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Abstract

Immunosuppressants have shown striking achievements in treating autoimmune

diseases in recent years. It is urgent to develop more immunosuppressants to provide

more options for patients. PO‐296 [2‐(6‐chlorobenzo[d]oxazol‐2‐yl)‐4,5,6,7‐tetrahy-
dro‐2H‐indazol‐3‐ol] was identified as a novel benzoxazole derivative. We observed

that it exhibits an obvious immunosuppressive activity to T lymphocytes. PO‐296
significantly inhibited the proliferation of activated human T lymphocyte without

cytotoxicity. Moreover, PO‐296 did not affect the expression of cluster of

differentiation (CD)‐25 or CD69 but induced T lymphocyte cycle arrest in the G0/

G1 phase. Furthermore, PO‐296 inhibited interleukin (IL)‐6, IL‐17, and interferon

gamma expression but had no effect on IL‐2, IL‐4, or IL‐10. Yet, importantly, PO‐296
inhibited the phosphorylation of signal transducer and activator of transcription 5

(STAT5), increased the phosphorylation of p70S6K, but did not affect the

phosphoinositide 3‐kinase (PI3K)/protein kinase B (Akt)/mitogen‐activated protein

kinase pathway. In conclusion, these findings indicate that PO‐296 inhibits human

activated T‐lymphocyte proliferation by affecting the janus kinase 3 (JAK3)/STAT5

pathway. PO‐296 possesses a potential lead compound for the design and

development of new immunosuppressants for the treatment of autoimmune

diseases.

KEYWORD S

Immunosuppressive activity, [2‐(6‐chlorobenzo[d]oxazol‐2‐yl)‐4,5,6,7‐tetrahydro‐2H‐indazol‐3‐ol]
(PO‐296), T lymphocyte proliferation

1 | INTRODUCTION

T‐lymphocyte activation, proliferation, and differentiation
play a crucial role in host immune response. Their function

needs to be tightly regulated to ensure that immune
responses are properly controlled. However, dysregulated T
lymphocyte proliferation can lead to autoimmune diseases,
including rheumatoid arthritis (RA),1 systemic lupus erythe-
matosus,2 inflammatory bowel diseases,3 and psoriasis.4

Immunosuppressants are widely used in the treatment of
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these diseases, including rapamycin (RAPA), cyclosporine,
FK506, and mycophenolate mofetil.5 Nevertheless, there are
significant differences in the pathogenesis and drug sensitiv-
ity of different patients. In the course of the treatment, if the
effect of a single therapy is not obvious, combination,
rotation, or sequential therapy should be used. Therefore, it is
important to develop more immunosuppressants to help
patients not responding to previous treatment.

Naïve T lymphocytes present characteristic changes to
the reaction against specific antigens through activation,
generous proliferation, and differentiation to effector T
lymphocytes. During naive T lymphocytes activation and
further differentiation, many signaling molecules are
involved. T cell receptor (TCR) signal triggers naïve T
lymphocytes activation after recognizing specific peptides
presented by antigen presenting cells (APCs). TCR
activates calcineurin, mitogen‐activated protein kinase,
and nuclear factor kappa B kinase (NF‐κB) signal
pathway through tyrosine kinase. These activated signal
pathways promote the expression of multiple down-
stream effector molecules, including cytokines and cell
surface molecules, such as interleukin (IL)‐2 and cluster
of differentiation (CD)‐25, which make the cells into cell
cycle directly or indirectly through the janus kinase
3 (JAK3)/signal transducer and activator of transcription
5 (STAT5)/phosphoinositide 3‐kinase (PI3K)/protein
kinase B (Akt) and mammalian target of rapamycin
(mTOR)/p70S6K signaling pathways.6 Immunosuppres-
sants targeting these signaling molecules are widely used
in the treatment of autoimmune diseases. In recent years,
the JAK3/STAT5 signal pathway has received significant
attention as a new target of potential immunosuppres-
sants. Several immunosuppressants acting on the JAK3
signaling pathway are used as clinical trials, including
CP690550 (tofacitinib) in psoriasis7 and RA,8 VX‐509
(decernotinib) in RA.9

Previously, we reported that benzothiazole BD75010 and
BD92611 have an effective immunosuppressive effect on
T cell proliferation. However, compared with thiazole,
oxazole is expected to be a better drug carrier due to its
better skeleton structure.12,13 Benzoxazole is a heterocyclic
aromatic compound; benzoxazole and its derivatives have
gained considerable attention in recent years because of their
various biological properties, such as antimicrobial,14 antic-
ancer,13 analgesic,15 neuroprotective,16 treatment of cardio-
vascular disease.17 Our previous study demonstrated that the
benzoxazole derivative K313 has significant anti‐inflamma-
tory properties.18 We recently found that another novel
benzoxazole derivative PO‐296 (2‐(6‐chlorobenzo[d]oxazol‐2‐
yl)‐4,5,6,7‐tetrahydro‐2H‐indazol‐3‐ol; Figure 1) exhibits an
obvious immunosuppressive activity. PO‐296 has not been
reported to possess immunosuppressive activity previously,
and it possesses the characteristics to be a leading compound

to develop new immunosuppressants for autoimmune
diseases treatment.

