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ABSTRACT: Interleukin-10 (IL-10) plays a major proliferative role in
many tumors, and activates the transcription factor Stat3 by ty-
rosine phosphorylation. The immunomodulator ammonium trichloro
(dioxoethylene-o,o’) tellurate (AS101) has a direct antitumor activity,
and is able to sensitize several tumors to chemotherapy, by inhibiting
the tumor IL-10 autocrine loop. The tyrosine kinase Fer is essential for
the proliferation of numerous malignant cell lines and in some cases
was related to Stat3 activation. This article examined the role of AS101
in IL-10 signaling, and the correlation between Fer and Stat3, in hu-
man peripheral blood mononuclear cells (PBMC). We show that Fer
was associated with Stat3 in PBMC and RAW 264.7, a macrophage cell
line. Recombinant IL-10 (rIL-10) increased the tyrosine phosphoryla-
tion of Stat3, upregulated the levels of Fer, and increased the associ-
ation of Fer with phosphorylated Stat3 (pYStat3). All the activities of
IL-10 mentioned above were reversed by AS101. The effects conferred
by AS101 were totally abolished by exogenous addition of rIL-10. These
results indicate that AS101 downregulates the Stat3 IL-10 loop, and in-
hibits Fer association with pYStat3. We conclude that anti-IL-10 treat-
ment using AS101, may be beneficial in certain malignancies and other
pathologies in which IL-10 secretion is elevated and Stat3 is continuously
phosphorylated.
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INTRODUCTION

Interleukin-10 (IL-10) is known as an anti-inflammatory factor. In addition,
IL-10 regulates growth and/or differentiation of B cells, natural killer cells,
cytotoxic and helper T cells, mast cells, granulocytes, dendritic cells, ker-
atinocytes, and endothelial cells.1 It has recently been shown that IL-10 plays
a suppressive or regulatory role in autoimmune diseases,2 host versus graft re-
jection,3 and parasitic infections.4 IL-10 is spontaneously secreted by a variety
of human cancer cells,5 therefore, high IL-10 levels have been detected is sera
from patients with a wide variety of solid and hematopoietic tumors.6–8 More-
over, IL-10 serum levels were also found to correlate with tumor progression
and the presence of distant metastases.9

The best-characterized IL-10 signaling pathway is the JAK/signal transducer
and activator of transcription (STAT) system. The IL-10–IL-10R interaction
engages the Jak family tyrosine kinases JAK1 and Tyk2 and induces tyrosine
phosphorylation and activation of the latent transcription factors Stat3 and
Stat1. Activated Stat3 is directly phosphorylated on tyrosine 705 and translo-
cates as a dimerized protein to the nucleus, where it induces the expression of
specific genes. These genes encode proteins involved in either proliferation,
differentiation, or survival of different cells.10–12

The STATs comprise a family of functionally related proteins that play key
roles in a variety of biological activities, such as cell differentiation and prolif-
eration. They exert their activities through cytokine and growth factor receptors
and are believed to be involved in determining the biological specificity of de-
fined cytokines on various target tissues.13,14 Considerable evidence suggests
that constitutive activation of Stat3 participates in tumor formation and pro-
gression, and several studies have contributed to the delineation of mechanisms
underlying persistent, oncogenic Stat3 signaling in tumor cells.15

IL-10 signaling in macrophages requires Stat3, and causes reduced prolifer-
ation and inhibition of inflammatory cytokine production.16 The importance
of Stat3 activation in macrophages was eloquently shown by generating a con-
ditional knockout strain in which Stat3 was not expressed in macrophages
and neutrophils. These mice were highly susceptible to endotoxemic shock,
and showed enhanced production of tumor necrosis factor-� (TNF-�), IL-1�,
interferon-� (IFN-� ), and IL-6. This was due to a complete block in IL-10-
induced deactivation of macrophages.17 In addition, these mice develop chronic
enterocholitis, which was also observed in IL-10-knockout mice.18

The nonreceptor tyrosine kinase Fer is essential for the proliferation of sev-
eral malignant cell lines. Blocking the Fer protein expression causes reduced
growth rate of human prostate cancer cells, and inability to form colonies in
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soft agar.19 In some cases Fer is linked to Stat3 activation. Overexpression of
Fer and Stat3 in COS1 monkey kidney cell line, results in the tyrosine phospho-
rylation and activation of Stat3.20 In addition, insulin increases the association
of Fer and Stat3 in myogenic cells, while downregulation of Fer, in C2C12 cell
line, decreases the activation levels of Stat3.21

