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BACKGROUND AND PURPOSE

A series of benzothiazole derivatives were screened for immunosuppressive activity; of these compounds BD750 was found to
be the most effective immunosuppressant. The purpose of the current study was to determine the immunosuppressive activity
of BD750 on T cell proliferation and its potential mode of action.

EXPERIMENTAL APPROACH

T cell proliferation, CD25 and CD69 expression and cell cycle distribution were measured in vitro by flow cytometry. Cell
viability was determined by CCK-8 assay. Cytokine levels were measured by tuisa. The activation of signal-regulated molecules
was assessed by Western blot analysis. The effects of BD750 were evaluated in vivo in a mouse model of delayed-type
hypersensitivity.

KEY RESULTS

BD750 significantly inhibited mouse and human T cell proliferation, stimulated either by anti-CD3/anti-CD28 monoclonal
antibodies or by an alloantigen, in a dose-dependent manner in vitro. No obvious cytotoxic effects of BD750 were observed in
our experimental conditions. Furthermore, BD750 did not inhibit CD25 and CD69 expression or IL-2 and IL-4 secretion, but
induced cell cycle arrest at the Go/G; phase in activated T cells. In IL-2-stimulated CTLL-2 cells and primary activated T cells,
BD750 inhibited cell proliferation and STAT5 phosphorylation, but not Akt or p70S6K phosphorylation. BD750 also reduced
the T cell-mediated delayed-type hypersensitivity response in mice in a dose-dependent manner.

CONCLUSION AND IMPLICATIONS

These data indicate that BD750 inhibits IL-2-induced JAK3/STAT5-dependent T cell proliferation. BD750 has the potential to
be used as a lead compound for the design and development of new immunosuppressants for preventing graft rejection and
treating autoimmune diseases.

Abbreviations

BD750, 2-(2-benzothiazoleyl)-4,5,6,7-tetrahydro-2H-indazol-3-ol; CFSE, 5-carboxyfluorescein diacetate succinimide ester;
CsA, cyclosporin A; DTH, delayed-type hypersensitivity; FLS, fibroblast-like synoviocyte; MPA, mycophenolic acid; MS,
multiple sclerosis; mTOR, mammalian target of rapamycin; RA, rheumatoid arthritis; RAPA, rapamycin; SLE, systemic
lupus erythematosus; TCR, T cell receptor
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Introduction

T cells play a pivotal role in immune responses against patho-
gens, and aberrant T cell responses can also mediate organ
transplantation rejection and a variety of autoimmune dis-
eases, including rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), multiple sclerosis (MS) and ulcerative
colitis (Ponticelli, 2011). Engagement of T cell receptor (TCR)
on T cells by an antigen in the presence of sufficient
co-stimulation signalling can induce T cell activation, func-
tional differentiation and proliferation as well as cytokine
production. Hence, inhibition of T cell activation and prolif-
eration has been demonstrated to modulate T cell-mediated
immunopathogenesis (Halloran, 2004). Currently, there are
several immunosuppressants available in the clinic, for the
prevention of graft rejection and autoimmune diseases,
which inhibit T cell activation and proliferation by different
mechanisms (Stucker and Ackermann, 2011). For example,
cyclosporin A (CsA) and FK506 inhibit calcineurin activity
(Liu et al., 1991). Rapamycin (RAPA) is an inhibitor of mTOR
(Brown et al., 1994), and mycophenolic acid (MPA) inhibits
inosine monophosphate dehydrogenase and de novo GTP
biosynthesis (Senda ef al., 1995). However, the use of these
immunosuppressants is limited by their toxicity and propen-
sity to induce tolerance (Changelian et al., 2003; Marcen,
2009). Therefore, it is important to keep looking for novel
safe and effective immunosuppressants.

TCR-mediated T cell signalling can induce T cell activa-
tion through the calcium/calcineurin pathway (Sigal and
Dumont, 1992), the MAPK pathway (Franklin et al., 1994)
and the PKC/NF-xB pathway(Wang et al., 2004), promoting
downstream gene expression. Activated T cells can produce
cytokines, such as IL-2 and IL-4. Growth factors, such as IL-2,
bind with their receptors to promote activated T cell prolif-
eration with nucleotide synthesis through the JAK3/STATS
signalling pathway (Pesu et al., 2008), PI3K/AKT pathway
(Xie etal., 2007) and mammalian target of rapamycin
(mTOR)/p70S6K pathway (Abraham and Wiederrecht, 1996).
In recent years, the JAK3/STATS signalling pathway has
attracted significant attention as a potential target of new
immunosuppressants. Mutation of JAK3 in mice and humans
results in immunodeficiency, indicating the pivotal role of
the JAK3/STATS signalling pathway in the immune system
(Ghoreschi et al., 2009). Several new immunosuppressants
that inhibit the JAK3/STATS signalling pathway have been
developed and currently evaluated in clinical trials; these
include CP690550 (van Gurp et al., 2009; Flanagan et al.,
2010; Patel et al., 2011), R348(Deuse et al., 2008; Velotta et al.,
2009) and PNU156804 (Xiong et al., 2010).

