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Introduction

Rheumatoid arthritis (RA) is an autoimmune disorder with chronic inflammation of the joints
characterized by the proliferation of synovial cells, angiogenesis, and infiltration of T cells. The
causative factors of RA still remain to be elucidated; however, a combination of genetic and
environmental factors is likely to contribute to the development of RA. Without appropriate
treatment, RA causes joint damage, disability, and a decrease in quality of life. RA is typically
managed with a combination of non-pharmacological (e.g., exercise and physical therapies) and
pharmacological treatments. The latter includes nonsteroidal anti-inflammatory drugs (NSAIDs),
disease-modifying antirheumatic drugs (DMARDs), and biologics. In this study, we sought to
identify a potential drug candidate for RA, mainly focusing on the expansion of follicular
regulatory T (Tfr) cells. The study will consist of two sections; in the first part evaluated the
compounds' ability to promote Tfr-cell differentiation, and in the second part, I assessed their
efficacies against synovial inflammation and joint damage in RA animal models. I also analyzed

the mode of action of the selected compound.

Part 1. Screening of Compounds with Tfr Cell Differentiation Promoting Activity
1-1. Background

Tfr cells are a subtype of regulatory T (Treg) cells that share molecular characteristics with

both Treg cells and follicular helper (Tth) cells. For instance, Tfr cells express Foxp3, a hallmark



of Treg cells, in addition to Bcl-6 and CXCRS, which are functional markers of Tth cells. Tfr cells

play a vital role in inhibiting the production of autoantibodies, which attack the body's own tissues.

Therefore, this cell subset has been considered as a significant target for the prevention and
treatment of autoimmune disorders. However, despite the discovery of Tfr cells over a decade

ago, their differentiation process has yet to be fully understood.

Furthermore, technical difficulty in inducing Tfr cells in vitro has hampered the cell
differentiation mechanism, as well as the establishment of an in vitro screening system targeting
Tfr-cell differentiation. Our laboratory previously found culture conditions to induce the
differentiation of Tfr cells. By taking advantage of this culture system, I attempted to establish an

in vitro screening system to identify bioactive compounds that facilitate Tfr-cell differentiation.

1-2. Methods

(D Compound screening using the Tfr cell differentiation system

Naive T cells were isolated from the spleens of Bcl-6-tdTomato/Foxp3"“P* reporter mice and
cultured in the conditions to induce the differentiation of Tfr cells. Compounds and intestinal
metabolites were added to the culture, and the expression of the Bcl-6 was evaluated by flow

cytometry after 5 days to determine its ability to induce the differentiation of Tfr cells.

@ Autoantigen Immunization model

An immunization model was established by subcutaneous injection of emulsified denatured
insulin following 18 days of polyamine administration via drinking water. Ten days later, the
mouse lymphoid tissues were collected to analyze the changes in the frequency and number of
Tfr cells.

1-3. Results

(D Screening results in the effect of intestinal microbiota metabolites in promoting Tfr cell

differentiation
A A
Tfr cells were defined as Foxp3"™ CD25 PD-1" oo [ _ 810
Tir i —
CXCRS5" Bel6' in this culture condition. The effects of B“t'/ Sl :}\
47 intestinal microbiota metabolites on Tfr cell - coms e
{03 | 20 ‘Foxp3

differentiation were evaluated by changes in CXCRS | | ; — |1 >F

i

and Bcl6 expression (Fig. 1). y-Aminobutyric acid,

|
\
\
\
\
CXCRS
-

putrescine, cadaverine, and 3-phenylpropionic acid Foxp3 (hCD2) > ‘ Boko
Fig.1 Analysis of gating strategies of CXCR5"Bcl-6"

significantly promoted Tfr cell differentiation, with

»



putrescine and cadaverine showing the most potent effects in a dose-dependent relationship.

@ Screening results on the effect of SCADs kits compounds in promoting Tfr cell differentiation

The SCADs inhibitor suite (SCADs kits) is a systematic collection of small molecule inhibitors.
The experimental results showed that the telomerase inhibitor TMPyP4, IGF-1R inhibitor OSI-
906, and HDAC inhibitor vorinostat all had beneficial effects, with HDAC inhibitor being the

most effective.

