and nor-
malized by total protein content (n = 4). Data represent means ± s.e.m. Statistical analysis
in Figure 3.1f,h-n was performed using unpaired, two-tailed Student’s T-test. P-values <
0.05 are shown. Diagrams in Figure 3.1a,d,g were generated using BioRender.com.
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Figure 3.2: Purification of SA IL-33. SA IL-33 was recombinantly expressed in HEK-
293F cells and purified via nickel-based chromatography. The eluted fractions were then
loaded onto a size exclusion column and purified by size exclusion chromatography (a) Size-
exclusion chromatogram of affinity-purified SA IL-33. (b) SDS-PAGE analysis of SA IL-33
under non-reducing conditions. (c) Anti-histidine western blot analysis of hexahistidine-
tagged SA IL-33.

90



SA has a long plasma half-life, in part, due to its ability to undergo neonatal Fc receptor-

mediated recycling [284]. To assess the impact of SA fusion on IL-33 pharmacokinetics, we

subcutaneously administered naive mice with WT or equimolar SA IL-33 and quantified

the amount of IL-33 in the plasma 2 hr to 96 hr post-injection (Figure 3.1d). IL-33 fusion

to SA increased its plasma half-life (t1/2) from approximately 0.9 hr to 24.2 hr (Figure

3.1e), resulting in a significantly larger area-under-the-curve (Figure 3.1f). We subsequently

evaluated the impact of SA on IL-33 persistence (Figure 3.1g) in the lymph nodes, spleen,

spinal cord, brain, and additional peripheral organs both 6 hr (Figure 3.1h-n, Figure 3.3a-c)

and 48 hr (Figure 3.4a-j) post s.c. injection. We observed elevated IL-33 biodistribution in

the iliac LNs, cervical LNs, brachial LNs, and spleen SLOs 6 hr and 48 hr, as well as in the

spinal cord 48 hr post s.c. SA IL-33 injection. Likely due to its prolonged half-life, SA also

increased IL-33 levels in peripheral organs including the liver, lungs, kidney, and heart at

these time points (Figure 3.1l, Figure 3.3a-c, Figure 3.4e-h). Together, these data suggest

that IL-33 fusion to SA prolongs the cytokine’s in vivo plasma half-life and increases its

persistence in various immunologically relevant organs for at least 48 hr post-administration.

W
T IL

-33

SA IL
-33

0

500

1000

1500

pg
 IL

-3
3 

pe
r m

g 
to

ta
l p

ro
te

in 0.0014

Lungs 

W
T IL

-33

SA IL
-33

0

200

400

600

pg
 IL

-3
3 

pe
r m

g 
to

ta
l p

ro
te

in 0.0124

Heart 

W
T IL

-33

SA IL
-33

0

500

1000

1500

2000

pg
 IL

-3
3 

pe
r m

g 
to

ta
l p

ro
te

in <0.0001

Kidney 
a b c

Figure 3.3: Biodistribution of WT and SA IL-33 in the lungs, kidney, and heart
6 hr after s.c. administration. Tissue biodistribution study was described in Figure
3.1g. The amount of IL-33 in the (a) lungs, (b) kidney, and (c) heart was determined 6 hr
after s.c. WT or SA IL-33 injection. Tissues were perfused in PBS and then homogenized
for protein extraction. IL-33 levels were quantified using ELISA and normalized by total
protein content (n = 4). Data represent means ± s.e.m. Statistical analysis was performed
using unpaired, two-tailed Student’s T-test. P-values < 0.05 are shown.
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Figure 3.4: Biodistribution of WT and SA IL-33 48 hr after s.c. administration.
Tissue biodistribution study was described in was described in Figure 3.1g. The amount of
IL-33 in the (a) iliac LNs, (b) cervical LNs, (c) brachial LNs, (d) spleen, (e) lungs, (f) liver,
(g) kidney, (h) heart, (i) spinal cord, and (j) brain was determined 48 hr after s.c. injection.
Organs were perfused in PBS and then homogenized for protein extraction. IL-33 levels were
quantified using ELISA and normalized by total protein content (n = 4). Data represent
means ± s.e.m. Statistical analysis was performed using unpaired, two-tailed Student’s T-
test. P-values < 0.05 are shown.

3.4.2 Serum Albumin Attenuates IL-33 Bioactivity and Immunotoxicity.

IL-33 expands ST2-expressing ILC2s [269][298], immune cells present at various surveillance

sites including in the lymph nodes, spleen, liver, and lungs [266][299]. In response to IL-

33, ILC2s upregulate surface markers CD25 and ICOS [292], and secrete elevated levels of

the type 2 cytokines IL-5 and IL-13 [266]. We hypothesized that fusion of SA, a bulky

66.5 kD protein [284], to IL-33, may attenuate IL-33 bioactivity due to steric hinderance.

To assess its impact on IL-33 bioactivity, murine lung ILC2s were stimulated with various
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concentrations of WT IL-33 or SA IL-33 in vitro for 18 hr (Figure 3.5a). Both WT IL-

33 and SA IL-33 upregulated CD25 expression (Figure 3.5b, Figure 3.6) on ILC2s, and

increased IL-5 (Figure 3.5c), IL-10 (Figure 3.5d), and IL-13 (Figure 3.5e) production in a

dose-dependent manner. Remarkably, IL-33 fusion to SA reduced its bioactivity, increasing

the EC50 of IL-33-induced CD25 upregulation by approximately 148-fold in murine ILC2s.

Upon binding to ST2 and IL-1RAcP, IL-33 signals by recruiting the adaptor protein MyD88

followed by IRAK1, IRAK4, and TRAF6 [296][297], subsequently activating the MAPK and

IκK pathways that recruit downstream signaling molecules p38, JNK, ERK1/2, and NF-κB

[296][297]. Given the reported sequence homology of murine and human IL-33 [300], we

also assayed the bioactivity of SA IL-33 in (human) HEK-Blue IL-33 reporter cells (Figure

3.7) which, upon IL-33 stimulation, signal through the MyD88, AP-1, and NFκB pathways,

producing SEAP [294]. IL-33 fusion to SA also increased the EC50 of IL-33-induced SEAP

production by approximately 233-fold in HEK-Blue IL-33 cells, suggesting that SA may

attenuate IL-33 signaling via these pathways.

Although IL-33 plays a protective role in neuroinflammatory diseases [263], overabundant

IL-33 signaling may also contribute to the production of excess type 2 cytokines, as well as

mast cell, basophil, and eosinophil degranulation, maturation, and survival [280]. As these

cells have been linked to conditions such as airway inflammation and allergy-associated

anaphylactic shock [280], adverse effects associated with IL-33 treatment must be monitored.

To characterize the immunotoxicity of SA IL-33 in naive mice, we measured plasma cytokine

levels 24 hr after s.c. administration of PBS, WT IL-33, or equimolar SA IL-33 (Figure

3.5f). A single dose of SA IL-33 induced significantly lower IL-5 (Figure 3.5g), IL-6 (Figure

3.5h), IL-9 (Figure 3.5i), IL-10 (Figure 3.5j), and trended towards lower IL-13 (Figure 3.5k)

production compared to WT IL-33 in the plasma.
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Figure 3.5: SA fusion attenuates the bioactivity and potential type 2 immunotox-
icity of IL-33. (a) Overview of in vitro IL-33 bioactivity assay in murine ILC2s. (b-e).
Dose-response relationship of b) CD25 upregulation and c) IL-5, d) IL-10, e) IL-13 produc-
tion following 18 hr in vitro stimulation of ILC2s with the indicated concentrations of WT
IL-33 or SA IL-33 was determined by flow cytometry and LEGENDplex (n = 3). EC50, half
maximum concentration, was calculated using a nonlinear, four parameter, dose-response
curve fit model (GraphPad Prism). Continued on next page.
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Figure 3.5: Continued: Lineage− cells were defined as cells that do not express CD3, CD4,
CD8α, CD11b, CD11c, CD19, B220, TER-119, Ly6C, Ly6G, NK1.1, FcϵRIα, CD5, TCR-
γδ, and TCR-β. (f) Overview of in vivo IL-33 toxicity study in naive C57BL/6 mice. Mice
were administered PBS, 26 µg WT IL-33 or molar e.q. SA IL-33 via s.c. injection (n
= 4 mice/group). Blood was collected after 24 hr. (g-k) The concentration of g) IL-5,
h) IL-6, i) IL-9, j) IL-10, and k) IL-13 in the plasma was measured using LEGENDplex.
Values below the limit of detect were considered as the limit of detection. (i) Overview
of IL-33 toxicity study in EAE-bearing mice. EAE was induced in C57BL/6 mice by s.c.
immunization with MOG35−55/CFA followed by i.p. injections of PTX on days 0 and 1.
Mice were administered s.c. PBS, s.c. 26 µg WT IL-33 or molar e.q. SA-IL-33 every other
day from day 8 after MOG35−55 immunization (n = 14-16 mice/group, pooled from two
independent experiments). WT IL-33 treatment was discontinued after day 10 because 7
out of 14 mice became moribund. Data represent means ± s.e.m. Statistical analysis was
performed using ordinary one-way ANOVA with Tukey’s multiple comparisons tests in (g-k)
or Log-rank (Mantel-Cox) test comparing every two groups in (m). P-values < 0.05 are
shown. Diagrams in (a, f, l) were created in BioRender.com.

