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Induction of dissociated cytokine profiles by ISRAA with selective
critical involvement of ERK1/2 in its signaling functions
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Abstract. The immune system-released activating agent
(ISRAA) is an immune mediator activated as a result of a nerve
stimulus initiated by immune challenge. We have previously
demonstrated that ISRAA and tumor necrosis factor (TNF)
receptor 1 (TNFR1) share an interspecies-conserved
motif (72% homology) that induces the apoptosis and prolifera-
tion of human peripheral blood mononuclear cells (hPBMCs) in
a dose-dependent manner. In the present study, cytokine profiles
were examined in response to the stimulation of hPBMCs with
ISRAA.Furthermore, the signaling pathways induced by ISRAA
were mapped. The results revealed high measurable levels of
TNF-a, interleukin (IL)-6, IL-8, IL-10 and interferon (IFN)-vy,
but not IL-4, IL-17 (IL-17A) or transforming growth
factor (TGF)-. The analysis of signaling pathways revealed the
activation of extracellular-regulated protein kinase (ERK)1/2
as a downstream signal in the mitogen-activated protein
kinase (MAPK) pathway during TNF-a and IL-6 production
and apoptosis, but not during proliferation following stimulation
with ISRAA by triggering the Fas-associated protein with death
domain (FADD). STAT3 was found to be unphosphorylated in
the ISRA A-stimulated hPBMCs, and STAT3 was ubiquitously
expressed in unstimulated cells, suggesting that ISRAA has
a protein inhibitor of activated STAT (PIAS)-like activity, by
functioning as a negative regulator of the effects of STAT3 on
the Janus kinase (JAK)/STAT pathway. The determination of
the nature of cytokine responses together with the signaling
pathways of cellular activity induced by ISRAA paves the way
for the investigation of a potential target of ISRAA and for the
development of novel therapeutic approaches for the treatment
of immune-regulated disorders.
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Introduction

The immune system-released activating agent (ISRAA) is a
15 kDa novel immune mediator encoded by a gene located on
mouse chromosome 14 (GenBank accession no. EU552928) (1)
and is believed to mediate signaling between the nervous
and the immune system. ISRAA was initially considered to
have a cytokine-like activity due to several factors, including
its relatively low molecular mass, its biological effects on
a broad spectrum of cell types, such as T and B cells and
monocytes/macrophages, the ability of the same cell popula-
tions to respond to ISRAA by producing cytokines, such as
interferon (IFN)-v, as well as the fact that ISRAA is lined up
on chromosome 14 on the mouse system where several low
molecular mass cytokines are mapped (1). Although ISRAA
was identified in the mouse, the alignment has shown that the
molecule has conserved regions between many species (2).
Furthermore, the function of ISRAA has been found to be
dose-dependent, as it has the ability to stimulate the prolifera-
tion of human peripheral blood mononuclear cells (hPBMCs)
at a low concentration of 50 pg, while a higher concentration of
5 pg has been shown to result in apoptosis (2).

In general, these two pathways for proliferation and apop-
tosis are controlled by a variety of (growth-deleted) factors that
bind to receptors on the cell surface and initiate a cascade of
events (signal transduction pathways), that convey the message
from the receptors to the nucleus where transcription factors
bind to DNA, turning either ‘ON’ or ‘OFF’ the production
of proteins that induce cell proliferation or death (3-5). Such
activities may be induced directly by the effective molecule,
e.g., ISRAA, or indirectly by the production of immune media-
tors, such as cytokines (2). Cytokines are low molecular mass
proteins (~5-20 kDa) that are important in cell signaling. They
are released by cells and act on the same cell (autocrine) or on
other cells in a paracrine or endocrine manner. Cytokines are
produced by a broad range of cells, acting via receptors and are
particularly important for the immune system as they modu-
late the balance between humoral and cell-mediated immune
responses. In addition, they regulate the growth, maturation
and responsiveness of particular cell populations. Thus, they
are important in health and disease, and more specifically, in
host responses to infection, immune responses, inflammation,
trauma, sepsis, cancer and reproduction (6).
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The identification of ISRAA by our laboratory prompted
us to investigate the mechanisms through which the activation
of ISRAA initiates signaling cascades to induce particular
effects, either directly or indirectly via cytokine production.
We also wished to further characterize the signaling pathways
involved in order to gain insight into the mechanisms through
which ISRAA integrates the regulatory mechanisms and how
information flows through a system.

Understanding signaling pathways is challenging, since there
are hundreds of signaling pathways, as well as hundreds or even
thousands of different proteins used by the cell at the same time.
The fact that many signals are transient events further compli-
cates our understanding of signaling pathways. Furthermore, the
response of some pathways depends on the strength and the time
of the stimulus (7,8). In the present study, we stimulated hPBMCs
with ISRAA in order to examine the broad spectrum of cyto-
kines and explore the activated signaling pathways by detecting
phosphorylated proteins from second messengers down to the
nuclear translocation of transcription factors.