2 | MATERIAL AND METHODS

2.1 | Cell preparation

Human peripheral blood mononuclear cells (PBMCs) were
isolated from healthy donors by LymphoprepTM (Axis‐
Shield, Oslo, Norway) density gradient centrifugation, as
previously described.10 Untouched naive pan T lympho-
cytes from PBMCs were separated by using the Naive Pan
T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). Then, T lymphocytes were stained with PE‐anti‐
CD3 (BD PharMingen, San Diego, CA) and analyzed by
flow cytometry (Acurri C6; Becton Dickinson, San Jose).
More than 95% of T‐lymphocyte purity was used in the
further experiments. PBMCs and T lymphocytes were
cultured in complete Roswell Park Memorial Institute
medium (RPMI) 1640 media (Invitrogen, Carlsbad, CA)
containing 10% fetal bovine serum (FBS) (Invitrogen) and
100 U/mL Penicillin‐Streptomycin (Invitrogen). Fibroblast‐
like synoviocytes (FLS) were isolated from synovial tissues
of three patients undergoing arthroplasty. FLS preparation
was carried out as described by Rosengren et al.19 FLS was
cultured in complete Dulbecco's modified Eagle's medium
(DMEM) (Invitrogen) supplemented with 10% FBS and
100 U/mL Penicillin‐Streptomycin.

2.2 | 5‐Carboxyfluorescein diacetate
succinimide ester labeling assay

The proliferation of T lymphocyte was measured by flow
cytometry with 5‐carboxyfluorescein diacetate succinimide
ester (CFSE; Molecular Probes, Eugene, OR) labeling, as
previously described.11 PO‐296 (Figure 1) was purchased
from ChemBridge Corp (San Diego, CA) and dissolved in
dimethyl sulfoxide (Sigma, St. Louis, MO) as 40mM stock
solution. Simply, human naïve T lymphocytes (106 cells/mL),
activated T lymphocytes (106 cells/mL), or PBMCs (106 cells/
mL) were dyed with 2.5 μM CFSE at 37°C for 10minutes,
washed twice with phosphate‐buffered saline (PBS), and
then resuspended in complete RPMI 1640 medium. Then,
the labeled naïve T lymphocytes (106 cells/mL) were
stimulated by plate‐coated 2 μg/mL anti‐CD3 antibody
(HIT3a clone; BD PharMingen) and soluble 1μg/mL
anti‐CD28 antibody (CD28.2 clone; BD PharMingen),

FIGURE 1 Chemical structure of PO‐296. PO‐296, 2‐(6‐
chlorobenzo[d]oxazol‐2‐yl)‐4,5,6,7‐tetrahydro‐2H‐indazol‐3‐ol
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phytohaemagglutinin (PHA) (Sigma‐Aldrich) or phorbol 12‐
myristate 13‐acetate (PMA)/ionomycine (Sigma‐Aldrich).
The labeled activated T lymphocytes (106 cells/mL) were
induced by 10 ng/mL IL‐2 (PeproTech, Rocky Hill, New
Jersey). The labeled PBMCs (106 cells/mL) were stimulated
with an equal number of PBMCs irradiated with 3000 rad
from another donor. Subsequently, the proliferation of
T lymphocytes stimulated by anti‐CD3/CD28 antibodies or
alloantigen was analyzed by flow cytometry after stimulation
for 72 hours incubated with or without different concentra-
tions of PO‐296. A negative control was the cells without
stimulator and drug while the positive control was cells with
a stimulator, but without drugs.

2.3 | Cell apoptosis assay

The effect of PO‐296 on the cell apoptosis of activated
T lymphocytes was detected by flow cytometry using a
Fluos‐labeled Annexin V and PI dual staining kit (Annexin
V‐Fluos staining kit; Roche, Indianapolis, IN). The activated
T lymphocytes (106 cells/mL) were treated with 1.25, 5, and
20 μM PO‐296, 0.1 μM RAPA (Sigma) or vehicle and
activated with 2 μg/mL anti‐CD3 antibody and 1 μg/mL
anti‐CD28 antibody for 24 hours or 48 hours. Subsequently,
the cells were collected and assessed by flow cytometry with
Annexin V and PI dual staining.

2.4 | Cell viability assay

Cell viability was measured by the Cell Counting Kit‐8
(CCK‐8) assay (Dojindo, Kumamoto, Japan). T lymphocytes
were stimulated with anti‐CD3/CD28 antibodies monoclonal
antibodies for 72 hours, washed with 1640, and treated with
10 ng/mL IL‐4 (PeproTech) for 48 hours. Then, naïve
T lymphocytes (106 cells/mL), IL‐4 treated activated
T lymphocytes (106 cells/mL), and FLS (5× 104 cells/mL)
were treated with 5, 10, 20, 40, and 80 μM PO‐296 or vehicle
for 72 hours. The CCK‐8 assay kit was used to evaluate cell
viability by detecting the optical density values at 450 nm in a
SpectraMax M5 microplate reader (Molecular Devices,
Sunnyvale, CA).

2.5 | Determination of CD25 and CD69
expression

T lymphocytes (106 cells/mL) were collected after 2 μg/mL
anti‐CD3 antibody and 1 μg/mL anti‐CD28 antibody
stimulated 24 hours in the presence of 1.25, 5, and
20 μM PO‐296, 0.1 μM FK506 (Sigma‐Aldrich) or vehicle.
The activated T lymphocytes were then stained with PE‐
anti‐CD25 or APC‐anti‐CD69 (BD PharMingen) at 4°C for
30minutes. The cells were then washed with PBS and
analyzed on a flow cytometer.

