Prevention of collagen-induced arthritis by an anti-glycan
monoclonal antibody reactive with 6-sulfo sialyl Lewis x in mice
NIRRT VFEEMRETNVICBIT S
F6-ANVHT T VLA R X BEETURD FIHENR O

Chiba University
Graduate School of Medical and Pharmaceutical Sciences

Laboratory of Microbiology and Immunology

Zihong Wei
July 2024



Contents

ADSIIACE. ... 1
L INOAUCTION. ...ttt ettt e e e e et eeesaaeee s 3
1.1 Rheumatoid arthritis. ................cooiiiiiiiiiii e 3
1.2 Rheumatoid arthritis animal model in mice..................ccoccccoiiiiiniiii 5
1.2.1 Collagen-induced arthritis model.....................cccoeriiiiiiiiiiie e 6
1.2.2 Collagen antibody-induced arthritis model..........................ccccooiiiiiniiiiiniie. 7
1.2.3 Adjuvant-induced arthritis model....................c.coooiiiiiiiiniii 8
1.2.4 Cartilage oligomeric matrix protein-induced arthritis model............................... 8
1.2.5 Pristane-induced arthritis model......................cccoiiiiiii 9
1.2.6 Streptococcal cell wall-induced arthritis model............................. 10
1.2.7 Methylated bovine serum albumin-induced arthritis model............................... 10
1.2.8 The tumor necrosis factor (TNF-a) model.......................cccccooiiiiiiiiiiiiiie 11
129 K/BXN MOdeL.......c..ooiiiiiiiiiiiie et 11
12,10 SKG MOEL........o.oooiiiiiiieeee ettt et 12
1.2.11 IL-1 receptor antagonist knockout model....................cccccconiiiiniiiiinieennnen. 12
1.3 6-sulfo sialyl Lewis X @lycCans..............ccooouiiiiiiiiniiiiiieceeeeee e 13
20RESUILS. ... 17
2.1 Collagen-induced arthritis mouse models......................cccooeiiiiiiiiiiniiiiieeees 17
2.2 Purification of SF1 antibody...............cccoooiiiiiiiiii e 20
2.3 SF1 binds HEVs in lymph nodes of DBA/1 mice.............c.cccoociiiiiiiniiiniiennnens 21
2.4 SF1 ameliorates CIA in DBA/1 miCe.............ccccooiiiiiiiiiiiiiiiceceeeeeeen 23
2.5 SF1 attenuates symptoms of CIA in DBA/1 mice...........c.c.ccocoiiiiiiiiiiniinncennen. 25
2.6 SF1 suppresses Cll-speecific serum IgG levels................cocceevniiiiiniiiiniiieee. 25
2.7 SF1 inhibits cytokine expression in lymph nodes....................ccccooiiniiiinniinnnnn.n. 27
2.8 SF1 reduces cell numbers in lymph nodes.................coocooeeiiiiiiniiiiniiicceees 28

2.9 SF1 does not cause tissue damage in various OI1gans.............c.ccceeceeevverneeniueenneens 32



3. DESCUSSIONL. ...ttt e e ettt ee e e e e e e e eeeeeeeeeaan e aeseeeeaannaeseeeeee 33

4. Materials and methods...................ccooiiiiiiiiiii e 37
A1 ANIIMALS. .......oiiiiiiiiiiie ettt et e sttt e e et e e s btee e 37
4.2 SF1 antibody purification...............c...oooiiiiiiiiiiiie e 37
4.3 Immunofluorescence analysis................cooocvieiiiiiiiiiiiieiiie e 37
4.4 Induction of arthritis.............c.coooiiiiiiiiii e 38
4.5 Study groups and SF1 administration................ccccccoeviiiiniiiieniie e 38
4.6 Histological analysis..............cccccoeiiiiiiiiiiiiiiiiiiee e 39
4.7 Enzyme-linked immunosorbent assay (ELISA)............cc.ccocoiniiiniiiniiiniicee. 39
4.8 Reverse transcription-quantitative PCR (RT-qPCR)............ccccccciviiiiiniiiinienn, 40
4.9 Flow cytometric analysis.............ccccueiiriiiiiriiieeniiee et e esieeeeeireeeeaeeeseaee s 41
4.10 Statistical analySis...............cccoeiiiiiiiiiiie e 41
ACKNOWIEAZIMENLS. ...........ooiiiiiiieiiiieeiie et et e et e e e e eeeneeeas 42
RET@ICIICES. .......ooniiiiiiiiiii ettt et 44
PUubBLiCAtIONS. ......oouiiiiiiiiiiiiee et et 59
Thesis Examiner COmmMItEee................ccocoiiiiiiiiiiiiiiiiieeieeeeeeee e 60



RA

sLex

CIA

CII

NSAIDs

DMARDs

Thl

Th17

RF

ACPAs

mADb

CAIA

AA

COMP

PIA

SCWA

ATA

GPI

SDS-PAGE

HEVs

PLNs

PBS

Abbreviation

Rheumatoid arthritis

Sialyl Lewis x

Collagen-induced arthritis

Type II collagen

Nonsteroidal anti-inflammatory drugs
Disease-modifying anti-rheumatic drugs
T helper 1 cytokine

T helper 17 cytokine

Rheumatoid factor

Anti-citrullinated protein antibodies
Monoclonal antibody

Collagen antibody-induced arthritis model
Adjuvant-induced arthritis

Cartilage Oligomeric Matrix Protein
Pristane-induced arthritis

Streptococcal cell wall-induced arthritis
Albumin-induced arthritis

glucose-6-phosphate isomerase

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

High endothelial venules
Peripheral lymph nodes

Phosphate buffered saline



CFA
IFA
ELISA
ALNs
ILNs
RT-gPCR
mRNA
MLNs
IFN-y
IL-17
TNF-a
IL-1a
IL-1B
EDTA
FITC

PE

APC

PE-CY7

PerCP-Cy5.5

7-AAD

Complete Freund’s adjuvant
Incomplete Freund’s adjuvant
Enzyme-linked immunosorbent assay
Axillary lymph nodes

Inguinal lymph nodes

Reverse transcription-quantitative PCR
Messenger RNA

Mesenteric lymph nodes

Interferon-y

Interleukin-17

Tumor necrosis factor-a
Interleukin-1a

Interleukin-13

Ethylene diamine tetraacetate
Fluorescein isothiocyanate

Phycoerythrin

Allophycocyanin
Phycoerythrin-Cyanine7
Peridinin chlorophyll protein-Cyanine5.5

7-Aminoactinomycin D



Abstract

Rheumatoid arthritis, known as RA, is an inflammatory disease characterized by
inflammation of the synovial tissue, which has a substantial impact on the quality of
life of sufferers. The interaction between L-selectin and its glycoprotein ligands,
which have been modified with 6-sulfo sialyl Lewis x (6-sulfo sLex), is essential for
facilitating the migration of lymphocytes to trigger immunological responses. This
process holds promise as a potential treatment target for RA. At first, we effectively
created RA models using DBA/1 and C57BL/6 mice. subsequently, our primary focus
was to investigate the preventative effects of an anti-6-sulfo sLex monoclonal
antibody, SF1, on collagen-induced arthritis (CIA) in DBA/I mice. Mice were given
mAD SF1 starting on day 21 after the second immunization with type II collagen (CII).
Subsequently, we investigated the impact of SF1 on both the clinical and histological
aspects of disease advancement. Surprisingly, SF1 effectively reduced the clinical
symptoms and histological markers related to the severity of arthritis. The results of
the enzyme-linked immunosorbent test consistently showed that SF1 suppressed the
generation of Cll-specific IgG2a antibodies. Furthermore, based on reverse
transcription-quantitative PCR analysis, SF1 suppressed the expression of interferon-y
(IFN-y), T helper 1 cytokine (Thl), T helper 17 cytokine (Thl7), as well as
inflammatory cytokines, including tumor necrosis factor-a. (TNF-a), interleukin-la
(IL-1a) and interleukin-1p (IL-1p) in axillary lymph nodes and inguinal lymph nodes.
The flow cytometry results demonstrated that SF1 effectively suppressed the growth
of B cells and CD4+ T cells, as well as the development of central effector and central

memory CD4+ T cells, in the lymph nodes of the CIA model mice. Safety
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experiments verified that SF1 did not induce harm to the vital organs of the mice
studied during dosing. Overall, these findings suggest that SF1, a monoclonal
antibody that targets sulfated glycans, has the potential to effectively prevent CIA in

mice and could serve as a promising new treatment for rheumatoid arthritis.
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1. Introduction

1.1 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a progressive, long-lasting inflammatory disease
that affects several systemic systems as well as the joints. Though continuous
inflammation of the synovial joints is the hallmark of RA, the disease frequently has
far-reaching systemic repercussions that may affect several organ systems and have a
significant negative impact on the overall quality of life of patients!!l. Chronic
inflammation causes symptoms like stiffness, swelling, and discomfort in the joints,
which makes it very difficult to go about everyday tasks, go to work, and connect
with people.

The pathogenesis of RA involves a complex network of interactions among
abnormal immune responses, genetic predisposition, and environmental triggers!?.
These factors collectively drive the progression of the disease, making it a
multifaceted condition that is challenging to wunderstand and treat fully.
Approximately 1% of the global population is affected by RA, but this prevalence is
not evenly distributed®. It varies significantly across different regions and
populations, likely due to differences in environmental factors, dietary habits, and
genetic backgrounds. For instance, studies have shown higher prevalence rates in
certain ethnic groups, indicating a genetic component to the development*!.

A closer examination of clinical manifestations reveals a wide range of
symptoms beyond joint discomfort. Patients may experience systemic symptoms such
as fever, fatigue, anemia, osteoporosis, and muscle weakness, all of which seriously

threaten their physical health. More critically, RA patients face increased risks of
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cardiovascular diseases and certain cancers®l. These complications exacerbate the
physical burden on patients and may negatively impact their mental health. The
persistent pain, discomfort, and uncertainty about the future can lead to significant
psychological issues, including anxiety and depression®l. The chronic nature of RA
often requires patients to adapt to a lifetime of fluctuating symptoms and varying
levels of disability, which can be mentally exhausting and socially isolating.

In terms of treatment, various medications are available, including nonsteroidal
anti-inflammatory drugs (NSAIDs), disease-modifying anti-rheumatic drugs
(DMARD:s), glucocorticoids, and biologics!”. While these treatments primarily aim to
control disease progression and alleviate symptoms, they do not cure the disease.
Additionally, long-term use of these medications can lead to a series of side effects,
such as gastrointestinal reactions, liver and kidney damage, and increased
susceptibility to infections due to immunosuppression. This highlights the need for a
balanced approach to managing RA, where the benefits of symptom relief and disease
control must be weighed against the potential risks of treatment side effects!®l.