Figure 3.6: Flow cytometry gating strategy for identification of lung CD25+ ILC2s
following in vitro IL-33 stimulation. ILC2s were harvested from murine lungs and
stimulated with the indicated concentrations of WT IL-33 or SA IL-33 for 18 hr as described
in Figure 3.5a.
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Figure 3.7: Bioactivity of mouse WT IL-33 and SA IL-33 in IL-33R-expressing
human cells. Dose-response relationship of HEK-Blue IL-33 cell production of SEAP fol-
lowing overnight stimulation with the indicated concentrations of mouse WT and SA IL-33
(n = 3). The NF-κB/AP-1-mediated SEAP response was quantified using QUANTI-Blue
solution, a SEAP detection regent. Optical density (OD) was read at 620 nm. EC50, half
maximum concentration, was calculated using a nonlinear, four parameter, dose-response
curve fit model (GraphPad Prism).

Next, we assessed the toxicity of SA IL-33 in EAE-bearing mice by s.c. administering

PBS, WT IL-33, or equimolar SA IL-33 every-other day beginning on day 8 post disease

induction (Figure 3.5l). Unexpectedly, following two doses of WT IL-33, 50% of mice (7

out of 14 mice) became moribund and had to be euthanized, whereas no mortality occurred

in mice that received equimolar SA IL-33 (Figure 3.5m). Overall, the reduction in type 2

cytokine production and lack of mortality in SA IL-33-treated mice in healthy and disease-

bearing mice, respectively, suggests that in the contexts evaluated, activity-attenuated SA

IL-33 may be less toxic than WT IL-33 and thus more amenable to clinical translation.

3.4.3 Prophylactic SA IL-33 Prevents the Development and Progression of

MOG35−55-Induced EAE

We next evaluated the impact of prophylactic SA IL-33 administration on EAE development.

Active EAE was induced in C57BL/6 mice via immunization with MOG35−55 antigen emul-

sified in Complete Freud’s Adjuvant followed by pertussis toxin [156]. To identify the dose
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of SA IL-33 required for disease prevention, we first s.c. administered mice with PBS, 13

µg SA IL-33, 26 µg SA IL-33, or 39 µg SA IL-33 every other day beginning on day 8 (Fig-

ure 3.8a). Subcutaneous administration was selected due to its clinical convenience [301].

As a positive control, we also orally gavaged mice daily with FTY 720, an FDA-approved,

clinically used MS drug [302], from day 8 until endpoint (Figure 3.8a). Mice that received

PBS developed severe hindlimb paralysis by day 15 post-disease induction, as indicated by

the elevated EAE clinical score and percentage of mice with disease score greater than 1

(Figure 3.8b-d, Figure 3.9a). In contrast, treatment with 26 µg SA IL-33 or 39 µg SA IL-33

prevented disease development in nearly all mice, demonstrating similar efficacy to FTY 720

(Figure 3.8b-d, Figure 3.9c-e). Treatment with 13 µg SA IL-33 also delayed disease onset,

but ultimately did not prevent disease development (Figure 3.8b-d, Figure 3.9b). Therefore,

we selected the 26 µg dose of SA IL-33 as the lowest dose required to prevent EAE onset for

further studies.

After identifying the optimal SA IL-33 dose, we then compared the efficacy of SA IL-

33 to WT IL-33 (activity-equivalent dose determined based on assay in Figure 3.5b) in

prophylactic EAE (Figure 3.8e). We hypothesized that despite its activity-attenuation, SA

IL-33’s extended bioavailability, and prolonged residence in the SLOs and spinal cord would

enable improved disease prevention. When administered at an activity-equivalent dose to

WT IL-33, SA IL-33 was significantly more effective in preventing EAE onset (Figure 3.8f-h,

Figure 3.10a-d). After monitoring the mice long-term (until day 21), we observed that none

of the SA IL-33-treated mice exhibited clinical symptoms, whereas 5 out 8 of the WT IL-

33-treated mice developed disease by endpoint (Figure 3.8f-h, Figure 3.10). Taken together,

these findings suggest that IL-33 fusion to SA enhances the cytokine’s ability to prevent the

onset of EAE.
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Figure 3.8: Prophylactic SA IL-33 therapy prevents the development and pro-
gression of MOG35−55-induced EAE. (a) Overview of experimental design. EAE was
induced in C56BL/6 mice by s.c. immunization with MOG35−55/CFA followed by i.p. in-
jections of PTX on days 0 and 1. Mice were prophylactically administered s.c. PBS or s.c.
13 µg SA IL-33, s.c. 26 µg SA IL-33, s.c. 39 µg SA IL-33 (all molar e.q. to WT IL-33)
every other day, or oral gavage of FTY 720 (1 mg/kg body weight) daily from day 8 after
MOG35−55 immunization (n = 6-7 mice/group). (b) Disease progression. Clinical score of
paralysis severity was assessed daily by a blinded investigator. (c) Disease severity, indicated
by the probability of EAE clinical scores remaining below a grade of 1.0. (d) Disease score
at endpoint. Mice were sacrificed on day 15 to collect tissues for analysis. (e) Overview of
experimental design. EAE was induced as described in (a). Continued on next page.
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Figure 3.8: Continued: Mice were prophylactically administered s.c. PBS, s.c. 176 ng WT
IL-33 (bioactivity equivalent to SA IL-33 as determined in Figure 3.5b), or s.c. 26 µg SA
IL-33 every other day, or oral gavage of FTY 720 (1 mg/kg body weight) daily from day 8
after MOG35−55 immunization (n = 8 mice/group). (f) Disease progression. Clinical score of
paralysis severity was assessed daily by a blinded investigator. (g) Disease severity, indicated
by the probability of EAE clinical scores remaining below a grade of 1.0. (h) Disease score
at endpoint. Mice were sacrificed on day 21 to collect tissues for analysis. Data represent
means ± s.e.m. Statistical analysis on disease score area under the curve (AUC) (from d8
to d15 in (b) and d8 to d21 in (f)) and at endpoint (d, h) was performed using ordinary
one-way ANOVA with Tukey’s multiple comparisons tests, and on disease severity (c, g)
using Log-rank (Mantel-Cox) test comparing every two groups. P-values < 0.05 are shown.
Diagrams in (a, e) were created in BioRender.com.
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Figure 3.9: Clinical scores of individual EAE-bearing mice in prophylactic SA IL-
33 dosing study. (a-e) Mice were treated with a) PBS, b) 13 µg SA IL-33, c) 26 µg SA
IL-33, d) 39 µg SA IL-33, or FTY 720, as described in Figure 3.8a.
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Figure 3.10: Clinical scores of individual EAE-bearing mice in prophylactic WT
IL-33 vs. SA IL-33 comparison study. (a-d) Mice were treated with a) PBS, b) WT
IL-33, c) SA IL-33, or d) FTY 720, as described in Figure 3.8e.

3.4.4 SA IL-33 Suppresses Leukocyte Infiltration and Proinflammatory

Cytokine Production in the Spinal Cord of EAE-Bearing Mice

A hallmark of MS and EAE is the infiltration of pathogenic leukocytes into CNS [156].

EAE occurs when autoreactive, MOG-specific RORγt+ Th17 T cells, primed in the SLOs,

breach the disrupted blood-brain barrier and enter the spinal cord, where these cells become

reactivated, triggering an inflammation cascade that leads to chronic hindlimb paralysis [156].

To assess the impact of prophylactic SA IL-33 therapy on leukocyte phenotype, we isolated

cells from the spinal cord tissue at the study endpoint, stained them for T cell and myeloid

cell markers, and performed immunophenotyping via flow cytometry (Figures 3.11, 3.12,
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3.13, 3.14, and 3.15). In the spinal cord, SA IL-33 administration significantly reduced the

percentage of CD45+ lymphocytes (Figure 3.11a), CD4+ T cells (Figure 3.11b), and disease-

causing RORγt+ Th17 cells (Figure 3.11c) compared to PBS. Additionally, in a repeated

experiment (Figure 3.12a), we also stained for MOG Tetramer+ cells and observed that

SA IL-33 treatment significantly reduced the percentage of MOG Tetramer+ CD4+ T cells

(Figure 3.12b) and MOG+ RORγt+ Th17 cells (Figure 3.12c). As expected, administration

of the positive control, FTY 720, significantly reduced the levels of CD4+ T cells (Figure

3.11b), RORγt+ Th17 cells (Figure 3.11c), MOG Tetramer+ CD4+ T cells (Figure 3.12b),

and MOG Tetramer+ RORγt+ Th17 cells (Figure 3.12c) in the spinal cord.