2.6 | Cell cycle progression assay

T lymphocytes (106 cells/mL) were treated with 1.25, 5,
and 20 μM PO‐296, 0.1 μM RAPA, or vehicle and
stimulated with, or without 2 μg/mL anti‐CD3 antibody
and 1 μg/mL anti‐CD28 antibody for 72 hours. Subse-
quently, the cells were collected, washed, and analyzed
on a flow cytometer using Cycletest Plus DNA Reagent
Kit (BD PharMingen) following the manufacturer's
protocol.

2.7 | Cytokines enzyme‐linked
immunosorbent assay

The levels of IL‐2, IL‐4, IL‐6, IL‐10, IL‐17A, and
interferon gamma (IFN‐γ) in the supernatants of cells
culture were determined by using enzyme‐linked
immunosorbent assay (ELISA) kits (eBioscience, San
Diego, CA). T lymphocytes (106 cells/mL) were treated
with 1.25, 5, 20 μM PO‐296, 0.1 μM FK506, 50 μM
LY‐294002 (Sigma‐Aldrich), or vehicle and stimulated
by 2 μg/mL anti‐CD3 antibody and 1 μg/mL anti‐CD28
antibody for 24 hours or 48 hours. The supernatants
were harvested to determine the levels of cytokines in
accordance with the standard curves of recombinant
cytokines by ELISA.

2.8 | Western blotting assay

T lymphocytes (106 cells/mL) were washed and incu-
bated alone for 6 hours after 72 hours of 2 μg/mL
anti‐CD3 antibody and 1 μg/mL anti‐CD28 antibody
stimulation. T lymphocytes were treated with 5, 10, or
20 μM PO‐296, 1 μM CP690550 (Tofacitinib citrate)
(Sigma‐Aldrich), 0.1 μM RAPA, 50 μM LY294002, 2 μM
PD184352 (Sigma‐Aldrich) or vehicle for another 6 hours
and stimulated with 10 ng/mL IL‐2 for 30 minutes.
Subsequently, cell pellets were treated with lysis
buffer and clarified by centrifugation. 20 μg/lane cell
lysate proteins were separated on 10% sodium dodecyl
sulfate‐polyacrylamide gel electrophoresis and trans-
ferred to immobilon polyvinylidene difluoride mem-
branes (Millipore, Bedford, MA). The membranes were
blocked by PBS containing 5% bovine serum albumin
(BSA) and stained with antibodies against STAT5, p‐
STAT5(Tyr694), JAK3, p‐JAK3(Tyr980/Tyr981), p70S6K,
p‐p70S6K(Thr389), Akt, p‐Akt(Ser473), extracellular
signal‐regulated kinase (ERK)1/2 or p‐ERK 1/2(Thr202/
Tyr204) (CST Inc, Danvers, MA) overnight at 4°C
followed by horseradish peroxidase‐conjugated second
antibodies (Santa Cruz Biotech, Santa Cruz) incubation.
Finally, proteins were visualized by enhanced chemilu-
minescence (Millipore).
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2.9 | Statistical analysis

Statistical analysis was performed using GraphPad Prism
6 (GraphPad, San Diego, CA). The data of cell prolifera-
tion, cytokine analysis were compared by one‐way
analysis of variance and Dunnett comparisons on post‐
tests were used to analyze data and compare groups.
Comparisons were considered to be significant at P
values less than 0.05. The result data are expressed as the
mean ± standard error of the mean.

3 | RESULTS

3.1 | PO‐296 inhibits T lymphocyte
proliferation without obvious cytotoxicity
in vitro

To discover the immunosuppressive activity of the lead
compound, a large number of benzoxazole derivatives
were screened with CFSE‐labeling on human T lym-
phocyte proliferation by flow cytometry. The results
showed PO‐296 had significant activity. T lymphocyte
proliferation was inhibited by PO‐296 after anti‐CD3/
CD28 antibody stimulation with an IC50 value of

2.67 ± 0.71 μM (Figure 2A and 2B) and alloantigen
stimulation with an IC50 value of 2.73 ± 1.20 μM (Figure
2C). T lymphocyte proliferation was also inhibited by
PO‐296 followed PHA (Figure 2D) or PMA/ionomycine
(Figure 2E) stimulation with IC50 values of
2.77 ± 0.93 μM and 2.84 ± 1.14 μM, respectively.

To test whether the activity of PO‐296 was
immunosuppressive, not cytotoxicity, human acti-
vated T lymphocytes treated with PO‐296 were
measured for cell apoptosis by flow cytometry and
naïve T lymphocytes, IL‐4 treated activated T lym-
phocytes, and FLS treated with PO‐296 were assessed
for viability of cells by the CCK‐8 assay. IL‐4 treated
activated T lymphocytes did not proliferate, but could
maintain, cell survival20 and FLS severed as the
nonlymphocyte control.21 The results showed that
PO‐296 treatment did not induce activated T lympho-
cytes apoptosis in 24 hours and 48 hours (Figure 3A)
and there was no significant impact of the relative
viability on naïve T lymphocytes (Figure 3B), IL‐4
treated activated T lymphocytes (Figure 3C), and FLS
in 72 hours (Figure 3D). Collectively, these data
indicated that the activity of PO‐296 was immuno-
suppressive, not cytotoxic.