Despite the advances in RA treatment, the need for in-depth research into the
pathogenesis remains pressing. Identifying new therapeutic targets is crucial for
developing more effective and safer treatments. Recent research has focused on
understanding the molecular and cellular mechanisms underlying RA, including the
roles of specific immune cells, cytokines, and genetic factors. For example,
identifying specific biomarkers associated with RA progression has opened new
avenues for early diagnosis and targeted therapy!®..

Moreover, developing personalized medicine approaches tailored to the genetic



and molecular profiles of individual patients holds promise for improving treatment
outcomes. Such approaches could lead to more precise targeting of the underlying
disease mechanisms, potentially reducing the risk of side effects and improving the
quality of life for patients. Additionally, exploring the role of environmental factors,
such as diet, lifestyle, and exposure to certain infections, could provide insights into
preventive strategies for RAI'%. The future of RA treatment may increasingly rely on
precision medicine, where treatment plans are tailored to the genetic, immunological,
and other biological characteristics of individual patients. Immunotherapies, stem cell
treatments, and gene-editing technologies hold promise for RA patients!!!,
Additionally, a key direction in drug development is the search for new molecules that
can offer both high anti-inflammatory efficacy and low side effects!2l.

To summarize, RA is a multifaceted autoimmune disorder that has significant
impacts on the entire body. Although existing treatments provide relief from
symptoms and help manage the disease, they do not provide a cure and may have
associated adverse effects!!®l. Further investigation into the pathophysiology of
rheumatoid arthritis (RA) is crucial in order to devise novel therapeutic approaches
that can better and more safely address this incapacitating condition. By acquiring a
more profound comprehension of the fundamental mechanisms and pinpointing novel
treatment targets, we can aspire to enhance the quality of life for patients with
rheumatoid arthritis and propel the progress of autoimmune disease therapy!'l.

1.2 Rheumatoid arthritis animal model in mice
Mouse models are indispensable tools in RA research, playing a crucial role in

understanding the pathogenesis of the disease and testing potential treatments. By
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establishing mouse models that closely mimic the pathological mechanisms of human
RA, researchers can simulate and study the progression of the disease in detail. These
models provide a platform for observing the development of arthritis and serve as
essential tools for testing the efficacy and safety of new drugs!'>!.
1.2.1 Collagen-induced arthritis model

Trentham developed the collagen-induced arthritis model (CIA) for animal
arthritis research!'®. Type II collagen found in various animals can cause arthritis.
Autoantibodies against type II collagen have been found in RA patients' serum and
synovial fluid, indicating that type II collagen may play a role in the disease's
pathogenesis!!”). The CIA, an endogenous self-antigen-mediated animal model, is
primarily regulated by two types of T cells, Thl and Th2, which reach equilibrium
following immunization!'®]. When the Th1/Th2 subgroups in the blood are imbalanced,
serum levels of IL-1P and tumor necrosis factor (TNF)-a increase due to excessive
immune responses mediated by glycan-dependent lymphocyte homing to lymph
nodes 191,

Type II collagen protein (CII) was combined with complete Freund's adjuvant in
equal parts to make an emulsion for the first immunization induction. After 21 days,
an incomplete Freund's adjuvant was used for booster immunization. Alternatively,
booster immunization can be performed using a mixture of emulsions containing
equal amounts of type II collagen protein and incomplete Freund's adjuvant. The CIA
animal model is more stable over time, but its onset is slower?, The disease's peak
incidence occurs between days 26 and 35 following the first immunization. DBA/1

mice are commonly used because they respond to type II collagen protein in chickens,
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cattle, and pigsi?!l. According to studies using the CIA model, patients with RA have a
high concentration of nuclear rod bacteria, which is positively correlated with the
severity of the disease!??]. In this model, baricitinib was found to reduce the severity
of arthritis symptoms while also improving neuropsychological symptoms like
depression and fatigue!?3l.

1.2.2 Collagen antibody-induced arthritis model

The collagen antibody-induced arthritis model (CAIA) extends the CIA model.
This model induces severe arthritis in mice using monoclonal antibodies against a
specific binding site within type II collagen combined with lipopolysaccharide
administration?. The clinical and pathological features of the disease are like those
of the CIA. However, the disease is primarily defined by the infiltration of
macrophages, multinucleated cells, and inflammatory cells rather than by T and B cell
responses. This model is ideal for investigating individual gene products and
cytokines and screening and testing anti-inflammatory and immunomodulatory
drugs!?31.

The method involves injecting monoclonal type II collagen antibodies into
mice's peritoneal cavity on day 0, followed by LPS injections from Escherichia coli
on day 3. After 2-4 days of initial immunization, signs of inflammation appear,
followed by severe arthritis on days 6-8. CAIA has a high incidence, reproducibility,
and stability, and it can cause arthritis in nearly all mouse strains, including those
insensitive to the CIA model?-?71. Studies have used the CAIA model to investigate
the role of LPA signaling®®!. The relationship between changes in tryptophan

metabolism and inflammatory diseases was investigated by combining the CAIA



model and quantitative tryptophan metabolomics!?°1.

1.2.3 Adjuvant-induced arthritis model

The adjuvant-induced arthritis (AA) model is a traditional RA modeling method
that relies primarily on Freund's adjuvant, which includes both complete Freund's
adjuvant (CFA) containing heat-killed Mycobacterium tuberculosis and incomplete
Freund's adjuvant (IFA) lacking bacterial components!*”). A protein in Mycobacterium
tuberculosis has a structure similar to a glycoprotein molecule found on the synovial
membranes of joints. Freund's adjuvant injection activates the immune system, which
can trigger T cells to mistakenly attack the joints, resulting in an immune response
against the joints*!, This model resembles human RA regarding disease symptoms,
pathological manifestations, and extra-articular symptoms.

The procedure entails injecting Freund's adjuvant into the ankles and
surrounding joints of mice. Inflammation symptoms appear 48 hours after the initial
immunization, with secondary lesions appearing approximately 10-12 days later.
C5BL/6 mice, susceptible to unilateral joint symptoms, are commonly used. The AA
model was used to investigate coronary endothelial dysfunction associated with
myocardial hypertrophy and decreased tolerance to ischemial®?. The effects of
paeoniflorin on RA and neutrophils were studied using an AA mouse model3],

1.2.4 Cartilage oligomeric matrix protein-induced arthritis model

The Cartilage Oligomeric Matrix Protein-Induced Arthritis Model (COMP) is a
method for generating arthritis. COMP, or thrombin-sensitive protein, is a
non-collagenous glycoprotein®#l. It is found primarily in cartilage, tendons, and

synovium, where it catalyzes the formation of collagen I and collagen II fibers and is
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critical for collagen assembly and extracellular matrix stability!®). COMP mutations
can cause chondrocyte apoptosis, resulting in skeletal system disorders. The
pathological mechanism is linked to the immune response of T cells to COMPP¢],

The procedure entails injecting a 1:1 mixture of COMP and CFA/IFA into the
base of the mouse skin. On day 35, COMP is added to the IFA to boost immunity[3”),
C57BL/6 mice are used in the model. COMP can cause severe arthritis by triggering a
strong autoantibody response. However, this model lacks stability and does not cause

permanent joint damagel38-37],

1.2.5 Pristane-induced Arthritis Model

T cells and MHC play a role in the chronic arthritis known as pristane-induced
arthritis (PIA). Pristane is a non-immunogenic chemical that functions similarly to
adjuvants, inducing inflammation and exacerbating immune responses*’). PIA relies
primarily on the activation of CD4" T lymphocytes to cause inflammation, which is
caused by the activation of self-reactive T lymphocytes due to non-specific immune
system stimulation(*!,

PIA has high model reproducibility and causes pathological changes in joint
tissue like human RA. In mice, PIA can be associated with elevated levels of various
autoantibodies!*?!. The procedure entails injecting pristane into the abdominal cavity
of mice, followed by an additional booster in week 8. Swelling and erythema in
mouse feet can be seen after week 17, but severe symptoms appear after week 29.
BALB/c mice exhibit chronic development and are commonly used to establish the

PIA model. The effect of the Nramp-1 allele on phagocyte activation in the arthritis

process is currently being studied using the PIA mouse model®!. Studies on the

-9-



genetic background of AIRmin mice revealed varying levels of susceptibility to
PIAB4],
1.2.6 Streptococcal cell wall-induced arthritis model

Streptococcal cell wall-induced arthritis (SCWA) is an animal model of arthritis
caused by streptococcal cell wall peptidoglycan components with pro-inflammatory
properties*®l. Streptococci first activate specific B and T lymphocytes, then activate
adaptive immune responses, resulting in the development of arthritis in animals!6],
This model shows synovial proliferation, inflammatory cell infiltration, and
symmetric joint damage, similar to RA in humans. However, this model lacks high
rheumatoid factor (RF) titers and does not produce rheumatoid nodules*”,

Acute joint swelling appears 24 hours after injection of a streptococcal cell wall
peptidoglycan polysaccharide components suspension and tends to resolve by week 4.
BALB/c and DBA/I mice can be used to induce unilateral acute arthritis, which, with
repeated injections, can progress to chronic arthritis. Studies have found that the
mouse CSWA model has a lower success rate than the rat SCWA model™3].

1.2.7 Methylated bovine serum albumin-induced arthritis model

The methylated bovine serum albumin-induced arthritis model (AIA) is
classified as an antigen-induced arthritis model. Initially, chronic synovitis in rabbits
was caused by injecting ovalbumin into the joint cavity!®l. It is a T-cell-dependent
arthritis model marked by increased synovial fluid, inflammatory cell infiltration, and
vascular opacity formation®®. This model is appropriate for investigating larger joints
with lesions, such as those in rabbits and sheepl®!!. The experimental method was later

improved and applied to micel*>33]. The method involves inducing arthritis in mice
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using methylated bovine serum albumin (mBSA), CFA, and IFAP#3%),

Other antigen-induced mouse models of arthritis include those induced by
ovalbumin®®l, zymosan’], and glucose-6-phosphate isomerase (GPI) fragment, which
has recently been used in experiments®®, Many of the antigens in these models need
to be modified, which can lead to single-joint onset.