Infiltrating peripheral and CNS-resident myeloid cells also contribute to the CNS inflam-

mation cascade [156]. M1-polarized macrophages secrete proinflammatory cytokines and

chemokines that recruit additional immune cells [156]. These antigen presenting cells (APCs)

present myelin antigens to autoreactive T cells, promoting their continued re-activation

[156]. In the spinal cord, SA IL-33 administration significantly reduced the percentage

of CD11b+F4/80+ macrophages (Figure 3.11d) and proinflammatory CD86+ M1-polarized

macrophages (Figure 3.11e), as well as trended towards increasing the percentage of im-

munoregulatory CD206+ M2-polarized macrophages (Figure 3.11f), overall significantly low-

ering the M1 to M2 macrophage ratio compared to PBS (Figure 3.11g). Additionally, SA IL-

33 administration significantly reduced the percentage of CD11c+MHCIIhighF4/80− (Figure

3.11h) and CD11b+CD11c+MHCIIhighF4/80− (Figure 3.11i) DCs compared to PBS. Con-

versely, FTY 720 treatment did not impact myeloid cell levels (Figure 3.11d-i).
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Figure 3.11: SA IL-33 treatment suppresses leukocyte infiltration and proinflam-
matory cytokine production in the spinal cord of EAE-bearing mice. MOG35−55
EAE-bearing mice were prophylactically administered s.c. PBS or s.c. 26 µg SA IL-33 (molar
e.q. to WT IL-33) every other day, or oral gavage FTY 720 (1 mg/kg body weight) daily from
day 8 after immunization as described in Figure 3.8a (n = 6-7 mice/group). On day 15, spinal
cords were excised, and cells were processed for flow cytometric analysis. In a repeated ex-
periment (disease scores shown in Figure 3.12a, n = 8 mice/group), spinal cords were homog-
enized for cytokine analysis. (a-i) Percentage of a) CD45+ of live cells and b) CD4+CD3+, c)
RORγt+CD4+, d) CD11b+F4/80+, e) CD86+CD11b+F4/80+, f) CD206+CD11b+F4/80+
of CD45+ cells in the spinal cord. g) M1 to M2 macrophage ratio in the spinal cord. Percent-
age of h) CD11c+MHCIIhighF4/80− and i) CD11b+CD11c+MHCIIhighF4/80− of CD45+
cells in the spinal cord. (j-n) The concentration of j) IFN-γ, k) TNF-α, l) IL-6, m) free
active TGF-β1, and n) amphiregulin in the spinal cord homogenate was measured using
LEGENDplex or ELISA and normalized by total protein. Any values below the limit of
detect were considered as the limit of detection. Data represent means ± s.e.m. Statistical
analysis was performed using ordinary one-way ANOVA with Tukey’s multiple comparisons
tests. P-values < 0.05 are shown. 102
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Figure 3.12: Impact of prophylactic SA IL-33 therapy on MOG-Tetramer CD4+

T cells in the spinal cord of EAE-bearing mice. (a) Disease progression. Data is from
a repeated experiment of the prophylactic SA IL-33 study described in Figure 3.8a. (b, c)
Percentage of b) MOG Tetramer+CD4+CD3+ and c) MOG Tetramer+RORγt+CD4+CD3+
of CD45+ cells in the spinal cord. Data represent means ± s.e.m. Statistical analysis was
performed using ordinary one-way ANOVA with Tukey’s multiple comparisons tests. P-
values < 0.05 are shown.

During EAE, the proinflammatory cytokines secreted by these immune cells contribute to

blood-brain barrier disruption, recruit additional peripheral cells, and activate CNS-resident

immune cells including microglia and astrocytes, resulting in CNS tissue damage [156]. We

observed that SA IL-33 and FTY 720 treatment significantly reduced IFN-γ (Figure 3.11j)

and TNF-α (Figure 3.11k), and trended towards reducing IL-6 (Figure 3.11l) levels in the

spinal cord homogenate. SA IL-33 also reduced the concentration of TGF-β1 (Figure 3.11m),

which in combination with IL-6 promotes Th17 T cell differentiation [303]. Strikingly, SA

IL-33 treatment significantly increased the production of amphiregulin (Figure 3.11n), a

growth factor associated with IL-33-induced tissue repair [263], in the spinal cord. Overall,

these results support the flow cytometric findings, which indicate that SA IL-33 treatment

suppressed disease-causing T cells and myeloid cells in the spinal cord.

103



Figure 3.13: Flow cytometry gating strategy for identification of T cells in the
spinal cord of EAE-bearing mice. This gating strategy was used in Figure 3.11a-c and
Figure 3.24d-f.

Figure 3.14: Flow cytometry gating strategy for identification of MOG Tetramer+

T cells in the spinal cord of EAE-bearing mice. This gating strategy was used in
Figure 3.12b,c and Figure 3.26.
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Figure 3.15: Flow cytometry gating strategy for identification of myeloid cells in
the spinal cord of EAE-bearing mice. This gating strategy was used in Figure 3.11d-i.

3.4.5 SA IL-33 Expands the Protective Type 2 Response and Reduces

Proinflammatory Cytokine Production in the Secondary Lymphoid

Organs of EAE-Bearing Mice.

As IL-33 expands type 2 immune cells including ILC2s, GATA3+ Th2 T cells, ST2+FoxP3+

Tregs, and M2 macrophages [263], we hypothesized that SA IL-33 would promote type 2

skewing in the SLOs of EAE-bearing mice. To assess the impact of prophylactic SA IL-

33 therapy on immune cell phenotypes in the SLOs, we isolated cells from cervical and iliac

lymph nodes (CNS-dLNs) and performed immunophenotyping (Figures 3.16, 3.17, 3.18, 3.19,

3.20, 3.21, 3.22, and 3.23).
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Figure 3.16: SA IL-33 expands protective type 2 immune cells and reduces
proinflammatory cytokine production in the CNS-dLNs of EAE-bearing mice.
MOG35−55 EAE-bearing mice were prophylactically administered s.c. PBS or s.c. 26 µg SA
IL-33 (molar e.q. to WT IL-33) every other day, or oral gavage FTY 720 (1 mg/kg body
weight) daily from day 8 after immunization as described in Figure 3.8e (n = 8 mice/group).
On day 21, the iliac and cervical LNs (CNS draining lymph nodes, CNS-dLNs) were excised,
and cells were processed for flow cytometric analysis. In a repeated experiment (disease
scores shown in Figure 3.12a, n = 8 mice/group), lymphocytes were restimulated ex vivo for
72 hr with MOG protein, and cytokine production was measured. Continued on next page.
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Figure 3.16: Continued: (a-i) Percentage of a) KLRG1+GATA3+Thy1.2+Lin− and b)
CD25+KLRG1+GATA3+Thy1.2+Lin− of CD45+ cells; c) GATA3+FoxP3− of CD4+ cells;
d) ST2+, e) CTLA-4+, and f) PD-1+ of FoxP3+CD25+CD4+ cells; g) CTLA-4+ and h)
PD-1+ of RORγt+FoxP3−CD4+ cells; and i) CD86+ and j) Arg-1+ of CD11b+F4/80+ cells
in the CNS-dLNs. (k) M2 to M1 macrophage ratio in the CNS-dLNs. (l) Percentage of
PD-L1+ of CD11b+F4/80+ cells in the CNS-dLNs. (m-t) The production of m) IFN-γ, n)
TNF-α, o) IL-17A, p) IL-17F, q) IL-22, r) IL-5, s) IL-9, and t) IL-13 was measured in the su-
pernatant of CNS-dLN derived cells from EAE-bearing mice following ex vivo restimulation
with MOG protein for 72 hr. Values represent the difference between cytokine production
of MOG-restimulated and unstimulated cells. Data represent means ± s.e.m. Statistical
analysis was performed using ordinary one-way ANOVA with Tukey’s multiple comparisons
tests. P-values < 0.05 are shown.

Figure 3.17: Flow cytometry gating strategy for identification of ILC2s in the
CNS-dLNs and spleen of EAE-bearing mice. This gating strategy was used in Figure
3.16a,b; Figure 3.20a,b; Figure 3.21a-d; Figure 3.24h,i; Figure 3.27; and Figure 3.30d,e.
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Figure 3.18: Flow cytometry gating strategy for identification of CD4+ T cell
subsets in the CNS-dLNs and spleen of EAE-bearing mice. This gating strategy
was used in Figure 3.16c-h; Figure 3.20c-g; Figure 3.23a-d; Figure 3.24j-m; Figure 3.20c-g;
Figure 3.23a-d; Figure 3.28a-d; Figure 3.29a-d; and Figure 3.30f-h.