The nontoxic immunomodulator AS101 first developed by our laboratory,
has been shown to have beneficial effects in diverse preclinical and clinical
studies.22 AS101 exhibits protective effects in parasite- and virus-infected
mice models,23 in autoimmune diseases,24 in septic mice,25 and in a variety of
tumor models in mice and human.26–28 In addition, preclinical studies show the
benefit of AS101 treatment in cancer cell lines in vivo.29 In Phase II clinical
trials we showed that treatment with AS101 prevents bone marrow toxicity
induced by chemotherapy.28

Most of the activities of AS101 have been primarily attributed to the direct in-
hibition of the anti-inflammatory cytokine IL-10, followed by the simultaneous
increase of specific proinflammatory cytokines,22,30 and dephosphorylation of
Stat3 in B16 melanoma cell line,5 and in mesangial cells.31 The key regula-
tory roles of IL-10 and Stat3, and the previously observed link between Stat3
activation and Fer, prompted us to examine whether Fer and Stat3 are affected
by IL-10 inhibition, which results from AS101 treatment. In this article we
examined the regulatory role of AS101 in the IL-10 Stat3 loop, and whether
this correlates with an effect on Fer. Our results indicate that AS101 downreg-
ulates the Stat3 IL-10 loop, the cellular level of Fer, and the association of Fer
with pYStat3.

MATERIALS AND METHODS

Chemicals

AS101 was supplied as described in Reference 5. Lipopolysaccharide (LPS)
from Escherichia coli (Sigma, St. Louis, MO) was added in a final concen-
tration of 2.5 �g/mL. Recombinant human IL-10 (Chemicon International,
Temecula, CA) was used as described by the manufacturer and added to a final
concentration and the time indicated.

In Vitro Culture of Primary Human Mononuclear Cells

The study was approved by the local ethical committee and conformed
to the ethical guidelines of the 1975 Declaration of Helsinki. Venous blood
was collected from Healthy volunteers into tubes containing EDTA or into
plastic bags containing CPDA-1. Peripheral blood mononuclear cells (PBMC)
were isolated using gradient centrifugation in Ficoll-PaqueTM plus solution as
described by the manufacturer (Amersham Biosciences, Uppsala, Sweden).
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In all experiments isolated PBMC were rested overnight, in RPMI medium-
1640 (Biological Industries, Kibbutz Beit Haemek, Israel) containing 2 mM
glutamine and 10% heat-inactivated fetal calf serum (Biological Industries) at
37◦C in a humidified atmosphere containing 5% CO2.

Western Blot Analysis and Immunoprecipitation

As described in Reference 21.

IL-10 Quantification

Cells were cultured as described above. Supernatants were collected and
evaluated by human IL-10 ELISA kit (Pierce-Endogen, Rockford, IL). The
results were divided by the protein quantities. Data on IL-10 production are
expressed as mean ± standard deviations. Statistical differences were estimated
by Student’s t-test. f

RESULTS

AS101 Downregulates IL-10 Secretion and Signaling in hPBMC

To study the effects of AS101 signaling in primary human periph-
eral blood mononuclear cells (hPBMC), the basal levels of IL-10 secre-
tion and Stat3 tyrosine–phosphotylation were first determined in PBMC
from healthy donors. We observed two distinct patterns of basal IL-
10 secretion and pYStat3 levels in the analyzed PBMC. While the first
group showed low basal levels of IL-10 secretion (FIG. 1 A1) and unde-
tectable pYStat3 (FIG. 1 A2), the second group showed high levels of IL-
10 secretion (FIG. 1 B1) and relatively high expression levels of pYStat3
(FIG. 1 B2). These differences reflect most probably different physical back-
ground of the various donors. Addition of recombinant IL-10 (rIL-10) to
the primary cultures prepared from low IL-10 donors substantially elevated
the tyrosine phosphorylation levels of Stat3 in a time-dependent manner
(FIG. 1 A2). Addition of rIL-10 to the cultures that were produced from the
high IL-10 donors group showed a more moderate increase in the pYStat3
levels (FIG. 1 B2).

