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Introduction

Activation of the transcription factor STAT3 (signal trans-
ducer and activator of transcription-3) limits the responsive-
ness of activated macrophages and other haematopoietic
cells to inflammatory signals and tumour antigens [1-3].
In murine models of septic peritonitis, STAT3 activation
controls the production of inflammatory cytokines and
chemokines by resident peritoneal macrophages [1]. STAT3
activation can reduce murine dendritic cell activation [4].
We, and others, have hypothesized that pharmacological
enhancement of STAT3 activity in inflammatory tissues may
therefore provide a therapeutic approach to control macro-
phages and their contribution to destructive inflammatory

processes.

How STAT3 activation regulates inflammatory cells,
especially in humans, is not known. A major pathway of
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Summary

Signal transducer and activator of transcription-3 (STAT3) activation has
been associated with suppressed inflammatory processes in experimental
animals, murine myeloid cells and macrophage cell lines. Manipulation of
STAT3 activity may therefore be a focus for pharmacological intervention of
inflammatory diseases in humans. However, the ability of STAT3 to reduce the
production of inflammatory mediators by activated human monocytes and
macrophages has been characterized inadequately. To establish this, we used a
recently optimized adenoviral approach to study the effect of overexpressed
STAT3 or a transcriptionally inactive mutant STAT3 in lipopolysaccharide
(LPS)-stimulated human monocytes. STAT3 activated by LPS did not directly
regulate inhibitor of kappa B o (IkBa) activation or tumour necrosis factor
(TNF)-a production, a process dependent on the transcriptional activity of
nuclear factor kappa B (NF«B), although the transcriptional activity of STAT3
contributed to the mechanism by which interleukin (IL)-10 suppressed LPS-
induced TNF-a levels. This contrasted with the efficient block in IL-10 induc-
tion of suppressor of cytokine signalling-3 (SOCS3) in monocytes infected
with an adenovirus expressing mutant STAT3. These results indicate that
STAT3 activation cannot directly regulate LPS-signalling in human mono-
cytes and represents only part of the mechanism by which IL-10 suppresses
TNEF-o production by activated human monocytes. This study concludes that
pharmacological manipulation of STAT3 transcriptional activity alone would
be insufficient to control NFkB-associated inflammation in humans.

Keywords: adenovirus, IL-10, lipopolysaccharide, NFkB, SOCS3

activation of macrophages involves activation of the tran-
scription factor, nuclear factor kappa B (NFkB). In unstimu-
lated cells NFkB is sequestered in the cytoplasm by IxB, an
inhibitor of NFkB. However, upon activation, phosphoryla-
tion of IxB by IxB kinases causes the release of NFkB, which
translocates to the nucleus where it initiates the transcription
of inflammatory cytokine genes. Phosphorylation of the
IxBow subunit targets it for proteasomal degradation [5-7].
STAT3 may regulate the NFxB pathway at multiple steps, for
example through interaction with NFxB proteins [4,8—10].
Alternatively, in murine dendritic cells, STAT3 does not
regulate this conventional pathway involving IxBo, but
inhibits the transcriptional activity of NFkB by a dominant
negative effect in the nucleus [4]. STAT3 can also inhibit
activation of cell lines by sequestration of STAT1 and
prevention of STATI1-dependent gene activation [11]. In
a further mechanism, STAT3 activation may regulate
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transcriptionally the production of IL-10, a pleiotropic mol-
ecule that inhibits proinflammatory cytokine production by
activated monocytes, including tumour necrosis factor
(TNEF)-o. [12]. STAT3 can itself be activated by interleukin
(IL)-10. It is possible that IL-10 is responsible for many
of the repressor effects attributed to STAT3 in activated
macrophages [13-17]. However, STAT3 can suppress
lipopolysaccharide (LPS)-induced TNF-o. production in
IL-10-deficient murine macrophages [18].