On ILC2s, IL-33 upregulates the transcription factor GATA3, which is required for their

differentiation and maintenance [298]. Activated ILC2s also express the surface markers

CD25, ICOS, and CD69 [304]. Prophylactic SA IL-33 administration significantly increased

the percentage of KLRG1+GATA3+Th1.2+Lin− ILC2s in both the CNS-dLNs (Figure

3.16a) and spleen (Figure 3.20a) compared to PBS and FTY 720. Furthermore, SA IL-

33 elevated the percentage of ILC2s expressing the activation markers CD25, CD69, and

ICOS in both the CNS-dLNs (Figure 3.16b, Figure 3.21a,b) and spleen (Figure 3.20b, Fig-

ure 3.21c-d).

SA IL-33 treatment also modulated T cell phenotype in the SLOs. IL-33 acts as a

chemoattractant for Th2 T cells [305] and upregulates their expression of the canonical

transcription factor GATA3 via the NF-κB and STAT5 pathways [306]. Prophylactic SA IL-
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33 administration significantly increased the percentage of GATA3+ Th2 T cells in both the

CNS-dLNs (Figure 3.16c) and spleen (Figure 3.20c) compared to PBS. FTY 720 elevated

the percentage of Th2 T cells in the CNS-dLNs. IL-33 also promotes the expansion of

ST2+FoxP3+ Tregs, a Th2-skewing Treg subset that contributes to the protective effects of

IL-33 in allogenic cardiac transplantation [307], graft-versus-host-disease [268], and colitis

[258][308]. Notably, prophylactic SA IL-33 significantly increased the expression of ST2

on FoxP3+CD25+ Tregs in both the CNS-dLNs (Figure 3.16d) and spleen (Figure 3.20d),

without altering the levels of FoxP3+CD25+ Tregs in the CNS-dLNs (Figure 3.23b) or spleen

(Figure 3.23d). Additionally, prophylactic SA IL-33 significantly elevated the expression of

the immune checkpoint markers CTLA-4 and PD-1 on FoxP3+CD25+ Tregs in both the

CNS-dLNs (Figure 3.16e,f) and spleen (Figure 3.20e,f). These results suggest that SA IL-33

may enhance the immunosuppressive capacity of Tregs.

Apart from its role in Th2 skewing, IL-33 reportedly suppresses the function of RORγt+

Th17 T cells [270][271][272][273][274], a key driver of disease in EAE [156]. Prophylactic SA

IL-33 treatment also significantly reduced the percentage of RORγt+FoxP3− Th17 T cells

in the spleen (Figure 3.23c), while increasing CTLA-4 and PD-1 expression on Th17 T cells

in the CNS-dLNs (Figure 3.16g,h) and PD-1 expression on Th17 T cells in the spleen (Figure

3.20g). In contrast, FTY 720 increased the level of RORγt+FoxP3− Th17 T cells in the SC-

dLNs (Figure 3.23a), an outcome that is expected and likely occurs due to its role as an S1P

receptor modulator that prevents cell egress from the lymph nodes [170][302]. As the SLOs

are important sites of T cell priming in EAE [156], we also stained for MOG Tetramer+ cells

in the SLOs (Figure 3.22). We observed that prophylactic SA IL-33 treatment significantly

reduced the percentage of MOG Tetramer+ CD4+ T cells in the spleen (Figure 3.22b) and

trended towards reducing these cells in the CNS-dLNs (Figure 3.22a).
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Figure 3.19: Flow cytometry gating strategy for identification of myeloid cells in
the CNS-dLNs and spleen of EAE-bearing mice. This gating strategy was used in
Figure 3.16i-l and Figure 3.30i-k.

In both the CNS-dLNs and spleen, prophylactic SA IL-33 treatment significantly reduced

the percentage of proinflammatory CD86+ M1-polarized macrophages (Figure 3.16i), while

increasing the percentage of immunoregulatory Arg-1+ M2-macrophages (Figure 3.16j), and

the M2 to M1 macrophage ratio (Figure 3.16k) compared to PBS and FTY 720. These

results align with a previous study demonstrating that IL-33 synergizes with IL-13 to pro-

mote M2 macrophage polarization by increasing Arg-1 expression [267]. Furthermore, SA

IL-33-treated mice also displayed elevated PD-L1 levels on CD11b+F4/80+ macrophages in

the CNS-dLNs (Figure 3.16l). The reduction in CD86 and increase in PD-L1 expression

on myeloid cells coupled with the increase in CTLA-4 and PD-1 expression on T cells sug-

gests that the CD86-CTLA-4 and PD-1-PD-L1 axes may contribute to SA IL-33-mediated

immunoregulation in EAE.
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Figure 3.20: Impact of prophylactic SA IL-33 therapy on protective type 2 immune
cells and proinflammatory cytokine production in the spleen of EAE-bearing
mice. MOG35−55 EAE-bearing mice were prophylactically administered s.c. PBS or s.c.
26 µg SA IL-33 (molar e.q. to WT IL-33) every other day, or oral gavage FTY 720 (1
mg/kg body weight) daily from day 8 after immunization, as described in Figure 3.8e (n
= 8 mice/group). On day 21, the spleen was excised and cells were processed for flow
cytometric analysis. In a repeated experiment (disease scores shown in Figure 3.12a, n = 8
mice/group), spleen-derived cells were restimulated ex vivo for 72 hr with MOG protein and
cytokine production was measured. (a-g) Percentage of a) KLRG1+GATA3+Thy1.2+Lin−
and b) CD25+KLRG1+GATA3+Thy1.2+Lin− of CD45+ cells; c) GATA3+FoxP3− of CD4+
cells; d) ST2+, e) CTLA-4+, and f) PD-1+ of FoxP3+CD25+CD4+ cells; and g) PD-1+ of
RORγt+FoxP3−CD4+ cells in the spleen. Continued on next page.
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Figure 3.20: Continued: (h-o) The production of h) IFN-γ, i) TNF-α, j) IL-17A, k) IL-17F, l)
IL-22, m) IL-5, n) IL-9, and o) IL-13 was measured in the supernatant of spleen-derivced cells
from EAE-bearing mice following ex vivo restimulation with MOG protein for 72 hr. Values
represent the difference between cytokine production of MOG-restimulated and unstimulated
cells. Data represent means ± s.e.m. Statistical analysis was performed using ordinary one-
way ANOVA with Tukey’s multiple comparisons tests. P-values < 0.05 are shown.
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Figure 3.21: Impact of prophylactic SA IL-33 therapy on ILC2 phenotype in the
CNS-dLNs and spleen of EAE-bearing mice. MOG35−55 EAE was induced as de-
scribed in Figure 3.8e (n = 8 mice/group). EAE-bearing mice were prophylactically adminis-
tered PBS, SA IL-33, or FTY 720 as described in Figure 3.8e. On day 21, the CNS-dLNs and
spleen were excised and cells were processed for flow cytometric analysis. (a-d) Percentage
of a) CD69+KLRG1+GATA3+Thy1.2+Lin− and b) ICOS+KLRG1+GATA3+Thy1.2+Lin−
of CD45+ cells in the CNS-dLNs. Percentage of c) CD69+KLRG1+GATA3+Thy1.2+Lin−
and d) ICOS+KLRG1+GATA3+Thy1.2+Lin− of CD45+ cells in the spleen. Data represent
means ± s.e.m. Statistical analysis was performed using ordinary one-way ANOVA with
Tukey’s multiple comparisons tests. P-values < 0.05 are shown.

112



To characterize the impact of SA IL-33 on cytokine production in an antigen-specific

manner, we restimulated CNS-dLN and spleen-derived cells, harvested from SA IL-33-treated

EAE-bearing mice, with MOG protein for 72 hr ex vivo (Figure 3.16m-t, Figure 3.20h-o).

Restimulated cells derived from the CNS-dLNs and spleen of SA IL-33-treated mice secreted

significantly lower levels of the Th1 and Th17 cytokines IFN-γ (Figure 3.16m, Figure 3.20h),

TNF-α (Figure 3.16n, Figure 3.20i), IL-17A (Figure 3.16o, Figure 3.20j), IL-17F (Figure

3.16p, Figure 3.20k), and IL-22 (Figure 3.16q, Figure 3.20l), as well as elevated levels of the

Th2 cytokine IL-5 (Figure 3.16r, Figure 3.20m) compared to PBS. These results align with

a previous study that noted a reduction in IL-17A and IFN-γ production by LN and spleen

cells from EAE mice following WT IL-33 administration [281]. CNS-dLN but not spleen-

derived cells from FTY 720-treated mice also secreted lower levels of Th1 and Th17 cytokines.