The immunomodulator AS101 exerts some of its regulatory activities by
decreasing the production of IL-10 in a dose-dependent manner.22,30 As
FIGURE 2 A shows, AS101 decreased IL-10 secretion in cultures from the
high IL-10 levels donor group, and downregulated the specific tyrosine phos-
phorylation on Stat3, which is known to have a pivotal role in IL-10 signal
transduction (FIG. 2 B).
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FIGURE 1. Two PBMC donor groups, with different IL-10 and pYStat3 expression.
hPBMC from healthy donors were cultured in 10 mL medium for 24 h. Secretion of IL-10
was assessed by ELISA. (A1) IL-10 levels in the low IL-10 secretion group. (B1) Levels
in the high IL-10 secretion group. Cells were cultured in the presence of 20 ng/mL rIL-
10 for the time indicated. Whole-cell protein extracts were separated by SDS-PAGE and
blotted with antityrosine 705 phosphorylated Stat3 (pYStat3) and anti Actin antibodies.
Actin expression was used as a control (A2). pYStat3 expression in the low IL-10 secretion
group. (B2) pYStat3 expression in the high IL-10 secretion group. Results in (A1) and (A2)
were achieved with hPBMC from the same donor. Results in (B1) and (B2) were achieved
with hPBMC from the same donor. The results are representative of three independent
experiments with blood taken from three different people.

In a further attempt to validate the relevance of IL-10 inhibition to the
reduction in Stat3 dephosphorylation by AS101, the treated cultures were
resupplemented with IL-10. To avoid pYStat3 differences that stem from the
donors background, we added LPS to all primary cultures, which led to a high
level of pYStat3 (FIG. 3). Addition of AS101 significantly decreased the ty-
rosine phosphorylation of Stat3, an effect that was completely reversed by the
addition of rIL-10 (FIG. 3). We conclude that in hPBMC, AS101 reduces the
secretion of IL-10 and thereby suppresses the activation of its downstream
effector Stat3.

AS101 Downregulates Fer Through the Inhibition of IL-10

The tyrosine kinase Fer is a potential activator of Stat3. We therefore ex-
amined whether Fer is affected by AS101 or IL-10. As FIGURE 4 A shows,
AS101 reduced the protein level of Fer. To examine whether the reduction in
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FIGURE 2. AS101 inhibits IL-10 secretion and pYStat3 in hPBMC. hPBMC were
cultured in 10 mL medium in the presence of AS101 in the indicated concentration, for
24 h. Secretion of IL-10 was assessed by ELISA. ∗(P < 0.0003) decrease versus control
(A). Cells were cultured in 10 mL medium in the presence of 5 �g/mL AS101 for 24 h.
Whole-cell protein extracts were separated by SDS-PAGE and blotted with anti-pYStat3,
anti-Stat3, and anti-ERK-1 and -2 antibodies. Stat3 and ERK-1 and -2 expressions were
used as a control (B). Results represent three independent experiments in which blood was
taken from three different donors.

the levels of Fer by AS101 resulted from the inhibition of IL-10 secretion,
AS101 was added to LPS-activated PBMC, which resulted in downregulation
of Fer. Addition of rIL-10 to the treated cultures, reversed the downregulation
of Fer by AS101 (FIG. 4 B). The level of p-AKT, another target for AS101, was
not affected upon the addition of rIL-10, indicating the specificity of IL-10’s
effect on the levels of Fer. These results indicate that downregulation of Fer by
AS101 is mediated through the inhibition of IL-10 production. These results
indicate that Fer and IL-10 reduction by AS101 are linked.

IL-10 Inhibition by AS101 Reduces the Association of Fer from pYStat3

Interactions of IL-10 with its cognate receptor (IL-10R), leads to the recruit-
ment of Stat3 to intracellular tyrosine kinases. This interaction results in the
tyrosine phosphorylation and activation of Stat3.10–12 We examined whether
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FIGURE 3. AS101 reduces Stat3 tyrosine phosphorylation via IL-10 inhibition in
hPBMC. hPBMC were cultured in 10 mL medium in the presence of 2.5 �g/mL LPS
for 11 h, then 5 �g/mL AS101 was added for 15 h. Finally, 20 ng/mL rIL-10 was added
for 10 min. Whole-cell protein extracts were separated by SDS-PAGE and blotted with
anti-pYStat3 and anti-Stat3 antibodies. The results are representative of three independent
experiments with blood taken from three different people.

the tyrosine kinase Fer is involved in this process. Fer was found to associate
with Stat3 in hPBMC, independently of AS101 treatment. This result was also
found in RAW 264.7 cells (data not shown). However, exposure of hPBMC to
AS101 led to the dissociation of Fer from pYStat3 (FIG. 5 A). rIL-10 by itself
induced the association between Fer and pYStat3 (FIG. 5 B). To further enhance
the role of IL-10 in this cascade, rIL-10 was added to LPS + AS101-treated
cells. This resulted in partial restoration of the disassociation between Fer and
pYStat3 (FIG. 5 C).