Materials and methods

Isolation of hPBMCs. This study was approved by the Ethics
Committee of Arabian Gulf University, Manama, Bahrain.
Blood samples in EDTA tubes (Becton, Dickinson and Co., San
Diego, CA, USA) were obtained from apparently healthy donors;
none of the participants reported any history of acute or chronic
medical problems, and informed consent was obtained from all
donors. hPBMCs were purified using the Ficoll-Hypaque tech-
nique by diluting the blood 1:2 with phosphate-buffered saline.
Subsequently, 10 ml of this diluted blood were carefully layered
onto the 3 ml Ficoll-Hypaque Plus cushion (Pharmacia Biotech,
Uppsala, Sweden) and centrifuged at 400 x g for 30-40 min at
18-20°C. The upper layer was drawn off using a clean Pasteur
pipette, leaving the lymphocyte layer undisturbed at the inter-
face, which was then washed twice using phosphate-buffered
saline and once with RPMI-1640 containing 1% FBS. The
pellet was reconstituted in 5 ml of complete RPMI-1640
(Life Technologies, Grand Island, NY, USA) culture medium
containing 10% heat-inactivated fetal bovine serum, 2 mM
L-glutamine, 10 mM HEPES buffer and antibiotic (50 U/ml
penicillin, 50 pg/ml streptomycin). The viability of the mono-
nuclear cells was confirmed by the trypan blue exclusion test.
The viable cell numbers were counted using a hemocytometer.
The viability of the mononuclear cells was >95% on average, as
previously demonstrated (9).

The obtained mononuclear cells were rapidly plated
onto a tissue culture plate (Falcon 3001) at a concentration of
1x10° cells/ml and incubated in a 37°C, 95% air, 5% CO,,
100% humidity incubator. Subsequently, the cells were stimu-
lated with 5 pg and 50 pg concentrations of ISRAA, and 5 ug
of phytohaemagglutinin (PHA; Cat. no. L8902; Sigma-Aldrich,
St. Louis, MO, USA) as a positive control (PC). Cells without
stimulation were used as a negative control (NC). Each concen-
tration was used in triplicate. The cells were collected at 0, 5, 10,
15and 30 minand at 1,3, 6, 12, 24 and 48 h; however, stimulation
for 24 h was found to be the optimal time point (data not shown).

Identification and production of ISRAA. ISRAA used in
this study was obtained as previously described (1). The
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QI Aexpressionist™ protocol was used for the cloning of the
full length ISRAA gene and for high-level expression and
purification of the 6xHis-tagged protein according to the
manufacturer's instructions (Qiagen, Inc., Valencia, CA, USA).
In brief, protein expression and purification were performed
by the transformation of two constructs of bacterial expression
vector (pQE-32 vector) in 5 ml Lysogeny broth (LB) culture
medium; protein expression was induced using isopropyl -D-
1-thiogalactopyranoside (IPTG) for one construct, while the
other construct was kept uninduced to serve as a negative
control. The expression was tested on a small scale first, and
was then tested on a large scale using 1 1 LB culture medium.
Protein purification was performed by immobilized-metal
affinity chromatography (IMAC) as the initial purification
step. In addition, column chromatography under denaturing
conditions with Ni-NTA magnetic beads (Qiagen, Hilden,
Germany) was carried out to achieve further purification.
Subsequently, the protein was subjected to IMAC again to
remove the protease and any cellular proteins that bound to
the metal affinity resin, followed by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and mass
spectrometry to determine the expression and purification of
the ISRAA protein. Following elution, the purified protein
showed 2.212 optical density (OD) using the 280 nm absorbance
wavelength, and western blot analysis was carried out using
anti-His antibody (Fig. 10) indicating a high level of protein
purification, which was 80-95%; polymyxin B was used to
neutralize the effect of the Gram-negative capsule endotoxins.
Purified recombinant protein when titrated showed that there
are two concentrations considered to be optimal in inducing
the proliferation and cytotoxicity of the mononuclear cells;
these two concentrations were 50 pg and 5 pg. To ensure that
those two effects are due to the ISRAA recombinant protein,
polyclonal antibodies to ISRAA were used, and the effect of
ISRAA was neutralized by the antibodies.

MTT cell proliferation and cytotoxicity assay. The MTT Cell
Proliferation Assay (ATCC, Manassas, VA, USA) was used to
measure the cell proliferation rate. The protocol was performed
to examine the proliferative and cytotoxic effects of ISRAA on
the cells according to manufacturer's instructions. Cell suspen-
sion was harvested by centrifugation, and was then resuspended
at 1x10° cells/ml. A total of 100 ul of cell suspension was plated
in each well in triplicate. Three control wells of medium were
left alone to provide the blanks for the absorbance readings.
Another three wells with cell suspension alone as a negative
control and three wells stimulated with 5 yg of PHA as a
positive control were used. A total of 10 ul of 50 pg and 5 ug
ISRAA protein was added to each well in triplicate. The plates
were incubated at 37°C in 5% CO, for 24 h. Subsequently, 10 ul
of 5 mg/ml MTT reagent were added to each well, including
controls and incubated for 4 h at 37°C. A total of 100 ul of MTT
solvent (acidic isopropanol 0.04 M HCl in absolute isopropanol)
was then added to all wells. The plates were covered with
tinfoil and agitated on an orbital shaker for 15 min. Finally, the
absorbance at 690 nm was recorded, and the cytocide rate was
calculated using the following formula: cytocide rate (%) = (OD
control - OD experiment)/OD control x100. The assay was also
used to determine the effects of the mitogen-activated protein
kinase (MAPK) pathway inhibitor, U0126 (MEK1/2 inhibitor,
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from Cell Signaling Technology, Inc, Danvers, MA, USA;
Cat. no. 9903), on ISRA A-induced apoptosis. The inhibitors
were added at a concentration of 10 #M 1 h prior to stimulation.