Overall, the flow cytometric and ex vivo restimulation data indicate that prophylactic SA

IL-33 therapy promotes immunoregulation in the SLOs of EAE-bearing mice.
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Figure 3.22: Impact of prophylactic SA IL-33 therapy on MOG Tetramer+ CD4+

T cells in the CNS-dLNs and spleen of EAE-bearing mice. MOG35−55 EAE was
induced as described in Figure 3.8e (n = 8 mice/group). EAE-bearing mice were prophylac-
tically administered PBS, SA IL-33, or FTY 720 as in Figure 3.8e. Continued on next page.
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Figure 3.22: Continued: On day 21, the CNS-dLNs and spleen were excised and cells were
processed for flow cytometric analysis.(a-b) Percentage of MOG Tetramer+CD4+CD3+ of
live cells in the a) CNS-dLNs and b) spleen. Data represent means ± s.e.m. Statistical
analysis was performed using ordinary one-way ANOVA with Tukey’s multiple comparisons
tests. P-values < 0.05 are shown.
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Figure 3.23: Impact of prophylactic SA IL-33 therapy on RORγt+FoxP3−CD4+

T cells and FoxP3+CD25+CD4+ T cells in the CNS-dLNs and spleen of EAE-
bearing mice. MOG35−55 EAE was induced as described in Figure 3.8e (n = 8 mice/group).
EAE-bearing mice were prophylactically administered PBS, SA IL-33, or FTY 720 as in in
Figure 3.8e. On day 21, the CNS-dLNs and spleen were excised and cells were processed for
flow cytometric analysis. (a-d) Percentage of a) RORγt+FoxP3− and b) FoxP3+CD25+ of
CD4+CD3+ cells in the CNS-dLNs. Percentage of c) RORγt+FoxP3− and d) FoxP3+CD25+
of CD4+CD3+ cells in the spleen. Data represent means ± s.e.m. Statistical analysis was
performed using ordinary one-way ANOVA with Tukey’s multiple comparisons tests. P-
values < 0.05 are shown.
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3.4.6 Therapeutic SA IL-33 Reduces the Severity of MOG35−55-Induced EAE

and Modulates Immune Cells in the Spinal Cord and SLOs.

We next sought to determine whether SA IL-33 therapy, if initiated after MOG35−55-EAE

disease onset, could reverse the progression of already-established, severe disease. For this

purpose, we s.c. administered PBS or SA IL-33 every-other day or orally gavaged FTY 720

daily, from day 20 post-EAE induction (Figure 3.24a). PBS-treated mice maintained chronic,

severe hindlimb paralysis until endpoint (Figure 3.24b,c; Figure 3.25a), whereas therapeu-

tic SA IL-33 (Figure 3.24b,c; Figure 3.25b) and FTY 720 (Figure 3.24b,c; Figure 3.25c)

treatment reduced the severity of already-established disease, partially reversing paralysis.

In the spinal cord, therapeutic SA IL-33 and FTY 720 treatment significantly decreased

the percentage of CD45+ leukocytes (Figure 3.24d), CD4+ T cells (Figure 3.24e), and

disease-causing RORγt+ Th17 T cells (Figure 3.24f), as well as trended towards reducing the

percentage of MOG Tetramer+ CD4+ T cells (Figure 3.26). Furthermore, SA IL-33-treated

mice also displayed elevated amphiregulin in the spinal cord homogenate (Figure 3.24g).

As in the prophylactic setting, therapeutic SA IL-33 also increased the percentage of

ILC2s (Figure 3.24h) and their expression of activation markers CD25 (Figure 3.24i) and

ICOS (Figure 3.27) in the spleen. In both the CNS-dLNs and spleen, therapeutic SA IL-33

elevated the percentage of GATA3+ Th2 T cells (Figure 3.24j, Figure 3.28a) as well as the

expression of ST2 (Figure 3.24k, Figure 3.28b) and CTLA-4 (Figure 3.24l, Figure 3.28c) on

FoxP3+CD25+ Tregs without altering the level of FoxP3+CD25+ Tregs (Figure 3.29a,c).

Although therapeutic SA IL-33 did not impact RORγt+ Th17 cell levels in the CNS-dLNs

(Figure 3.29b) or spleen (Figure 3.29d), SA IL-33-treated mice displayed significantly higher

CTLA-4 expression on RORγt+ Th17 cells in the CNS-dLNs (Figure 3.24m) compared to

PBS and FTY 720.
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Figure 3.24: Therapeutic SA IL-33 therapy reduces the severity of already-
established MOG35−55-induced EAE and modulates immune cells in the spinal
cord, CNS-dLNs, and spleen. (a) Overview of experimental design. EAE was induced
in C56BL/6 mice by s.c. immunization with MOG35−55/CFA followed by i.p. injections of
PTX on days 0 and 1. On day 20 post MOG35−55 immunization, prior to the start of treat-
ment, mice with established disease were assigned into groups of equal average clinical score.
Each group was therapeutically administered s.c. PBS or s.c. 26 µg SA IL-33 (molar e.q. to
WT IL-33) every other day, or oral gavage of FTY 720 (1 mg/kg body weight) daily from
day 20 (n = 12 mice/group). (b) Disease progression. Clinical score of paralysis severity was
assessed daily by a blinded investigator. Continued on next page.
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Figure 3.24: Continued: (c) Disease score at final measurement. On day 35, spinal cords,
CNS-dLNs, and spleen were excised, and cells were processed for flow cytometric and cytokine
analysis. (d-f) Percentage of d) CD45+ of live cells, e) CD4+CD3+ of CD45+ cells, and f)
RORγt+CD4+ of CD45+ cells in the spinal cord. (g) The concentration of amphiregulin in
the spinal cord homogenate was measured using ELISA and normalized by total protein. Any
values below the limit of detect were considered as the limit of detection. (h,i) Percentage of
h) KLRG1+GATA3+Thy1.2+Lin− and i) CD25+KLRG1+GATA3+Thy1.2+Lin− of CD45+
cells in the spleen. (j-m) Percentage of j) GATA3+FoxP3− of CD4+ cells; k) ST2+ and l)
CTLA-4+ of FoxP3+CD25+CD4+ cells; and m) CTLA-4+ of RORγt+FoxP3−CD4+ cells
in the CNS-dLNs. (n-t) The production of n) IFN-γ, o) TNF-α, p) IL-17A, q) IL-17F,
r) IL-22, s) IL-5, and t) IL-13 was measured in the supernatant of spleen-derived cells
from EAE-bearing mice following ex vivo restimulation with MOG protein for 72 hr. Values
represent the difference between cytokine production of MOG-restimulated and unstimulated
cells. Data represent means ± s.e.m. Statistical analysis on disease score AUC (from d20 to
35 in (b)), disease score at endpoint (c), flow cytometric analysis (d-f, h-m), and cytokine
measurements (g, n-t) was performed using ordinary one-way ANOVA with Tukey’s multiple
comparisons tests. Diagram in (a) was created in BioRender.com. P-values < 0.05 are shown.
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Figure 3.25: Clinical scores of individual EAE-bearing mice in therapeutic SA IL-
33 study. (a-c) Mice were treated with a) PBS, b) SA IL-33, or c) FTY 720, as described
in Figure 3.24a.
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Figure 3.26: Impact of therapeutic SA IL-33 on MOG-Tetramer CD4+ T cells in
the spinal cord of EAE-bearing mice. MOG35−55 EAE was induced as described in
Figure 3.24a. EAE-bearing mice were therapeutically administered PBS, SA IL-33, or FTY
720 beginning on day 20 as in Figure 3.24a (n = 12 mice/group). On day 35, the spinal cord
was excised and cells were processed for flow cytometric analysis. Graph displays percentage
of MOG Tetramer+CD4+CD3+CD45+ of live cells in the spinal cord. Data represent means
± s.e.m. Statistical analysis was performed using ordinary one-way ANOVA with Tukey’s
multiple comparisons tests.
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Figure 3.27: Impact of therapeutic SA IL-33 therapy on ILC2 phenotype in the
spleen of EAE-bearing mice. MOG35−55 EAE was induced as described in Figure 3.24a.
EAE-bearing mice were therapeutically administered PBS, SA IL-33, or FTY 720 beginning
on day 20 as in Figure 3.24a (n = 12 mice/group). On day 35, the spleen was excised and
cells were processed for flow cytometric analysis. Continued on next page.
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Figure 3.27: Continued: Graph displays percentage of ICOS+ KLRG1+ GATA3+ Thy1.2+
Lin− of CD45+ cells in the spleen. Data represent means ± s.e.m. Statistical analysis
was performed using ordinary one-way ANOVA with Tukey’s multiple comparisons tests.
P-values < 0.05 are shown.
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Figure 3.28: Impact of therapeutic SA IL-33 therapy on CD4+ T cell phenotype
in the spleen of EAE-bearing mice. MOG35−55 EAE was induced as described in
Fig. 6a. EAE-bearing mice were therapeutically administered PBS, SA IL-33, or FTY 720
beginning on day 20 as described in Figure 3.24a (n = 12 mice/group). On day 35, the spleens
were excised and cells were processed for flow cytometric analysis. (a-d) Percentage of a)
GATA3+FoxP3− of CD4+CD3+ cells; b) ST2+ and c) CTLA-4+ of FoxP3+CD25+CD4+
cells; and d) CTLA-4+ of RORγt+FoxP3−CD4+ cells in the spleen. Data represent means
± s.e.m. Statistical analysis was performed using ordinary one-way ANOVA with Tukey’s
multiple comparisons tests. P-values < 0.05 are shown.
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Figure 3.29: Impact of therapeutic SA IL-33 therapy on FoxP3+CD25+CD4+ T
cells and RORγt+FoxP3−CD4+ T cells in the CNS-dLNs and spleen of EAE-
bearing mice. MOG35−55 EAE was induced as described in 3.24a (n = 12 mice/group).
EAE-bearing mice were therapeutically administered PBS, SA IL-33, or FTY 720 beginning
on day 20 as in Figure 3.24a. On day 35, the CNS-dLNs and spleen were excised and cells
were processed for flow cytometric analysis. (a-d) Percentage of a) FoxP3+CD25+ and b)
RORγt+FoxP3− of CD4+CD3+ cells in the CNS-dLNs. Percentage of c) FoxP3+CD25+
and d) RORγt+FoxP3− of CD4+CD3+ cells in the spleen. Data represent means ± s.e.m.
Statistical analysis was performed using ordinary one-way ANOVA with Tukey’s multiple
comparisons tests. P-values < 0.05 are shown.
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As in the prophylactic setting, spleen-derived cells from therapeutic SA IL-33-treated

