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Interferon-y enhances phorbol myristate acetate-induced
cell attachment and tumor necrosis factor production via
the NF-xB pathway in THP-1 human monocytic cells
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Abstract. During inflammation, activated macrophages
express adhesion molecules and produce cytokines that
interact with other hematopoietic and stromal cells. THP-1
non-adherent human monocytic cells differentiate into plastic-
adherent macrophages via af; integrin, by ERK activation
in the presence of phorbol myristate acetate (PMA). This has
proven to be a valuable model for investigating functional
monocyte/macrophage diversity. Interferon-y (IFN-vy) is
a Thl-cytokine that is crucial in macrophage activation.
In this study, we investigated the effects of IFN-y on adhe-
sion and the secretion of tumor necrosis factor (TNF) by
PMA-stimulated THP-1 cells. IFN-vy is incapable of inducing
cell attachment and TNF production; however, it cumulatively
upregulated PM A-induced basal adhesion and TNF production.
IFN-y increased o integrin, ICAM-1 and VCAM-1 expres-
sion and among these PMA-induced cell surface adhesion
molecules, the blocking antibody for o, integrin suppressed
adhesion and TNF production. Furthermore, IFN-y enhanced
PMA-induced NF-«kB phosphorylation and not ERK
phosphorylation. Accordingly, the NF-xB pathway inhibitor
(BAY 11-7082) inhibited the enhancing effect of IFN-y on
adhesion and TNF production. By contrast, the MEK inhib-
itor (U0126) almost completely eliminated PMA-induced
basal adhesion and TNF production. In conclusion, IFN-y
regulates macrophage activation by mediating the NF-xB
signaling pathway.

Introduction

Inflammation is a fundamental process involved in protection
against infection or injury (1). Macrophages are involved in
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acute and chronic inflammation (2,3) and play multidirectional
roles in the integrity of the immune system (4).

Interferon-y (IFN-v) is important for macrophage
activation during the innate and acquired immune response (5).
Activated macrophages obtain increased cytokine production
and enhanced tumoricidal and microbicidal function (6,7).
In various inflammatory and granulomatous conditions,
IFN-vy is critical in enhancing and sustaining macrophage
activation (8,9). However, its precise mechanismremains largely
unknown and elucidating its role is essential in order to gain
further understanding of the pathogenesis of inflammation.

THP-1 cells, a human monocytic leukemia cell line, have
been extensively employed as a model for examining the func-
tional diversity of monocyte/macrophage transition, due to the
similarities in biological behavior of monocytes/macrophages
derived from peripheral blood and the fact that non-adherent
cells can be changed into plastic-adherent macrophages by
ay P integrin expression via ERK activation in the presence of
phorbol myristate acetate (PMA) (10,11).

In the present study, we investigated the effects of IFN-y
on cell adhesion and the production of tumor necrosis factor
(TNF) using PMA-stimulated THP-1 cells.

Materials and methods

Reagents. PMA was purchased from Sigma (St. Louis,
MO, USA). IFN-y was obtained from Peprotech EC, Ltd.
(London, UK). U0126 (MEK inhibitor) and BAY 11-7082
(IxB inhibitor) were obtained from Calbiochem (La Jolla, CA,
USA). Fluorescein isothiocyanate (FITC)-conjugated primary
antibodies for the flow cytometric assay were as follows: ay,
integrin, B, integrin (BioLegend, San Diego, CA); intercel-
Iular adhesion molecule-1 (ICAM-1) (Immunotech, Marseille,
France), vascular cell adhesion molecule-1 (VCAM-1) (R&D
Systems, Minneapolis, MN, USA) and isotype IgG (BD
Biosciences Pharmingen, San Diego, CA). Antibodies for
western blot analysis were as follows: anti-phospho-extra-
cellular signal-regulated kinase (ERK)1/2, phospho-NF-kB
p65, anti-ERK1/2 and anti-NF-xB p65 (Cell Signaling
Technology, Beverly, MA, USA). Blocking antibodies were as
follows: a integrin (Abcam, Cambridge, MA, USA), ICAM-1,
VCAM-1, IFN-yR and isotype IgG1 (R&D Systems). Reagents
for real-time PCR were as follows: RNeasy Mini kit (Qiagen,



1740

Table I. Primers used for RT-qPCR.
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Gene Forward Reverse

GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA

TNF GTGACAAGCCTGTAGCCCATGTT TTATCTCTCAGCTCCACGCCATT
ICAM-1 AACTGACACCTTTGTTAGCCACCTC CCCAGTGAAATGCAAACAGGAC
VCAM-1 CGAAAGGCCCAGTTGAAGGA GAGCACGAGAAGCTCAGGAGAAA

Integrin a,
Integrin 3,

GGAGCAATTCGACGAGCACT
TGACGAAAATACCTGCAACCG

TTCATCCCGCAGATACGCTA
GCATCCTTGCCAGTGTCCTTAA

RT-qPCR, reverse transcription-quantitative polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TNF, tumor
necrosis factor; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1.