Measurement of CD45/CD3/CD8/CD4-positive cell count by
flow cytometry. To examine the effects of various concentra-
tions of ISRA A on the absolute counts of mature T lymphocytes
(CD3*) and the percentage of helper/inducer (CD3*/CD4") and
suppressor/cytotoxic (CD3*/CD8") T cell subsets, MultiTEST
CD3 FITC/CDS, PE/CD45, PerCP/CD4 APC with Trucount
tubes (Becton, Dickinson and Co.) containing a freeze-dried
pellet of fluorescent beads in a single-use tube were utilized.
Samples were stained directly in a Trucount tube. The lyophi-
lized pellet in the tube was dissolved releasing a known number
of fluorescent beads. During analysis, the absolute number
(cells/ul) of positive cells in the sample was determined by
comparing cellular events to bead events. A BD Biosciences
flow cytometer was used for flow cytometry, as previously
descrbied (10). The BD FACSCalibur™ flow cytometer was
used with CaliBRITE™ beads and FACSComp version 4 and
Multiset™ Software as recommended by the manufacturer.
This method was also used to determine the effects of the
p42 MAPK pathway inhibitor (U0126) on ISRA A-induced
proliferation. The inhibitors were added at a concentration of
10 xM 1 h prior to stimulation.

Detection of cytokines by flow cytometry. To examine the
effects of various concentrations of ISRA A at separate intervals
on cytokine production BD Cytometric Bead Array (CBA),
Human Soluble Protein and CBA Flex Set for the cytokines,
interleukin (IL)-4, IL-6, IL-10, IL-17A, IFN-y, tumor necrosis
factor (TNF)-a., IL-8 and transforming growth factor (TGF)-3
(Becton, Dickinson and Co.) were used according to the
manufacturer's instructions and as previously described (11).
To determine the pathway adopted by ISRAA in the produc-
tion of IL-6, pharmacological inhibitors of MAPKs [U0126,
MEKI1/2 inhibitor and SB20358, p38 inhibitor (Cell Signaling
Technology, Inc; Cat. no. 5633)] were used and the levels of
IL-6 were monitored using CBA with flow cytometry.

Quantitative sandwich enzyme-linked immunosorbent assay
(ELISA) to detect IL-6. The hPBMCs were cultured and treated
as described above. All the cells were incubated at 37°C in
5% CO, for 24 h. The supernatants were collected and analyzed
for IL-6 expression using an ELISA kit (R&D Systems,
Minneapolis, MN, USA).

Bradford protein assay. To perform the western blot analysis
and immunofluorescence assay, the protein concentrations were
measured to standardize the volume of protein extraction used
on each reaction. The Bradford protein assay and nanogram
measures were used (Sigma-Aldrich). This assay was performed
in a 96-well plate. A total of 5 ul of a 0.1-1.4 mg/ml protein
sample was used as a standard. The protein standards (5 pl),
the cell lysates and buffer as a blank were added to the 96-well
plate. The reagent was gently mixed; subsequently, 250 ul of
the Bradford reagent were added and mixed in a shaker for
~30 sec. The samples were incubated at room temperature for
5-45 min. The absorbance was then measured at 595 nm. The
protein concentration of the unknown samples was determined
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by comparing the Net A595 values against the standard curve,
as previously described (12).

MAPK signaling pathway detection. MAPK activity was
achieved by measuring the phosphorylation of extracellular
signal-regulated protein kinase (ERK)1/2 pathways, as the
main components of the MAPK downstream signaling protein
which plays a vital role in the IL-6 signaling pathway. The
hPBMCs were grown, counted and adjusted to 10° cells/ml in
complete RPMI-1640 growth medium. The cells were treated
with 5 ug and 50 pg concentrations of ISRAA in triplicate
wells, and the cells were then collected at intervals of 5, 10,
30 and 60 min. Total cell extracts from Jurkat cells were
treated with 12-O-tetradecanoylphorbol-13-acetate (TPA; Cell
Signaling Technology, Inc) as a positive control, and the cell
lysates were then tested for the level and the optimal time of
phosphorylation by western blot analysis of the cell lysates for
phosphorylated (p-)ERK1/2 [by incubating the membrane in
p44/p42 MAPK (ERK/1/2 (Thr202/Tyr204; Cell Signaling
Technology, Inc; Cat. no.4370)]. The pharmacological inhibitor,
U0126 (MEK1/2 inhibitor) (Cell Signaling Technology, Inc.),
was used to examine the role of MAPK in the production of
IL-6 as a direct or indirect effect of ISRAA. The cells were
cultured (as described above), and then treated with 10 M of
UO0126 inhibitor for 60 min prior to stimulation with ISRAA
at intervals of 5, 10 and 30 min and then examined by western
blot analysis (see below) for p-ERK1/2 (13).

Signal transducer and activator of transcription (STAT)3
pathway detection. The hPBMCs were grown, counted and
adjusted to 10° cells/ml in complete RPMI-1640 growth
medium. The cells were treated with 50 pg of ISRAA in
triplicate wells. The cells were then collected after 0, 5, 10,
30 and 60 min. IFN-a treated Jurkat cells were used as a posi-
tive control and tested for the level and the optimal time of
phosphorylation by western blot analysis of the cell lysates with
p-Stat3 (Tyr705) antibody (Cell Signaling Technology, Inc.),
as well as for the presence of unphosphorylated STAT3.