Benzothiazole is an aromatic heterocyclic compound and
many of its derivatives have been shown to have favourable
bioactivities, such as inducing tumour cell apoptosis
(Chakraborty et al., 2010; Wang et al., 2012), antimicrobial
activity (Amirthaganesan etal.,, 2010), antiviral activity
(Abdel-Aziza et al., 2010), anticonvulsant activity (Siddiqui
etal., 2009) and have been used to treat chronic diabetic
complications (Van Zandt et al., 2009). In addition to the
above properties, benzothiazole derivatives have also been
shown to exhibit immunosuppressive activity (Mase et al.,
1986; 1988; el-Shorbagi et al., 1989). To discover new deriva-
tives of benzothiazole with immunosuppressive activity,

The immunosuppressive activity of BD750

BD750 was synthesized and together with its analogues,
screened for immunosuppressive activity (Figure 1). We found
that, of these compounds, BD750 [2-(2-benzothiazoleyl)-
4,5,6,7-tetrahydro-2H-indazol-3-ol, C4H;3N3;0S, MW: 271.3]
was the most effective.

In this study, we describe a simple method for the syn-
thesis of BD750 and show that BD750 is a potent immuno-
suppressant; it inhibited T cell proliferation in vitro and
attenuated a T cell-mediated delayed-type hypersensitivity
(DTH) reaction in vivo. Our findings indicate that the possible
mechanism underlying the action of BD750 is inhibition of
the JAK3/STATS signalling pathway. Potentially, BD750 may
be used as a lead compound for the design and development
of new immunosuppressants for the prevention of graft rejec-
tion and autoimmune diseases.

Methods
Synthesis of BD750

BD750 was synthesized from commercially available 2-
hydrazino-benzothiazole and ethyl 2-oxocyclohexanecar-
boxylate in one step. A mixture of 2-hydrazino-benzothiazole
(5.5 g, 33.3 mmol) and ethyl 2-oxocyclohexanecarboxylate
(5.0g, 29.4mmol) in toluene (70 mL) with a catalylic
amount of acetic acid (0.1 mL) was refluxed for 5 h. The
reaction was checked by use of TLC (Merck precoated 60Fs,
plates), and spots were detected by viewing under a UV light,
colourising with charring after dipping in 5% sulfuric acid
and ethanol solution. After completion of the reaction, the
solvent was evaporated under reduced pressure. BD750 (3.6 g,
45% yield) was recrystallized from ethanol as a yellow amor-
phous powder. Subsequently, the compound was character-
ized by 'H and *C NMR spectra on a Bruker Avance 600
spectrometer (Bruker BioSpin, Fillanden, Suisse, Switzerland)
for chemical shifting that were expressed in ¢ (ppm), referring
to the tetramethylsilane peak; electrospray ionization mass
spectrum (ESIMS) and high-resolution electrospray ionization
mass spectrum (HRESIMS) on a BioTOF-Q mass spectrometer;
UV spectrum on a Perkin-Elmer Lambda 35 UV/VIS spectrom-
eter (Perkin Elmer, Watham, MA, USA). Reagents were pur-
chased from J&K Chemical Co. (Beijing, China). Solvents
were obtained from local suppliers.

Experimental animals

Female BAL b/c and C57BL/6 mice (6-8 weeks) were obtained
from Huaxi Laboratory Animal Center of Sichuan University
(Chengdu, China). Mice were housed in a specific pathogen-
free facility with free access to normal chow and water (32
mice were used in our experiments). All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). All experiment protocols
were established, according to the national guidelines for care
and use of laboratory animals and were approved by the
Bioethics Committee of Chengdu Medical College.

Cell isolation and culture
Mice were killed by cervical dislocation, and their spleens
were dissected out aseptically. Splenic mononuclear cells were
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Figure 1

The chemical structures of a series of benzothiazole derivatives.

prepared and resuspended in RPMI 1640 medium containing
10% FBS referred to as a complete medium. Human periph-
eral mononuclear cells (PBMC) were isolated from healthy
donors by density-gradient centrifugation with Lymphoprep
and resuspended in complete medium. CD3* T cells were
negatively selected from spleen cells or PBMC using immu-
nomagnetic beads to deplete non-T cells, according to the
manufacturer’s instructions (Miltenyi Biotec, Bergisch Glad-
bach, Germany). The purity of the resulting T cell popula-
tions was examined by flow cytometry, and a T cell
population with purity of 95% was used for the following
experiments.