The novelty of our study is that it focused on primary
human monocytes, the cells implicated in driving the
human inflammatory process. The involvement of STAT3 in
cell activation by LPS, an activator of macrophages that
binds to Toll-like receptor-4 (TLR4) and signals via activa-
tion of the transcription factor, NFkB, was examined with
an emphasis on the production of TNF-a, arguably the
most important cytokine in the initiation and progression
of inflammatory disease. Either STAT3 or a dominant nega-
tive form of STAT3 (STAT3-DN) were overexpressed in
primary human monocytes using adenoviral vectors.
STAT3-DN contains a mutation in the DNA binding
domain, which prevents DNA binding but does not affect
tyrosine phosphorylation [19]. To investigate the potential
binding to components of the NF«kB pathway, the effect of
overexpression of STAT3 was examined. To investigate the
involvement of the transcriptional activity of STAT3, the
STAT3-DN was expressed. This dual approach of forced
expression of large amounts of exogenous STAT3, or of
blocking the action of endogenous STAT3 by an excess of a
transcriptionally inactive STAT3, has not been reported pre-
viously. STAT3 activation in human monocytes did not
directly control TNF-o production. Further, STAT3 activa-
tion contributed only partially to the mechanism by which
IL-10 suppressed LPS-induced TNF-o. production by
human monocytes. These data indicate that, while STAT3
activation may contribute substantially to suppressed
inflammatory responses in murine cells, it is less effective in
human monocytes. Further, they highlight the need to study
primary monocytes for definitive analysis of the actions of
signalling intermediates in the control of the human
inflammatory response.

Materials and methods

Materials

Recombinant  human  macrophage-specific ~ colony-
stimulating factor (M-CSF) was obtained from CytoLab/
PeproTech (Rehovot, Israel) and IL-10 was purchased from
ProSpec-Tany TechnoGene (Rehovot, Israel). RPMI-1640,
gentamicin and r-glutamine were obtained from Invitrogen
Life Technologies (Mount Waverley, VIC, Australia).
Dulbecco’s modified Eagle’s medium (DMEM) was pur-
chased from Sigma (St Louis, MO, USA). Hanks’s balanced
salts (HBSS) and fetal calf serum (FCS) were obtained from
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ThermoTrace (Melbourne, VIC, Australia). Anti-phospho-
STAT3 (Tyr705) and anti-phospho-IxBo (Ser32) antibodies
were purchased from Cell Signalling Technology Inc.
(Beverly, MA, USA). Anti-STAT3 (H-190), anti-suppressor
of cytokine signalling-3 (SOCS3) (M-20) and anti-IxBo
(C-21) antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-B-tubulin antibody was
obtained from Abcam (Cambridge, UK). Horseradish per-
oxidase (HRP)-conjugated rabbit-anti-mouse and donkey-
anti-goat secondary antibodies were obtained from
Rockland Immunochemicals (Gilbertsville, PA, USA).

Generation of adenoviral vectors expressing STAT3 and
dominant negative STAT3

Constructs containing N-terminal haemagglutinin (HA)-
tagged STAT3 and dominant negative STAT3 (STAT3-DN)
were kindly donated by Masahiko Hibi, Osaka University
Graduate School of Medicine, Japan [19]. The STAT3-DN
contains a mutation in the DNA binding domain at residues
344 and 345 where the glutamic acid residues are substituted
for alanine, preventing DNA binding. The HA-STAT3 and
HA-STAT3 DN ¢DNAs were subcloned into a green fluores-
cent pattern (GFP)-expressing adenoviral transfer vector,
pAdtrack-cytomegalovirus promoter (CMV) (Qbiogene
Inc., Carlsbad, CA, USA) using NotI and Sall restriction sites.
Positive clones were selected using kanamycin selective
media and confirmed by restriction digest and sequence
analysis. pAdtrack-CMV constructs containing no insert
(GFP alone), STAT3 and STAT3-DN were linearized by
digesting with Pacl and transformed into BJ5183 AD-1 cells
(Stratagene, La Jolla, CA, USA) containing pAdEasy-1
(Qbiogene Inc.). Recombinants containing GFP, STAT3 and
STAT3-DN were selected on the basis of colony size and
confirmed by restriction digest and sequence analysis.
pAdEasy-1 constructs containing GFP, STAT3 and
STAT3-DN were transfected into complementing HEK 293
cells using Lipofectamine 2000 (Invitrogen Life
Technologies). Human embryonic kidney (HEK) 293 cells
were purchased from BD Clontech (Palo Alto, CA, USA) and
were maintained in DMEM supplemented with 5% FCS,
5 pg/ml gentamicin, 2 mM vr-glutamine and 1 mM sodium
pyruvate and incubated at 37°C in 5% CO,. Recombinant
viruses were purified from both the HEK 293 cell lysate and
culture supernatant using a modified chromatography-
based purification system, based on Clontech’s BD Adeno-X
virus purification kit (BD Clontech).