mice restimulated with MOG protein also secreted significantly lower levels of the Th1 and

Th17 cytokines IFN-γ (Figure 3.24n), TNF-α (Figure 3.24o), IL-17A (Figure 3.24p), IL-17F

(Figure 3.24q), and IL-22 (Figure 3.24r), as well as elevated levels of the Th2 cytokine IL-5

(Figure 3.24s) compared to PBS. Overall, these results suggest that SA IL-33 treatment

reduces MOG35−55-EAE severity and promotes immunomodulation in the chronic phase of

disease.

3.4.7 Therapeutic SA IL-33 Reduces the Severity of Relapsing-Remitting

PLP139−151-EAE and Modulates Immune Cells in the SLOs

Lastly, we investigated the effectiveness of therapeutically administered SA IL-33 in a second

disease model, relapsing-remitting (RR) EAE. RR-EAE was induced in SJL/J mice via

immunization with native PLP139−151 antigen emulsified in Complete Freud’s Adjuvant

followed by pertussis toxin [153][155]. During RR-EAE, mice initially develop acute disease,

followed by period of partial or complete recovery called remission, and then a second wave

of returning disease called relapse [309]. From day 18, after all mice entered remission, we

s.c. administered PBS or SA IL-33 every other day until day 36, for a total of 10 doses

(Figure 3.30a). Between the start of treatment and the study endpoint, SA IL-33 treatment

significantly reduced disease score compared to PBS (Figure 3.30b, Figure 3.31a-b). Only 6

out of 11 SA IL-33-treated mice relapsed, while 9 out of 11 PBS-treated mice relapsed by the

study endpoint (Figure 3.30c). Although SA IL-33 treatment did not significantly increase

the probability of remaining relapse-free (Figure 3.31c), during remission, SA IL-33-treated

mice displayed a significantly lower minimum EAE score compared to PBS mice (Figure

3.31e) and spent a greater number of remission days with minimal disease symptoms (EAE

score ≤ 0.5) (Figure 3.31f).
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Figure 3.30: SA IL-33 therapy reduces the severity of relapsing-remitting PLP-
EAE and expands protective type 2 immune cells in the CNS-dLNs. (a) Overview
of experimental design. EAE was induced in SJL/J mice by s.c. immunization with
PLP139−151/CFA followed by i.p. injections of PTX on days 0 and 2. On day 18 post
PLP139−151 immunization, prior to the start of treatment, mice were assigned into groups
of equal average clinical score. Each group was therapeutically administered s.c. PBS or
s.c. 26 µg SA IL-33 (molar e.q. to WT IL-33) every other day from days 18 to 36 (n = 11
mice/group). (b) Disease progression. Clinical score of paralysis severity was assessed daily
by a blinded investigator. (c) Probability of EAE mice remaining relapse-free. Acute phase,
the first episode of disease, was defined as an increase in disease score by ≥ 1 grade for ≥
2 consecutive days. Remission phase, a period of clinical improvement, was defined as the
reduction of disease score for ≥ 2 consecutive days after peak disease score was attained.
Relapse phase, a period of disease reoccurrence, was defined as the increase in disease score
by ≥ 1 grade following remission. (d-o) On day 43, CNS-dLNs were excised and cells were
processed for flow cytometric analysis. Percentage of d) KLRG1+GATA3+Thy1.2+Lin−
and e) CD25+KLRG1+GATA3+Thy1.2+Lin− of CD45+ cells; f) GATA3+FoxP3− and g)
FoxP3+CD25+ of CD4+ cells; h) CTLA-4+ of FoxP3+ CD25+ cells; and i) CD86+ and j)
Arg-1+ of CD11b+F4/80+ cells in the CNS-dLNs. k) M1 to M2 macrophage ratio in the
CNS-dLNs. Percentage of l) CD11b+ CD11c+MHCIIhighF4/80− of live cells; m) CD86+ of
CD11b+CD11c+ MHCIIhighF4/80− cells; n) CD11c+MHCIIhighF4/80− of live cells; and
o) CD86+ of CD11c+MHCIIhighF4/80− cells in the CNS-dLNs. Continued on next page.
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Figure 3.30: Continued: Data represent means ± s.e.m. Statistical analysis on disease score
AUC (from d18 to 43 in (b)) and flow cytometric analysis (d-o) was performed using ordinary
one-way ANOVA with Tukey’s multiple comparisons tests, and on probability of relapsing
(c) using Log-rank (Mantel-Cox) test comparing every two groups. P-values < 0.05 are
shown. Diagram in (a) was created in BioRender.com. P-values < 0.05 are shown.

On day 43, the study endpoint, we performed immunophenotyping on the CNS-dLNs.

We observed, as in the MOG-EAE model, that SA IL-33 treatment significantly increased the

percentage of ILC2s (Figure 3.30d) and their expression of CD25 (Figure 3.30e) compared to

PBS. In the T cell compartment, SA IL-33 also increased the percentage of GATA3+ Th2 T

cells (Figure 3.30f), as well as the percentage of FoxP3+CD25+ Tregs (Figure 3.30g) and the

expression of CTLA-4 on these cells (Figure 3.30h). In the myeloid compartment, SA IL-33

treatment significantly reduced the percentage of CD86+ M1-polarized macrophages (Figure

3.30i), while increasing the percentage of Arg-1+ M2-macrophages (Figure 3.30j), overall

reducing the M1 to M2 macrophage ratio (Figure 3.30k). Additionally, SA IL-33 significantly

reduced the percentage of CD11b+CD11c+MHCIIhighF4/80− DCs (Figure 3.30l), as well

as their expression of CD86 (Figure 3.30m). SA IL-33 also trended towards reducing the

percentage of CD11c+MHCIIhighF4/80− DCs (Figure 3.30n) and significantly reduced their

expression of CD86 (Figure 3.30o). Overall, these results suggest that SA IL-33 treatment

reduces PLP139−151-EAE severity and promotes immunomodulation during later stages of

disease.
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Figure 3.31: Impact of SA IL-33 treatment on clinical scores of individual
PLP139−151-EAE mice and relapse parameters. PLP139−151 EAE was induced as
described in Figure 3.30a. EAE-bearing mice were therapeutically administered PBS or SA
IL-33 from day 18 to 36 as in Figure 3.30 a (n = 11 mice/group). (a-b) Clinical scores of
individual mice treated with a) PBS or b) SA IL-33. Remission phase, a period of clinical
improvement, was defined as the reduction of disease score for ≥ 2 consecutive days after
peak disease score was attained. Relapse phase, a period of disease reoccurrence, was defined
as the increase in disease score by ≥ 1 grade following remission. (c-f) Impact of SA IL-33
treatment on c) number of relapses, d) relapse severity, defined as the maximum disease
score attained during a relapse, as well as e) minimum EAE score during remission and f)
number of days EAE score ≤ 0.5. Data represent means ± s.e.m. Statistical analysis was
performed using unpaired, two-tailed Student’s T-test. P-values < 0.05 are shown.
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3.5 Discussion

In this study, we engineered SA IL-33, a long-circulating, activity-attenuated fusion of the

immunoregulatory cytokine, IL-33, and blood protein, SA. Following rigorous characteriza-

tion of its pharmacokinetics, bioactivity, and immunotoxicity, we investigated the impact of

subcutaneously administered SA IL-33 therapy on the prevention and treatment of EAE,

a murine model of neuroinflammation. Through flow cytometric immunophenotyping and

cytokine assays, we then explored several pathways by which SA IL-33 may promote im-

munomodulation in both the SLOs and CNS. Systemically administered, unmodified cy-

tokines exhibit short in vivo plasma half-life and insufficient tissue residence [310][311] due

to rapid degradation by proteolytic enzymes, receptor-mediated endocytosis, and renal clear-

ance [279], necessitating high dosing frequency [312]. By recombinantly fusing IL-33 to SA,

we generated an activity-attenuated protein with several advantages for clinical translation

over WT IL-33, including prolonged plasma half-life, increased persistence in the SLOs and

CNS, and greatly reduced immunotoxicity. Our results demonstrate that prophylactic SA

IL-33 was significantly more effective than WT IL-33 in preventing the onset of EAE, and

therapeutic treatment reduced the severity of already-established, chronic and relapsing-

remitting EAE. In both treatment regimens, SA IL-33 suppressed pathogenic leukocyte

infiltration and cytokine production in the CNS, while expanding protective type 2 immune

cells and Treg subsets in the SLOs, compared to PBS-treated mice.

