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ARTICLE INFO ABSTRACT

Keywords:
Osteopontin

Plasma osteopontin (OPN) levels are elevated in tuberculosis patients and may involve granuloma formation.
New inhibitors using brefelamide, an aromatic amide isolated from Dictyostelium cellular slime molds that may
THP-1 inhibit OPN transcription in A549 cells at 1 M concentration, were synthesized as compounds C, D, and E. Their

Brefelamide inhibitory activity against OPN synthesis in phorbol 12-myristate 13-acetate (PMA)-stimulated THP-1 cells was
Inhibitor . . . . . . .
Tuberculosis confirmed using enzyme-linked immunosorbent assay (ELISA), a multicolor immune-fluorescent microscope,

and western blot. In the ELISA performed using full-length OPN, each compound showed significant inhibition in
culture supernatants with half maximal inhibitory concentration (ICsp) values of 1.6, 1.8, and 2.2 uM for C, D,
and E, respectively. In another ELISA to detect the immune-related form of OPN, ICs, values were 0.6, 1.2, and
2.5 uM for compounds C, D, and E, respectively. The decreases in OPN expression and synthesis were confirmed
using immunofluorescence and western blot studies using compound-treated cells or cell lysates. Luminex assay
of the supernatants of PMA-treated THP-1 cells showed significant reduction in the synthesis of interleukin (IL)-
1B, galectin-9, and tumor necrosis factor (TNF)-a. Elucidation of the detailed mechanisms of the biological
activities of these compounds would be necessary; however, they may be used in clinical trials for infectious
diseases, inflammatory disorders, and cancer.

1. Introduction

Osteopontin (OPN), a calcium-binding glycophosphoprotein ori-
ginally isolated from bone, mediates bone remodeling and tissue deb-
ridement [1]. OPN has been implicated in pathological and physiolo-
gical processes such as cell proliferation and endothelial cell migration,
and is expressed by macrophages [2,3]. OPN also plays an important
role in immunity, inflammation, and tumor progression as well as cell
viability [4,5], adhesion, proliferation, invasion, and apoptosis in tissue
fibrosis [6], by binding to their receptors with integrin and CD44 var-
iants [7]. Previously, we reported the upregulation of OPN in the
plasma of adult T cell leukemia and dengue patients, implying its role in
disease progression [3,8].

OPN expression was also observed in the granuloma of
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Mycobacterium tuberculosis (MTB) infected individuals [9], and a high
level of plasma OPN was confirmed in subjects with MTB from the
Philippines [10] and Indonesia [9]. Full-length OPN (FL-OPN), its intact
form, serves as a protease(s) cleavage target. During this process,
fragments of OPN are produced. Among these fragments, proteolytic
cleavage of FL-OPN by thrombin (between Argl68 and Ser169) gen-
erates the functional fragment, N-terminal thrombin-cleaved OPN (tr-
OPN), which contains cryptic binding sites for the integrins, a931 and
a4p1, enhancing tr-OPN attachment to integrin. Increases in tr-OPN
levels have been reported in the recovery phase of dengue virus (DENV)
infection. Furthermore, another OPN form, undefined OPN (Ud-OPN),
was detected in DENV infections when a different enzyme-linked im-
munosorbent assay (ELISA) system was employed [8].

Higher plasma concentrations of Ud-OPN, but not FL-OPN or tr-
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OPN, positively correlates with neutrophil numbers and negatively
correlates with TB-specific memory T cell numbers [11], and Ud-OPN is
dependent on phorbol 12-myristate 13-acetate (PMA)-stimulation, in-
dicating Ud-OPN represent immune-related form of OPN [12].

It is also known that other enzymes such as matrix metalloprotei-
nases (MMPs) can cleave OPN at non-thrombin cleavage sites [13,14].
Accumulation of a4p1 and other integrin-bearing cells is reported in
MTB infection [15]. Recently, we showed that small amounts of FL-OPN
and tr-OPN were detected in the supernatants of non-PMA-stimulated
THP-1 cells using ELISA, with increased levels of all forms, including
undefined Ud-OPN, in these cells [12]. Brefelamide has been reported
to inhibit OPN expression in A549 cells at a concentration of 50 uM
using an OPN promoter reporter assay [16]. We also reported that
brefelamide (compound A) and its methyl ether derivative (compound
B) suppressed OPN production in DENV-infected THP-1 cells and also
inhibited DENV replication [17]. Recently, we developed three novel
derivatives (C-E) which exhibited inhibitory activity at lower con-
centrations and disclosed their different activities.