Isolation of primary human monocytes and adenoviral
infection

Human monocytes were purified to ~85% by centrifugal
elutriation (Beckman JE-6B, Beckman, Palo Alto, CA, USA)
of mononuclear cells isolated from buffy coats on density
gradients (Lymphoprep, Axis-Shield, Oslo, Norway) [20,21].

565

Journal compilation © 2007 British Society for Immunology, Clinical and Experimental Inmunology, 147: 564-572



C. M. Préle et al.

Buffy coats were kindly provided by the Australian Red
Cross Blood Service, Perth. Monocytes were cultured in
RPMI-1640 medium containing 2 mM glutamine, 50 uM
2-mercaptoethanol, 5ug/ml gentamicin and 2mM
3-(N-morpholino)propanesulphonic acid. After overnight
incubation in Teflon pots (Savillex, Minnetonka, MN, USA)
containing RPMI-1640 supplemented with 10% FCS and
25 ng/ml recombinant human M-CSF (to induce o.fs
expression necessary for AdV infection [22,23]), the cells
were harvested and plated at a density of 0-5x 10° cells/
100 ul in polypropylene culture tubes (Nunc Minisorb,
Nunc, Roskilde, Denmark). AdV-GFP, AdV-STAT3 or AdV-
STAT3-DN were added at a multiplicity of infection (MOI)
of 50 (unless stated otherwise) and centrifuged at 1000 g for
60 min at 37°C as described previously [21]. An additional
400 pl of culture medium were added to each tube before
incubation for 24 h at 37°C prior to stimulation with LPS
(500 ng/ml) or LPS with IL-10 (10 ng/ml).

Determination of infection efficiency by flow
cytometry

Cells incubated with no AdV, or with AdV-GFP, AdV-
STAT3 or AdV-STAT3-DN were harvested by centrifugation
after 24 h and washed once in phosphate-buffered saline
(PBS) containing 0-2% bovine serum albumin (BSA) and
0-:02% sodium azide. Cells were resuspended in fluores-
cence activated cell sorter (FACS) fixative (1% formalde-
hyde in PBS) and stored at 4°C until analysis. CD14
expression confirmed that all larger cells defined by
forward and side scatter were monocytes. Infection effi-
ciency was determined as the percentage of GFP-positive
cells after 24 h. The amount of virus per cell, estimated by
GFP expression, was assessed as mean fluorescence inten-
sity (MFI) by flow cytometry (FACSCalibur, BD Bio-
sciences, San Jose, CA, USA) and expression levels analysed
using FlowJo software (version 4-6.2).

Western blot analysis

Following isolation and overnight culture with M-CSE,
monocytes were infected with AdV-GFP, AdV-STAT3, AdV-
STAT3-DN or left uninfected (no virus) for 24 h. They were
then stimulated with 500 ng/ml LPS, without or with
10 ng/ml IL-10, for 0-120 min. Cells were harvested by cen-
trifugation and monocytes lysed in protein lysis buffer
[10 mM Tris, 50 mM NaCl, 5 mM ethylenediamine tetraace-
tic acid (EDTA), 1% Triton X-100, pH 7-6] supplemented
with 5mM sodium fluoride, 10 mM sodium molybdate,
1 mM sodium pyrophosphate, 2 mM sodium orthovanadate
and 1X protease inhibitors (complete mini, protease inhibi-
tor cocktail tablets; Roche, Penzberg, Germany). For the
analysis of STAT3 and STAT3-(Tyr705) phosphorylation by
Western blot, approximately 7-5ug protein lysate was
resolved per lane of either a 10% or 12% sodium dodecyl
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sulphate—polyacrylamide gel electrophoresis (SDS-PAGE)
gel. Alternatively, for the detection of endogenous SOCS3,
IxBo. and phosphorylated IkBow (Ser32) approximately
25 ug protein lysate was loaded per lane of a 12% SDS-PAGE
gel and transferred onto nitrocellulose membrane (Pall Sci-
entific, MI, USA). Membranes were blocked for at least 1 h in
5% skimmed milk in Tris-buffered saline (TBS)/0-05%
Tween-20 (block buffer) followed by incubation with
primary antibodies diluted in block buffer or 5% BSA in
TBS/0-05% Tween-20 according to the manufacturer’s
guidelines. Following four sequential 5-min washes in TBS/
0-05% Tween-20 (TBS/T), membranes were incubated with
HRP-conjugated anti-rabbit IgG or anti-goat IgG secondary
antibodies diluted in block buffer. Bound secondary anti-
body was detected using chemiluminescence (Roche
Diagnostics), visualized using CL-XPosure film (Pierce,
Rockford, IL, USA) and evaluated using Image Gauge,
version 3-4 (Fujifilm, Japan).