FIGURE 2 PO‐296 inhibits T‐cell proliferation in vitro. The CFSE‐labeled T cells were treated with 1.25, 2.5, 5, 10, 20, 40, and 80 μM
PO‐296 and activated with anti‐CD3/CD28 antibodies (A,B), allogeneic PBMCs (C), PHA (D) or PMA/ionomycine (E) for 72 hours. Cell
proliferation was measured by flow cytometry. The cells without stimulator and PO‐296 served as negative control (0%) while the cells with a
stimulator, but without PO‐296, served as the positive control (100%). The results are presented as mean ± SEM (n = 5 per group) from three
independent experiments. CFSE, 5‐carboxyfluorescein diacetate succinimide ester; PBMCs, peripheral blood mononuclear cells; PHA,
phytohaemagglutinin; PMA, phorbol 12‐myristate 13‐acetate; PO‐296, 2‐(6‐chlorobenzo[d]oxazol‐2‐yl)‐4,5,6,7‐tetrahydro‐2H‐indazol‐3‐ol;
SEM, standard error of the mean
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3.2 | PO‐296 does not inhibit
T lymphocyte activation

The expression of CD25 and CD69 and the secretion of IL‐
2 were induced by activated T lymphocytes.22 The effect of
PO‐296 on T‐lymphocyte activation was assessed through
the expression of CD25 and CD69 and the secretion of IL‐
2. While FK506 inhibited CD25, CD69 expression and IL‐2
secretion, similar to a previous report,23 PO‐296 had no
obvious effect on them (Figure 4A‐C), indicating that PO‐
296 did not affect T‐lymphocyte activation.

3.3 | PO‐296 induces T lymphocyte cycle
arrest in the G0/G1 phase

Cell cycle progression plays an important role in cell
proliferation.24 To understand the impact of PO‐296 on
T‐lymphocyte cycle progression, the DNA content of
T lymphocytes was characterized by flow cytometry. The
result indicated that PO‐296 increased the percentages in the
G0/G1 phase of T lymphocyte cycle, similar to RAPA
treatment (Figure 5A and 5B), indicating that PO‐296
induced cell cycle arrest at the G0/G1 phase in activated
T cells.

3.4 | PO‐296 inhibits proinflammatory
cytokines production but not anti‐
inflammatory cytokines in activated
T lymphocytes

To understand the impact of PO‐296 on the proinflammatory
and anti‐inflammatory cytokines, the levels of IFN‐γ, IL‐6,
IL‐17, IL‐2, IL‐4, and IL‐10 were measured by ELISA in
the supernatants of activated T lymphocytes. As shown in
Figure 6, PO‐296 significantly inhibited IFN‐γ (A), IL‐17 (B),
and IL‐6 (C), but did not decrease the levels of IL‐2 (D),
IL‐4 (E), and IL‐10 (F) in activated T lymphocytes, indicating
that the PO‐296 did not affect anti‐inflammatory cytokine
release from regulatory T lymphocytes but mainly inhibited
proinflammatory cytokine release from Th1/17 cells.

3.5 | PO‐296 blocks JAK3/STAT5
signaling pathway in IL‐2‐stimulated
activated T lymphocytes

To further reveal the mechanism of PO‐296 on
T‐lymphocyte proliferation, the effect of PO‐296 on IL‐
2‐induced T‐lymphocyte proliferation and the related
signal pathways were analyzed by flow cytometry or

FIGURE 3 PO‐296 had no significant cytotoxicity in vitro. T cells were treated with 1.25, 5, and 20μM PO‐296, 0.1 μM RAPA or vehicle and
activated with anti‐CD3/CD28 antibodies for 24 hours or 48 hours. Cell apoptosis was assessed by flow cytometry with Annexin V and propidium
iodide (PI) dual staining (A). Naïve T cells (B), IL‐4 treated activated T cells (C) and FLS (D) was treated with 5, 10, 20, 40, and 80 μM PO‐296
or vehicle for 72 hours. The CCK‐8 assay kit was used to assess the viability of cell. The cells without drugs served as control (100%). The results are
presented as mean± SEM (n= 5 per group) from three independent experiments. CCK‐8, Cell Counting Kit‐8; FLS, fibroblast‐like synoviocytes; IL‐4,
interleukin 4; PI, propidium iodide; PO‐296, 2‐(6‐chlorobenzo[d]oxazol‐2‐yl)‐4,5,6,7‐tetrahydro‐2H‐indazol‐3‐ol; RAPA, rapamycin; SEM, standard
error of the mean