(3@ Efficacy of polyamines in insulin immunization model

Treatment with polyamines resulted in a decrease in body weight gain rate in mice compared
to the control group treated with PBS. While there was no significant difference in the number of
CD45" cells in lymphoid tissues between the polyamine-treated group and the control group,
treatment with putrescine resulted in a significant increase in Peyer's patches. The frequency and
number of Tfr cells in polyamine-treated mice were not significantly different from the control
group, except for an increase in Tfr cells in Peyer's patches in the putrescine group. Similar results

were also observed in the changes in Bcl-6 expression.

1-4. Discussion

The ability of various compounds to induce Tfr cells was evaluated using microbiota-derived
metabolites and SCADS inhibitor kits. Of the microbiota-derived metabolites, polyamines
cadaverine and putrescine displayed the strongest effect in vitro, but they did not promote Tfr cell
differentiation in mice. The SCAD inhibitor kits contained several small molecule compounds,
and three targets that were effective in promoting Tfr differentiation were identified: telomerase,
IGF-1R, and HDAC. Previous research has shown that butyrate, a pan-HDAC inhibitor, has a
therapeutic effect on rheumatoid arthritis models, but it also has significant adverse effects.
Therefore, selective HDAC inhibitors, which can be used at lower concentrations, were explored
as a potential means of improving therapeutic outcomes and reducing side effects in the treatment
of chronic diseases. The selective HDACI inhibitor TTA03-107 was subjected to further in vivo

experiments to evaluate pharmacological efficacy in the RA model, as described in Part II.

Part II. Study on the Mechanism of HDAC1 Selective Inhibitor TTA03-107 to Suppress

Autoimmune Arthritis
2-1. Background

Histone deacetylases (HDACs) regulate gene expression by controlling reversible histone lysine

acetylation. Pan-HDAC inhibitors (HDACi) have been investigated as potential therapeutics for



autoimmune diseases in rodent models and patient tissue samples, but their adverse effects have
limited their use in the treatment of rheumatoid arthritis (RA). HDAC isozyme-selective
inhibitors may have fewer negative effects and be more effective in the treatment of chronic
diseases. The class I HDAC family includes HDAC1, HDAC2, HDAC3, and HDACS, and
HDACI transcript levels are elevated in synovial fibroblasts and tissues in RA. In mouse models
of autoimmune arthritis, class | HDAC inhibitors targeting HDAC1 and HDAC2 have shown anti-
rheumatoid effects. Inhibition of them also suppresses osteoclast differentiation and activity and
reduces inflammatory mediator production from monocytes and macrophages. However, until

recently, HDAC1- and HDAC2-selective inhibitors were not available.

2-2. Methods

(O Collagen-induced arthritis model

The DBA/1 mice were used for a mouse arthritis model through the use of two percutaneous
injections of emulsified collagen at the base of the tail. On day 21, the mice were divided into
control, VPA, and TTA03-107 groups and administered orally via drinking water. On day 43, all

mice were dissected.

2 Collagen antibody-induced arthritis model

The DBA/1 mice were established as a mouse arthritis model through the intraperitoneal
injection of purified IgG and LPS on day 0 and day 3, respectively. From the outset, the mice
were divided into control, VPA, prednisolone, and TTA03-107 groups and administered orally via

drinking water. All mice were dissected on day 22.

(3 Osteoclast differentiation assay

Bone marrow was isolated from C57B6/J mice to induce osteoblast differentiation. Cells were
cultured in a-MEM medium containing rmM-CSF for 3 days, followed by a medium containing
rmM-CSF and RANKL for an additional 6 days. The medium was replaced with a fresh one every
2 days. Cells were then fixed and stained using a TRAP staining kit. TRAP-positive

multinucleated cells containing three or more nuclei were counted as osteoclasts.

@ Thl7 cell differentiation assay

Naive T cell was isolated from C57B6/J mice and cultured in 1640 medium containing
differentiation stimulants for 3 days to induce Th17 cell differentiation. The cells were then
continued to be cultured for 2 days after changing to a fresh medium and were analyzed using

flow cytometry after fixation and staining.