Genetic fusion of IL-33 to the non-immunogenic, water soluble, blood transport pro-

tein SA [284][313], prolonged the plasma half-life of IL-33 by approximately 27-fold and

significantly increased its persistence in the SLOs both 6 hr and 48 hr post subcutaneous

administration compared to WT IL-33. We also detected elevated levels of SA IL-33 in the

spinal cord after 48 hr. These results align with previous studies that have demonstrated

half-life extension of the cytokines IL-2 [314][315], IL-4 [219], IL-10 [218], IFN-α [316], IFN-β

[317], and G-CSF [318] upon fusion to SA. SA likely prolongs cytokine half-life due to its
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interaction with cellular receptors including neonatal Fc receptor (FcRn), megalin/cubulin

complex, gp18, gp30, and gp60 [282][283][284][312][319][320][321][322]. Upon binding to in-

tracellular FcRn in acidic endosomes, SA is translocated back to the cell surface, where at

physiological pH, it dissociates from FcRn and returns to circulation[312][319][321]. In the

clinical setting, cytokines with extended half-life require less frequent dosing, which may

improve patient compliance [282][312].

Notably, we observed that fusion to SA attenuated the bioactivity of IL-33. Follow-

ing stimulation with SA IL-33, murine ILC2s exhibited approximately 148-fold reduction

in CD25 upregulation compared to WT IL-33-treated cells. Similar differences were noted

in IL-33-induced ILC2 cytokine production. SA IL-33 also displayed approximately 233-

fold lower bioactivity than WT IL-33 in human IL-33R-expressing HEK cells. It is possible

that SA, a bulky 66.5 kD protein [284], may dampen IL-33 bioactivity due to steric hin-

derance. Evaluation of WT IL-33 and SA IL-33 binding to murine IL-33R, ST2, revealed

only an approximately 3.2-fold difference in Kd, which suggests that SA fusion likely im-

pacted IL-33 bioactivity downstream of receptor binding. SA-mediated activity-attenuation

is not unprecidented, as we have previously observed that SA fused to the cytokine IL-4

displayed approximately 27-fold reduced bioactivity compared to WT IL-4 [219]. However,

the magnitude of activity-attenuation was greater with IL-33 fusion.

Although IL-33-mediated Th2 skewing regulates hyperactive Th17 and Th1 responses

[323], playing a protective role in neuroinflammatory diseases [263], overabundant IL-33

signaling contributes to excess type 2 cytokine production by ILC2s and Th2 T cells [280],

which has been linked to conditions such as airway inflammation and anaphylactic shock

[280]. Notably, SA IL-33 induced lower levels of IL-5 and IL-13, cytokines that promote

eosinophil and basophil differentiation, activation, and survival [256][324][325][326][327], in

the serum of naive mice than equimolar WT IL-33. These data parallel the elevated EC50

of SA IL-33-induced IL-5 and IL-13 production in vitro. In disease-bearing, MOG35−55-
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EAE mice administered WT IL-33, we observed 50% mortality, while all mice treated with

equimolar SA IL-33 remained alive for the duration of the study. Although it remains

to be determined whether mortality was caused by WT IL-33 alone or in synergy with

the EAE induction components – CFA, an adjuvant derived from inactivated mycobacteria

[328], and pertussis toxin, a virulence factor from Bordetella pertussis [328] – our results

suggest that activity-attenuated SA IL-33 was less toxic than WT IL-33 in the context of

this disease model. Future studies will endeavor to characterize the cellular mechanisms of

IL-33-mediated immunotoxicity.

We next investigated subcutaneous SA IL-33 as a prophylactic treatment for MOG35−55-

induced EAE, a murine model of neuroinflammation triggered by MOG-specific CD4+ T

cells [156]. SA IL-33, when administered at an activity-equivalent dose to WT IL-33 on

alternate days beginning on day 8, was significantly more effective at preventing EAE disease

development, likely due to its prolonged retention, noted in the organ biodistribution study,

in the SLOs and spinal cord, key sites of pathogenic T cell priming and inflammation-

mediated tissue damage, respectively. WT IL-33 also delayed the onset of severe EAE,

but to a lesser extent than SA IL-33. These results align with a previous study by Jiang

et al. demonstrating that daily administration of WT IL-33 moderately suppressed EAE

development [281] as well as prior work from our laboratory showing that SA-fused to another

cytokine, IL-4, was superior to WT IL-4 in preventing EAE [219]. Notably, prophylactic SA

IL-33 also displayed similar efficacy to FTY 720, an FDA-approved MS drug that systemically

suppresses immunity [302]. Pathogenic leukocyte infiltration in the CNS is a key feature of

MS and EAE [156]. Immunophenotyping of the spinal cord revealed that SA IL-33 treatment

reduced the percentage of disease-causing MOG Tetramer+RORγt+ Th17 T cells, CD86+

M1-polarized macrophages, and CD11c+MHCIIhigh dendritic cells in EAE-bearing mice. SA

IL-33 treatment also suppressed pro-inflammatory cytokine IFN-γ and TNF-α levels in the

spinal cord homogenate. Reduced migration of T cells and myeloid cells into the spinal cord
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may prevent CNS damage and its clinical manifestations including loss of mobility [156].

Due to its ability to expand both type 2 immune cell and Treg subsets, IL-33 plays

an important role in dampening overactive Th17 and Th1 responses [263]. In this study,

we demonstrated that SA IL-33 treatment expanded type 2 immune cells ILC2s, GATA3+

Th2 T cells, and M2-polarized macrophages in the CNS-dLNs and spleen of EAE-bearing

mice, while suppressing pathogenic RORγt+ Th17 cells in the spleen and M1-polarized

macrophages in both the CNS-dLNs and spleen. These cellular changes were accompanied by

a reduction in Th17/Th1 and an increase in Th2 cytokine production in ex vivo, restimulated

CNS-dLN and spleen-derived cells from SA IL-33-treated, EAE-bearing mice. Our results

align with previous reports demonstrating that ILC2s highly express IL-33R and expand

upon WT IL-33 stimulation [266][299][298]. Although originally studied in the context of

airway inflammation [280], ILC2s may play a protective role in neuroinflammation [329][330].

Studies from Russi et al. reveal that testosterone induces il33 gene expression [329] and that

IL-33-mediated expansion of ILC2s in the dLNs and CNS protects male SJL mice from

developing PLP139−151-EAE [330]. IL-33R is also highly expressed on Th2 T cells and

contributes to their effector function [265]. Immunization of EAE-resistant, male SJL mice

with the CNS antigen, MBP, has also been shown to preferentially expand Th2 T cells [331],

and adoptive transfer of male-derived Th2 T cells protected female SJL recipients from

developing passive EAE [331]. Additionally, IL-33 promotes M2-macrophage polarization

[267][281][332][333]. Our results also align with a previous study showing that adoptively-

transferred ex vivo IL-33 stimulated macrophages reduced EAE severity [281].

In addition to its role in Th2 skewing, SA IL-33 also modulated the Treg compartment

in EAE-bearing mice. Tregs play a critical role in suppressing overactive immune responses,

in part, by expressing the immune checkpoint markers CTLA-4 and PD-1 [334][335][336].