Western blot analysis. The cell lysates were subjected to
electrophoresis on a 12% SDS-PAGE gel and transferred onto
a nitrocellulose membrane. The membranes were blocked
in Tris-buffered saline with 5% milk and 0.1% Tween-20.
The blots were probed with anti-STAT3 (Cat. no. 9130), anti-
p-Stat3 (Tyr705; Cat. no. 9130) and anti-p-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204; Cat. no. 4370) antibodies over-
night and incubated with horseradish peroxidase-conjugated
secondary antibody (Cat. no. 9130) (all from Cell Signaling
Technology, Inc.). Antibody/antigen complex was visualized
using an enhanced chemiluminescent ECL Western Blotting
Substrate (Cell Signaling Technology, Inc.) scanned by an
image analyzer (LAS-1000; Fujifilm, Tokyo, Japan), as previ-
ously described (13).

Immunostaining and fluorescence microscopy for ERKI/2.
The hPBMCs were grown, counted and adjusted to
10 cells/ml in complete RPMI-1640 growth medium. The
cells were treated with 50 pg of ISRAA in triplicate wells. The
cells were collected after 0, 5, 10, 15, 30 and 60 min, and were
then fixed and stained directly in a multi-chamber slide. Using
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Figure 1. Effects of various concentrations of immune system-released acti-
vating agent (ISRAA) on cell proliferation and death. Human peripheral blood
mononuclear cells (hPBMCs) were treated with 5 ug and 50 pg of ISRAA.
Phytohaemagglutinin (PHA) (5 ug) was used as a positive control (PC)
and unstimulated cells as a negative control (NC). Results were obtained
by measuring the metabolic rate of cells as an estimate of the total number
of cells involved in the reaction. Cells treated with 50 pg ISRAA showed a
significantly increased cell metabolic rate compared to cells treated with 5 ug
ISRAA, which resulted in significant cell death. Data are the means + SD;
each value represents the mean of four experiments and each experiment was
performed in triplicate. “p<0.05 vs. NC.
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Figure 2. Effect of various concentrations of immune system-released acti-
vating agent (ISRAA) on human peripheral blood mononuclear cell (hPBMC)
numbers. hPBMCs were treated with two different concentrations of ISRAA,
i.e., 5 pg and 50 pg. Phytohaemagglutinin (PHA)(S pg) was used as a posi-
tive control (PC) and unstimulated cells as a negative control (NC). Results
were obtained by taking the absolute counts of leukocytes (CD45) and mature
T lymphocytes (CD3*) and the percentages of helper/inducer (CD3*/CD4")
and suppressor/cytotoxic (CD3*/CD8*) T lymphocyte subsets were assessed
by flow cytometry. Cells treated with 50 pg of ISRAA showed significantly
increased cell numbers compared to cells treated with 5 g of ISRAA, which
showed a marked decrease in cell numbers. Data are the means + SD; each
value represents the mean of four experiments and each experiment was per-
formed in triplicate. “p<0.05 vs. NC and treatment with 5 ug ISRAA.

4% formaldehyde in PBS, the cells were fixed for 15 min
at room temperature, rinsed three times in PBS for 5 min
each time and then permeabilized with 0.1% Triton X-100
and 5% FCS in PBS at room temperature for 60 min. The
permeabilized cells were incubated with diluted primary
antibody [p-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) rabbit
antibody; Cell Signaling Technology, Inc.] overnight at 4°C.
They were subsequently washed three times in PBS for 5 min
each time before the addition of the fluorochrome-conjugated
secondary antibody [anti-rabbit, IgG (H+L), F(ab")2 fragment
(Alexa Fluor® 488 Conjugate); Cat. no. 4412; Cell Signaling
Technology, Inc ], and were then kept for 1 h at room tempera-
ture in the dark and washed with PBS. Prior to visualization
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Figure 3. Effect of immune system-released activating agent (ISRAA) on
the ratio of CD4:CDS8 proliferated human peripheral blood mononuclear
cells (hPBMCs). hPBMCs were stimulated with 50 pg and 5 ug of ISRAA
for 24 h. Phytohaemagglutinin (PHA) was used as a positive control (PC) and
unstimulated cells as a negative control (NC). Cells were counted using the
CD3/CD45/CD4/CD8 MultiTEST count by flow cytometry. The ratio of the
numbers of the CD4 to the numbers of the CD8 was calculated using the soft-
ware provided by the manufacturer, as detailed in the Materials and methods.
Data are the means + SD; each value represents the mean of four experiments
and each experiment was performed in triplicate.

by fluorescence microscopy, the cells were covered with
coverslip slides with ProLong® Gold Antifade Reagent (Cell
Signaling Technology, Inc.; Cat. no. 9071). Images were
obtained using a fluorescence microscope (Leica DM-3000;
Leica Microsystems, Milton Keynes, UK), as previously
described (13).

Statistical analysis. ANOVA was used to compare the levels
of significance between the different groups. The Student's
t-test was used to calculate the levels of significance. A value
of p<0.05 was considered to indicate a statistically significant
difference.

Results

MTT cell proliferation and cytotoxicity assays. The effects of
ISRAA on the cell metabolic rate were monitored by the MTT
assay (Fig. 1). A significant decrease (p<0.05) in the number
of cells was observed following treatment with the highest
concentration of ISRAA (5 pg). However, a significant increase
in cell proliferation was observed following treatment with
ISRAA at the concentration of 50 pg (p<0.05) compared to
the unstimulated cells (negative control, NC). PHA was used
as a positive control (PC) and was found to exert significant
proliferative effects (p<0.05).