Valencia, CA, USA), PrimeScript RT Reagent kit (Takara
Bio Inc., Shiga, Japan) and Thunderbird gPCR mix (Toyobo,
Osaka, Japan). Primers were produced by Takara Bio
(Table I), with the exception of the a, and f; integrins, which
were produced by Invitrogen (Carlsbad, CA, USA).

Cell culture. Human monocytic THP-1 cells (American Type
Culture Collection, Manassas, VA, USA) were cultured in
RPMI-1640 medium supplemented with 5% fetal bovine serum
(Gibco, Los Angeles, CA, USA), 1% penicillin/streptomycin
and 1% L-glutamin at 37°C in a humidified 5% CO, atmosphere.

Cell attachment assay. The cell attachment assay was
performed as described previously (11). THP-1 cells
(2x10°/ml) were incubated in uncoated 96-well plates for
~48 h following PMA stimulation in the presence or absence
of IFN-v. Total (without washing) and adherent (with washing)
cell numbers were measured by adding the cell count reagent
(Nacalai Tesque, Kyoto, Japan). Following 3 h of incubation,
absorbance at 450 nm was calculated using FlexStation 3
(Molecular Devices, Sunnyvale, CA, USA). Pretreatment with
inhibitors (U0126 and BAY 11-7082) or blocking antibodies
was performed for 30 min prior to the addition of PMA with
or without IFN-vy, followed by 48 h of incubation and the
obtained data were expressed as the relative adherent cell
number (O.D.).

Western blot analysis. THP-1 cells were incubated in a 100 mm
dish for up to 48 h after PMA stimulation in the presence or
absence of IFN-y. Cell extracts were obtained for western
blot analysis as previously described (11). Antibodies were
diluted in Hikari (Nacalai) signal enhancer for the detection
of phosphorylated protein. Immunostained blots were stripped
with Restore (Thermo Fisher Scientific, San Jose, CA, USA)
and reprobed with primary antibodies against total protein.
LAS-4000 and MultiGauge software (Fujifilm, Tokyo, Japan)
were used for analysis.

Flow cytometric analysis. THP-1 cells were incubated in a
100 mm dish for 48 h following stimulation with PMA in the
presence or absence of IFN-vy. Adherent cells were detached
by treatment with trypsin/EDTA, washed with PBS and the
non-adherent cells and incubated for 20 min with primary
antibody, followed by fixation with 1% formaldehyde in

PBS. The expression of cell surface adhesion molecules
was determined using flow cytometric analysis (FACScan,
Becton Dickinson, Franklin Lakes, NJ, USA) and the data
were analyzed using FlowJo (Tree Star, Inc., Ashland, OR,
USA). As described previously (11), the mean fluorescence
intensity (MFI) ratio is defined as MFI of the sample
(adhesion molecule)/MFI of isotype IgG. The obtained data
were expressed as the relative MFTI ratio, and evaluated by
comparing the MFI ratio.

Real-time reverse transcription-quantitative polymerase
chain reaction (RT-qPCR). THP-1 cells were cultured in 6 or
12-well plates for up to 24 h. Following incubation, total RNA
extraction, the reverse transcriptase reaction and real-time
PCR were performed as described previously (11). Relative
gene expression was analyzed using the 22T method. In the
inhibitor and blocking antibody study, the data were shown as
relative to PMA single treatment.

ELISA. THP-1 cells were cultured with PMA stimulation
in the presence or absence of IFN-y for up to 48 h without
serum starvation treatment. The concentration of TNF in the
supernatant was measured using an ELISA kit (R&D Systems).
The cell number, measured by hemocytometer, was used as a
control for variability.

Statistical analysis. The data were analyzed by Prism
(www.graphpad.com). Comparison between the groups was
performed using one-way ANOVA and the unpaired t-test.
Newman-Keuls post hoc test was used for the ANOVA. P<0.05
was deemed to indicate a statistically significant difference.