2. Materials and methods
2.1. Chemicals

Brefelamide (Fig. 1A) is an aromatic amide isolated from methanol
extracts of Dictyostelium brefeldianum and D. giganteum slime mold
fruiting bodies [18]; its derivative is referred to as compound B
(Fig. 1B), which contains a methyl ether group (-OCH3) [17]. Com-
pounds C, D, and E were newly synthesized by maintaining the position
of the benzene rings, carbonyl groups, and amino groups in brefelamide
to enhance its biological activity (Fig. 1C-E). The compounds were
dissolved in dimethyl sulfoxide (DMSO) at a concentration of 50 mmol/
1 and stored at —20°C. Aliquots of the stock solutions were subse-
quently diluted to the indicated concentrations before use to treat the
cells.

2.2. Cell lines and culture

A549 cells and human THP-1 cells derived from acute monocytic
leukemia patients were obtained from the American Type Culture
Collection (Manassas, VA, USA). Cells were maintained in Dulbecco's
modified Eagle's medium or Roswell Park Memorial Institute (RPMI)
1640 medium (Wako Pure Chemical Industries Ltd., Osaka, Japan), in
the presence of 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA, USA), 50 U/ml penicillin and streptomycin in a 5% CO,
humidified atmosphere. PMA (Wako Pure Chemical Industries) (30 ng/
ml) was used to induce OPN expression.

2.3. Plasmids transient transfection and luciferase assay

The reporter vector, pOPN1-luc, has been previously described [16].
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A549 cells were seeded in 12-well plates at 1 X 10° in 1 ml medium/
well, 24 h before transfection. The indicated plasmid DNA was trans-
fected into cells with Effectene Transfection Reagent (Qiagen, Venlo,
PL, NLD). For each transient transfection, pRL-TK vector (Promega,
Madison, WI, USA) was co-transfected as an internal control to nor-
malize transfection efficiency. Cells were harvested at 48-h post-trans-
fection, and the cell lysates prepared for the luciferase assay with Dual-
Luciferase Reporter Assay System (Promega) according to the manu-
facturer's instructions. Luciferase activity was measured using a
GloMax® 20/20 luminometer (Promega). Cell viabilities were tested
using cell proliferation reagent (Takara Bio, Shiga, Japan) according to
the manufacturer's instructions. The half maximal inhibitory con-
centration (ICsp) of compounds was determined from the dose-response
curve as described previously [16].

2.4. Effect of compounds on PMA-stimulated THP-1 cells

THP-1 cells were seeded in 24-well tissue culture plates at a density
of 7.2 x 10%*/well in 1 ml for 24 h at 37°C in a humidified 5% CO,, at-
mosphere. The following day, the compounds, which had final con-
centrations ranging from 1.25 to 5uM were added simultaneously or
2h before the addition of PMA (30 ng/ml). After incubation for 48 h,
culture supernatants were obtained for ELISA. Then, 25 cm? flasks and
four-well chamber glass slides (Nunc Lab-Tek™, Thermo Fisher
Scientific, MA, USA) were used for western blot and immuno-
fluorescence studies, respectively. An equal volume of medium con-
taining 10 uM of each compound was added to each culture before the
addition of PMA. After 2h, an equal volume of medium containing
60 ng/ml PMA and 5pM of each compound was added, distributed to
each flask (2.5 x 10°/flask in 5ml), and the wells (2 x 10°/well in
0.415ml) at a final density of 5 x 10%/ml; incubation was performed
for 48h. The cells were subjected to western blot and immuno-
fluorescence analyses as previously described [15]. The cell viability
was tested using the CellTiter 96 Aqueous Non-Radioactive Cell Pro-
liferation System (Promega). Cells were seeded in 96-well tissue culture
plates at a density of 2 x 10*/well in 50 pl complete medium followed
by the addition of compounds and PMA (2 h later) to each well. After
incubation for 48h, 20 ul per well of 3-(4,5-dimethyl-2-yl)-5-(3-car-
boxymethoxyphenyl)2-(4-sulfophenyl)-2H-tetrazolium salt/phenazine
methosulfate solution was added to each well, followed by incubation
for 4h. The absorbance at 492 nm was recorded using an ELISA plate
reader (Multiskan FC, Thermo Scientific). The ICs, value was de-
termined by identifying the X-axis value corresponding to N-half of the
difference between the maximum and minimum absorbance values
using GraphPad Prism 7 software (GraphPad Inc., San Diego, CA, USA)
as described previously [17].