Effects of ISRAA on CD45/CD3/CD4/CD8-positive hPBMC
numbers determined by flow cytometry. The cells treated
with 50 pg ISRAA exhibited a significant increase in the
number of CD45/CD3/CD4/CD8-positive cells compared
to the unstimulated cells and the cells treated with 5 ug
ISRAA (p<0.05). Stimulation with 5 ug ISRAA resulted in a
significant decrease in the CD45/CD3/CD4/CD8-positive cell
number (p<0.05) (Fig. 2).

Effect of ISRAA on the ratio of CD4:CDS8 proliferated
hPBMCs. The hPBMCs were stimulated for 24 h with 50 pg
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Figure 4. Cytokine induction as measured by Cytometric Bead Array (CBA) using flow cytometry and enzyme-linked immunosorbent assay (ELISA). Levels
of cytokines (A) IL-6, IL-17, TNF-a;, (B) IL-8, (C) IFN-y and (D) IL-4, IL-10, TGF-f3 were measured after stimulating human peripheral blood mononuclear
cells (WPBMCs) after being grown to (100 ul of 1x10° cells/well) with immune system-released activating agent (ISRAA) with concentrations of 50 pg and 5 ug
for 24 h. The supernatant was collected and assayed for these cytokines using the CBA with flow cytometry; concentrations were expressed and compared
with the basal level found on the unstimulated cells. Phytohaemagglutinin (PHA) was used as a positive control (PC) and unstimulated cells as a negative
control (NC). Each value represents the mean of four experiments and each experiment was performed in triplicate. Error bars denote SD. (E) Similarly, the level
of IL-6 was measured by ELISA to confirm the above recorded level. “p<0.05 vs. untreated cells (negative control).

and 5 pg of ISRAA. PHA was used as a positive control (PC)
and unstimulated cells served as a negative control (NC).
The cells were counted using the CD45/CD3/CD4/CDS§
MultiTEST count by flow cytometry. The cells stimulated with
50 pg of ISRAA exhibited the ability to proliferate. In order
to determine the subset of T lymphocytes which proliferated
more as a result of stimulation with 50 pg ISRAA, the ratio
of the two subsets, i.e., the helper/inducer (CD3*/CD4*) and
suppressor/cytotoxic (CD3*/CD8*) was calculated and the
results are shown in Fig. 3. The T/helper and T/cytotoxic cells
both increased in number at the same rate, with no significant
difference observed between the groups (postive control and
group treated with 50 pg ISRAA; p>0.05).

Cytokine production induced by ISRAA. To quantify and
analyze the effects of ISRAA on the expression of a group
of pro-inflammatory (IL-6, IL-17, IFN-y, TNF-a) and
anti-inflammatory cytokines (IL-8, IL-4, IL-10, TGF-p)
produced by the hPBMCs stimulated with 50 pg and 5 ug of
ISRAA, various techniques were used, such as CBA with flow
cytometry and quantitative sandwich ELISA. Kinetic analysis
on cytokine production demonstrated that a 24-h incubation
period is the optimal time point for the maximum induction of
the measured cytokines (data not shown).

As shown in Fig. 4, with the use of CBA with flow cytom-
etry, our results revealed that stimulation with 50 pg ISRAA
markedly increased the levels of the pro-inflammatory
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Figure 5. Western blot analysis of p-ERK1/2 with or without the addition of the
inhibitor (U0126). Extracts from cells treated with 5 g and 50 pg concentra-
tions of immune system-released activating agent (ISRAA) with or without the
ERKI1/2 inhibitors at intervals of 5, 10,30 and 60 min (60 min were used only for
cells stimulated with ISRAA with no inhibitor added). Total cell extracts from
Jurkat cells treated with TPA (Cell Signaling Technology, Inc.) as a positive con-
trol (PC). Extracts were subjected to electrophoresis on a 12% SDS-PAGE gel
and transferred onto a nitrocellulose membrane, probed with p-p44/42 MAPK
(ERK1/2) overnight and incubated with horseradish peroxidase-conjugated
secondary antibody. Antibody/antigen complex was visualized using an
enhanced chemiluminescent ECL Western Blotting Substrate. The experiment
was repeated several times with similar results. The figure represents ERK1/2
activation with the 50 pg concentration of ISRAA.

cytokines, IL-6 and TNF-a (p<0.05), but not those of IL-17
compared to the unstimulated cells (Fig. 4A). Stimulation with
ISRAA (50 pg) also induced a significant increase in the levels
of IL-8 (Fig. 4B) and IFN-v (Fig. 4C) (p<0.05). The analysis of
anti-inflammatory cytokines revealed a significant induction
of IL-10 (p<0.05), but not IL-4 or TGF-f (Fig. 4D). The toxic
concentration of 5 yg ISRAA did not significantly alter the
levels of all the examined cytokines.

The cytokine IL-6 exhibited the highest detectable cytokine
levels, as shown by CBA with flow cytometry. These results
were confirmed by ELISA, which revealed a 4-fold increase
in IL-6 production in the cells stimulated with 50 pg ISRAA
compared to the unstimulated cells (p<0.05; Fig. 4E).

Western blot analysis of p-ERK1/2. The phosphorylation of
ERK1/2 as a MAPK downstream signaling protein was exam-
ined by western blot analysis of extracts from cells treated with
50 pg ISRAA with or without ERK1/2 inhibitor (U0126) at
intervals of 5, 10, 30 and 60 min. Total cell extracts from Jurkat
cells treated with TPA were used as a positive control. The
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results revealed that detectable ERK1/2 phosphorylation began
at 10 min and steadily continued to increase until the 60-min
time point following stimulation, while low levels of phosphory-
lation or no phosphorylation were observed in cells stimulated
with ISRAA when the inhibitors were used (Fig. 5).