1.2.8 The tumor necrosis factor (TNF-a) model

Activated macrophages mainly secrete TNF-q, and a small amount is secreted by
activated T cells, natural killer cells, and mast cells®®. TNF-a is an immune regulator
of normal and chronic inflammation. In the TNF-o model, the mouse TNF-a gene is
replaced with the human TNF-o (hTNF-a) gene. The mouse endogenous promoter
regulates the expression of hTNF-a, inducing arthritis like human RA60-61],

From week 3, the model mouse begins to show arthritis symptoms, which
gradually worsens over time and cannot heal. The model is accompanied by swelling
in the ankle from weeks 3 to 4 and peaks from weeks 17 to 21062l Therefore,
compared with the induced arthritis model, the TNF-a transgenic mouse model has a
stable phenotype. The lesions, including joint cartilage damage and fibrous tissue
generation, are symmetrical bilateral polyarthritis and these features are very similar
to human RA, making it very useful for studying TNF-a-related interventions and can
also be used to explore cartilage destruction!3],

1.2.9 K/BxN model

The K/BxN model is generated by crossing R28TCR transgenic male mice with

non-obese diabetic female mice susceptible to autoimmunity!®. This model has a

large amount of autoantibodies in its serum. The serum of K/BxN mice is transferred
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to B cell-deficient mice, which results in severe swelling in the joints and other
inflammatory symptoms within two days of serum transfer!®>l. This model is also
known as the K/BxN serum transfer arthritis (K/BxN STA) model*®). The serum of
hybrid offspring mice can induce various mouse models of arthritis. The symptoms of
arthritis appear acutely in the model mice from 3-4 weeks of their age, similar to
clinical signs of RAI®7), The success of this model is determined by symptoms such as
elevated levels of inflammatory factors, narrowing of the joint cavity, and
inflammatory cell infiltration®!,

This model has a high incidence rate, with a rapid onset of disease, and is mainly
used to study the mechanisms of activation of different innate immune cells, such as
neutrophils, macrophages, and mast cells, driven by autoantibodies that cause the
formation of immune complex[¢°-7],

1.2.10 SKG model

SKG mice, a new genetic model of RA, which depends on the BALB/c
background, develop chronic arthritis spontaneously after being injected with
zymosan under specific conditions!’!. This model shares standard features with
human RA in terms of female susceptibility, the presence of rheumatoid factors and
type II collagen antibodies!’?!. It is also a spontaneous arthritis model with a gene
harboring hidden mutation that is highly dependent on the expression of IL-17 and
other cytokines. The model also presents extra-articular lesions, leading to pneumonia
and dermatitis’>74],

1.2.11 IL-1 receptor antagonist knockout model

In the IL-1 receptor antagonist knockout model, the IL-1 receptor antagonist
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(IL-1Ra) gene is knocked out mice genome, thereby removing the restriction on the
activation of its receptor by pro-inflammatory cytokine IL-1, subsequently leading to
inflammation(”, The IL-1Ra gene-deficient mutant mice and their offspring upon
crossing with BALB/c mice develop spontaneous arthritis!’®l. This model is currently
applicable only to BALB/c mice. The pathological phenotype of the IL-1Ra gene
knockout mouse model is similar to that observed in human RA and can be used to
study the role of cytokines in the onset of RAU71.

1.3 6-sulfo sialyl Lewis x glycans

The abnormal migration and localization of immune cells are particularly critical
in the complex pathogenesis of RA. This process involves a series of intricate
molecular interactions, among which the interaction between L-selectin and 6-sulfo
sialyl Lewis x (6-sulfo sLex) is a core component. Understanding these interactions
can provide significant insights into potential therapeutic targets for RA and other
autoimmune diseases!’®.

L-selectin, a unique form of cell adhesion molecule, is only present on the
surface of leukocytes and has a vital function in the movement and localization of
immune cells. The distinctive architecture of this entity allows it to attach to particular
glycoproteins found on the surface of vascular endothelial cells!””l. Out of these
glycoproteins, 6-sulfo sLex holds particular significance. 6-sulfo sLex is a sulfated
carbohydrate structure that is present on glycoproteins located on high endothelial
venules in lymph nodes. These glycoproteins serve as molecules that bind to
L-selectin, enabling leukocytes to attach and then move along the endothelium. This

process is crucial for leukocytes to migrate to areas of inflammation(®"),
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An aberrant activation of the interaction between L-selectin and 6-sulfo sLex has
been reported in the pathogenic setting of RA. This anomaly results in a significant
increase in leukocytes entering the synovial tissue of the joints, which then initiates a
prolonged and harmful inflammatory reaction!®!l. The excessive buildup of immune
cells in the joints worsens local joint pain and swelling and leads to gradual joint
deterioration and reduced function. The ongoing recruitment of immune cells,
facilitated by the interactions between L-selectin and 6-sulfo sLex, sustains the
inflammatory cycle, resulting in chronic inflammation and the distinctive joint
destruction observed in RA®?1,

Thorough investigation of the interaction mechanism between L-selectin and
6-sulfo sLex is essential for comprehending the development of rheumatoid arthritis
(RA) and discovering novel therapeutic approaches. Scientists are working hard to
create new medications that can disrupt this connection, such as small-molecule
inhibitors or particular antibodies!®}l. The objective of these medications is to inhibit
the anomalous movement of immune cells, so diminishing localized joint
inflammation and safeguarding the joints against more harm. An effective method
involves utilizing monoclonal antibodies that specifically target L-selectin or 6-sulfo
sLex, thereby blocking their binding and subsequently reducing the migration of
leukocytes!®4l,

Another potential therapeutic strategy is the development of small-molecule
inhibitors that can disrupt the L-selectin/6-sulfo sLex interaction. These inhibitors
could be designed to block the binding sites on L-selectin or 6-sulfo sLex, thereby

preventing leukocyte adhesion and migration (Fig. 1). The advantage of
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small-molecule inhibitors is their potential for oral administration and ability to
penetrate tissues more effectively than large antibody molecules!®>.

Investigation into these treatment approaches is now in its nascent phase, but,
initially studies demonstrate significant promise. Animal studies have demonstrated
that interfering with the interaction between L-selectin and 6-sulfo sLex can
effectively decrease inflammation and minimize joint damage in rheumatoid arthritis
models. These findings indicate that focusing on this pathway could be an effective
treatment for RA and potentially other autoimmune disorders that are characterized by
aberrant movement of white blood cells 61,

Moreover, comprehending the wider consequences of L-selectin and 6-sulfo
sLex interactions in the movement of immune cells could potentially result in novel
strategies for controlling additional inflammatory and autoimmune disorders. Similar
mechanisms of leukocyte migration and adhesion are implicated in disorders such as
multiple sclerosis, inflammatory bowel disease, and psoriasis. Potential therapeutics
for many autoimmune and inflammatory illnesses could be developed by focusing on
the L-selectin/6-sulfo sLex pathway!®7].

This research direction provides a promising outlook for the treatment of RA and
presents novel strategies for addressing other autoimmune illnesses. By gaining a
more profound comprehension of this mechanism, our aim is to create more accurate
and efficient treatments in the future, thereby enhancing patients' quality of life and
propelling the field of autoimmune disease therapy forward. As scientific
investigation advances, the examination of L-selectin and 6-sulfo sLex interactions is

expected to uncover new therapeutic targets and techniques. This will lead to the
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development of more efficient and precise treatments for RA and other related
conditions!®8],

In previous investigations, we successfully generated and characterized a unique
anti-glycan monoclonal antibody (mAb), designated as SF1, which demonstrates
remarkable specificity towards 6-sulfo sLex glycans®l. The profound suppressive
effects of SF1 on lymphocyte homing and allergic rhinitis in murine models have
been documented, hinting at its potential broader application in the prophylaxis of
various immune-related pathologies. Building upon these promising findings, the
present study undertakes a comprehensive exploration of the prophylactic efficacy of
SF1 in CIA using DBA/I mice. This investigation aims to elucidate the
immunomodulatory properties of SF1 and assess its therapeutic value in mitigating
autoimmune disorders, thereby paving the way for novel treatment strategies in

clinical settings.
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Figure 1. Antibody SF1 specifically binds to L-selectin on the surface of HEVs in secondary

lymphoid organs. HEV, high endothelial venules.
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2. Results

2.1 Collagen-induced arthritis mouse models

Collagen-induced rheumatoid arthritis models were established using DBA/1 and
C57BL/6] mice. DBA/1 mice received a booster immunization on day 21, with
clinical scores indicating the onset of paw swelling on the fourth day post-booster.
The disease severity progressively increased over time, and by day 49, paw thickness
(Fig. 2A) and the average clinical score of the paws was close to 14 (Fig. 2B). In
C57BL/6J mice, a secondary immunization was performed on day 14, with paw
swelling observed as early as the second day post-immunization. By day 49, paw
thickness (Fig. 3A) and the average clinical score of the mice’s paws exceeded 12
(Fig. 3B). The experimental results preliminarily confirmed the successful induction
of rheumatoid arthritis models in different mouse strains using collagen. Compared
with the pre-experimental results, B6 mice showed less stability especially in the first
month and weaker sensitivity in disease development. Therefore, DBA/1 mice were

used for the following research.
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Figure 2. Collagen-induced rheumatoid arthritis model in DBA/1 mice
(A) Representative picture of hind limbs collected on day 0 and 49. (B) Arthritic scores after

the second immunization (n=3).

-18 -



Day 0 Day 49

Clinical score

14151617 18 1920 21 2223 24252627 28 29 30 31 323334353637 383940414243 444546474849

Days
Figure 3. Collagen-induced rheumatoid arthritis model in C57BL/6J mice
(A) Representative picture of hind limbs collected on day 0 and 49. (B) Arthritic scores after

the second immunization (n=3).
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2.2 Purification of SF1 antibody

Nude mice are a mutated breed of laboratory mice with a degenerate or
dysfunctional thymus. These mice are invaluable for generating large quantities of
highly pure antibodies, crucial for in vivo experiments. Previous research in our
laboratory successfully cultivated hybridomas that produce a highly targeted
anti-sLex mAb, SF1. To obtain a substantial quantity of mAb SF1, we injected
Pristane intraperitoneally into Charles River BALB/c nude mice and housed them for
two weeks. Subsequently, we injected 1 x 107 SF1 hybridoma cells suspended in
sterile PBS intraperitoneally.

After another two weeks, once the abdomens of the nude mice had noticeably
expanded, we collected the ascites fluid. We treated the recovered fluid with
n-octanoic acid and concentrated it using ammonium sulfate. We verified the purity of
the sample by Sodium dodecyl sulfate polyacrylamide gel -electrophoresis
(SDS-PAGE) analysis (Fig. 4). As a result, we obtained an adequate quantity of

purified SF1 monoclonal antibody, paving the way for further studies.
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Figure 4. Monoclonal antibody SF1 purification
SDS-PAGE purification of SF1 antibody. SDS-PAGE, sodium dodecyl sulfate —
polyacrylamide gel electrophoresis. M, marker; A, ascites; BD, before dilysis; AD, after

dilysis; F, final product; Std, standard.

2.3 SF1 binds HEVs in lymph nodes of DBA/1 mice

We have previously reported that SF1 selectively binds to HEVs in the PLNs and
mesenteric lymph nodes (MLNs) in C57BL/6J mice depending on sulfate, fucose, and
sialic acid modifications, thereby indicating that 6-sulfo sLex glycans (Fig. 5) are
expressed in the HEVs of these mice. To examine whether these results could also be

applied to DBA/I mice, we performed immunofluorescent staining of PLNs,
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including ALNs, ILNs and MLNs, from DBA/1 mice using SF1. Herein, the
examined lymph nodes from DBA/1 mice exhibited SF1-stained HEVs, similar to
those identified in C57BL/6J mice, confirming that 6-sulfo sLex glycans were

expressed in tissues from DBA/1 mice. Accordingly, SF1 can be used in a CIA model

MLN ILN

Scale bar = 50 um

established in DBA/1 mice.