LUO ET AL. | 9197

 10974644, 2019, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcb.28195 by C

olum
bia U

niversity L
ibraries, W

iley O
nline L

ibrary on [07/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 4 PO‐296 does not inhibit T cell activation. T cells were treated with 1.25, 5, and 20 μM PO‐296, 0.1 μM FK506 or vehicle and
activated with anti‐CD3/CD28 antibodies for 24 hours. The expression of CD25 and CD69 was analyzed on a flow cytometer (A,B). The
supernatant was harvested, and the level of IL‐2 was assessed by ELISA (C). The results of flow cytometry are representative histograms and
data of ELISA are presented as mean ± SEM (n = 5 per group) from three independent experiments. *P< 0.05 versus the group of activated
without drug. ELISA, enzyme‐linked immunosorbent assay; IL‐2, interleukin 2; PO‐296, 2‐(6‐chlorobenzo[d]oxazol‐2‐yl)‐4,5,6,7‐tetrahydro‐
2H‐indazol‐3‐ol; SEM, standard error of the mean

FIGURE 5 PO‐296 induces T‐cell cycle arrest in the G0/G1 phase. T cells were treated with 1.25, 5, and 20 μM PO‐296 or 0.1 μM RAPA
and activated with anti‐CD3/anti‐CD28 antibodies for 72 hours. Cell cycle progression was analyzed by flow cytometry. The results of flow
cytometry are representative histograms with mean ± SEM (n = 5 per group) from three independent experiments. Representative flow
cytometry histograms (A), Quantitative analysis of the percentages of cells in the G0/G1 phase (B). *P< 0.05 versus the group of activated
without drug. PO‐296, 2‐(6‐chlorobenzo[d]oxazol‐2‐yl)‐4,5,6,7‐tetrahydro‐2H‐indazol‐3‐ol; RAPA, rapamycin; SEM, standard error of
the mean
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Western blot, respectively. As shown in Figure 7, PO‐296
inhibited IL‐2‐induced T lymphocyte proliferation with
IC50 values of 2.53 ± 0.49 μM (A). The phosphorylation of
STAT5 was significantly reduced (B), but the phosphor-
ylation of p70S6K was increased by PO‐296 (C), not both

of their expression with the same treatment, in activated
T lymphocytes induced by IL‐2. Furthermore, PO‐296 did
not affect the levels of p‐JAK3, p‐Akt, or p‐ERK 1/2
expression and phosphorylation (BDE). The above
results suggested that PO‐296 inhibited T lymphocyte

FIGURE 6 PO‐296 inhibits proinflammatory cytokines production but not anti‐inflammatory cytokines in activated T cells. T cells were treated
with 1.25, 5, 20 μM PO‐296, 50 μM LY‐294002 or vehicle and activated with anti‐CD3/CD28 antibodies for 24 hours or 48 hours. The supernatants
were collected in 24 hours, and the levels of IFN‐γ (A), IL‐2 (D) were measured by ELISA. The 48 hours supernatants were measured the cytokines of
IL‐6 (B), IL‐17 (C), IL‐4 (E), and IL‐10 (F). Results are presented as mean± SEM (n= 5 per group) from three independent experiments. *P<0.05
versus the group of activated without drug. ELISA, enzyme‐linked immunosorbent assay; IFN‐γ, interferon gamma; IL‐2, interleukin 2; PO‐296,
2‐(6‐chlorobenzo[d]oxazol‐2‐yl)‐4,5,6,7‐tetrahydro‐2H‐indazol‐3‐ol; SEM, standard error of the mean

FIGURE 7 PO‐296 affects the JAK3/STAT5 signaling pathway in IL‐2‐stimulated activated T cells. The CFSE‐labeled activated T cells were
treated with PO‐296 and stimulated by IL‐2 for 72 hours. Cell proliferation was measured by flow cytometry (A). T cells were incubated alone for
6 hours after 72 hours of anti‐CD3/CD28 antibodies monoclonal antibody stimulation. T cells were then treated with 5, 10, or 20 μM PO‐296, 1 μM
CP690550, 0.1 μM RAPA, 50 μM LY294002, 2 μM PD184352 or vehicle for another 6 hours. Subsequently, T cells were induced by IL‐2 for
30minutes, and the relative phosphorylation and expression levels of STAT5 and JAK3(B), p70S6K (C), Akt (D), and ERK1/2 (E) were assessed by
Western blot analysis. The results of flow cytometry are presented as the mean± SEM (n= 5 per group) and data of Western blot analysis are
representative images. CFSE, 5‐carboxyfluorescein diacetate succinimide ester; ERK, extracellular signal‐regulated kinase; IL‐2, interleukin 2;
JAK3, janus kinase 3; PO‐296, 2‐(6‐chlorobenzo[d]oxazol‐2‐yl)‐4,5,6,7‐tetrahydro‐2H‐indazol‐3‐ol; RAPA, rapamycin; SEM, standard error of the
mean; STAT5, signal transducer and activator of transcription 5
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proliferation through mainly blocking the JAK3/STAT5
signaling pathway.

4 | DISCUSSION

Considerable advances in the treatment of autoimmune
diseases have been made after the advent of immunosup-
pressants. However, the long‐term use of one drug can
lead to parts of patients losing their primary response. The
future looks bright for patients as many new drugs are
being developed. In this study, we found that the
benzoxazole derivative PO‐296 significantly inhibited the
proliferation of activated human T lymphocyte in vitro.
Most importantly, no obvious cytotoxic effects of PO‐296
were observed on resting T lymphocytes, IL‐4‐treated
T lymphocytes, activated T lymphocytes, and FLS. There-
fore, PO‐296 selectively inhibits T‐lymphocyte prolifera-
tion without significant cytotoxicity.