Proliferation assay

The level of cell proliferation was determined by flow
cytometry analysis with CFSE labelling. Briefly, the cells
(10° cells mL™) were stained with CFSE (2.5 uM) for 10 min at
37°C, stopped by 20% FBS, washed twice with PBS and resus-
pended in complete medium. Subsequently, CFSE-labelled
mouse or human T cells (10° cells mL™) were stimulated by
plate-bound anti-CD3 (2 pg mL™) plus soluble anti-CD28
(1 ug mL™") monoclonal antibodies (mAbs). CFSE-labelled
spleen cells from BALB/c mice (10° cells mL™) were mixed
with irradiated spleen cells from C57BL/6 mice at a ratio of
1:1. CFSE-labelled PBMC (10° cells mL™) were stimulated
with equal numbers of irradiated PBMC from another person.
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CFSE-labelled CTLL-2 cells (10° cells mL™") were stimulated by
addition of IL-2 (50 IU mL™). The human T cells activated by
anti-CD3/anti-CD28 mAbs for 72 h were washed and incu-
bated for 24 h. And these cells were labelled by CFSE and
stimulated by IL-2 (50 IU mL™). Then these activated cells
were all incubated for 96 h in the presence of increased con-
centrations of BD750 dissolved in DMSO that was less than
0.025% or vehicle alone. The proliferation of CFSE-labelled
cells was analysed by flow cytometry on a FACSCalibur
(Becton Dickinson, San Jose, CA, USA) using CellQuest acqui-
sition and ModFit analysis software (Becton Dickinson).

CCK-8 assay

The effect of BD750 on the survival of human resting naive T
cells, IL-4 treated-activated T cells and fibroblast-like synovio-
cytes (FLS) was determined using the CCK-8 assay, according
to the manufacturer’s instruction. Briefly, IL-4-treated, acti-
vated T cells were derived from naive T cells stimulated by
anti-CD3/anti-CD28 mAbs for 72 h, then washed and incu-
bated with IL-4. FLS were isolated from the synovial tissues of
RA patients. Then human resting naive T cells, IL-4-treated,
activated T cells and FLS were incubated in the presence of
different concentrations of BD750 or vehicle alone for 96 h.
The viability of cells was evaluated by the CCK-8 assay and
detection of absorbance at 450 nm on a SpectraMax MS$S
microplate reader (Molecular Devices, Sunnyvale, CA, USA).



ELISA detection of cytokines

The purified mouse or human T cells (10°cells mL™)
were stimulated with, or without, plate-bound anti-CD3
(2 ug mL™") plus soluble anti-CD28 (1 ug mL™") mAbs in the
presence of BD750, MPA, FK506, RAPA or vehicle alone. Their
supernatants were harvested, and the concentrations of IL-2
and IL-4 were determined by ELisA, by using recombinant
cytokines to establish standard curves.

CD25 and CD69 expression assay

The relative levels of CD25 and CD69 expression on T cells
were characterized by flow cytometry. Briefly, the purified
mouse or human T cells (10° cells mL™") were stimulated with
or without, plate-bound anti-CD3 (2 ug mL™") plus soluble
anti-CD28 (1 ug mL™") mAbs in the presence of BD750, MPA,
FK506, RAPA or vehicle alone for 24 h. The cells were col-
lected, washed and stained with anti-CD25 (APC) or CD69
(APC) for 30 min at 4°C. Subsequently, the cells were washed,
fixed and assessed by flow cytometry.

Cell cycle assay

The purified mouse or human T cells (10° cells mL™) were
stimulated with, or without, plate-bound anti-CD3
(2 ug mL™") plus soluble anti-CD28 (1 ug mL™") mAbs in the
presence of different concentrations of BD750, RAPA or
vehicle alone for 72 h. The cells were collected, fixed and
permeabilized overnight in 70% ethanol. Subsequently,
the fixed cells were washed with PBS and digested with
10 ug mL™' RNase A, followed by staining with 20 ug mL™" of
PI in the dark at room temperature for 20 min. The DNA
contents of different groups of cells were analysed by flow
cytometry using CellQuest acquisition and ModFit analysis
software.

Western blotting assay

The purified mouse T cells (10° cells mL™) were stimulated
with, or without, plate-bound anti-CD3 (2 ug mL™") plus
soluble anti-CD28 (1 ug mL™) mAbs in the presence of differ-
ent concentrations of BD750, RAPA or vehicle alone for 72 h.
The cells were washed with cold PBS and lysed in RIPA buffer,
followed by centrifugation. After the total amount of protein
had been quantified, individual cell lysate samples (20 ug
per lane) were separated by electrophoresis on 10% SDS-
polyacrylamide gels and transferred onto Immobilon PVDF
membrane (Millipore). After being blocked with 5% BSA, the
blots were incubated with antibodies against cyclin D3, CDK6
and B-actin respectively. The bound antibodies were detected
by HRP-conjugated second antibodies and visualized by
enhanced chemiluminescence (Millipore).

Additional Western blot assays were performed in the
IL-2-induced CTLL-2 cells, and primary activated T cells.
CTLL-2 cells (10° cells mL™") were washed and treated with
BD750, AG-490 or vehicle for 6 h. The purified human T cells
(10° cells mL™") activated by anti-CD3/anti-CD28 mAbs
for 72 h were washed and treated with BD750, AG-490,
LY294002, RAPA or vehicle for 6 h. Then CTLL-2 cells and T
cells were both stimulated with or without IL-2 (50 IU ml™)
for 15 min to characterize the relative levels of STATS,
phospho-STATS, Akt, phospho-Akt, p70S6K and phospho-
p70S6K using specific antibodies respectively.