DBA/1

ALN
o -

Figure S. Immunofluorescence of PLN tissue sections from C57BL/6J and DBA/1 mice
treated with SF1. Frozen sections of PLNs (ALNs and ILNs) and MLNs from C57BL/6J and
DBA/1 mice were incubated with biotinylated SF1, followed by incubation with Alexa Fluor
594-streptavidin (red) and DAPI (blue). PLNs, peripheral lymph nodes; ALNs, axillary
lymph nodes; ILNs, inguinal lymph nodes; MLNs, mesenteric lymph nodes.

Scale bar = 50 pm.
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2.4 SF1 ameliorates CIA in DBA/1 mice

To determine the preventive effects of SF1 against autoimmune disorders, we
examined its effects on CIA in DBA/1 mice. As shown in (Fig. 6A), SF1 was
administered intraperitoneally to mice from day 21 after the second immunization
with CII, and its effects on the clinical score, disease incidence, and histology of the
synovium were examined. The clinical scores for arthritis were significantly reduced
on days 30 and 31 after treatment with SF1 (Fig. 6B). The SF1-treated group showed
delayed disease onset and reduced frequency of disease incidence. Conversely, more

than 80% of the control group mice developed CIA by day 31 (Fig. 6C).
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Figure 6. Effects of SF1 on CIA in DBA/1 mice
(A) Scheme illustrating the experimental setup. (B) Arthritic scores of DBA/1 mice after the

second immunization (n=15). *p < 0.05, **p < 0.01, compared with the PBS-treated group.
(C) The incidence of arthritis in DBA/1 mice after the second immunization (n=15). CIA,

collagen-induced arthritis; PBS, phosphate-buffered saline.
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2.5 SF1 attenuates symptoms of CIA in DBA/1 mice

We investigated whether SF1 affects the symptoms of CIA mice (PBS or SF1
group n=15). Hematoxylin and eosin (H&E) analyses showed that SF1 attenuated
inflammatory infiltration and fibroblast proliferation in the knee joint (Fig. 7A) or
synovium (Fig. 7B). In addition, SF1 treatment alleviated the destruction and edema
of cartilage in the ankle joint (Fig. 7C) and intertarsal joint (Fig. 7D) of mice. These
results suggest that injection of SF1 decreased joint inflammation and bone
destruction in CIA.
2.6 SF1 suppresses Cll-specific serum IgG levels

CIA is an autoimmune disease characterized by the production of ClI-specific
IgG, which forms a pathogenic immune complex in the joints. Therefore, we next
performed ELISA using Cll-coated plates to determine ClI-specific IgG levels in the
sera of mice treated with or without SF1. Compared with the PBS-treated control
group, the SF1-treated group showed a significant reduction in total IgG against CII in
the serum (Fig. 8A). Furthermore, ELISA using IgG class-specific secondary
antibodies revealed that ClI-specific IgG2a, but not ClI-specific IgG1, was reduced in

the sera of SF1-treated mice (Fig. 8B and C).
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Figure 7. SF1 mitigates CIA in DBA/1 mice

(A) Representative H&E staining of knee joint sections collected from PBS or SF1 group
(n=15). (B) Representative H&E staining of synovium sections collected from PBS and SF1
group (n=15). (C) Representative H&E staining of ankle joint collected from PBS and SF1
group (n=15). (D) Representative H&E staining of intertarsal joint collected from PBS and

SF1 group (n=15). H&E, hematoxylin and eosin. Scale bar = 50 pm.
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Figure 8. Administration of mAb SF1 suppresses the protein level in CIA
The amount of type II collagen (CII)-specific antibodies in the serum of CIA-induced DBA/1

mice was determined using ELISA. Serum levels of IgG, IgG1, and IgG2a were measured
using ELISA (n=15). ELISA, enzyme-linked immunosorbent assay; ns, not significant, *p <

0.05.

2.7 SF1 inhibits cytokine expression in lymph nodes

IgG2a and IgG1 are mainly produced by T helper 1 (Thl) and Th2 immune
responses, respectively. Based on the above results, SF1 could suppress Thl immune
responses against CII in the draining lymph nodes of CIA-induced DBA/I mice.
Given that interferon (IFN)-y is primarily secreted by Thl cells; IL-17 is primarily
secreted by Th17 cells, we next examined the expression of IFN-y by RT-qPCR using
total RNA prepared from the draining lymph nodes of the PBS- and SF1-treated
groups. IFN-y expression was significantly suppressed in the SF1-treated group. The
SF1-treated group exhibited significantly lower levels of IL-17, TNF-a, IL-1a, IL-1B

expression than the PBS-treated group (Fig. 9). Collectively, these results suggest that
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SF1 suppresses Thl, Th17 and inflammatory immune responses that lead to the

production of pathogenic ClI-specific IgG2a in lymph nodes.
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Figure 9. Administration of mAb SF1 suppresses the nucleic acid level in CIA

The mRNA expression levels of IFN-y, IL-17, TNF-a, IL-1a and IL-1f in ALNs and ILNs in
the CIA-induced DBA/1 mice were determined by RT-qPCR (n=15). *p < 0.05, **p < 0.01.
IFN-y, interferon-y; IL-17, interleukin-17; TNF-0, tumor necrosis factor-o; IL-la,
interleukin-10; IL-1f, interleukin-1p. ALNS, axillary lymph nodes; ILN, inguinal lymph

nodes; RT-qPCR, reverse transcription-quantitative PCR.

2.8 SF1 reduces cell numbers in lymph nodes

B cells are instrumental in the pathogenesis of RA as they are activated to produce
rheumatoid factor, which, in addition to a number of other autoantibodies, is associated with
RA initiation and pathogenesis. To investigate a potential role of B cells involvement in the
pathogenesis of CIA, we examined the relative and absolute numbers of B cells
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(CD19+CD4-) on day 31. We observed a significant increase in the proportion of B cells in
ALN and ILN, which lasted throughout the study time (Fig 10A and B).

CD4" T cells are indispensable for CIA induced inflammation and paw swelling. CD4" T
cells play a crucial role in regulating the immune response, particularly in autoimmune
diseases. Their ability to activate and direct other immune cells makes them a key component
of the inflammatory process. Because of this, we sought to quantify the level of CD4" T cells
in ALN and ILN, which serve as representative paw-draining lymph nodes, on day 31. Our
findings revealed a significant reduction in the proportions of CD4* T cells in both ALN and
ILN, affecting both their relative and absolute numbers. This decrease suggests a potential
downregulation of the immune response in these specific lymph nodes (Fig. 11A and B).

In the inflammatory synovium of rheumatoid arthritis patients, changes in the level of
memory CD4" T cells are critical to the progression of the disease. Memory CD4" T cells can
be subdivided into central memory and effector memory CD4" T cells. The results indicate
that CD44 expression is enhanced in all memory T cells, while differential expression of
CD62L is commonly utilized to distinguish between central memory and effector memory T
cells. We stained for CD44 and CD62L and observed a significant reduction in both the
relative and absolute numbers of central memory (CD4+CD62L+CD44+) CD4" T cells
isolated from ALN (Fig. 12A and B) and ILN (Fig. 13A and B) after SF1 treatment. Among
the effector memory (CD4+CD62L-CD44+) CD4" T cells, the comparison of absolute
numbers in ALN showed differences. Both the relative and absolute numbers of effector

memory CD4" T cells in ILN exhibited significant decreases.
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Figure 10. SF1 reduces B cell numbers in lymph nodes in CIA mice
Cells were prepared from ALN and ILN on day 31 and analyzed by flow cytometry. (A)

Representative flow cytometry dot plot of B cells. (B) Relative number and absolute number.
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Figure 11. SF1 reduces CD4* T cell numbers in lymph nodes in CIA mice
Cells were prepared from ALN and ILN on day 31 and analyzed by flow cytometry. (A)

Representative flow cytometry dot plot of CD4" T cells. (B) Relative number and absolute

number.
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day 31 and analyzed by flow cytometry

(A) Representative flow cytometry dot plot of central/effector memory CD4* T cells from

ALN. (B) Relative number and absolute number.
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Figure 13. Central/effector memory CD4* T cells were isolated from ILN of CIA mice on day

31 and analyzed by flow cytometry

(B) Representative flow cytometry dot plot of central/effector memory CD4* T cells from

ILN. (B) Relative number and absolute number.
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2.9 SF1 does not cause tissue damage in various organs

To assess the side effects of SF1, specifically its potential impact on vital organs, we
examined histological sections of key organs from mice treated with SF1. Through
histological analysis using H&E staining, we aimed to detect any signs of tissue damage or
adverse reactions. We examined the heart, liver, spleen, lungs, and kidneys from CIA induced
DBA/1 mice treated with or without SF1. The morphology of examined tissues appeared
normal when compared with that of untreated DBA/1 mice (Fig. 14). These results suggest
that SF1 does not cause tissue damage in these organs, providing preliminary evidence for its

safety profile.

Untreated

CIAPBS

CIA SF1

Figure 14. Hematoxylin-eosin-stained sections of various tissues from CIA-induced mice
H&E staining of the heart, liver, spleen, lung, and kidney from untreated control DBA/1
mice and CIA induced DBA/1 mice administered PBS (CIA PBS) or SF1 (CIA SF1). Scale

bar = 50 pm. H&E, hematoxylin and eosin.
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3. Discussion

L-selectin, a constituent of the selectin group of cell-cell adhesion proteins, has a
vital function in guiding lymphocytes to peripheral lymph nodes, so enabling future
immunological responses. The protein is present on the outer surface of lymphocytes
and acts as a receptor that guides the cells to certain locations by attaching to
particular molecules called ligands. One example of such ligands is 6-sulfo sLex
glycans, which are found on high endothelial venules (HEVs). This interaction is
crucial for the movement and placement of lymphocytes within the lymphoid
tissues®”. Based on this mechanism, we postulated that targeting the interaction
between selectin and its ligand could be a viable approach for developing drugs to
treat immune-related disorders, such as autoimmune and allergy problems. In order to
investigate this theory, we analyzed the impact of a new anti-glycan antibody called
SF1, which specifically targets 6-sulfo sLex glycans, in a murine CIA model. The
findings of our study indicate that SF1 has the ability to improve CIA in DBA/1 mice
by inhibiting the generation of antibodies specific to antigens and the release of
cytokines in the lymph nodes that drain the affected area. This leads to a decrease in
the inflammatory response and the concomitant tissue damage commonly observed in
rheumatoid arthritis.