2.5. ELISA

To identify FL-OPN, an ELISA kit (JP27158, IBL, Gunma, Japan)
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Fig. 1. Chemical structures of the synthesized brefelamide derivatives.
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was used [3]. In the FL-OPN kit, O-17, a polyclonal rabbit antibody
specific to the N-terminus of OPN was used as the capture antibody, and
the mouse monoclonal antibody, 10A16, served as the detector anti-
body. Ud-OPN in culture supernatants were determined using the
Human OPN DuoSet ELISA Development System kit (R&D Systems,
Minneapolis, MN, USA) [8]. The proprietary capture monoclonal anti-
body and the detection polyclonal antibodies in this ELISA kit were
both generated against recombinant human OPN (NSO-derived; amino
acids, Ile17-Asn300); the epitopes for these antibodies were not dis-
closed. The amount of the synthesized OPN was calculated based on
viable cell numbers, which were determined with the Cell Titer 96
Aqueous Non-Radioactive Cell Proliferation System as described pre-
viously [17].

2.6. Immunofluorescence

PMA-stimulated THP-1 cells cultured with compounds on four-well
chambered glass slides (Nunc Lab-Tek™, Thermo Fisher Scientific, MA,
USA) were fixed with 4% (w/v) paraformaldehyde in phosphate-buf-
fered saline (PBS) -]) for 20 min at 4 °C. Cells were incubated with PBS
(—) containing 0.1% (v/v) Triton-X100 for 5 min at room temperature,
blocked with PBS (—) containing 5% (v/v) normal goat serum for 1h,
and incubated with each of the appropriate primary antibodies, O-17
(rabbit, 1:400 dilution; IBL, Gunma, Japan) and 34E3 (mouse, 1:400
dilution; IBL). The secondary antibodies, goat anti-rabbit IgG (H + L)-
AF488 and F(ab’)2-goat anti-mouse IgG (H + L)-Alexa Fluor ® 546
(AF546), were purchased from Thermo Fisher Scientific (MA, USA). For
nuclear staining, 4’,6-diamidino-2-phenylindole (DAPI) was used. The
primary and secondary antibodies and DAPI were diluted to 0.25pug/
ml, 5pug/ml, and 1 ug/ml, respectively with PBS (—) containing 1% (w/
v) BSA. Each reagent was incubated for 1 h at room temperature fol-
lowed by washing twice with PBS (—). Cover slips were mounted onto
the glass slides and images captured using a BZ-X700 fluorescence
microscope (Keyence, Osaka, Japan). Quantification was performed
using the Fiji program [19]. The DAPI signals as numbers of cells and O-
17 or 34E3 signals were analyzed. The fluorescent images were divided
into each RGB channels, and converted into 16-bit grayscale images.
The blue channel (DAPI) signals were selected using the auto-threshold
and counted using the menu command of Analyze Particle. The in-
tracellular signals of green (O-17) or red (34E3) channels were selected
using the manual threshold and similarly analyzed.