DISCUSSION

In this study we used primary hPBMC from healthy donors, for studying
the effects of AS101 on IL-10-dependent Stat3 (pYStat3) activation and the
association of pYStat3 with the tyrosine kinase Fer. Two different groups of
donors with two distinct basal levels of IL-10 and pYStat3 were studied. In both
groups, a correlation between the levels of IL-10 and pYStat3 was observed,
corroborating a regulatory link between these two proteins. The different basal
activation state of the IL-10–Stat3 pathway in the two donors groups, reflects
most probably the physical state of the different donors at the donation day.
Inflammatory responses, such as antiviral or antibacterial response causes local
inflammation and activation of leukocytes. Even stress or exercise can elevate
cytokines secretion and leukocytes activation.32

In this work we showed that Fer associates with Stat3 in hPBMC from
healthy donors. This association raises two main possibilities. Either Fer binds
Stat3 and leads to its activation, or Fer negatively modulates the activation
of Stat3. Previous studies demonstrated the association of Fer with Stat3 in
COS1, and in C2C12 myoblastic cells, and it led to the activation of Stat3



HAYUN et al.: ROLE OF AS101 IN IL-10 SIGNALING 247

FIGURE 4. AS101 downregulates Fer through IL-10 inhibition in hPBMC. hPBMC
were cultured in 10 mL medium in the presence of 5 �g/mL AS101 for 24 h. Whole-cell
protein extracts were separated by SDS-PAGE and blotted with anti-Fer and anti ERK-1 and
-2 antibodies. ERK-1 and -2 expression was used as a control (A). hPBMC were cultured
in 10 mL medium in the presence of 2.5 �g/mL LPS for 11 h, then 5 �g/mL AS101 was
added for 15 h. Finally, 20 ng/mL rIL-10 was added for 10 min. Whole-cell protein extracts
were separated by SDS-PAGE and blotted with anti-Fer, anti-pAkt and anti-ERK-1 and -2
antibodies (B). The results are representative of three independent experiments with blood
taken from three different people.

in COS1 cells.20,21 It is yet to be determined whether Fer is necessary for
Stat3 activation in IL-10-stimulated cells. Our current study demonstrates the
downregulation of Fer by the immunomodulator AS101, and the consequent
decrease in the association of Fer with pYStat3 in LPS-stimulated cells. Al-
though AS101 affects the level of Fer and the Stat3 activation by IL-10, it is yet
to be elucidated whether downregulation of Fer affects IL-10 levels or IL-10
signaling. However, our findings clearly indicate that the downregulation of
Fer by AS101 is mediated through the inhibition of IL-10 production by
AS101.

Several activities of AS101 have been attributed to the inhibition of the
anti-inflammatory cytokine IL-10. Stat3 phosphorylation, which is required
for IL-10 signaling, was previously shown to be dephosphorylated by AS101
in B16 melanoma cell line,5 and in mesangial cells.31
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FIGURE 5. AS101 disassociates Fer and pYStat3, by IL-10 inhibition in hPBMC.
hPBMC were cultured in 10 mL medium in the presence of 5 �g/mL AS101 for 24 h.
Whole-cell protein extracts were subjected to immunoprecipitation with anti-Fer-specific
antibodies. Immune complexes were resolved by SDS-PAGE and blotted with anti-pYStat3,
anti-Stat3, and anti-Fer antibodies (A). The cells were cultured in the presence of 20 ng/mL
rIL-10 for the time indicated. Whole-cell protein extracts were subjected to immunopre-
cipitation with anti-Fer antibodies. Immune complexes were resolved by SDS-PAGE and
blotted with anti-pYStat3, anti-Stat3, and anti-Fer antibodies (B). The cells were cultured
in the presence of 2.5 �g/mL LPS for 11 h, then 5 �g/mL AS101 was added for 15 h.
Finally, 20 ng/mL rIL-10 was added for 10 min. Whole-cell protein extracts were sub-
jected to immunoprecipitation with anti-Fer antibodies. Immune complexes were resolved
by SDS-PAGE and blotted (IB) with anti-pYStat3 and anti-Fer antibodies (C). The results
are representative of four independent experiments with blood taken from four different
people.
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In the present work we show that AS101 modulates the IL-10 Stat3 loop by
downregulating IL-10 signaling, leading to reduced tyrosine phosphorylation
of Stat 3 in IL-10 treated hPBMC. The importance of IL-10 and Stat3 in
regulating inflammation, cancer, and other pathologies, makes the nontoxic
immunomodulator AS101, which is currently under advanced clinical trails, an
important player in the IL-10–Stat3-dependent pathologies and malignancies.
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