RA is a chronic autoimmune condition that typically necessitates lifelong
treatment and care. Significant improvements have been achieved in comprehending
and managing RA, although it continues to be a disabling condition marked by
enduring inflammation, joint deterioration, and systemic involvement!®!. During the

development of RA, there is the occurrence of small areas of tissue death (necrosis),
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the formation of adhesive tissue (granulation adhesions), and the development of
fibrous tissue on the surface of the joints. At advanced stages, these alterations result
in gradual joint stiffness, destruction, abnormalities, and eventual loss of physical
function. Current therapy for rheumatoid arthritis, while they work well, can be
excessively costly and are frequently not included in healthcare systems, resulting in
variable worldwide management and outcomes®?l. These treatments mostly focus on
the advanced stage of the disease, where there is already substantial joint damage.
Nevertheless, it is possible to identify autoantibodies and other biomarkers several
years before the appearance of clinical symptoms, indicating a potential opportunity
for early intervention®. Our investigation utilizing SF1 reveals that addressing
specific molecular interactions, such as the interaction between L-selectin and 6-sulfo
sLex glycan, in early-stage treatment can effectively delay the evolution of clinical
symptoms and provide relief from pain in affected patients. Implementing early
intervention measures, as exemplified by the effectiveness of SF1 in the CIA model,
has the potential to transform the management of RA by averting significant joint
injury and enhancing long-term results.

The CIA model is a widely utilized and thoroughly defined animal model for
researching RA. The condition closely mimics multiple features of human rheumatoid
arthritis, such as synovitis, pannus development, cartilage deterioration, and bone
erosion!®¥, This paradigm involves the immunization of DBA/1 mice with type II
collagen emulsified in CFA, resulting in an autoimmune response specifically
directed towards the joint tissues. This model is very valuable for assessing the

effectiveness of potential therapy drugs and comprehending the fundamental
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principles of RA pathogenesis®). In our investigation, we employed this model to
evaluate the therapeutic efficacy of SFI, uncovering its capacity to regulate the
immune response and mitigate the severity of the disease. The CIA model in DBA/1
mice has played a crucial role in discovering important inflammatory mediators and
evaluating new therapies, including the encouraging benefits reported with SF1. By
specifically focusing on the initial phases of the immune response, SF1 exhibits
promise as a therapeutic agent capable of modifying the progression of the disease
and enhancing the overall well-being of individuals with rheumatoid arthritis.

The findings of the current study revealed that SF1 could significantly reduce the
clinical score and pathology of CIA and inhibit elevated ClI-specific IgG2a levels in
mouse serum. Furthermore, SF1 suppressed the mRNA expression of various
cytokines in the draining lymph nodes, including IFN-y produced by Thl cells and
inflammatory cytokines. Accordingly, the mode of action of SF1 can be summarized
as follows: (1) SF1 inhibits lymphocyte homing to draining lymph nodes, where
self-antigen CllI-specific immune responses occur. (2) Blockade of lymphocyte
homing suppresses Th1 immune responses that lead to the production of pathogenic
ClI-specific IgG2a in the draining lymph nodes. (3) SF1-mediated blockade of
lymphocyte homing also suppresses the expression of inflammatory cytokines,
including IFN-y, IL-17, TNF-a, IL-1a, IL-1B extending inflammatory responses to the
joints of CIA-induced DBA/I mice.

In summary, the results of the current study indicate that SF1 can prevent CIA by
suppressing Thl and inflammatory immune responses in draining lymph nodes.

Previously, we have reported that SF1 inhibits lymphocyte homing to nasal-associated
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lymphoid tissues and Th2 cell-mediated murine allergic rhinitis®). It is
well-established that lymphocyte homing is fundamental for both Th1, Th17 and Th2
immune responses; hence, we believe that SF1 can suppress immune responses,
irrespective of their types. Collectively, the results of the current study suggest that

SF1 could serve as a novel therapeutic agent against various immune-related diseases.
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4. Materials and methods

4.1 Animals

Animal care and experiments were conducted in accordance with the guidelines of
the Chiba University Animal Care and Use Committee. Six-week-old male DBA/I
mice (18-20 g) were purchased from Charles River Laboratories, Japan, and
subsequently housed in an animal facility with controlled humidity and temperature
under a 12-h light/dark cycle.

4.2 SF1 antibody purification

Culture SF1 hybridoma cells to about 10*7 cells. BALB/c nude mice were
sensitized for two weeks using Pristane. About 10*7 cultured SF1 hybridoma cells
were resuspended in sterile PBS and injected intraperitoneally into sensitized BALB/c
nude mice. Two weeks later, the ascites of BALB/c nude mice was recovered. Add
0.033 time the volume of ascites of n-octanoic acid to the ascitic fluid and stir at room
temperature for 30 minutes. The obtained liquid was centrifuged at 4 degrees Celsius
for 20 minutes using 9000 rpm. The supernatant was dialyzed against PBS using a 0.8
um filter. The obtained liquid was slowly added with Ammonium sulfate at 4 °C.
After stirring for 6 hour, the liquid was collected and centrifuged at 4 degrees Celsius
for 20 minutes using 9000 rpm. The supernatant was dialyzed against PBS using a
0.8um filter.

4.3 Immunofluorescence analysis

Acetone-fixed frozen sections (7-um) from C57BL/6]J and DBA/1 mice were

incubated with 3% bovine serum albumin (BSA; Sigma-Aldrich) in

phosphate-buffered saline (PBS) to block nonspecific binding sites. The sections were
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then incubated with 5 pg/mL biotinylated SF1 overnight at 4 °C. After washing, the
sections were incubated for an additional 1 h in the dark with 1.0 pg/mL Alexa Fluor
594-streptavidin =~ (Thermo  Fisher  Scientific, USA) and 0.5 pg/mL
4',6-diamidino-2-phenylindole  dihydrochloride (DAPI; Daido, Japan). After
re-washing, sections were mounted using Mount Quick (Hokkaido, Japan). Images
were obtained using a fluorescence microscope (BZ-X800; KEYENCE).
4.4 Induction of arthritis

On day 0, chick type II collagen (CII; 2 mg/mL, Chondrex, USA), emulsified in an
equal volume of complete Freund’s adjuvant (CFA; Chondrex, USA) containing 4%
heat-killed Mycobacterium Tuberculosis H37 RA, was intradermally administered to
DBA/1 mice (100 pL per mouse) at the tail base. On day 21, a second immunization
was performed (50 puL per mouse) using incomplete Freund’s adjuvant (Chondrex,
USA) instead of CFA. And the clinical arthritis scores were evaluated as described
previously®! as follows: 0, no evidence of erythema and swelling; 1, erythema and
mild swelling confined to the tarsals or ankle joint; 2, erythema and mild swelling
extending from the ankle to the tarsals; 3, erythema and moderate swelling extending
from the ankle to the metatarsal joints; 4, erythema and severe swelling encompassing
the ankle, foot, and digits or ankylosis of the limb. The mice were observed daily for
31 days, and each paw was examined; a maximum arthritis score of 16 was
established for the four paws.
4.5 Study groups and SF1 administration

On day 21 post-first immunization with CII/CFA emulsion, DBA/1 mice were

randomly divided into two groups (n=5/group): the SFl-treated group was
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intraperitoneally administered 200 pL SF1 (0.5 mg/mL in sterile PBS, 100 ug per
mouse), while the PBS-treated group received sterile PBS, on days 21, 24, 27, and 30.
All mice were sacrificed on day 31.

4.6 Histological analysis

The DBA/1 mice were sacrificed via anesthesia and knee joint, synovium, ankle
joint and intertarsal joint were collected on day 31 following second immunization.
All the tissues were dissected, fixed in 4% paraformaldehyde solution for 24 h.
Among them, knee joint, ankle joint and intertarsal joint need to be decalcified in 10%
ethylene diamine tetraacetate for a week, with the solution renewed every two days,
and then embedded in paraffin. Standard frontal sections of 3 pm were prepared and
stained with hematoxylin and eosin (H&E; Sigma-Aldrich, USA) to examine tissue
damage. Images were obtained using a fluorescence microscope (BZ-X800;
KEYENCE).

4.7 Enzyme-linked immunosorbent assay (ELISA)

Antigen-specific antibody levels were measured using ELISA. To detect
antigen-specific IgG, IgG1, and IgG2a, CII was used as the coating antigen. Serum
was prepared from DBA/1 mouse peripheral blood on day 31 post-first immunization
with CII/CFA emulsion by centrifugation at 5,000 rpm for 10 min. The wells of
96-well ELISA plates (Corning, USA) were overnight coated with 5.0 pg/mL CII in
PBS, and nonspecific binding sites were blocked with 3% BSA in PBS for 2 h.
Diluted serum samples (1:125 dilution) were added to wells and incubated for 1 h.
After washing with 0.05% Tween 20 in PBS, 1.0 pg/mL HRP-conjugated goat

anti-mouse IgG, IgG1, or IgG2a (SouthernBiotech, USA) were added and incubated
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for 30 min. After washing, 1-step Ultra ELISA substrate (Thermo Fisher Scientific,
USA) was added to each well. The reaction was stopped by adding 2 M H>SOs, and
the optical density was measured at 450 nm using a 96-well spectrophotometer

(Rainbow Thermo, Switzerland).

4.8 Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from axillary lymph nodes (ALNs) and inguinal lymph
nodes (ILNs) using TRIzol (Thermo Fisher Scientific, USA), and ¢cDNA was
synthesized using ReverTra Ace qPCR RT Master Mix (Toyobo, Japan). NanoDrop
One (Thermo Fisher Scientific, USA) was used to determine cDNA concentration.
THUNDERBIRD SYBR qPCR Mix (Toyobo, Japan) was used for RT-qPCR, and
mRNA expression in each sample was normalized to that of B-actin with the AACt
method using CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA). The

following primers were used in the present study:

B-actin, 5'-CATCCGTAAAGACCTCTATGCCAAC-3’
and 5'- ATGGAGCCACCGATCCACA-3';

IFN-y, 5'-TCAAGTGGCATAGATGTGGAAGAA-3’
and 5'-TGGCTCTGCAGGATTTTCATG-3';

IL-17, 5"-GCAAACATGAGTCCAGGGAGA-3’

and 5'-CACGCTGAGCTTTGAGGGAT-3";

TNF-a, 5'-GCCACCACGCTCTTCTGTCTAC-3'
and 5'- GGGTCTGGGCCATAGAACTGAT-3';
IL-1a, 5"-ACGTCAACAACGGGAAGAT-3’

and 5'-AAGGTGCTGATCTGGGTTGG-3";

IL-1B, 5-TGCCACCTTTTGACAGTGATG-3'

and 5'-TGATGTGCTGCGAGATT-3'".
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4.9 Flow cytometric analysis

ALN and ILN were filtered and centrifuged at 4°C, 440xg for 5 min. The
supernatant was then removed and cells in the pellet were suspendend in 0.1%
BSA-PBS incubated with light avoidance at 4°C for 20 min with the following
antibodies: CD19-Brilliant Violet 510TM anti-mouse (BioLegend, USA, Lot:
B366808), CD3-APC anti-mouse (BioLegend, USA, Lot: B304830),
CD4-APC/Cyanine7 anti-mouse (BioLegend, USA, Lot: B382616), CD44-FITC
anti-mouse/human (BioLegend, USA, Lot: B378953), CD62L-PE-CY7 anti-mouse
(BioLegend, USA, Lot: B103081), 7-AAD-Viability Staining Solution (BioLegend,
USA, Lot: B347569). The samples were washed with PBS containing 0.1% BSA and
centrifuged at 440xg for 5 min at 4°C, resuspended in 250 uL filtered-PBS.
Subsequently, all antibodies were washed by PBS. After that, the samples were
detected using flow cytometry (Beckman Coulter CytoFlex, USA) and data analysis
was performed by FlowJo software (BD Biosciences, USA). Data processing and
analysis were done with FlowJo software 10.6.1. (BD Biosciences).
4.10 Statistical analysis

Student’s t-test was used to determine statistical significance between experimental
groups. All results were analyzed using one-way analysis of variance (ANOVA). Data
with p-values <0.05 were deemed statistically significant (*p < 0.05, **p < 0.01,

*#%P<0.001, ****P<0.0001, ns, not significant).