ERK1/2 translocation. Upon activation, ERK1/2 translocates
to the nucleus in order to be transcribed. Using immunofluo-
rescence assay to reveal the exact time required for p-ERK1/2
to translocate to the nucleus, the results demonstrated that the
phosphorylation and dimerization of ERK1/2 began at around
5 min, and intensified at around 10 min. It then began to trans-
locate from the cytoplasm towards the nucleus at 15 min where
some of the phosphorylated molecules entered the nucleus. This
intensified at 30 min, and by 60 min, a complete translocation
to the nucleus had occurred (Fig. 6).

Effect of ERK1/2 inhibitor on cell proliferation and apop-
tosis. The hPBMCs were cultured and treated with 5 ug or
50 pg of ISRAA with or without the p-ERK1/2 inhibitor.
Data were obtained using the MTT assay for cell death
(Fig. 7A), and cell proliferation was analyzed by taking the
absolute counts of mature helper/inducer (CD3*/CD4*) and
suppressor/cytotoxic (CD3*/CD8*) T lymphocyte subsets by
flow cytometry (Fig. 7B). As shown in Fig. 7, the results revealed
that, compared to the unstimulated cells (negative control,
NC), there was a significant increase in hPBMC prolifera-
tion (p<0.05) following stimulation with 50 pg of ISRAA with
or without the addition of the inhibitor. However, the toxic effect
of the 5 ug concentration of ISRAA was significantly abrogated
by the addition of the inhibitor and, consequently, a significant
increase in proliferation was observed following the addition of
the inhibitor (p<0.05). PHA was used as a positive control (PC)
and did not significantly affect proliferation (p<0.05).

Effects of ERK1/2 inhibitors on the production of IL-6. To
determine the pathway adopted by ISRAA in the produc-
tion of IL-6, the pharmacological inhibitors of MAPKs,

Figure 6. Immunofluorescenc assay for the p-ERK1/2 nuclear translocation. Cells were prepared as described in the Materials and methods, adjusted to 10° cells/
ml and treated with 50 pg of immune system-released activating agent (ISRAA). Cells were then collected at intervals of 0, 5, 10, 15, 30 and 60 min. Thereafter,
they were fixed and stained directly in multi-chamber slides using 4% formaldehyde in PBS for 15 min at room temperature, permeabilized for 60 min and
incubated with primary antibody (ERK1/2) overnight at 4°C. Subsequently, the fluorochrome-conjugated secondary antibody was added and kept for 1 h at room
temperature in the dark, visualized by darkfield microscopy at x40 magnification. Accuracy was confirmed at a higher magnification (x100 magnification). Each

test was performed in duplicate.
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Figure 7. Effect of ERK1/2 inhibitor (U0126) on cell proliferation and death. Human peripheral blood mononuclear cells (hPBMCs) were treated with 5 ug and
50 pg of immune system-released activating agent (ISRAA) with or without the addition of 10 xM of U0126, the ERK1/2 inhibitor which was added 1 h prior to
stimulation. (A) MTT assay was used to measure cell death and (B) CD45/CD3/CD4/CD8 with flow cytometry was used to measure cell proliferation. Data are
the means + SD; all the experiments were repeated several times with similar results. “p<0.05 vs. NC.
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Figure 8. Inhibition of IL-6 production by the specific ERK1/2 (p42/38) inhibitors (p42, U0126; p38, SB203580). Human peripheral blood mononuclear
cells (hPBMCs) from apparently healthy donors (100 ul of 1x10° cells/well) after being grown to confluency pre-treated with U0126 and SB203580 (10 xM)
for 1 h prior stimulation with 50 pg immune system-released activating agent (ISRAA) for 24 h. The supernatant was collected and assayed for IL-6 by flow
cytometry [Cytometric Bead Array (CBA)] assay. Concentrations were expressed and compared with the basal level of IL-6 on the unstimulated cells [negative
control (NC)] and the positively stimulated phytohaemagglutinin (PHA) cells [positive control (PC)]. Each value represents the mean of at least four experiments,

each performed in duplicate. Error bars denote SD. "p<0.05 vs. NC.
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Figure 9. Effect of ERK1/2 inhibitor (U0126) on the production of TNF-a.
Human peripheral blood mononuclear cells (hPBMCs) were prepared as
described above and pre-treated with U0126 (10 M) for 1 h prior to stimula-
tion with 50 pg immune system-released activating agent (ISRAA) for 24 h.
The supernatant was collected and assayed for TNF-a by flow cytometry.
Concentrations were expressed and compared with the basal level of TNF-a
on the unstimulated cells, [negative control (NC)] and the positively stimu-
lated phytohaemagglutinin (PHA) cells [positive control (PC)]. Each value
represents the mean of at least four experiments and each was performed in
duplicate. Error bars denote SD. “p<0.05 vs. treatment with 50 pg ISRAA.

U0126 and SB20358, were used and the levels of IL-6 were
monitored using CBA with flow cytometry. Our results
demonstrated the abrogation of IL-6 production as a result of
pre-incubation with the two blockers prior to stimulation with
ISRAA (p<0.05; Fig 8).