Assay of TNF-o.

TNF-o was assayed in culture supernatants using a human
TNF-o enzyme-linked immunosorbent assay (ELISA) assay
kit (BD OptEIA, BD Biosciences, San Diego, CA, USA) and
the dissociated enhanced lantanide fluoroimmuno assay
(DELFIA) system (Perkin Elmer). For each experiment
samples were assayed in triplicate. The assays were sensitive
to TNF-o. levels of > 10 pg/ml. Levels have been presented as
box-and-whisker plots showing the median, upper and lower
quartiles and range.

Statistical analysis

Significance of the results has been evaluated using one-way
analysis of variance (ANova). A P-value of < 0-05 was con-
sidered significant.

Results

STAT3 and STAT3-DN expression in primary human
monocytes

To determine optimal infection efficiency, human mono-
cytes were infected at different MOI for 24 h with an empty
adenoviral vector (AdV-GFP) or one encoding either STAT3
(AdV-STAT3) or a dominant negative STAT3 (AdV-STAT3-
DN). GFP levels were measured by flow cytometry. For all
AdV constructs investigated, maximal infection efficiency
was achieved at MOI 50 (Fig. 1a), and was the MOI used in
all subsequent experiments. After 24 h at MOI 50, mean
infection efficiencies were 62 = 5% (= s.e.m., n =7 experi-
ments), 68 * 4% and 65 * 5% for monocytes infected with
AdV-GFP, AdV-STAT3 and AdV-STAT3-DN, respectively.
As a confirmatory STAT3-dependent process [14], induc-
tion of SOCS3 by IL-10 was determined. Uninfected
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Fig. 1. AdV-GFP-, AdV-STAT3- and AdV-STAT3-DN-infection of primary human monocytes. (a) AdV titration. Primary human monocytes were
infected with AdV-GFP (empty vector control), AdV-STAT3 and AdV-STAT3-DN viruses at different multiplicity of infection (MOI) and the
percentage of green fluorescent protein (GFP)-positive cells measured by flow cytometry 24 h following infection. (b) Suppressor of cytokine
signalling-3 (SOCS3) expression. Monocytes were uninfected (no virus) or infected with AdV-GFP, AdV-STAT3 or AdV-STAT3-DN at MOI 50
before stimulation with lipopolysaccharide (LPS) (500 ng/ml) + interleukin (IL)-10 (10 ng/ml) for 0—120 min and lysates harvested. SOCS3
expression was determined by Western blot (25 pg/lane). Lysates from monocytes infected with AdV-GFP, AdV-STAT3 and AdV-STAT3-DN (MOI
50) with mean infection efficiencies of 79, 79 and 77%, respectively, are shown. In this experiment the mean fluorescence intensity for GFP was
2995, 3325 and 2810 for AdV-GFP- and AdV-STAT3- and AdV-STAT3-DN-infected monocytes, respectively; these values provide a measure of the
extent of infection per monocyte. Protein loading was visualized using an anti-B-tubulin antibody. The data presented are from one of two

independent experiments showing similar results using monocytes harvested from different donors.

AdV-GFP-, AdV-STAT3- and AdV-STAT3-DN-infected
monocytes were incubated with IL-10 (10 ng/ml), together
with LPS (500 ng/ml), and the level of SOCS3 expression
determined. The Western blots shown (Fig. 1b) are from
one of two similar experiments using separate donors.
Endogenous SOCS3 protein expression was detected after
30 min and increased at 60 and 120 min following
exposure to IL-10 with LPS in uninfected and AdV-GFP-
infected cells. Enhancing the potential activity of STAT3 by
infecting with AdV-STAT3 did not increase the level or
kinetics of SOCS3 expression. SOCS3 levels were almost
undetectable in AdV-STAT3-DN-infected cells; after
60 min the level of SOCS3 detected was 21% and 15%,
respectively, for the two donors, of the level measured for
AdV-GFP-infected monocytes. We hypothesize that a popu-
lation of uninfected cells within the AdV-STAT3-DN lysate
would account for the remaining SOCS3. This result vali-
dated the use of the dominant negative STAT3 to measure
responses dependent on the transcriptional activity of
STAT3.