41 -



Acknowledgments

First and foremost, I would like to express my deepest gratitude to Prof. Hiroto
Kawashima, Ph.D., from the Graduate School and Faculty of Pharmacy at Chiba
University. His rigorous logical thinking and exceptional problem-solving abilities are
highly worthy of my learning. Thanks to his inspiration, I gained a clearer
understanding of my interests and strengths. This understanding encouraged me to
aim for higher goals.

During my Ph.D., I also experienced pain. This period of my life taught me a
truly important lesson about pain: I could not escape it, could not avoid it, I just had to
go through it and feel it. And while I was feeling it, I had to be so patient, so kind, and
so loving to myself. Then, I was surprised to find that I had become stronger because
of this.

I want to reiterate my heartfelt thanks to Prof. Kawashima. I am committed to
upholding the high standards he has set and strive to become a responsible scientist
who can make meaningful contributions to society.

I would also sincerely thank Drs. Hiroko Nakatsukasa and Hirohito Abo for their
technical expertise and insightful discussions, which have been invaluable to my
research.

Furthermore, I am immensely grateful to all the members of our laboratory for
their constant help and support in both my scientific research and daily life. Their

camaraderie and assistance are memories that [ will cherish forever.

42 -



I am profoundly grateful to my family for their unwavering support, trust, and
boundless love. Their encouragement has been my strongest pillar throughout this
journey.

Finally, I would like to express my gratitude to the Ministry of Education,
Culture, Sports, Science, and Technology of Japan for providing me with the
opportunity to study at Chiba University. All the beautiful encounters here bear a
sense of déja vu, as if they were reunions with long-lost friends. Being an
international student, I feel honored to have been given the chance to study and have

earned my doctoral degree in Chiba, Japan.

- 43 -



References

1. Lin, Y.J., Anzaghe, M., and Schulke, S. (2020). Update on the Pathomechanism,
Diagnosis, and Treatment Options for Rheumatoid Arthritis. Cells 9.
10.3390/cells9040880.

2. Firestein, G.S. (2014). The disease formerly known as rheumatoid arthritis.
Arthritis Res Ther 16, 114.10.1186/ar4593.

3. Liu, L., Hu, F., Wang, H., Wu, X., Eltahan, A.S., Stanford, S., Bottini, N., Xiao, H.,
Bottini, M., Guo, W., Liang, X.J. (2019). Secreted Protein Acidic and Rich in
Cysteine Mediated Biomimetic Delivery of Methotrexate by Albumin-Based
Nanomedicines for Rheumatoid Arthritis Therapy. ACS Nano 13, 5036-5048.
10.1021/acsnano.9b01710.

4. Bullock, J., Rizvi, S.A.A., Saleh, A.M., Ahmed, S.S., Do, D.P., Ansari, R.A., and
Ahmed, J. (2018). Rheumatoid Arthritis: A Brief Overview of the Treatment. Med
Princ Pract 27, 501-507. 10.1159/000493390.

5. Aletaha, D., and Smolen, J.S. (2018). Diagnosis and Management of Rheumatoid
Arthritis: A Review. JAMA 320, 1360-1372. 10.1001/jama.2018.13103.

6. Caplazi, P., Baca, M., Barck, K., Carano, R.A., DeVoss, J., Lee, W.P., Bolon, B.,
and Diehl, L. (2015). Mouse Models of Rheumatoid Arthritis. Vet Pathol 52, 819-826.
10.1177/0300985815588612.

7. Prasad P, Verma S, Surbhi, Ganguly NK, Chaturvedi V, Mittal SA. Rheumatoid

arthritis: advances in treatment strategies. Mol Cell Biochem. 2023 Jan;478(1):69-88.

- 44 -



doi: 10.1007/s11010-022-04492-3. Epub 2022 Jun 21. PMID: 35725992.

8. Yan, L., Liang, M., Yang, T., Ji, J., Jose Kumar Sreena, G.S., Hou, X., Cao, M.,
and Feng, Z. (2020). The Immunoregulatory Role of Myeloid-Derived Suppressor
Cells in the Pathogenesis of Rheumatoid Arthritis. Front Immunol 11, 568362.
10.3389/fimmu.2020.568362.

9. Khan, H., Sureda, A., Belwal, T., Cetinkaya, S., Suntar, 1., Tejada, S., Devkota,
H.P., Ullah, H., and Aschner, M. (2019). Polyphenols in the treatment of autoimmune
diseases. Autoimmun Rev 18, 647-657. 10.1016/j.autrev.2019.05.001.

10. Abbasi M, Mousavi MJ, Jamalzehi S, Alimohammadi R, Bezvan MH,
Mohammadi H, Aslani S. Strategies toward rheumatoid arthritis therapy; the old and
the new. J Cell Physiol. 2019 Jul;234(7):10018-10031. doi: 10.1002/jcp.27860. Epub
2018 Dec 7. PMID: 30536757.

11. Al-Qubaeissy KY, Fatoye FA, Goodwin PC, Yohannes AM. The effectiveness of
hydrotherapy in the management of rheumatoid arthritis: a systematic review.
Musculoskeletal Care. 2013 Mar;11(1):3-18. doi: 10.1002/msc.1028. Epub 2012 Jul
16. PMID: 22806987.

12. Tanaka Y. Recent progress in treatments of rheumatoid arthritis: an overview of
developments in biologics and small molecules, and remaining unmet needs.
Rheumatology  (Oxford). 2021 Dec  24;60(Suppl  6):vil2-vi20.  doi:
10.1093/rheumatology/keab609. PMID: 34951925; PMCID: PMC8709568.

13. Prasad P, Verma S, Surbhi, Chaturvedi V, Mittal SA. Rheumatoid arthritis:

advances in treatment strategies. Mol Cell Biochem. 2023 Jan;478(1):69-88. doi:

- 45 -



10.1007/s11010-022-04492-3.

14. Pope JE. Management of Fatigue in Rheumatoid Arthritis. RMD Open. 2020
May;6(1):e001084. doi: 10.1136/rmdopen-2019-001084.

15. Li Z, Wang XQ. Clinical effect and biological mechanism of exercise for
rheumatoid arthritis: A mini review. Front Immunol. 2023 Jan 6;13:1089621. doi:
10.3389/fimmu.2022.1089621.

16. Trentham DE, Townes AS, Kang AH. Autoimmunity to type II collagen an
experimental model of arthritis. J Exp Med. 1977 Sep 1;146(3):857-68. doi:
10.1084/jem.146.3.857.

17. Cho YG, Cho ML, Min SY, Kim HY. Type II collagen autoimmunity in a mouse
model of human rheumatoid arthritis. Autoimmun Rev. 2007 Nov;7(1):65-70. doi:
10.1016/j.autrev.2007.08.001. Epub 2007 Aug 30.

18. GDai Q, Wang M, Li Y, Li J. Amelioration of CIA by asarinin is associated to a
downregulation of TLR9/NF-kB and regulation of Th1/Th2/Treg expression. Biol
Pharm Bull. 2019 Jul 1;42(7):1172-1178. doi: 10.1248/bpb.b19-00083. Epub 2019
Apr 23.

19. Wei Z, Kawashima H. Prevention of collagen-induced arthritis by an anti-glycan
monoclonal antibody reactive with 6-sulfo sialyl Lewis x in DBA/1 mice. Monoclon
Antib Immunodiagn Immunother. 2023 Dec 8. doi: 10.1089/mab.2023.0019.

20. Yu Y, Ma M, Li C, et al. Irisin mitigates rheumatoid arthritis by suppressing
mitochondrial fission via inhibiting YAP-Drpl signaling pathway. Int

Immunopharmacol. 2024 Jan 25;127:111443. doi: 10.1016/j.intimp.2023.111443.

- 46 -



Epub 2023 Dec 28.

21. Caplazi P, Baca M, Barck K, et al. Mouse models of rheumatoid arthritis. Vet
Pathol. 2015 Sep;52(5):819-26. doi: 10.1177/0300985815588612. Epub 2015 Jun 10.
22. Hong M, Li Z, Liu H, et al. Fusobacterium nucleatum aggravates rheumatoid
arthritis through FadA-containing outer membrane vesicles. Cell Host Microbe. 2023
May 10;31(5):798-810.€7. doi: 10.1016/j.chom.2023.03.018. Epub 2023 Apr 12.

23. Matsushita T, Otani K, Yoshiga M, Hirano M, Noda K, Kurosaka D. Inhibitory
effect of baricitinib on microglia and STAT3 in a region with a weak blood-brain
barrier in a mouse model of rheumatoid arthritis. Rheumatology (Oxford). 2023 Aug
1;62(8):2908-2917. doi: 10.1093/rheumatology/kead013.

24. Khachigian LM. Collagen antibody-induced arthritis. ~Nat  Protoc.
2006;1(5):2512-6. doi: 10.1038/nprot.2006.393.

25. Stuart JM, Townes AS, Kang AH. Collagen autoimmune arthritis. Annu Rev
Immunol. 1984;2:199-218. doi: 10.1146/annurev.iy.02.040184.001215.

26. Terato K, Hasty KA, Reife RA, Cremer MA, Kang AH, Stuart JM. Induction of
arthritis with monoclonal antibodies to collagen. J Immunol. 1992 Apr
1;148(7):2103-8.

27. Hutamekalin P, Saito T, Yamaki K, et al. Collagen antibody-induced arthritis in
mice: development of a new arthritogenic 5-clone cocktail of monoclonal anti-type II
collagen antibodies. J Immunol Methods. 2009 Mar 31;343(1):49-55. doi:
10.1016/5.jim.2009.01.009.

28. Su J, Krock E, Barde S, et al. Pain-like behavior in the collagen antibody-induced

- 47 -



arthritis model is regulated by lysophosphatidic acid and activation of satellite glia
cells. Brain Behav Immun. 2022 Mar;101:214-230. doi: 10.1016/5.bb1.2022.01.003.
Epub 2022 Jan 10.