The expression of CD25, CD69 and the secretion of IL‐2
are markers of T‐lymphocyte activation in vitro.22 PO‐296
did not inhibit IL‐2 secretion and affect CD25+ or CD69+

T lymphocytes with anti‐CD3/CD28 antibodies stimula-
tion, suggesting that PO‐296 did not affect the activation of
T lymphocytes. To further explore the mechanism of
PO‐296 inhibition, we found that the cell cycle of
T lymphocytes stimulated with anti‐CD3/CD28 antibodies
was blocked by PO‐296 in the G0/G1 phase compared with
vehicle‐treated T lymphocytes, which may be the reason
why T lymphocyte proliferation was inhibited.

Cytokines play a pivotal role in the development of
autoimmune diseases. We found that proinflammatory
cytokine IFN‐γ,25 IL‐6,26 and IL‐1727 production was
inhibited in a dose‐dependent manner, whereas anti‐
inflammatory cytokine IL‐2,28 IL‐4,29 and IL‐1030 secre-
tion was not affected significantly. The results indicated
that PO‐296 affected the differentiation of T lymphocytes
into Th1/17 cells but did not affect the differentiation of
T lymphocytes into regulatory T lymphocytes.31 Thus,
PO‐296 may selectively inhibit the differentiation of
T lymphocytes.

PO‐296 inhibited the proliferation of IL‐2‐activated
T lymphocytes. IL‐2 stimulates activated T‐lymphocytes
proliferation through the JAK3/STAT5, PI3K/Akt,
mTOR/p70S6K, and mitogen‐activated protein kinase
(MARK) signal pathways.32,33 To investigate which signal
pathway was affected by PO‐296, the phosphorylation of
JAK3, STAT5, Akt, p70S6K, and ERK1/2 was measured
by Western blot analysis. We found that the phosphor-
ylation of STAT5 decreased with the increase of
concentration, but not JAK3 phosphorylation. These
results implied that PO‐296 might directly target the
SH2 domain of JAK3 to prevent STAT5 phosphorylation,

not JAK3 phosphorylation in T cells. Because the JAK3/
STAT5 signal pathway is a key mediator for activating T‐
lymphocyte proliferation,11 PO‐296 may inhibit activated
T‐lymphocytes proliferation through the JAK3/STAT5
signal pathway.

Recently, JAK inhibitors have been developed as a
new class of immunosuppressants that inhibit related
intracellular signaling of various cytokines and growth
factors. The JAK3/STAT5 signaling pathway is a key
intracellular cascade for intracellular signaling conduc-
tion from cytokines.34 JAK3 mainly expresses in hema-
topoietic tissues and regulates T‐lymphocyte proliferation
and differentiation.35 Mice and humans with defected
JAK3 gene show immune deficiency, inhibiting the
function of T lymphocytes.36,37 And JAK3 gene mutation
may cause natural killer‐cell lymphoma38,39 and
T‐lymphocyte prolymphocytic leukemia.40,41 Thus, the
restricted expression and function of JAK3 make it a
potential therapeutic target.

JAK inhibitor therapy is witnessing an unprecedented
speed of development and entering a significant new era in
autoimmune diseases. For example, the current evidence
indicates that oral tofacitinib is a useful option for the
treatment of patients with RA42 and solid organ transplan-
tation.43 T‐cell proliferation inhibitory activity of PO‐296 is
similar to CP690550, but the structure of PO‐296 is different
from CP690550 and other JAK3 inhibitors. PO‐296 might
target JAK3 as CP690550 or might target other proteins. We
will select about 100 kinds of kinases related to cell
proliferation by kinase assay to find the target proteins of
PO‐296 in our future experiments.

In conclusion, our results showed that the potential
anti‐proliferation mechanisms of PO‐296 inhibit the
STAT5 phosphorylation levels. Our data also indicated
that PO‐296 preferably inhibited IFN‐γ, IL‐6, and IL‐17
production of the activated T cells. Thus, PO‐296 is a
potential lead agent to develop new immunosuppressive
agents. This discovery is expected to improve patients'
quality of life.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of interest.

ORCID

Xing‐yan Luo http://orcid.org/0000-0002-7478-1984

REFERENCES

1. Ito Y, Hashimoto M, Hirota K, et al. Detection of T cell
responses to a ubiquitous cellular protein in autoimmune
disease. Science. 2014;346(6207):363‐368.

9200 | LUO ET AL.

 10974644, 2019, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcb.28195 by C

olum
bia U

niversity L
ibraries, W

iley O
nline L

ibrary on [07/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://orcid.org/0000-0002-7478-1984


2. Lisnevskaia L, Murphy G, Isenberg D. Systemic lupus
erythematosus. Lancet. 2014;384(9957):1878‐1888.

3. Su JY, Luo X, Zhang XJ, et al. Immunosuppressive activity of
pogostone on T cells: blocking proliferation via S phase arrest.
Int Immunopharmacol. 2015;26(2):328‐337.

4. Mease PJ, Armstrong AW. Managing patients with psoriatic
disease: the diagnosis and pharmacologic treatment of psoriatic
arthritis in patients with psoriasis. Drugs. 2014;74(4):423‐441.