LPS-induced TNF-o production is STAT3-independent

STAT3 phosphorylation following LPS exposure for 2 h was
determined in primary human monocytes from each of two
donors that had been exposed to no virus, or previously
infected for 24 h with AdV-GFP, AdV-STAT3 or AdV-
STAT3-DN (Fig. 2). There was enhanced STAT3 phospho-
rylation at time O (prior to LPS exposure) in cells expressing
increased STAT3 protein due to infection with AdV-STAT3
or AdV-STAT3-DN. However, the early levels of phospho-
rylation decreased with longer incubation. Levels of STAT3
phosphorylation in response to LPS were similar in all
groups at 120 min (Fig. 2). Enhanced STAT3 phosphoryla-
tion at time0 and 120 min was investigated further

© 2007 The Author(s)

(Fig. 2b). STAT3 phosphorylation was compared directly in
AdV-STAT3-infected cells incubated without or with LPS.
The results confirm that the increased STAT3 phosphoryla-
tion at 120 min was due to LPS. Further, the increased levels
of STAT3 in the AdV-STAT3- and AdV-STAT3-DN-infected
cells indicated that if a cell expresses high levels of STAT3,
that protein is sensitive to phosphorylation upon manipu-
lation. STAT3 regulation of LPS-induced TNF-o produc-
tion was determined by assaying culture supernatants from
AdV-STAT3- or AdV-STAT3-DN-infected cells (Fig. 2c).
LPS-induced TNEF-a levels after 2 and 24 h were not signifi-
cantly different between treatment groups and suggested
that endogenous STAT3 activation did not regulate LPS-
induced TNF-a production by human monocytes.

LPS-activated NFkB signalling is not regulated by
STAT?3 in a negative feedback loop

To confirm that high levels of activated STAT3 detected in
untreated and LPS-exposed AdV-STAT3-infected cells did
not regulate LPS-induced signal transduction, the effect of
STAT3 over-expression on LPS-induced NF«B signalling
intermediates was determined. Upon LPS activation of cells,
phosphorylation of Ser32 and Ser36 of the IxBot subunit
targets it for proteasomal degradation [5-7]. As phosphory-
lation of either one of these residues is critical for NFkB
activation, the degree of phosphorylation on Ser32 and the
subsequent degradation of IxkBo. were measured. STAT3 acti-
vation in AdV-STAT3-infected cells at time 0 (Fig. 2a,b), or
upon culture for 120 min, did not activate IxBa (Fig. 3).
Further, the finding that there were no changes in IxBo-
activation or LPS-induced, NFkB-driven TNF-o production
in uninfected and AdV-STAT3-infected monocytes suggests
that STAT?3 is unlikely to have any direct regulatory effect on
LPS-activated NF«kB (Fig. 3).
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Fig. 3. Lipopolysaccharide (LPS)-activated nuclear factor kappa B (NF«B) signalling is not regulated by signal transducer and activator of
transcription-3 (STAT3). IxkBo. phosphorylation and degradation was determined by Western blot. Cells were incubated without (= LPS, left) or with
500 ng/ml LPS (+ LPS, right). Lysates were isolated from AdV-STAT3-infected monocytes with a mean infection efficiency of 64% and mean
fluorescence intensity for glomerular filtered phosphate (GFP) of 2045. Protein loading was visualized using anti-B-tubulin.
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Fig. 4. The suppressive effects of interleukin (IL)-10 on lipopolysaccharide (LPS)-induced tumour necrosis factor (TNF)-o production require
signal transducer and activator of transcription-3 (STAT3). Monocytes were left uninfected (no virus) or infected with AdV-GFP, AdV-STAT3 or
AdV-STAT3-DN at multiplicity of infection (MOI) 50 for 24 h prior to stimulation with IL-10 (10 ng/ml) with LPS (500 ng/ml). (a) STAT3
phosphorylation by Western blot analysis of cell lysates prepared at 0-120 min after stimulation by IL-10 with LPS (7-5 ug lysate/lane of a 12% gel).
Overexpression of STAT3 by AdV-STAT3- and AdV-STAT3-DN-infected monocytes was confirmed using an anti-STAT3 antibody. Protein loading
was visualized using anti-B-tubulin. The blots shown are representative of two independent experiments using monocytes harvested from different
donors. These same lysates were probed for suppressor of cytokine signalling-3 (SOCS3) (see Fig. 1b). (b) TNF-a levels in culture supernatants at
24 h presented as the mean percentage suppression by IL-10 of LPS-induced TNF-a levels. The data presented in box-and-whisker plots are from
seven individual donors (median, quartiles and range). *Significantly different to AdV-GFP, #significantly different to AdV-STAT3, P < 0-05. (c)
Monocytes were left uninfected or infected with AdV-GFP or AdV-STAT3 at multiplicity of infection (MOI) 50 for 24 h prior to stimulation with
LPS (500 ng/ml) alone or together with 0-01, 0-1, 1 or 10 ng/ml IL-10. *Significantly different to LPS-stimulated TNF-o levels for triplicate cultures,

mean * s.e.m., P < 0-05.