29. Moulin D, Millard M, Taieb M, et al. Counteracting tryptophan metabolism
alterations as a new therapeutic strategy for rheumatoid arthritis. Ann Rheum Dis.
2023 Dec 1:ard-2023-224014. doi: 10.1136/ard-2023-224014.

30. Whitehouse MW, Beck FJ. Impaired drug metabolism in rats with
adjuvant-induced arthritis: a brief review. Drug Metab Dispos. 1973
Jan-Feb;1(1):251-5.

31. Loépez-Guerrero JA, Ortiz MA, Paez E, Bernabéu C, Lopez-Bote JP. Therapeutic
effect of recombinant vaccinia virus expressing the 60-kd heat-shock protein on
adjuvant  arthritis.  Arthritis ~ Rheum. 1994  Oct;37(10):1462-7.  doi:
10.1002/art.1780371009.

32. Bordy R, Moretto J, Devaux S, et al. Adjuvant-induced arthritis is a relevant
model to mimic coronary and myocardial impairments in rheumatoid arthritis. Joint
Bone Spine. 2021 Jan;88(1):105069. doi: 10.1016/j.jbspin.2020.09.001.

33. Lu Q, Jiang H, Zhu Q, et al. Tetrandrine ameliorates rheumatoid arthritis in mice
by alleviating neutrophil activities. Evid Based Complement Alternat Med. 2022 Feb
16;2022:8589121. doi: 10.1155/2022/8589121.

34. Zhao Y, Urbonaviciute V, Xu B, et al. Cartilage oligomeric matrix protein
induced arthritis-A new model for rheumatoid arthritis in the C57BL/6 mouse. Front

Immunol. 2021 Feb 23;12:631249. doi: 10.3389/fimmu.2021.631249.

- 48 -



35. Carlsen S, Nandakumar KS, Bécklund J, et al. Cartilage oligomeric matrix
protein induction of chronic arthritis in mice. Arthritis Rheum. 2008
Jul;58(7):2000-11. doi: 10.1002/art.23554.

36. Gomez-Barrena E, Lindroos L, Ceponis A, et al. Cartilage oligomeric matrix
protein (COMP) is modified by intra-articular liposomal clodronate in an
experimental model of arthritis. Clin Exp Rheumatol. 2006 Nov-Dec;24(6):622-8.

37. Zhao Y, Urbonaviciute V, Xu B, et al. Cartilage oligomeric matrix protein
induced arthritis-A new model for rheumatoid arthritis in the C57BL/6 mouse. Front
Immunol. 2021 Feb 23;12:631249. doi: 10.3389/fimmu.2021.631249.

38. Cui J, Zhang J. Cartilage oligomeric matrix protein, diseases, and therapeutic
opportunities. Int J Mol Sci. 2022 Aug 17;23(16):9253. doi: 10.3390/ijms23169253.
39. Carlsen S, Nandakumar KS, Bécklund J, et al. Cartilage oligomeric matrix
protein induction of chronic arthritis in mice. Arthritis Rheum. 2008
Jul;58(7):2000-11. doi: 10.1002/art.23554.

40. Choudhary N, Bhatt LK, Prabhavalkar KS. Experimental animal models for
rheumatoid arthritis. Immunopharmacol Immunotoxicol. 2018 Jun;40(3):193-200. doi:
10.1080/08923973.2018.1434793. Epub 2018 Feb 12.

41. Tuncel J, Haag S, Hoffmann MH, et al. Animal models of rheumatoid arthritis (I):
Pristane-induced arthritis in the rat. PLoS One. 2016 May 26;11(5):e0155936. doi:
10.1371/journal.pone.0155936.

42. VTaneja V, David CS. Association of MHC and rheumatoid arthritis. Regulatory

role of HLA «class II molecules in animal models of RA: studies on

- 49 -



transgenic/knockout mice. Arthritis Res. 2000;2(3):205-7. doi: 10.1186/ar88. Epub
2000 Apr 12. PMID: 11094430; PMCID: PMC130003.

43. Correa MA, Borrego A, Jensen JR, et al. Mice selected for acute inflammation
present altered immune response during pristane-induced arthritis progression.
Biomed Res Int. 2018 Oct 8;2018:1267038. doi: 10.1155/2018/1267038.

44. Correa MA, Borrego A, Jensen JR, et al. Mice Selected for Acute Inflammation
Present Altered Immune Response during Pristane-Induced Arthritis Progression.
Biomed Res Int. 2018 Oct 8;2018:1267038. doi: 10.1155/2018/1267038.

45. Vossenaar ER, Nijenhuis S, Helsen MM, et al. Citrullination of synovial proteins
in murine models of rheumatoid arthritis. Arthritis Rheum. 2003 Sep;48(9):2489-500.
doi: 10.1002/art.11229.

46. Fischer A, Abdollahi-Roodsaz S, Bohm C, et al. The involvement of Toll-like
receptor 9 in the pathogenesis of erosive autoimmune arthritis. J Cell Mol Med. 2018
Sep;22(9):4399-4409. doi: 10.1111/jemm.13735. Epub 2018 Jul 11.

47. Choudhary N, Bhatt LK, Prabhavalkar KS. Experimental animal models for
rheumatoid arthritis. Immunopharmacol Immunotoxicol. 2018 Jun;40(3):193-200. doi:
10.1080/08923973.2018.1434793. Epub 2018 Feb 12.

48. Wu BJ, Ong KL, Shrestha S, et al. Inhibition of arthritis in the Lewis rat by
apolipoprotein A-I and reconstituted high-density lipoproteins. Arterioscler Thromb
Vasc Biol. 2014 Mar;34(3):543-51. doi: 10.1161/ATVBAHA.113.302832. Epub 2013
Dec 19.

49. DUMONDE DC, GLYNN LE. The production of arthritis in rabbits by an

-50-



immunological reaction to fibrin. Br J Exp Pathol. 1962 Aug;43(4):373-83.

50. BKobayashi H, Ohshima S, Nishioka K, et al. Antigen induced arthritis (AIA)
can be transferred by bone marrow transplantation: evidence that interleukin 6 is
essential for induction of AIA. J Rheumatol. 2002 Jun;29(6):1176-82.

51. Maffia P, Brewer JM, Gracie JA, et al. Inducing experimental arthritis and
breaking self-tolerance to joint-specific antigens with trackable, ovalbumin-specific T
cells. J Immunol. 2004 Jul 1;173(1):151-6. doi: 10.4049/jimmunol.173.1.151.

52. Qi W, Jin L, Wu C, et al. Treatment with FAP-targeted zinc ferrite nanoparticles
for rheumatoid arthritis by inducing endoplasmic reticulum stress and mitochondrial
damage. Mater Today Bio. 2023 Jun 17;21:100702. doi:
10.1016/j.mtbi0.2023.100702.

53. Hu J, Ni J, Zheng J, et al. Tripterygium hypoglaucum extract ameliorates
adjuvant-induced arthritis in mice through the gut microbiota. Chin J Nat Med. 2023
Oct;21(10):730-744. doi: 10.1016/S1875-5364(23)60466-2.

54. Chen Z, Bozec A, Ramming A, Schett G. Anti-inflammatory and
immune-regulatory cytokines in rheumatoid arthritis. Nat Rev Rheumatol. 2019
Jan;15(1):9-17. doi: 10.1038/s41584-018-0109-2. PMID: 30341437.

55. Wengner AM, Hopken UE, Petrow PK, et al. CXCR5- and CCR7-dependent
lymphoid neogenesis in a murine model of chronic antigen-induced arthritis. Arthritis
Rheum. 2007 Oct;56(10):3271-83. doi: 10.1002/art.22939.

56. Trauner KB, Gandour-Edwards R, Bamberg M, Shortkroff S, Sledge C, Hasan T.

Photodynamic synovectomy using benzoporphyrin derivative in an antigen-induced

-51 -



arthritis model for rheumatoid arthritis. Photochem Photobiol. 1998 Jan;67(1):133-9.
57. Keystone EC, Schorlemmer HU, Pope C, Allison AC. Zymosan-induced arthritis:
a model of chronic proliferative arthritis following activation of the alternative
pathway of complement. Arthritis Rheum. 1977 Sep-Oct;20(7):1396-1401. doi:
10.1002/art.1780200714.

58. Matsumoto I, Zhang H, Yasukochi T, et al. Therapeutic effects of antibodies to
tumor necrosis factor-alpha, interleukin-6 and cytotoxic T-lymphocyte antigen 4
immunoglobulin in mice with glucose-6-phosphate isomerase induced arthritis.
Arthritis Res Ther. 2008;10(3):R66. doi: 10.1186/ar2437. Epub 2008 Jun 5.

59. Peng Y, Kenney HM, de Mesy Bentley KL, Xing L, Ritchlin CT, Schwarz EM.
Distinct mast cell subpopulations within and around lymphatic vessels regulate lymph
flow and progression of inflammatory-erosive arthritis in TNF-transgenic mice. Front
Immunol. 2023 Dec 14;14:1275871. doi: 10.3389/fimmu.2023.1275871.

60. Wang S, Liu Z, Wang J, et al. The triptolide-induced apoptosis of osteoclast
precursor by degradation of cIAP2 and treatment of rheumatoid arthritis of
TNF-transgenic mice. Phytother Res. 2019 Feb;33(2):342-349. doi: 10.1002/ptr.6224.
Epub 2018 Nov 11.

61. Li X, Wang Y, Chen Z, et al. Hepatorenal pathologies in TNF-transgenic mouse
model of rheumatoid arthritis are alleviated by anti-TNF treatment. Arthritis Res Ther.
2023 Oct 2;25(1):188. doi: 10.1186/s13075-023-03178-5.

62. Wang S, Zuo S, Liu Z, Ji X, Yao Z, Wang X. Study on the efficacy and

mechanism of triptolide on treating TNF transgenic mice with rheumatoid arthritis.

-52-



Biomed Pharmacother. 2018 Oct;106:813-820. doi: 10.1016/j.biopha.2018.07.021.
Epub 2018 Jul 11. Erratum in: Biomed Pharmacother. 2019 Mar;111:1509.

63. Mirza F, Lorenzo J, Drissi H, Lee FY, Soung DY. Dried plum alleviates
symptoms of inflammatory arthritis in TNF transgenic mice. J Nutr Biochem. 2018
Feb;52:54-61. doi: 10.1016/j.jnutbio.2017.10.002. Epub 2017 Oct 16.

64. Kouskoff V, Korganow AS, Duchatelle V, Degott C, Benoist C, Mathis D.
Organ-specific disease provoked by systemic autoimmunity. Cell. 1996 Nov
29;87(5):811-22. doi: 10.1016/s0092-8674(00)81989-3.

65. Korganow AS, Ji H, Mangialaio S, et al. From systemic T cell self-reactivity to
organ-specific autoimmune disease via immunoglobulins. Immunity. 1999
Apr;10(4):451-61. doi: 10.1016/s1074-7613(00)80045-x.