2.7. Western blot analysis

Washed PMA-stimulated THP-1 cells (2.5 x 10°) cultured with or
without the test compounds were lysed on ice for 15 min in 100 pl of the
lysis buffer provided in the WSE-7420 EzRIPA Lysis kit (ATTO
Corporation, Tokyo, Japan) as described previously [12]. The super-
natants were then processed by centrifugation at 14,000 x g for 15 min,
according to the manufacturer's protocol. Protein concentration was
then determined using the Bradford method (Takara Bio Inc.). Then,
8 ug of protein from each sample was separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using standard
5-20% gradient gels, followed by western blot analysis using a semi-dry
transfer apparatus (Bio Craft, Tokyo, Japan). Antibodies were diluted
using 1% (v/v) cold fish gelatin (Sigma-Aldrich Co. LLC, St. Louis, MO,
USA), 10 mM Tris HCI (pH 8), 150 mM NaCl. The O-17 (1 ug/ml), 34E3
(1 pg/ml), and anti-actin (1:10,000 dilution; A5316, Sigma-Aldrich Co.
LLC, St. Louis, MO, USA) antibodies were used as the primary anti-
bodies. Bound primary antibodies were reacted with horseradish per-
oxidase-conjugated goat anti-rabbit IgG or anti-mouse IgG (1:10,000
dilution; Sigma-Aldrich Co. LLC, St. Louis, MO, USA) antibodies, and
were visualized using a TMB membrane peroxidase substrate system
(Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD, USA) ac-
cording to the manufacturer's protocol.
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2.8. Luminex assay

Culture supernatants for the ELISA measurement were subjected to
a Luminex assay using CD40L, IL-1a, IL-6, TNF-a, galectin-9, IL-1p, IL-
15, GM-CSF, IL-1ra, and TGF-a, which have been reported to be in-
duced in THP-1 cells by PMA [20]. These inflammatory proteins were
measured using a human premixed multi-analyte kit (LXSAHM; R&D
systems, Minneapolis, MN, USA) using a Bio-Plex™ 200 system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The cell viability consistently
exceeded 90% after culture as determined using the Cell Titer 96
Aqueous Non-Radioactive Cell Proliferation System. The data were
analyzed using Bio-Plex Manager™ software version 6.1 (Bio-Rad La-
boratories, Inc.). The inhibition (%) was calculated as [1 — (compound
value / control value)] X 100, in which the control sample was from
the culture treated with DMSO-PMA. The heatmaps of inhibition (%) of
each protein cultured with the test compounds were generated using
GraphPad Prism version 7 (GraphPad Software Inc. San Diego, CA,
USA).

2.9. Statistical analysis

Unpaired t-tests (two-tailed) were used to compare the results from
the compound- and non-treated PMA-stimulated THP-1 cells. P-va-
lues < 0.05 were considered statistically significant and all statistical
analyses were performed using GraphPad Prism software, version 7.

3. Results
3.1. Inhibition of OPN expression by brefelamide

Luciferase expression level in A549/0PN-luc cells was dose-depen-
dently suppressed by the compounds and compound B showed the
highest ICso among the other compounds (Table 1). The activities of
compound B have already been reported [17], whereas compounds C,
D, and E were newly synthesized as described in the Materials and
methods section.

3.2. ELISA

OPN in the supernatant of cells cultured with PMA and three con-
centrations (5, 2.5, 1.25uM) of the newly-developed compounds was
measured using ELISA. In the ELISA of FL-OPN, compound B did not
exert inhibitory activity, C showed dose-dependent inhibitory activity,
and D and E suppressed the synthesis of FL-OPN. The ICsq values of C,
D, and E were 2.6, 2.3, and 3.1 pM, respectively. Next, we compared the
effect of the compounds on FL-OPN and Ud-OPN (Fig. 2). Cell were
pretreated with the compounds 2 h before PMA addition and the ICsq
values of compounds C, D, and E were 1.6, 1.8, and 2.2 uM, respec-
tively, for FL-OPN, indicating that pretreatment was more effective. The
compounds also showed inhibitory activity in the Ud-OPN assay with
ICsq values of 0.6, 1.2, and 2.5 uM for compounds C, D, and E respec-
tively. The cell viability after culturing PMA-THP-1 cells with the
compounds did not change significantly (Supplementary Fig. 1).

Table 1
Transcription inhibitory activity of test compounds.

Compound OPN-luc ICsy (UM)
B 10.2

C 1

D 1.1

E 1.2

OPN-luc, luciferase expression in A549/0PN-luc cells.
ICs0, half maximal inhibitory concentration.