Effect of ERK1/2 inhibitors on the production of TNF-a.
Treatment with 50 pg of ISRAA with or without the addi-
tion of the ERK1/2 inhibitor using the flow cytometric
technique revealed a significant decrease in the expression
of TNF-a when using the inhibitor compared with the
increased level observed in the cells treated with 50 pg of
ISRAA (p<0.05; Fig 9).

Phosphorylation of STAT3 proteins. IL-6 was originally
cloned as an acute-phase response factor resulting in the
activation of the Janus kinase (JAK)/STAT3 pathway. To
examine the phosphorylation of the STAT3, western blot
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Figure 10. Phosphorylation of signal transducer and activator of transcrip-
tion (STAT)3 proteins. Human peripheral blood mononuclear cells (hPBMCs)
from apparently healthy donors (100 pl of 1x10° cells/well) were stimulated
with 50 pg immune system-released activating agent (ISRAA) at intervals of
5, 30, and 60 min. The cell extracts were subjected to western blot analysis.
The blots were probed with unphosphorylated signal transducer and STAT3
antibody overnight and incubated with horseradish peroxidase-conjugated sec-
ondary antibody. Antibody/antigen complex was visualized using an enhanced
chemiluminesence (ECL) Western Blotting Substrate. p-STAT3 protein was
used as a positive control (PC).
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Figure 11. Fas-associated protein with death domain (FADD) expres-
sion. Human peripheral blood mononuclear cells (hPBMCs) (100 pl of
1x10° cells/well) were treated with immune system-released activating
agent (ISRAA) at a high-dose concentration of 5 pzg and a low-dose concentra-
tion of 50 pg. Unstimulated cells were used as a negative control (NC), while
cells treated with phytohaemagglutinin (PHA) at a concentration of 5 ug/
ml were used as a positive control (PC). GAPDH was used as endogenous
internal control. Target mRNA of FADD is shown as documented on the
electrophoresis gel.

analysis was performed using monoclonal antibodies to
phosphorylated and unphosphorylated STAT3. The results
revealed that STAT3 factors were ubiquitously expressed
in an unstimulated inactive unphosphorylated form. The
examination of p-STAT3 revealed no phosphorylation of
STATS3 (Fig. 10).

Fas-associated protein with death domain (FADD) expres-
sion. The expression of the death domain revealed that ISRAA
activated FADD at a concentration of 5 yg and 50 pg (Fig. 11).

Discussion

ISRAA is an immune mediator activated upon a nerve stimulus
triggered by an immune challenge (1). The human counter-
part of mouse ISRAA is not known; however, we recently
demonstrated that ISRAA contains an interspecies-conserved
functional motif sharing 72% homology with a motif present in
the TNF receptor 1 (TNFR1), a receptor connected to intracel-
lular domains inducing dose-dependent signals for survival or
death, and the potential proliferative effects of mouse ISRAA
on human cells were recorded (2). In this study, we recon-
firmed this activity using different techniques and examined
the induction of a broad spectrum of pro-inflammatory and
anti-inflammatory cytokines in response to the stimulation of
hPBMCs with ISRAA. Furthermore, the signaling pathways
used by ISRAA to induce cytokine production were explored.
The results revealed increased levels of IL-6, IL-8, IL-10,
IFN-y and TNF-a produced by the ISRAA-stimulated
hPBMCs, whereas no changes were observed in the produc-
tion of the IL-4, IL-17A and TGF-f cytokines in response
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to ISRAA stimulation. Since ISRAA is involved in different
cellular activities, including death, growth and survival,
complex signaling pathways may be involved. Moreover,
dissociated cytokine profiles were recorded to induce such
activities considering that cytokines are signaling proteins
with pleiotropic effects in diverse aspects of bodily functions
in health and disease and are used extensively in intercellular
communications to produce different activities. Among the
produced cytokines, IL-6 showed the highest measurable
levels in the current study.

IL-6 possesses a number of functional properties and this
is reflected by the terminology used to describe the activities of
this cytokine (IFN-f32, hepatocyte-stimulating factor, cytotoxic
T cell differentiation factor, B cell differentiation factor, and
B cell stimulatory factor 2) (14). It is well known for promoting
inflammatory events through the expansion and activation of
T cells, the differentiation of B cells, and the induction of
acute-phase reactants cells. By contrast, it also plays a protec-
tive role during disease and counteracts the manifestation of
certain inflammatory responses (15-17). Thus, IL-6 functions
not only as a pro- but also as an anti-inflammatory cytokine,
and, as a result, plays a pivotal role during disease.

To understand the mechanisms through which ISRAA
transduces its potent biological responses, we briefly examined
the signaling pathway used by ISRAA to induce the produc-
tion of IL-6. The signaling pathways known to be involved
in the production of IL-6 have been mainly found to be the
MAPK and/or JAK/STAT pathways (18). Therefore, these two
pathways were analyzed after stimulating the hPBMCs cells
with ISRAA.

The ERK-MAPK pathway was the first signal transduc-
tion cascade to be unraveled and delineated from the cell
membrane to the nucleus (4). The pathway has been extensively
investigated and is also known as the classical mitogen kinase
cascade (19-23,28). The cascade is initiated by the small
G protein Ras, which recruits the MAPKKKSs A-Raf, B-Raf
and Raf-1, the MAPKKs MEK1 and 2, and the MAPKs ERKs,
in addition to a large number of a range of substrates, including
membrane and cytoskeletal proteins, cytosolic enzymes,
and transcription factors (24). Ras/MAPK regulates many
cellular processes and plays an important role in physiological
processes, such as proliferation, differentiation and develop-
ment (25,26). Moreover, Ras/sMAPK has also been found to
control the signaling pathway leading to the phosphorylation
and inactivation of a pro-apoptotic Bcl-2 family member in
mammalian cells, Bad, which is targeted on serine 112 by a
MEK-dependent pathway, whereas the phosphorylation of two
other residues occurs in a MEK-independent manner (one of
them is serine 136 by the PI3K/AKT pathway). Serine 112
phosphorylation has been found to be required for the dissocia-
tion of Bad from Bcl-2 providing a key link between growth
and survival pathways and protection from apoptosis (27).