The immunosuppressive activity of BD750

2,4-Dinitrofluorobenzene (DNFB)-induced
delayed type hypersensitivity reaction

Individual BALb/c mice were sensitized topically with 20 uL
of 0.5% (v v'!) DNFB in acetone : olive oil (4:1) onto each
hind foot of mice on days O and 1. These mice were treated
i.p. with different doses of BD750, CsA or vehicle alone begin-
ning on day 6 for three consecutive days. The mice were
challenged topically with 10 uL of 0.5% (v v'!) DNFB on the
inner and outer surfaces of the right ear on day 7. The thick-
ness of both left and right ears and the weight of ear patches
(8 mm punches) were measured 48 h post challenge.

Statistical analysis

Data are expressed as mean = SEM. The inhibitory concen-
tration of the compound that reduced cell proliferation by
50% (ICso) value was determined by using GraphPad Prism 5
(GraphPad, San Diego, CA, USA). The difference among
groups of cells was determined by one-way anova with Dun-
nett’s comparisons using SPSS software (SPSS, Chicago, IL,
USA). A P-value <0.05 was considered statistically significant.

Drugs, mAbs and reagents

The analogues of BD750 (BD711, BD713, BD752, BD754,
BD758, BD771, BD774, BD779 and BD782) were purchased
from ChemBridge Corp. (San Diego, CA, USA). RPMI 1640
medium was a product of Invitrogen (Carlsbad, CA, USA).
Pan T-cell Isolation Kit II Mouse and Pan T-cell Isolation Kit II
Human were products of Miltenyl Biotec. MPA, RAPA, FK506,
dimethyl sulfoxide (DMSO), propidium iodide (PI) and DNFB
were purchased from Sigma-Aldrich (St Louis, MO, USA).
5-Carboxyfluorescein diacetate succinimide ester (CFSE) was
a product of Molecular Probes (Eugene, OR, USA). Counting
Kit-8 (CCK-8) was a product of Dojindo (Kumamoto, Japan).
Purified NA/LE mAbs against mouse CD3 (145-2C11), mouse
CD28 (37.51 clone), human CD3 (HIT3a clone) and human
CD28 (CD28.2 clone) and fluorescent-labelled mAbs against
mouse CD3 (PE), mouse CD25 (APC), mouse CD69 (APC),
human CD3 (PE), human CD25 (APC) and human CD69
(APC) were purchased from BD Biosciences Pharmingen (San
Diego, CA, USA). Cytokine ELisa detection Kkits including
mouse and human IL-2 and IL-4 were purchased from eBio-
science (San Diego, CA, USA). Pharmacological inhibitors
AG490 and LY294002 were obtained from Promega
(Madison, WI, USA). Polyclonal antibodies against phospho-
STATS, total STATS, phospho-Akt, total Akt, phospho-
p70S6K, total p70S6K, cyclin D3, CDK6, B-actin and species-
specific HRP-labelled secondary antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Enhanced chemiluminescence was purchased from Millipore.

Results

BD750 inhibits T-cell proliferation without
obvious cytotoxicity in vitro

BD750 was synthesized from commercially available 2-
hydrazino-benzothiazole (1) and ethyl 2-oxocyclohexane-
carboxylate (2) in one step with a yield of 45%. The synthesis
scheme for BD750 is shown in Figure 2. Characterization of
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Synthesis of BD750: a mixture of compounds 1 (5.5 g, 33.3 mmol) and 2 (5.0 g, 29.4 mmol) in toluene (70 mL) with a catalylic amount of acetic
acid (0.1 mL) was refluxed for 5 h. The reaction was checked by TLC (Merck precoated 60F,s4 plates), and spots were detected by viewing under
a UV light, colourizing with charring after dipping in 5% sulfuric acid and ethanol solution. After completion of the reaction, the solvent was
evaporated under reduced pressure. BD750 (3.6 g, 45% yield) was recrystalized from ethanol as a yellow amorphous powder.

BD750 revealed that BD750 had properties of UV (MeOH)
Amax = 218 nm; 'H NMR(DMSO-ds, 600 MHz) §8.01 (d, 1H, /=
7.8 Hz), 7.78 (d, 1H, ] = 7.8 Hz), 7.46 (t, 1H, ] = 7.6 Hz), 7.33
(t, 1H, J = 7.5 Hz), 2.50 (m, 2H), 2.20 (m, 2H), 1.73 (m, 2H),
1.67(m, 2H). ®C NMR (DMSO-ds, 150 MHz); 6 162.3, 154.6,
153.3, 148.9, 132.2, 126.9, 124.3, 122.6, 121.0, 102.5, 22.3,
22.2, 21.7, 18.7; ESI-MS: m/z 272 [M + 1]"; HRESIMS m/z
calculated for C14H14N30S [M + 1] 272.0852, found 272.0849.