66. 58.Ditzel HJ. The K/BxN mouse: a model of human inflammatory arthritis.
Trends Mol Med. 2004 Jan;10(1):40-5. doi: 10.1016/j.molmed.2003.11.004.

67. Christensen AD, Haase C, Cook AD, Hamilton JA. K/BXN Serum-transfer
arthritis as a model for human inflammatory arthritis. Front Immunol. 2016 Jun
2;7:213. doi: 10.3389/fimmu.2016.00213.

68. Grotsch B, Bozec A, Schett G. In vivo models of rheumatoid arthritis. Methods
Mol Biol. 2019;1914:269-280. doi: 10.1007/978-1-4939-8997-3 14.

69. Oggero S, Cecconello C, Silva R, et al. Dorsal root ganglia CX3CR1 expressing
monocytes/macrophages contribute to arthritis pain. Brain Behav Immun. 2022
Nov;106:289-306. doi: 10.1016/5.bb1.2022.09.008. Epub 2022 Sep 14.

70. Tang J, Cheng X, Yi S, et al. Euphorbia Factor L2 ameliorates the progression of

-53 -



K/BxN serum-induced arthritis by blocking TLR7 mediated IRAK4/IKKf/IRF5 and
NF-kB signaling pathways. Front Pharmacol. 2021 Dec 3;12:773592. doi:
10.3389/fphar.2021.773592.

71. Kustiarini DA, Nishigaki T, Kanno H, To H. Effects of Morinda citrifolia on
rheumatoid arthritis in SKG mice. Biol Pharm Bull. 2019;42(3):496-500. doi:
10.1248/bpb.b18-00480.

72. Takeuchi Y, Hirota K, Sakaguchi S. Impaired T cell receptor signaling and
development of T cell-mediated autoimmune arthritis. Immunol Rev. 2020
Mar;294(1):164-176. doi: 10.1111/imr.12841. Epub 2020 Jan 16.

73. Cheng YC, Zhang X, Lin SC, et al. Echinocystic acid ameliorates arthritis in
SKG mice by suppressing Th17 cell differentiation and human rheumatoid arthritis
fibroblast-like synoviocytes inflammation. J Agric Food Chem. 2022 Dec
28;70(51):16176-16187. doi: 10.1021/acs.jafc.2c05802. Epub 2022 Dec 14.

74. Cheng WIJ, Yang HT, Chiang CC, et al. Deer velvet antler extracts exert
anti-Inflammatory and anti-arthritic effects on human rheumatoid arthritis
fibroblast-like synoviocytes and distinct mouse arthritis. Am J Chin Med.
2022;50(6):1617-1643. doi: 10.1142/S0192415X22500689. Epub 2022 Jul 18.

75. Abramson SB, Amin A. Blocking the effects of IL-1 in rheumatoid arthritis
protects bone and cartilage. Rheumatology (Oxford). 2002 Sep;41(9):972-80. doi:
10.1093/rheumatology/41.9.972.

76. Iwakura Y. Roles of IL-1 in the development of rheumatoid arthritis:

consideration from mouse models. Cytokine Growth Factor Rev. 2002

- 54 -



Aug-Oct;13(4-5):341-55. doi: 10.1016/s1359-6101(02)00021-7.

77. Jacques C, Gosset M, Berenbaum F, Gabay C. The role of IL-1 and IL-1Ra in
joint inflammation and cartilage degradation. Vitam Horm. 2006;74:371-403. doi:
10.1016/S0083-6729(06)74016-X.

78. Scherer, H.U., Haupl, T., and Burmester, G.R. (2020). The etiology of
rheumatoid arthritis. Journal of Autoimmunity 110. ARTN
10240010.1016/j.jaut.2019.102400.

79. Gredeland, G., Fossum, E., and Bogen, B. (2015). Polarizing T and B cell
responses by APC-targeted subunit vaccines. Frontiers in Immunology 6. ARTN
36710.3389/fimmu.2015.00367.

80. Delgado, M., Abad, C., Martinez, C., Laceta, J., and Gomariz, R.P. (2001).
Vasoactive intestinal peptide prevents experimental arthritis by downregulating both
autoimmune and inflammatory components of the disease. Nat Med 7, 563-568. Doi
10.1038/87887.

81. Hu, X.Y., and Ivashkiv, L.B. (2009). Cross-regulation of Signaling Pathways by
Interferon-gamma: Implications for Immune Responses and Autoimmune Diseases.
Immunity 31, 539-550. 10.1016/j.immuni.2009.09.002.

82. Rvan Zante A, Rosen SD. Sulphated endothelial ligands for L-selectin in
lymphocyte homing and inflammation. Biochem Soc Trans. 2003 Apr;31(2):313-7.
doi: 10.1042/bst0310313. PMID: 12653627.

83. Tedder, T. F., Steeber, D. A., & Pizcueta, P. (1995). L-selectin-deficient mice

have impaired leukocyte recruitment into inflammatory sites. The Journal of

-55-



experimental medicine, 181.6: 2259-2264. doi: 10.1084/jem.181.6.2259.

84. Kawashima, H., Petryniak, B., Hiraoka, N., Mitoma, J., Huckaby, V., Nakayama,
J., Uchimura, K., Kadomatsu, K., Muramatsu, T., Lowe, J.B., and Fukuda, M. (2005).
N-acetylglucosamine-6-O-sulfotransferases 1 and 2 cooperatively control lymphocyte
homing through L-selectin ligand biosynthesis in high endothelial venules. Nature
Immunology 6, 1096-1104. 10.1038/n11259.

85. Uchimura, K., Gauguet, J.M., Singer, M.S., Tsay, D., Kannagi, R., Muramatsu, T.,
von Andrian, U.H., and Rosen, S.D. (2005). A major class of L-selectin ligands is
eliminated in mice deficient in two sulfotransferases expressed in high endothelial
venules. Nature Immunology 6, 1105-1113. 10.1038/n11258.

86. Turesson, C., O'Fallon, W.M., Crowson, C.S., Gabriel, S.E., and Matteson, E.L.
(2003). Extra-articular disease manifestations in rheumatoid arthritis: incidence trends
and risk factors over 46 years. Ann Rheum Dis 62, 722-727. 10.1136/ard.62.8.722.

87. Finckh, A., Gilbert, B., Hodkinson, B., Bae, S.C., Thomas, R., Deane, K.D.,
Alpizar-Rodriguez, D., and Lauper, K. (2022). Global epidemiology of rheumatoid
arthritis. Nat Rev Rheumatol 18, 591-602. 10.1038/s41584-022-00827-y.

88. Nishimura, K., Sugiyama, D., Kogata, Y., Tsuji, G., Nakazawa, T., Kawano, S.,
Saigo, K., Morinobu, A., Koshiba, M., Kuntz, K.M., et al. (2007). Meta-analysis:
Diagnostic accuracy of anti-cyclic citrullinated peptide antibody and rheumatoid
factor for rheumatoid  arthritis. Ann Intern Med 146, 797-808.
10.7326/0003-4819-146-11-200706050-00008.

89. Liu W, Xiong W, Liu W, et al. A novel monoclonal antibody against 6-sulfo

-56 -



sialyl Lewis x glycans attenuates murine allergic rhinitis by suppressing Th2 immune
responses. Sci Rep 2023;13:15740; doi: 10.1038/s41598-023-43017-w.

90. Uchimura K, Rosen SD. Sulfated L-selectin ligands as a therapeutic target in
chronic inflammation. Trends Immunol. 2006 Dec;27(12):559-65. doi:
10.1016/;.1t.2006.10.007. Epub 2006 Oct 17. PMID: 17049924.

91. Chen J, Norling LV, Mesa JG, Silva MP, Burton SE, Reutelingsperger C, Perretti
M, Cooper D. Annexin Al attenuates cardiac diastolic dysfunction in mice with
inflammatory  arthritis. Proc Natl Acad Seci U S A. 2021 Sep
21;118(38):¢2020385118.

92. Wang Y, Chen S, Du K, Liang C, Wang S, Owusu Boadi E, Li J, Pang X, He J,
Chang YX. Traditional herbal medicine: Therapeutic potential in rheumatoid arthritis.
J Ethnopharmacol. 2021 Oct 28;279:114368. doi: 10.1016/j.jep.2021.114368. Epub
2021 Jun 29.

93. Sokolova MV, Schett G, Steffen U. Autoantibodies in Rheumatoid Arthritis:
Historical Background and Novel Findings. Clin Rev Allergy Immunol. 2022
Oct;63(2):138-151. doi: 10.1007/s12016-021-08890-1. Epub 2021 Sep 8.

94. Oliver CE, Patel H, Hong J, Carter J, Kraus WE, Huffman KM, Truskey GA.
Tissue engineered skeletal muscle model of rheumatoid arthritis using human primary
skeletal muscle cells. J Tissue Eng Regen Med. 2022 Feb;16(2):128-139. doi:
10.1002/term.3266. Epub 2021 Nov 20.

95. Luan J, Hu Z, Cheng J, Zhang R, Yang P, Guo H, Nan G, Guo N, Gou X.

Applicability and implementation of the collagen-induced arthritis mouse model,

-57-



including protocols (Review). Exp Ther Med. 2021 Sep;22(3):939. doi:
10.3892/etm.2021.10371. Epub 2021 Jul 1. PMID: 34335888; PMCID:
PMC8290431.

96. Brand, D.D., Latham, K.A., and Rosloniec, E.F. (2007). Collagen-induced

arthritis. Nat Protoc 2, 1269-1275. 10.1038/nprot.2007.173.

-58 -



Publications
1. Prevention of Collagen-Induced Arthritis by an Anti-Glycan Monoclonal Antibody
Reactive with 6-Sulfo Sialyl Lewis x in DBA/I Mice. Zihong Wei, Hiroto
Kawashima. Monoclon Antib Immunodiagn Immunother. 2024 Feb;43(1):3-9. doi:

10.1089/mab.2023.0019.

2. Rheumatoid Arthritis Animal Model in Mice. Zihong Wei, Jianfeng Wang, Hiroto

Kawashima. Animals and Zoonoses. (In press)

-59-



Thesis Examiner Committee

In this thesis or dissertation examined by the following examiners

Chief examiner
Professor Kousei Ito,
Laboratory of Biopharmaceutics.

Associate examiners
Professor Hiroto Hatakeyama,
Laboratory of DDS Design and Drug Disposition.

Professor Hiroyuki Nakamura,
Laboratory of Chemical Pharmacology.

All are affiliated to Graduate School of Pharmaceutical Sciences, Chiba University, Japan.

-60 -



	Abbreviation
	Abstract
	Keywords: 
	1.Introduction
	1.1 Rheumatoid arthritis
	1.2 Rheumatoid arthritis animal model in mice
	2.Results
	3.Discussion
	Acknowledgments
	References