ERK1/2 signaling has been implicated as a key regulator
of cell proliferation, and for this reason, inhibitors of the ERK
pathway are used in clinical trials as potential anticancer
agents (28). In this study, we examined the involvement of
ERK1/2 and p38 kinase in mediating IL-6 production from
hPBMCs using U0126 and SB203580 as inhibitors of ERK1/2
and p38 kinase, respectively. We demonstrated that by treating
the cells with U0126 and SB203580 for 1 h prior to stimulation
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with ISRAA, the differential effects of these compounds were
observed in the level of IL-6, which was markedly decreased,
suggesting the essential role and function of MAPKs in the
level of IL-6 produced by cells stimulated with ISRAA.

In the present study, western blot analysis and immuno-
fluorescence assay were used to investigate the levels and
intensity of p-ERK (Thr202/Tyr204) as a downstream target
protein, and the results revealed that P-ERK1/2 p-ERK1/2 as
downstream signals in the MAPK pathway were phosphory-
lated due to ISRAA stimulation and a significant amount of
p-ERK1/2 accumulated in the nucleus. The localization of
MAPK depends on its phosphorylation state at the sites of
action rather than on its activity. Phosphorylation induces its
cyto-dimerization, which is required for its nuclear transloca-
tion. Upon activation, both kinases partly translocate to the
nucleus (29,30).

IL-6 signals via gp130 homodimerization which then acti-
vates JAKSs and recruits STAT proteins (31). STAT factors are
ubiquitously expressed in an unstimulated, inactive (unphosphor-
ylated) form (32), predominantly regulated by post-transitional
modifications, i.e., tyrosine and serine phosphorylation. This is
in accordance with our findings since unphosphorylated STAT3
in the ISRA A-stimulated hPBMCs was noted, and STAT3 was
ubiquitously expressed in unstimulated cells suggesting that
ISRAA has a protein inhibitor of activated STAT (PIAS)-like
activity by acting as a negative regulator of the JAK/STAT
pathway, where PIASI and PIAS3 have been shown to inhibit
the activity of STAT1 and STATS3, respectively (33).

The effects of ISRAA on cells have been shown to be
dualistic, as high concentrations induce apoptosis and low
concentrations induce proliferation (2). This study demon-
strated that ERK1/2 had no effect on the ISRA A-induced cell
proliferation, while it was shown that ERK1/2 is required for
ISRAA-induced apoptosis since the inhibition of ERK activi-
ties by a small molecule inhibitor almost completely inhibited
the apoptotic effects of the high dose of ISRAA and reversed
the suppressive effect of the cytotoxic dose. This is in agreement
with the results of other studies (34-36), suggesting that the ERK
pathway mediates the apoptosis induced by different stimuli in
different tissues even though ERK has generally been consid-
ered a survival signaling pathway. However, the mechanisms
through which ERK mediates apoptosis remain unclear. We
hypothesized that the ERK1/2 pathway is involved in apoptosis
by increasing an upstream signal for TNF-a production via the
extrinsic pathway by activating the death domain of the FADD
pathway. This is supported by Jo et al (37), who examined the
effect of ERK inhibition on TNF-a expression and subsequent
caspase-3 activation in cisplatin-induced acute renal failure in
mice. The authors demonstrated that the inhibition of ERK1/2
reduced TNF-a expression, caspase-3 activation and apoptosis
in kidney tissue, suggesting that the ERK1/2 pathway also
participates in apoptosis by increasing an upstream signal for
TNF-a production. In this study, we also demonstrated that the
TNF-a level induced by ISRAA was significantly decreased
when ERK1/2 was inhibited, indicating that ISRAA/ERK1/2
may use the extrinsic apoptotic pathway by activating the death
receptors via increasing the level of TNF-a to induce apoptosis.
These data have been recently supported by an exhaustive
structural analysis of ISRAA that demonstrated features of
novel signaling molecules (unpublished data).
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In conclusion, the present study confirmed the dose-de-
pendent apoptotic and proliferative effects of ISRAA on
hPBMCs. Furthermore, high measurable levels of dissociated
cytokine responses were detected, and the downstream signals
of the MAPK pathway (ERK1/2) were found to be critically
involved. The results also revealed that ISRAA functions as a
PIAS-like protein, functioning as a negative regulator of STAT3
action on the JAK/STAT pathway. Since FADD was activated
with both concentrations of ISRAA (proliferative and toxic) and
ERK1/2 activation was involved in the IL-6 and TNF-a produc-
tion and in apoptosis, but not in proliferation, further research
into the intrinsic pathways is required to examine the effects of
ISRAA on ERK and consequently on different caspases, and
p53 and Bcl-2 proteins, as well as on survival signaling, such
as the Ras/PI3K/Akt pathway and Fyn expression. Experiments
to define the proliferative and apoptotic concentrations for each
hPBMC population during proliferation and apoptosis have
been recently initiated in our laboratory.
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