We found that BD750, BD711 and BD713, but not other
compounds tested, significantly inhibited mouse and human
T cell proliferation stimulated by anti-CD3/anti-CD28 mAbs
(Table 1). Of these compounds BD750 was obviously the most
potent inhibitor of mouse and human T cell proliferation,
hence, we used BD750 for further studies. As shown in
Figure 3, BD750 inhibited human T cell proliferation stimu-
lated either by anti-CD3/anti-CD28 mAbs or by alloantigen
in a dose-dependent manner with ICs, values of 1.1 = 0.2 uM
(A, B) and 1.3 = 0.2 uM (C) respectively. In addition, ConA,
PMA/ionomycine or alloantigen-induced mouse T cell prolif-
eration and PHA or PMA/ionomycine-induced human T cell
proliferation were inhibited by BD750 (data not shown).

Many compounds inhibit T cell proliferation by cyto-
toxic, but not immunosuppressive activity. To test the cyto-
toxicity of BD750, the cell viability of BD750-treated human
resting naive T cells, IL-4 treated-activated T cells and FLS was
determined by the CCK-8 assay. Resting naive T cells were not
activated and did not proliferate. IL-4-treated activated T cells
were derived from naive T cells stimulated by anti-CD3/anti-
CD28 mAbs for 72 h, then washed and incubated with IL-4.
IL-4 prevented the deaths of activated T cells and IL-4-treated,
activated T cells did not proliferate in vitro (Vella et al., 1998).
FLS were isolated from synovial tissues of RA patients as the
non-specific cellular control. FLS can still proliferate for at
least 10 generations in vitro in DMEM supplemented with
10% FCS (Noss and Brenner, 2008; Bartok and Firestein,
2010). As shown in Figure 3D, there was no significant dif-
ference in the relative viability of BD750-treated human
resting naive T cells, IL-4-treated, activated T cells and FLS to
control cells among different groups. These results suggested
that BD750 had no obvious cytotoxic effects on these cells in
our experimental conditions, indicating that BD750 selec-
tively inhibited activated T cell proliferation.

636 British Journal of Pharmacology (2013) 168 632-643

Table 1

Inhibitory effect of benzothiazole derivatives on T cell proliferation

1Cso (M)

Inhibition of
human T-cell

Inhibition of

mouse T-cell

Compound proliferation proliferation
BD750 1.5 0.2 1.1 £0.2
BD711 143 £ 1.2 15.7 = 0.6
BD713 322+ 28 29.6 = 1.8
BD752 NA? NA

BD754 NA NA

BD758 NA NA

BD771 NA NA

BD774 NA NA

BD779 NA NA

BD782 NA NA

CFSE-labelled T cells (10° cells mL™") were stimulated with anti-
CD3/anti-CD28 mAbs for 96 h in the presence of increasing
concentrations of benzothiazole derivatives or vehicle alone. The
level of T cell proliferation was determined by flow cytometry
and analysed by use of a proliferation index. Results presented
are mean + SEM, n =3, and are from one experiment, which is
representative of two others.

®NA, no inhibitory effects on T cell proliferation (the concentra-
tion of each compound used to inhibit T cell proliferation had no
obvious cytotoxic effects against naive T cells).

BD750 does not inhibit T cell activation

in vitro

Engagement of TCR on T cells by antigen in the presence of
sufficient co-stimulation signalling from CD28 induces CD25
and CD69 expression at the early stages of T cell activation
(el-Shorbagi et al., 1989). To determine the effect of BD750 on
T cell activation, mouse and human T cells were stimulated
with anti-CD3/anti-CD28 mAbs in the presence of different
concentrations of BD750, MPA, FK506 and RAPA, respec-
tively, for 24 h; and the relative levels of CD25 and CD69
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Figure 3

BD750 inhibits T cell proliferation without obvious cytotoxicity in vitro. The level of T cell proliferation was determined by flow cytometry analysis
with CFSE labelling. CFSE-labelled human T cells (10° cells mL™") were stimulated by anti-CD3/anti-CD28 mAbs, and CFSE-labelled PBMC
(109 cells mL™") were stimulated with equal numbers of irradiated PBMC from another person for 96 h in the presence of increased concentrations
of BD750 or vehicle alone. The level of T cell proliferation stimulated by anti-CD3/anti-CD28 mAbs (A, B) and alloantigen (C) were determined
by flow cytometry and analysed by proliferation index. The effect of BD750 on the survival of human resting naive T cells, IL-4 treated-activated
T cells and fibroblast-like synoviocytes (FLS) was determined using the CCK-8 assay. IL-4 treated-activated T cells were derived from naive T cells
stimulated by anti-CD3/anti-CD28 mAbs for 72 h, then washed and incubated with IL-4. FLS were isolated from RA patients’ synovial tissues. Then
human resting naive T cells, IL-4 treated-activated T cells and FLS were incubated in the presence of different concentrations of BD750 or vehicle
alone for 96 h. The viability of cells was evaluated by the CCK-8 assay and detection of absorbance at 450 nm on a microplate reader. Results
presented are mean = SEM, n = 3. The control group was vehicle-treated activated T cells (A, B and C) or vehicle-treated resting naive T cells,
IL-4 treated-activated T cells and FLS (D). The results presented are from one experiment, which is representative of two others.