5. Ali UA, Martin ST, Rao AD, Kiran RP. Impact of preoperative
immunosuppressive agents on postoperative outcomes in
Crohn's disease. Dis Colon Rectum. 2014;57(5):663‐674.

6. Moro‐García MA, Mayo JC, Sainz RM, Alonso‐Arias R.
Influence of inflammation in the process of T lymphocyte
differentiation: proliferative, metabolic, and oxidative changes.
Front Immunol. 2018;9:339.

7. Bachelez H, van de Kerkhof PCM, Strohal R, et al. Tofacitinib
versus etanercept or placebo in moderate‐to‐severe chronic
plaque psoriasis: a phase 3 randomized non‐inferiority trial.
Lancet. 2015;386(9993):552‐561.

8. Wilkinson B, Krishnaswami S, van Vollenhoven RF. Tofacitinib
versus methotrexate in rheumatoid arthritis. N Engl J Med.
2014;371(12):1164‐1165.

9. Genovese MC, van Vollenhoven RF, Pacheco‐Tena C, Zhang Y,
Kinnman N. VX‐509 (Decernotinib), an oral selective JAK‐3
inhibitor, in combination with methotrexate in patients with
rheumatoid arthritis. Arthritis Rheumatol. 2016;68(1):46‐55.

10. Liu Y, Yang T, Li H, et al. BD750, a benzothiazole derivative,
inhibits T cell proliferation by affecting the JAK3/STAT5
signaling pathway. Br J Pharmacol. 2013;168(3):632‐643.

11. Liu Y, Lai Y, Li H, et al. A novel water‐soluble benzothiazole
derivative BD926 inhibits human activated T cell proliferation
by down‐regulating the STAT5 activation. Eur J Pharmacol.
2015;761:36‐43.

12. Krasavin M, Korsakov M, Dorogov M, Tuccinardi T, Dedeoglu
N, Supuran CT. Probing the 'bipolar' nature of the carbonic
anhydrase active site: aromatic sulfonamides containing 1,
3‐oxazol‐5‐yl moiety as picomolar inhibitors of cytosolic CA I
and CA II isoforms. Eur J Med Chem. 2015;101:334‐347.

13. Lu D, Shen A, Liu Y, et al. Design and synthesis of novel benzo
[d]oxazol‐2(3H)‐one derivatives bearing 7‐substituted‐4‐en-
thoxyquinoline moieties as c‐Met kinase inhibitors. Eur J Med
Chem. 2016;115:191‐200.

14. Seenaiah D, Reddy PR, Reddy GM, Padmaja A, Padmavathi V,
Siva krishna N. Synthesis, antimicrobial and cytotoxic activities
of pyrimidinyl benzoxazole, benzothiazole and benzimidazole.
Eur J Med Chem. 2014;77:1‐7.

15. Payrits M, Sághy É, Mátyus P, et al. A novel 3‐(4,5‐diphenyl‐1,3‐
oxazol‐2‐yl)propanal oxime compound is a potent transient
receptor potential ankyrin 1 and vanilloid 1 (TRPA1 and V1)
receptor antagonist. Neuroscience. 2016;324:151‐162.

16. Kaushal N, Robson MJ, Rosen A, McCurdy CR, Matsumoto RR.
Neuroprotective targets through which 6‐acetyl‐3‐(4‐(4‐(4‐
fluorophenyl)piperazin‐1‐yl)butyl)benzo[d]oxazol‐2(3H)‐one
(SN79), a sigma receptor ligand, mitigates the effects of
methamphetamine in vitro. Eur J Pharmacol. 2014;724:193‐203.

17. Dineen TA, Chen K, Cheng AC, et al. Inhibitors of beta‐site
amyloid precursor protein cleaving enzyme (BACE1): identifi-
cation of (S)‐7‐(2‐fluoropyridin‐3‐yl)‐3‐((3‐methyloxetan‐3‐yl)

ethynyl)‐5′H‐spiro[chromeno[2,3‐b]pyridine‐5,4′‐oxazol]‐2′‐
amine (AMG‐8718). J Med Chem. 2014;57(23):9811‐9831.

18. Zhao BB, Guo HJ, Liu Y, et al. K313, a novel benzoxazole
derivative, exhibits anti‐inflammatory properties via inhibiting
GSK3beta activity in LPS‐induced RAW264.7 macrophages. J
Cell Biochem. 2018;119:5382‐5390.

19. Rosengren S, Corr M, Firestein GS, Boyle DL. The JAK
inhibitor CP‐690,550 (tofacitinib) inhibits TNF‐induced
chemokine expression in fibroblast‐like synoviocytes: auto-
crine role of type I interferon. Ann Rheum Dis. 2012;
71(3):440‐447.

20. Huang W, August A. The signaling symphony: T cell receptor
tunes cytokine‐mediated T cell differentiation. J Leukoc Biol.
2015;97(3):477‐485.

21. Bartok B, Firestein GS. Fibroblast‐like synoviocytes: key
effector cells in rheumatoid arthritis. Immunol Rev. 2010;
233(1):233‐255.

22. Saadoun D, Rosenzwajg M, Joly F, et al. Regulatory T‐cell
responses to low‐dose interleukin‐2 in HCV‐induced vasculitis.
N Engl J Med. 2011;365(22):2067‐2077.