(® Macrophage differentiation assay

To induce macrophage differentiation, bone marrow was isolated from C57B6/J mice, and the
cells were cultured in a high-glucose DMEM medium containing rmM-CSF for 3 days. The cells
were then continued to be cultured for 2 days after changing to a fresh medium, followed by a
medium containing LPS and nigericin for 10 hours. The cells were analyzed using flow cytometry

after fixation and staining.

2-3. Results

(D Antiarthritic Efficacy of TTA03-107 in Mouse CIA Model
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with valproic acid (VPA) had lower body weight gain Fig.2 H&E staining graphs for histological changes
and lower water consumption. TTA03-107 treatment

reduced the severity of arthritis, as evidenced by a reduction in inflammatory cell infiltration and
cartilage destruction (Fig. 2), as well as a decrease in serum levels of TNF-q, IL-1B, and IL-17A.
However, no changes in clinical scores were observed between the VPA-treated and control
groups. TTA03-107 also reduced ClI-specific IgG2b but had no impact on other IgG levels. These

suggest TTA03-107 may have a beneficial effect on arthritis-related inflammation.

@ TTAO03-107 exerts an antiarthritic effect in the later phase

TTAO03-107 was administered to CAIA model mice via drinking water and did not affect body
weight gain. It effectively relieved arthritic symptoms and suppressed TNF-a, [L-1f3, and IL-17A
levels in serum and joint tissue, similar to prednisolone treatment. VPA had no significant effect

on arthritis severity and decreased water consumption at the start of the experiment.

(3 TTAO03-107 treatment suppresses osteoclast differentiation

The osteoclast differentiation of BM cells was evaluated in the presence or absence of TTA03-
107 using TRAP staining. It was observed that TTA03-107 only moderately suppressed osteoclast
formation at higher concentrations, suggesting a minimal direct effect of HDACI inhibition on

osteoclast differentiation and an unlikely contribution to its antiarthritic activity.

@ TTAO03-107 treatment reduces RORyt™ Th17-cell differentiation in vitro

An in vitro Th17 culture was established, and the expression of RORyt was analyzed. TTA03-

107 treatment resulted in a reduction of both the frequency and the mean fluorescent intensity of



RORyt" Th17 cells, but there was no significant dose-response relationship.

® TTAO03-107 treatment downregulates inflammatory cytokine production by macrophages
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downregulated iNOS expression and Fig.3 iNOS*Arg!" cells (M1) cells within macrophage cell population
upregulated  arginase 1  (Argl)

expression (Fig. 3). These results suggest that TTA03-107 may downregulate the transcription of
genes involved in the production of inflammatory cytokines in M1 macrophages, potentially

through promoting M1 to M2 phenotype conversion.

2-4. Discussion

The HDACI-selective inhibitor TTA03-107 was investigated for its therapeutic potential in
mouse models of rheumatoid arthritis (RA). TTA03-107 was effective in reducing disease severity
and inflammation in the joints of CIA and CAIA models without affecting body weight. HDAC1
inhibition by TTA03-107 treatment significantly decreased IL-17A levels in both serum and joint
tissue in the CIA model. This effect was likely due to T-cell-intrinsic HDACI inhibition, which
arrests Th17 differentiation, as well as the downregulation of IL-6 and IL-1p by macrophages in
the joint tissues. An in vitro BMDM experiment showed that TTA03-107 reduced the production
of TNF-a, IL-1B, and IL-6 and induced M2 macrophage marker Argl while downregulating M1
marker iNOS. TTA03-107 slightly decreased ClI-specific IgG2b production in the CIA model,
while other IgG subclasses remained unchanged. This may be due to the attenuation of germinal
center responses to CII. TTA03-107 had only a minor effect on osteoclast differentiation at high
concentration, suggesting that regulation of osteoclasts by class I HDAC inhibition may be
mediated by HDAC2, HDAC3, or HDACS, but not HDACI1. Overall, TTA03-107 demonstrates
the potential for the treatment of inflammatory arthritis by inhibiting inflammatory cytokine
production from inflammatory macrophages and subsequent Th17 responses in autoimmune

arthritis models.
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