Results

IFN-y augments PMA-induced cell attachment and TNF
production. In the colorimetric adhesion assay, IFN-y did
not induce cell attachment, whereas it dose-dependently
upregulated adhesion in the presence of PMA (Fig. 1A).
Similarly, IFN-vy elevated the production of TNF at the mRNA
and protein levels in the presence of PMA (Fig. 1B and C).
The enhancing effect of IFN-y on cell attachment and TNF
production was eliminated by the blocking antibody for the
IFN-vy receptor, confirming its receptor-mediated action
(Fig. 1E and F).
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Figure 1. THP-1 cells were incubated in the presence of PMA (10 ng/ml) and IFN-vy (10 ng/ml) for up to 48 h. (A-C) The effect of IFN-y addition on the relative
adherent cell number (O.D.), relative TNF mRNA expression and secretion. (D and E) Anti-IFN-yR antibody blocked the enhancing effect of PMA and IFN-y-
induced cell attachment and TNF production. The data show the means + SD of three samples from one experiment performed at least three times separately.
“P<0.05 vs. PMA only, "P<0.05 vs. PMA and IFN-y. PMA, phorbol myristate acetate; IFN-y, interferon-y; TNF, tumor necrosis factor.
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Figure 2. The effect of the addition of IFN-y on adhesion molecule mRNA and protein levels. (A and B) Flow cytometry and RT-qPCR of the a,, and p; integ-
rins. (C and D) Flow cytometry and RT-qPCR of ICAM-1 and VCAM-1. (E) Anti-a, integrin blocking antibody inhibited PMA with or without IFN-y-induced
cell attachment. (F) Anti-a, integrin and anti-ICAM-1 blocking antibody inhibited PMA with or without IFN-y-induced TNF production. The data show the
means + SD of three samples from one experiment performed at least three times separately. ‘P<0.05 vs. PMA only, “P<0.05 vs. PMA and IFN-y. PMA, phorbol
myristate acetate; IFN-vy, interferon-y; TNF, tumor necrosis factor.
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Figure 3. (A and B) The effect of IFN-y on PMA-induced ERK and NF-«xB phosphorylation in western blot analysis. (C-F) The inhibitory effect of U0126
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Figure 4. (A) Pretreatment with U0126 (10 yM) inhibited PMA-induced
basal and IFN-y enhanced cell attachment. (B) Pretreatment with BAY
11-7082 (1 #M) inhibited the effect of IFN-y on cell adhesion. (C and D)
The inhibitory effect of U0126 and BAY 11-7082 on relative TNF mRNA
expression and secretion. The data show the means + SD of three samples
from one experiment performed at least three times separately.’P<0.05 vs.
PMA only, "P<0.05 vs. PMA and IFN-y. PMA, phorbol myristate acetate;
IFN-v, interferon-y; TNF, tumor necrosis factor.

The a, integrin is involved in the enhancing effects of
IFN-y on cell attachment and TNF production. We
examined the expression of cell surface adhesion molecules
using a flow cytometric assay. IFN-y enhanced cell-surface
o, integrin expression in the flow cytometric assay; however,

it did not increase either o, integrin mRNA or f3; integrin
expression levels (Fig. 2A and B). IFN-y was active in
upregulating the expression of other adhesion molecules such
as ICAM-1 and VCAM-1 at the mRNA and protein levels
(Fig. 2C and D). Pretreatment with the a, integrin blocking
antibody (10 pg/ml) significantly inhibited PMA-stimulated
cell attachment, confirming the involvement of the a, integrin
in PMA-induced plastic adhesion and a higher concentration
(20 ug/ml) of the blocking antibody was required in order to
inhibit the cell attachment enhanced by treatment with IFN-vy
(Fig. 2E). However, the blocking antibodies for ICAM-1 and
VCAM-1 did not inhibit PMA with or without IFN-y-induced
cell attachment even at higher concentrations (data not
shown). Furthermore, treatment with the blocking antibody
for ICAM-1 suppressed PMA with or without IFN-y-induced
TNF secretion (Fig. 2F).

IFN-y treatment augments NF-xB phosphoryla-
tion but not ERK phosphorylation. We analyzed the
PMA and IFN-vy-induced phosphorylated proteins in the
signaling pathways of inflammation. In western blot analysis,
PMA alone induced ERK and NF-«xB phosphorylation.
Addition of IFN-vy also enhanced NF-xB phosphorylation,
but not ERK phosphorylation (Fig. 3A and B). The specific
inhibitory effect of U0126 and BAY 11-7082 on the signaling
pathways was confirmed (Fig. 3C-F). As for viability, pretreat-
ment with signaling pathway inhibitors did not affect cell
viability in the trypan blue exclusion assay within the range
of concentrations used in the experiment (data not shown).