G. Bdi, et al.
A
2000 o

E 1500 | E
o (=]
& &
= 1000 =
o o
o o
- 500 -
r i

0

N \) ) “
N VvV
Compound C ( uM)
B

80 xn 30
E 60 E 60
£ g

40
E E 40
o o
© 20 o 20
D >

0 0

S B 4 “ Q

Compound C ( uM)

Compound D ( upM)

International Immunopharmacology 75 (2019) 105831

Fig. 2. Effects of compounds C, D, and E on OPN synthesis. (A) FL-OPN and (B) Ud-OPN were studied.

***p < (0.001, unpaired t-tests (two-tailed), Prism software.

3.3. Immunofluorescence study

Multicolor immunofluorescence analysis of OPN in the compound-
treated PMA-stimulated THP-1 cells was performed. The characteriza-
tion of each antibody in PMA-stimulated THP-1 cells was previously
described [12]. Polyclonal rabbit antibody, O-17, specific to the N-
terminus of OPN (Ile17-GIn31) and a mouse monoclonal antibody,
34E3, specific to the epitope Ser162-Argl68, which is exposed by
thrombin digestion were used [21]. Cells were pretreated with com-
pounds C and D (5 uM), 2 h before PMA addition, and both apparently
suppressed cytoplasmic staining of O-17.

Immuno-fluorescence signals of the digital microscopic images were
numerically analyzed using Fiji. OPN staining was decreased to almost
half by compounds C, D, and E. A few cells were positive for 34E3
staining in control cells, whereas no positively stained compound-
treated cells were observed (Fig. 3).

3.4. Western blot analysis

To confirm the effect of these compounds on OPN protein expres-
sion, we utilized two antibodies that identify different epitopes of OPN.
A definitive band was observed in PMA-treated cells but not in cells
cultured in medium alone (Fig. 4). The intensities of actin bands were
the same, indicating that comparable amounts of cell extracts were
loaded. FL-OPN (70 kDa band) and smaller fragments (50 and 55-kDa
bands) were detected by O-17. The apparent reduction of these bands
corresponding to full-length OPN was observed in the compound-
treated PMA-THP-1 cells. Furthermore, 34E3 showed a 20 kDa band as
described previously [12] and no apparent change in expression was
observed between control and compound-treated.

3.5. Luminex assay

We previously found that the expression levels of 1382 genes were
altered by =1.5-fold after exposing A549 cells to brefelamide, and they
were distributed into distinct functional groups including those in-
volved in proliferation and cell motility [16]. Therefore, we determined
whether compounds also affected the synthesis of other inflammatory
molecules using a Luminex assay. Among nine investigated molecules,

2000 L]
E 1500
o
=4
= 1000
o
o
21 500
w
0
) \e] “ o
N L%
Compound E ( pM)
100
Z sl B
=)
£ 60
E 40
Q
3 20
0
I S a2 °
Compound E ( pM)
A
DAPI 0O-17 34E3 Merge
o m
O
Compound C
Compound D
Compound E
B 40

umber / cell number

i
017 34E3 017 34E3 017 34E3 017 34E3

Control Compound C Compound D Compound E

Fig. 3. A. Two-color analysis of compound-treated PMA-stimulated THP-1 cells.
0O-17 (AF488: green) and 34E3 (AF546: red) were used (X 200). Micrograph
scale bars represent 100 um. B. The numerical representation of fluorescence in
the particle analysis of Fiji. Fluorescence obtained with O-17 and 34E3 is
shown. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

compounds significantly suppressed IL-1f production. The synthesis of
galectin-9 and TNF-a was also significantly suppressed. In contrast, the
expression levels of GM-CSF, IL-6, and TGF-a were not affected
(Table 2, Fig. 5).
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Compound C Compound D Compound E Fig. 5. Heatmap of inhibition (%) measured using
Luminex assay. Effects of compounds C, D, and E on in-
1.25 25 5 1.25 25 5 1.25 25 5(pM) (%) dicated biomarkers are shown. All compounds con-
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signal-regulated kinase 1 and 2 (ERK1/2) [24]. Furthermore, brefela-
mide inhibited epidermal growth factor (EGF)-induced phosphorylation
of ERK in human astrocytoma cells [25]. In human lung cells (A549),
brefelamide was found to increase Smad4 and restoration of Smad4/
TGF may inhibit OPN synthesis [16]. Therefore, further bi-chemical
analysis of compound-treated THP-1 cells would be necessary.