were characterized by flow cytometry analysis. While treat- IL-4 and other cytokines (Takenaka et al., 1997). To further
ment with FK506 reduced the frequency of CD25* and CD69* examine the effect of BD750 on T cell activation, mouse and
T cells, similar to previous findings (Gummert ef al., 1999), human T cells were stimulated with anti-CD3/anti-CD28
treatment with any of the concentrations of BD750, MPA or mAbs in the presence of different concentrations of BD750,
RAPA did not modulate the percentages of CD25" and CD69* MPA, FK506 and RAPA, respectively, and the concentrations
T cells (Figure 4A). of IL-2 and IL-4 in their supernatants were determined by

Activated T cells produce cytokines. For example, Thl ELISA. While significantly lower concentrations of IL-2 were
cells secrete IL-2 (Aversa et al., 1997), while Th2 cells produce detected in the supernatants of activated T cells treated with
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BD750 does not inhibit T cell activation in vitro. The purified mouse or

human T cells (10 cells mL™") were stimulated with, or without,

anti-CD3/anti-CD28 mAbs in the presence of BD750, MPA, FK506, RAPA or vehicle alone. CD25 and CD69 expression in activated human T cells
were assessed by flow cytometry (A). The concentrations of IL-2 and IL-4 were determined by ELisa (B). Results are presented are mean * SEM,

n=13,*P<0.05 versus control group (activated and treated with vehicle). Th
of two others performed.

FKS506, there was no significant difference in the concentra-
tions of IL-2 in the supernatants of activated T cells treated
with, or without, BD750, MPA or RAPA, suggesting that
BD750 did not modulate IL-2 production by mouse and
human Th1 cells. Similar levels of IL-4 were detected in the
supernatants of T cells treated with, or without, BD750,
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e results presented are from one experiment, which is representative

although significantly lower concentrations of IL-4 were
detected in the supernatants of MPA, FK506 or RAPA-treated
T cells (Figure 4B). Collectively, these data show that BD750
does not inhibit the expression of CD25 and CD69 by acti-
vated T cells or the production of IL-2 and IL-4, and indicate
that T cell activation is not affected by BD750.
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BD750 induces T cell cycling arrest at the Go/G; phase. Purified mouse or human T cells (10 cells mL™") were stimulated with, or without,
anti-CD3/anti-CD28 mAbs in the presence of different concentrations of BD750, RAPA or vehicle alone for 72 h. The cells were collected, fixed
and permeabilized overnight in 70% ethanol. Subsequently, the fixed cells were stained with Pl. The DNA contents of different groups of cells were
analysed by flow cytometry. Cell cycle analysis of mouse T cells (A, B) and human T cells (C) were determined by assessing the percentage of cells
in the Go/G; phase. The relative levels of cyclin D3 and CDK 6 in mouse T cells were determined by Western blotting assay (D). Results presented
are mean = SEM, n= 3, *P < 0.05 versus control group (activated and treated with vehicle). The results presented are from one experiment, which

is representative of two others.

BD750 induces T cell cycle arrest at
Go/G1 phase
To understand the mechanisms by which BD750 inhibited T
cell proliferation, we characterized the anti-CD3/anti-CD28
mAbs-stimulated T cell cycle. Following stimulation of mouse
and human T cells with anti-CD3/anti-CD28 mAbs, the T
cells were stained with PI and subjected to flow cytometry
analysis. As shown in Figure 5, treatment with increased con-
centrations of BD750 increased the percentages of T cells at
the Go¢/G; phase, similar to treatment with RAPA (A, B). A
similar pattern of T cells at the Go/G; phase was observed in
human T cells (C).

Given that the cell cycle from the Go/G; phase into the
S phase is regulated by specific D-type cyclins (cyclin D1,
cyclin D2 and cyclin D3) (Ajchenbaum etal., 1993) and
the G;-phase cyclin-dependent kinases CDK4/CDK6 (Lucas
et al., 1995), we characterized the relative levels of cyclin D3
and CDK 6 compared to B-actin by Western blot assays. As
shown in Figure 5D, treatment with BD750 inhibited cyclin
D3 and CDK 6 expression in mouse T cells following
stimulation with anti-CD3/anti-CD28 mAbs. These data
indicate that BD750 induced T cell cycle arrest at the Go/G;
phase.