23. Miroux C, Morales O, Ghazal K, et al. In vitro effects of
cyclosporine A and tacrolimus on regulatory T‐cell prolifera-
tion and function. Transplantation. 2012;94(2):123‐131.

24. Orr SJ, Boutz DR, Wang R, et al. Proteomic and protein
interaction network analysis of human T lymphocytes during
cell‐cycle entry. Mol Syst Biol. 2012;8:573.

25. Gao J, Shi LZ, Zhao H, et al. Loss of IFN‐gamma pathway genes
in tumor cells as a mechanism of resistance to anti‐CTLA‐4
therapy. Cell. 2016;167(2):397‐404. e399

26. Boekholdt SM, Stroes ES. The interleukin‐6 pathway and
atherosclerosis. Lancet. 2012;379(9822):1176‐1178.

27. Ratner M. IL‐17‐targeting biologics aim to become standard of
care in psoriasis. Nature Biotechnol. 2015;33(1):3‐4.

28. Klatzmann D, Abbas AK. The promise of low‐dose interleukin‐
2 therapy for autoimmune and inflammatory diseases. Nat Rev
Immunol. 2015;15(5):283‐294.

29. Wechsler ME. Inhibiting interleukin‐4 and interleukin‐13 in
difficult‐to‐control asthma. N Engl J Med. 2013;368(26):
2511‐2513.

30. Schmitt EG, Haribhai D, Williams JB, et al. IL‐10 produced by
induced regulatory T cells (iTregs) controls colitis and
pathogenic ex‐iTregs during immunotherapy. J Immunol.
2012;189(12):5638‐5648.

31. Kastirr I, Maglie S, Paroni M, et al. IL‐21 is a central memory
T cell‐associated cytokine that inhibits the generation of
pathogenic Th1/17 effector cells. J Immunol.
2014;193(7):3322‐3331.

32. Yi Z, Lin WW, Stunz LL, Bishop GA. The adaptor TRAF3
restrains the lineage determination of thymic regulatory T cells
by modulating signaling via the receptor for IL‐2. Nature
Immunol. 2014;15(9):866‐874.

33. Zeng H, Yang K, Cloer C, Neale G, Vogel P, Chi H. mTORC1
couples immune signals and metabolic programming to
establish T(reg)‐cell function. Nature. 2013;499(7459):485‐490.

34. Ando S, Kawada J, Watanabe T, et al. Tofacitinib induces G1
cell‐cycle arrest and inhibits tumor growth in Epstein‐Barr
virus‐associated T and natural killer cell lymphoma cells.
Oncotarget. 2016;7(47):76793‐76805.

LUO ET AL. | 9201

 10974644, 2019, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcb.28195 by C

olum
bia U

niversity L
ibraries, W

iley O
nline L

ibrary on [07/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



35. Cornejo MG, Boggon TJ, Mercher T. JAK3: a two‐faced player
in hematological disorders. Int J Biochem Cell Biol. 2009;41(12):
2376‐2379.

36. Nakajima Y, Inoue T, Nakai K, et al. Synthesis and evaluation
of novel 1H‐pyrrolo[2,3‐b]pyridine‐5‐carboxamide derivatives
as potent and orally efficacious immunomodulators targeting
JAK3. Bioorg Med Chem. 2015;23(15):4871‐4883.

37. Cetkovic‐Cvrlje M, Olson M, Ghate K. Targeting Janus tyrosine
kinase 3 (JAK3) with an inhibitor induces secretion of TGF‐
beta by CD4+ T cells. Cell Mol Immunol. 2012;9(4):350‐360.

38. Koo GC, Tan SY, Tang T, et al. Janus kinase 3‐activating
mutations identified in natural killer/T‐cell lymphoma. Cancer
Discov. 2012;2(7):591‐597.

39. Bouchekioua A, Scourzic L, de Wever O, et al. JAK3
deregulation by activating mutations confers invasive growth
advantage in extranodal nasal‐type natural killer cell lympho-
ma. Leukemia. 2014;28(2):338‐348.

40. Sakaguchi H, Okuno Y, Muramatsu H, et al. Exome
sequencing identifies secondary mutations of SETBP1 and
JAK3 in juvenile myelomonocytic leukemia. Nature Genet.
2013;45(8):937‐941.

41. Bellanger D, Jacquemin V, Chopin M, et al. Recurrent JAK1
and JAK3 somatic mutations in T‐cell prolymphocytic leuke-
mia. Leukemia. 2014;28(2):417‐419.

42. Dhillon S. Tofacitinib: a review in rheumatoid arthritis. Drugs.
2017;77(18):1987‐2001.

43. Moore CA, Iasella CJ, Venkataramanan R, et al. Janus kinase
inhibition for immunosuppression in solid organ transplanta-
tion: Is there a role in complex immunologic challenges? Hum
Immunol. 2017;78(2):64‐71.

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

How to cite this article: Luo X-y, Zhou H,
Wang S-y, et al. A benzoxazole derivative PO‐296
inhibits T lymphocyte proliferation by the JAK3/
STAT5 signal pathway. J Cell Biochem. 2019;120:
9193‐9202. https://doi.org/10.1002/jcb.28195

9202 | LUO ET AL.

 10974644, 2019, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcb.28195 by C

olum
bia U

niversity L
ibraries, W

iley O
nline L

ibrary on [07/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/jcb.28195