The suppression of Ud-OPN synthesis, which was presumed to in-
clude the cleaved form, was more prominent than that of the full-length
form, indicating that the compound may affect the cleaved pathway. It
is noteworthy that both IL-1B [26] and the cleaved form of OPN [27]
were generated by caspase 8 and it would be expedient to study the
effect of these compounds on caspase and MMP-9. Because IL-1p is a
critical mediator of the inflammatory response, OPN was proposed to
be a potential drug target to rescue inflammation [23]. The mechanism
by which galectin-9 synthesis is involved in OPN synthesis is not clear
but the levels of OPN and galectin-9 were significantly correlated with
MTB infections [11]. It is also known that Tim3-galectin-9 interaction
activates mouse macrophages and stimulates bactericidal activity by
inducing caspase-1-dependent IL-1 secretion [28]. Therefore, the
marked suppression of IL-1f might be caused by the decrease in both
OPN and galectin-9. Furthermore, it was revealed that IL-1f plays a
major role in host resistance to MTB by a mechanism independent of
TLR signaling or caspase-1 in mice [29].

The synthesis of TNF-a was also significantly suppressed by these
compounds, and both IL-13 and TNF-a are proposed to contribute to
granuloma formation, macrophage activation, and host protection
during MTB infection [30].

It should also be noted that the immune check-point molecule,
programmed death ligand 1 (PD-L1), is dependent on OPN in THP-1
cells, which may restore T cell activation [31]. More detailed analysis of
OPN metabolism in PMA-stimulated THP-1 cells is required to clarify
the biological roles of these compounds, because strict culture condi-
tions of THP-1 after treatment of PMA would be a more reliable model
of macrophages as reported previously [32].

In addition to our group, other researchers have reported elevated
OPN levels and its association with the severity of MTB infection
[9-11,33]. OPN was also reported to serve as a reliable prognostic

siderably inhibited galectin-9 and IL-1p. The percentage
inhibition is displayed as colors ranging from red to blue
as shown in legend key. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred
to the web version of this article.)
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indicator of improvement during the early treatment of pulmonary TB
[34]. Furthermore, it was suggested that the level of OPN protein ex-
pression correlates with effective immune and inflammatory responses
[35].

Immuno-histochemical analysis has demonstrated the presence of
OPN in granuloma and its association with macrophages; the Ud-OPN
levels were positively and negatively associated with neutrophil and
lymphocyte numbers, respectively [11]. Increased OPN expression was
also found to be associated with silicosis, another granulomatous dis-
ease. Therefore, OPN is believed to participate in granuloma formation
[36].

We have clearly demonstrated that the new compounds effectively
inhibited OPN synthesis in vitro at low concentration. Therefore, in-
vestigating the effects of these compounds on MTB infection in vivo
would be an interesting future project. TB therapy is hampered by many
factors and granuloma formation may be one of the major causes of
poor drug delivery, leading to drug resistance. The development of
adjunctive, granuloma-targeted therapies similar to other host-directed
therapies may be beneficial in increasing the availability of approved
drugs to aid treatment and prevention of TB. Neutrophil numbers,
which are associated with OPN levels, are known risk factors of TB
[37,38].

Statins, which suppress OPN production [39] have been associated
with a reduced risk of developing active TB in some studies [40].
Therefore, the newly generated compounds described here would be
potentially useful in host-directed therapy.

5. Conclusions

In conclusion, we have demonstrated that the novel brefelamide-
derived compounds investigated in this study suppressed OPN, IL-1f,
galectin-9, and TNF-a production in PMA-stimulated THP-1 cells. The
usefulness of compounds should be further assessed in clinical trials for
infectious diseases, inflammatory disorders, and cancers.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105831.
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