BD750 inhibits cell proliferation and STATS
phosphorylation in IL-2-stimulated CTLL-2
cells and primary activated T cells

From the above studies, we showed that treatment with BD750
inhibits T cell activation but induces T cell cycle arrest at the
Go/G; phase. These findings suggest BD750 inhibits activated T
cell proliferation. IL-2 engagement with their receptors can
promote cell cycle progression and proliferation of activated T
cells through the JAK3/STATS (Moriggl et al., 1999), PI3K/AKT
and mTOR/p70S6K pathways (Stallone et al., 2005). To further
understand the mechanisms underlying the action of BD750,
we observed the inhibition of BD750 on cell proliferation by
flow cytometry analysis with CFSE labelling and characterized
the relative levels of STATS, Akt and p70S6K expression and
phosphorylation by Western blot assays in IL-2-induced
CTLL-2 cells (an IL-2-dependent cytotoxic T cell line) and
primary activated T cells. As shown in Figure 6, treatment with
BD750 inhibited IL-2-induced proliferation of CTLL-2 cells
and primary activated T cells in a dose-dependent manner
with ICso values of 1.2 + 0.1 uM (A) and 1.0 = 0.1 uM (B).
However, treatment with BD750 did not modulate the levels of
Akt and p70S6K expression and phosphorylation in IL-2-
induced CTLL-2 cells and primary activated T cells. In contrast,
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Figure 6

BD750 inhibits cell proliferation and STAT5 phosphorylation in IL-2-stimulated CTLL-2 cells and primary activated T cells. The level of cell
proliferation was determined by flow cytometry analysis with CFSE labelling. CFSE-labelled CTLL-2 cells (10° cells mL™") were stimulated by
addition of IL-2 (50 IU mL™"). The human T cells activated by anti-CD3/anti-CD28 mAbs for 72 h were washed and incubated for 24 h. And these
cells were labelled by CFSE and stimulated with IL-2 (50 IU mL™"). Then these IL-2-stimulated cells were incubated for 96 h in the presence of
increased concentrations of BD750 or vehicle alone. The level of IL-2-induced CTLL-2 cell proliferation (A) and primary activated T cell proliferation
(B) were determined by flow cytometry and analysed by use of the proliferation index. STAT5, Akt and p70S6K expression and phosphorylation
were measured by Western blot assays. CTLL-2 cells (10° cells mL™") were washed and treated with BD750, AG-490 or vehicle for 6 h. The purified
human T cells (10° cells mL™") activated by anti-CD3/anti-CD28 mAbs for 72 h were washed and treated with BD750, AG-490, LY294002, RAPA
or vehicle for 6 h. Then CTLL-2 cells and T cells were both stimulated with or without IL-2 (50 IU mL™") for 15 min. The relative levels of STAT5
expression and phosphorylation in IL-2 stimulated CTLL-2 cells (C) and STAT5 (D), Akt (E) and p70S6K (F) expression and phosphorylation in IL-2
stimulated primary activated T cells were measured by Western blot assays. Results presented are mean = SEM, n =3, *P < 0.05 versus control
group (IL-2 induced cells treated with vehicle). The results presented are from one experiment, which is representative of two others.
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BD750 attenuates the DNFB-induced DTH reaction. Mice were treated i.p. with different doses of BD750, CsA or vehicle alone beginning on day 6
for three consecutive days. Then the mice were challenged with DNFB on day 7. The thickness of both left and right ears and the weight of ear patch
were measured 48 h post challenge. Ear swelling was calculated as the increase in ear thickness (A) and ear patch weight (B) between the left
(DNFB-untreated) and right (DNFB-treated) ear. Results presented are mean *= SEM, n = 3, *P < 0.05 versus control group (treated with vehicle).

even though treatment with BD750 did not modulate the
STATS expression, it did inhibit the STATS phosphorylation in
both IL-2 induced CTLL-2 cells and primary activated T cells in
a dose-dependent manner. These data suggest BD750 inhibits
IL-2-induced JAK3/STATS5-dependent T cell proliferation.

BD750 attenuates the DNFB-induced

DTH reaction

T cells, particularly Th1 cells, are crucial players in the patho-
genesis of DTH (Kobayashi et al., 2001). Finally, we examined
the effect of treatment with BD750 on DNFB-induced DTH in
BAL b/c mice. Following sensitization, groups of mice were
treated with different doses of BD750, and the thickness and
the weight of ear patches were measured 48 h post challenge.
We did not observe any abnormality in food and water intake
and other obvious signs of sickness, and all of mice survived
the experimental period. More importantly, we found that
treatment with BD750 reduced ear swelling, and its effects
were dose-dependent (Figure 7). These findings indicate that
BD750 is a safe and effective inhibitor of T cell-mediated
inflammation in vivo.

Discussion and conclusions

In this study, a derivative of benzothiazole BD750 was syn-
thesized and together with its analogues, screened for immu-
nosuppressive activity by assessing its inhibitory activity on T
cell proliferation. Among the compounds tested, we found
that BD750 was the most potent inhibitor of anti-CD3/anti-
CD28-stimulated mouse and human T cell proliferation. T
cell proliferation stimulated by alloantigen and other T cell
stimulators was also inhibited significantly by BD750 in vitro.
More importantly, no obvious cytotoxic effects of BD750
against human resting naive T cells, IL-4-treated, activated T
cells and FLS were observed in our experimental conditions,
indicating that BD750 selectively inhibited activated T cell
proliferation.