IFN-y amplifies PMA-induced cell attachment and TNF
production via the NF-xB pathway. We examined the effect
of inhibitors on cell attachment and TNF production from
PMA with or without IFN-vy-treated cells. With regard to cell
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attachment, U0126 (MEK inhibitor) completely inhibited
PMA + IFN-y-induced cell attachment in a dose-dependent
manner (Fig. 4A). However, BAY 11-7082 counteracted the
IFN-y-induced cell attachment increase (Fig. 4B), but did
not inhibit PMA-induced cell attachment. U0126 almost
completely eliminated the production of TNF in PMA with or
without IFN-y-stimulated cells at mRNA and protein levels
(Fig. 4C and 4D). By contrast, BAY 11-7082 enhanced the
production of TNF in PMA with a single treatment. However,
BAY 11-7082 significantly suppressed IFN-y-enhanced TNF
production (Fig. 4C and D). These data indicate that the ERK
pathway is critical for mediating PMA-induced baseline cell
activation and that an increase by IFN-v is dependent on the
NF-«B pathway.

Discussion

IFN-v induces adhesion molecule expression, amplifies
inflammatory cytokine production and promotes monocyte/
macrophage antimicrobial and antitumor activity (12).
The enhancement of lipopolysaccharide (LPS) responses
by IFN-y is known as a priming effect (13). However,
the mechanism involved in macrophage adhesion and
cytokine production amplification remains unclear. In this
study, we revealed the pivotal role of the NF-«B pathway in
mediating the upregulation of IFN-y using PMA-induced
THP-1 cell adhesion and a TNF secretion assay.

The presence of a non-absorbable foreign body induces
persistent inflammation, known as a foreign body reaction,
in vivo, although biomaterial surface properties are important
in modulating its reaction (14,15). The importance of IFN-vy in
the foreign body reaction is indicated in an animal study (16)
and IFN-y appears to be a crucial cytokine in granuloma
formation as it accelerates their various functions, including
their adhesive properties.

After treatment with PMA, the non-adherent THP-1
monocytic cells became adherent to plastic, which was
blocked by a, integrin function-blocking antibody as
described in a previous study (11). In the present study, IFN-y
upregulated cell adhesion and cell surface a., integrin expression
in the presence of PMA. Accordingly, sufficient concentration
of a., integrin blocking antibody was acquired for the inhibition
of IFN-y-enhanced adhesion. Blocking antibodies for other
adhesion molecules with the immunoglobulin superfamily,
such as ICAM-1 and VCAM-1, which were also upregulated
by IFN-y treatment, failed to inhibit the amplification of
cell adherence. Qualitative alteration of adhesion molecules,
including increased avidity, may also be involved in the
enhancement of adhesive properties, since the upregulation
of the a, integrin protein was not accompanied by mRNA
expression. In contrast to cell adhesion, the ICAM-1 blocking
antibody inhibited the production of TNF. The difference in
effectiveness between the o, integrin blocking antibody and
the ICAM-1 blocking antibody against cell adhesion is due to
the different mechanisms involved in cell adhesion; the former
is mainly involved in cell-matrix adhesion and the latter is
involved in cell-cell adhesion.

The ERK signaling pathway is critical for PMA-induced
cell adherence and TNF secretion. PMA treatment induced
ERK phosphorylation and subsequent cell adhesion and
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TNF expression. U0126 (MEK inhibitor) almost completely
eliminated PMA-induced adhesion and TNF production, a
result that is in agreement with previous observations (11).
Even in co-stimulation with PMA and IFN-vy, U0126 deliv-
ered a profound inhibition of adhesion and TNF production,
emphasizing the fundamental role of the ERK pathway in
macrophage function.

NF-«kB appears to be important in mediating [FN-vy
bioactivity. IFN-y enhanced the phosphorylation of NF-kB
without any effect on ERK phosphorylation. In addition,
BAY 11-7082 was an effective inhibitor of the IFN-y-induced
enhancing action on adhesion and TNF production. BAY
11-7082 has been widely used as an anti-inflammatory
agent in previous studies (17,18) and our results support its
inhibitory effects on IFN-y-enhancing action in adhesion and
TNF production by macrophages.

Inconclusion, we revealed a close correlation between IFN-vy
action and the NF-xB pathway with regards to PMA-induced
THP-1 cell adhesion and TNF production, which explains, in
part, the process by which IFN-y accelerates the inflammatory
process.
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