As CTLA-4 binds to the antigen-presenting cell (APC) costimulatory molecules CD80 and

CD86 with greater avidity than CD28, CTLA-4+ Tregs prevent conventional T cells from
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receiving APC co-stimulation [335]. PD-1+ Tregs bind to PD-L1-expressing T cells, B cells,

and myeloid cells, and suppress their activation, proliferation, cytokine, and antibody pro-

duction, resulting in apoptosis [336]. SA IL-33-treated mice displayed elevated CTLA-4

and PD-1 expression on FoxP3+CD25+ Tregs in both the CNS-dLNs and spleen of EAE-

bearing mice, suggesting that SA IL-33 may augment the immunosuppressive capacity of

Tregs. Notably, SA IL-33 treatment also expanded a subset of FoxP3+ Tregs that express

IL-33R (ST2+ Tregs) in both the CNS-dLNs and spleen. This finding aligns with previous

studies demonstrating that WT IL-33 promotes the expansion of ST2+ Tregs [260][268][337],

a heterogenous Treg population that co-express GATA3 [258][338]. IL-33 regulates FoxP3

expression on Tregs by causing the activation and recruitment of GATA3 onto the FoxP3

promoter via the MAP kinase pathway [258][339][340]. ST2+FoxP3+ Tregs contribute to

the protective effects of IL-33 in allogenic cardiac [307] and skin [337] transplantation, graft-

versus-host-disease [261], and colitis [258][308]. Future studies will seek to further character-

ize the phenotype and functions of ST2+ Tregs. It is currently unknown whether FoxP3+

Treg expression of ST2 and GATA3 is transient state on the path to becoming an “ex-Treg”

or a long-term phenotype [13]. Whether ST2+ Tregs act to broadly suppress the immune

system or expand to solely prevent excessive type 2 immunity has also not been elucidated.

However, a study by Siede et al. showed that ST2+ Tregs are more effective than ST2− Tregs

in suppressing naive CD4+ T cell proliferation in vitro [260], suggesting broad suppression.

Additionally, in a murine model of colitis, adoptively transferred ST2− cells displayed re-

duced FoxP3 levels, suggesting that IL-33 signaling may contribute to the maintenance of

FoxP3 expression in inflammatory contexts [258].

As most MS patients are prescribed medication after onset of symptoms, we also studied

the impact of therapeutic SA IL-33 treatment on EAE disease course. For this purpose,

we administered SA IL-33 in the chronic phase of MOG35−55-EAE and in the first remis-

sion phase of PLP131−151-EAE. These murine models display some features of progressive
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and relapsing-remitting MS, respectively [156]. Notably, therapeutic SA IL-33 significantly

reduced disease score in both the chronic and relapsing-remitting EAE models. In chronic

EAE, SA IL-33 also suppressed RORγt+ Th17 cell infiltration in the spinal cord and ex-

panded type 2 immune cells in the CNS-dLNs. Future studies could endeavor to improve the

therapeutic efficacy of SA IL-33 in these models by altering the dose regimen or administering

SA IL-33 in combination with additional therapies.

SA IL-33 displayed similar therapeutic efficacy to FTY 720, a clinically used MS drug

that acts by broadly dampening the immune system [124]. Although effective in manag-

ing acute attacks, the majority of available MS therapies are unable to repair or regenerate

damaged CNS components such as neurons, oligodendrocytes, or glia, rendering them less

effective in reversing progressive forms of the disease, which are characterized by neurode-

generation and axon dysfunction [125]. Furthermore, by broadly suppressing the immune

system, these therapies may also inhibit protective repair mechanisms. In healthy mice,

IL-33 is highly expressed by mature oligodendrocytes and gray matter astrocytes [341][342]

and modulates both CNS-resident immune and neuronal cell phenotype [263]. IL-33R is

expressed by microglia [343], astrocytes [342][344], and neurons [281][344]. IL-33 stimulation

polarizes microglia towards the M2 phenotype, which contributes to immunoregulation and

tissue repair [263]. We observed elevated levels of amphiregulin, a tissue repair-associated

growth factor, in the spinal cord homogenate of both prophylactically and therapeutically

SA IL-33-treated EAE mice. Based on the tissue biodistribution study, we detected elevated

IL-33 in the spinal cord and a trend towards increase in the brain 48 hr after SA IL-33

administration. Although we have yet to determine the cellular source of amphiregulin, it is

possible that SA IL-33 may also be acting on CNS-resident cells to promote immunoregula-

tion. In future studies, we intend to characterize the impact of SA IL-33 on these cellular

populations via a combination of flow cytometric and immunofluorescence techniques.

In conclusion, we have demonstrated that SA IL-33, a long-circulating, activity-attenuated
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fusion of IL-33 and SA, is a promising therapeutic for the treatment of EAE. Given its re-

duced immunotoxicity, prolonged half-life, and Th2/Treg-skewing mechanism of action, SA

IL-33 therapy could be applied to the treatment of a broad array of autoimmune and inflam-

matory disorders.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

The objective of thesis was to develop engineering approaches for the treatment of multiple

sclerosis (MS). For this purpose, we employed two different strategies, chemical conjugation

and protein engineering, to prolong the bioavailability and in vivo half-life of the immunoreg-

ulatory molecules, butyrate and interleukin-33. We subsequently evaluated the efficacy of

these engineered molecules in the treatment of EAE, a murine model of neuroinflammation

that mimics several features of MS, and characterized their respective impact on pathogenic

and immunoregulatory cell populations in disease-bearing mice.

In Chapter 2, we engineered the prodrug serine butyrate (SerBut) by esterifying the short

chain fatty acid, butyrate, to the amino acid, L-serine. Taking advantage of the gut transport

mechanism of amino acids, we hypothesized that serine conjugation would enable butyrate

to bypass metabolism in the gut, enter the bloodstream, and exert its immunoregulatory

effects systemically. We characterized the biodistribution of SerBut, and demonstrated that

conjugation of L-serine to butyrate not only enhanced systemic bioavailability of butyrate but

elevated butryate levels in the CNS. We then evaluated the efficacy of SerBut in preventing

the onset of EAE, demonstrating that SerBut ameliorated EAE development more effectively

than free sodium butyrate or free L-serine. We subsequently performed flow cytometric

analysis to characterize the immunological changes induced by SerBut in the draining lymph

nodes, spleen, and spinal cord. We observed a reduction in the infiltration of disease-causing

RORγt+CD4+ Th17 T cells in the spinal cord. We also noted an expansion of Tregs and

a downregulation of activation markers on myeloid cells in the secondary lymphoid organs.

Additionally, we evaluated the impact of SerBut administration on global immune responses

to vaccination and observed no changes in T cell frequency, B cell frequency, or antibody

titers in SerBut-treated mice compared to PBS-treated mice following vaccination. These

findings indicate that SerBut modulated immune responses in both the lymphoid and myeloid
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compartments without blunting protective immune responses. One limitation of this work

is that we administered SerBut therapy in the prophylactic context, prior to EAE disease

onset. In future studies, we will evaluate the impact of therapeutic SerBut treatment in

EAE-bearing mice with already-established, clinical symptoms of disease.

In Chapter 3, we engineered serum albumin interleukin-33 (SA IL-33), a recombinant

fusion of the half-life prolonging blood protein, serum albumin, and the immunoregulatory

cytokine, interleukin-33. We then characterized SA IL-33 bioactivity, biodistribution, and

toxicity. We demonstrated that SA fusion not only extended the plasma half-life of IL-33

and increased its persistence in the SLOs, but also attenuated the cytokine’s bioactivity,

reducing drug-related adverse events in both healthy and disease-bearing mice at immunity-

modulating doses. We subsequently evaluated the efficacy of prophylactic and therapeutic

SA IL-33 administration in both chronic and relapsing-remitting EAE models. We observed

that prophylactic SA IL-33 treatment prevented EAE development more effectively than

WT IL-33, at biological-activity equivalent doses. Additionally, we showed that therapeu-

tic SA IL-33 treatment reduced the severity of both chronic and relapsing-remitting EAE,

in mice with already-established disease. We then performed flow cytometric analysis to

characterize the immunological changes mediated by SA IL-33 in the spinal cord and SLOs.

In the spinal cord, we observed that SA IL-33 suppressed the infiltration of CD45+ cells,

including disease-causing MOG Tetramer+ Th17 T cells and M1-polarized macrophages. In

the SLOs, SA IL-33 treatment expanded protective type 2 immune cells including ILC2s,

M2-polarized macrophages, ST2+ Tregs, and Th2 T cells. Together these findings suggest

that SA IL-33 ameliorated neuroinflammation by promoting immunoregulation with mini-

mal immunotoxicity. Future studies will endeavor to characterize the impact of SA IL-33

treatment on CNS-resident immune cells and neural cells in these various disease contexts.

In conclusion, this thesis seeks to contribute to the emerging field of neuro-immune

engineering. We have developed two different approaches for the treatment of neuroinflam-
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mation. Our findings provide evidence that these engineered molecules have the potential to

serve as next-generation therapeutic agents for multiple sclerosis patients. Further studies,

including preclinical and clinical studies, are needed to better understand their long-term

safety and efficacy. Given the extensive immunomodulatory effects of SerBut and SA IL-33,

it would also be valuable to explore their potential in the treatment of a broader range of

immune-related conditions.
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