BD750 appeared to have no obvious effect on the T cell
activation induced by TCR-engagement. This suggests that

while engagement of TCR on naive T cells by anti-CD3 in the
presence of anti-CD28 for co-stimulation can induce CD25
and CD69 expression at the early stage of T cell activation
(Hulin, 2008), BD750 treatment did not affect the frequency
of CD25* and CD69* T cells following stimulation with anti-
CD3/anti-CD28. Furthermore, activated T cells can differen-
tiate into different functional T cells in an optimal cytokine
environment and produce specific cytokines. For example,
Th1 cells secrete IL-2 while Th2 cells produce IL-4 and other
cytokines (Segoloni and Quaglia, 2006). We tested the effect
of BD750 on the levels of cytokine production by anti-CD3/
anti-CD28-activated T cells and found that there was no
significant difference in the levels of IL-2 and IL-4. These data
indicate that BD750 did not modulate the differentiation of
ant-CD3/anti-CD28-activated Th1l and Th2 cells. Hence,
BD750 does not appear to affect naive T cell activation and
differentiation in vitro.

During proliferation, activated T cells undergo a cell
cycling process. To understand the mechanisms underlying
the action of BD750, we characterized T cell cycling and
found that following stimulation with anti-CD3/anti-CD28 a
significantly higher proportion of BD750-treated T cells was
at the Go/G; phase, as compared with vehicle-treated T cells.
Furthermore, treatment with BD750 significantly reduced the
levels of cyclin D3 and CDK 6 expression in anti-CD3/anti-
CD28-stimulated T cells. These data clearly indicate that
BD750 induced activated T cell cycling arrest at the Go/G;
phase, which may contribute to the inhibition of T cell pro-
liferation. IL-2 can promote cell cycle progression and prolif-
eration of activated T cells through the JAK3/STATS (Moriggl
etal., 1999), PI3K/AKT and mTOR/p70S6K pathways (Stal-
lone et al., 2005). To further understand the mechanisms
underlying the action of BD750, we demonstrated that
BD750 inhibited IL-2-induced CTLL-2 cell and primary acti-
vated T cell proliferation. Although treatment with BD750
did not modulate Akt and p70S6K expression and phospho-
rylation, the STATS phosphorylation was significantly
reduced by BD750 in both IL-2-induced CTLL-2 cells and
primary activated T cells. Given that the JAK3/STATS signal-
ling pathway is crucial for activated T cell proliferation (Pesu
etal., 2005), the dramatic inhibitory effect of BD750 on
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STATS activation may underlie its inhibitory effect on T cell
proliferation. We are interested in further investigating
whether BD750 interferes with IL-2 binding to its receptor
and/or downstream cytokine receptor phosphorylation, lim-
iting the recruitment of STATS and subsequent STATS activa-
tion in activated T cells.

The in vivo properties of BD750 were illustrated by its
inhibitory effect on a T cell-mediated DTH response. T cells,
particularly Th1 cells, are crucial players in the pathogenesis
of DTH (Shi et al., 2012). Administration of BD750 attenuated
the T cell-mediated DTH in mice in a dose-dependent manner
in vivo. We did not observe any abnormality in food and
water intake and other obvious signs of sickness, and all of
mice survived in the experimental period. These data indicate
that BD750 is safe and effective at inhibiting T cell-mediated
inflammation in vivo.

Analysis of the structure-activity relationship of these
benzothiazole derivatives revealed that both pyrazole and
benzothiazole groups in these derivatives were essential for
their immunosuppressive activity. When one of the two
groups in these compounds was destroyed, the inhibitory
effect on T cell proliferation was lost. For example, BD752,
BD779 and BD782 have no inhibitory effect on T-cell prolif-
eration. The electron-withdrawing groups, such as hydroxyl
and carbonyl groups were important for the immunosuppres-
sive activity of these compounds because the active com-
pounds, BD750, BD711 and BD713, had a hydroxyl group at
the 5’-position, whereas the compounds that do not have
these groups, BD754 and BD758, were inactive. In addition,
the 3’-position and 4’-position of compounds with lipophilic
groups appeared to be necessary for their immunosuppressive
activity. Interestingly, BD771 and BD774 were inactive, sug-
gesting that the connection mode between the pyrazole and
benzothiazole groups is also important for immunosuppres-
sive activity. However, how the chain length or ring stiffness
of the substituents affects the immunosuppressive activity of
these compounds remains to be investigated.

In summary, we described a simple method for the syn-
thesis of BD750 and provided evidence that BD750 has
potent immunosuppressive activity mediated through inhi-
bition of T cell proliferation in vitro and attenuation of T
cell-mediated inflammation in vivo. Our findings indicate
that the possible mechanisms underlying the action of
BD750 may be inhibition of the JAK3/STATS signalling
pathway. Potentially, BD750 could be used as a lead com-
pound for the design and development of new immunosup-
pressants for the prevention of graft rejection and
autoimmune diseases.
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