IL-10 regulation of LPS-induced TNF-o production is
dependent on the transcriptional properties of STAT3

Having established that STAT3 did not control LPS-activated
TNF-o production, we then investigated STAT3 regulation
of IL-10 function in human monocytes. STAT3 phosphory-
lation following simultaneous exposure to IL-10 and LPS
was determined in uninfected, AdV-GFP-, AdV-STAT3- and
AdV-STAT3-DN-infected monocytes. There was again a
high basal level of STAT3 phosphorylation at time 0 in AdV-
STAT3- and AdV-STAT3-DN-infected monocytes (Fig. 4a).
STAT3 phosphorylation was induced 15 min following
exposure to IL-10 with LPS, and high levels of STAT3 phos-
phorylation were maintained for 120 min. Unlike the levels
observed for LPS-treated monocytes, STAT3 phosphoryla-
tion was greater in cells infected with AdV-STAT3 and AdV-
STAT3-DN and paralleled their increased STAT3 protein
levels. Similar kinetics of STAT3 phosphorylation were
observed in uninfected cells and monocytes infected with
AdV-GFP, AdV-STAT3 and AdV-STAT3-DN (Fig. 4a).

© 2007 The Author(s)

When results for monocytes from seven independent
donors that were infected with AdV-STAT3-DN (compared
with AdV-STAT3) were pooled, a significant reduction in the
ability of IL-10 to suppress LPS-induced TNF-o. production
was observed (Fig. 4b). This result suggests that both STAT3
phosphorylation and its transcriptional activity contribute
to optimal suppression of LPS-induced TNF-a production
by human monocytes. However, significant suppressive
activity of IL-10 remained in AdV-STAT3 and AdV-STAT3-
DN-infected cells that could not be explained by IL-10 regu-
lating the remaining AdV-uninfected cells (approximately
35% of cells due to mean infection efficiency of 65% for the
seven donors), particularly as AdV-STAT3-DN infection
efficiently suppressed IL-10-induced SOCS3 expression
(Fig. 1b). For cells from the seven donors, the suppressive
effects of IL-10 in AdV-GFP- and AdV-STAT3-infected cells
were reversed by a mean of 31-8 = 11-2% and 33-3 * 8-2%,
respectively, in AdV-STAT3-DN-infected cells. High levels of
STAT3 phosphorylation did not enhance the suppressive
effects of IL-10 in AdV-STAT3-infected monocytes (Fig. 4b).
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The higher levels of STAT3 phosphorylation in AdV-
STAT3-infected monocytes did not enhance the suppressive
effect of 10 ng/ml IL-10 (Fig. 4a). As the suppressive effects
of IL-10 on TNF-o production by LPS-activated human
monocytes were dose-dependent (Fig. 4c), enhancement of
the regulatory properties of lower concentrations of IL-10
were investigated in AdV-STAT3-infected monocytes.
Increased STAT3 expression and STAT3 activation did not
enhance the regulatory properties of 0-1 or 0-01 ng/ml IL-10
(Fig. 4¢).

Discussion

This study demonstrated that only STAT3 activated by IL-10
was functionally important in regulating TNF-o. production
by human monocytes. Further, suppression of LPS-induced
TNF-o. levels by IL-10 was only partially dependent on the
transcriptional activity of STAT3, a finding at variance with
that accepted for murine macrophages [13,14,16,17,24,25].
IL-10 was one of three stimuli of phosphorylation of STAT3.
Exposure of human monocytes to LPS and to IL-10 both
stimulated STAT3 phosphorylation, each with different
kinetics. The third stimulus was physical manipulation
(washing by centrifugation, resuspension in new medium)
of monocytes expressing high levels of STAT3 protein due to
infection with adenoviral vectors encoding its production.

This study suggests therefore that STAT3 phosphorylation
is not sufficient for regulation of TNF-o production by
activated human monocytes, and that pharmacological
enhancement of STAT3 activation would not directly regu-
late human monocyte TNF-o production. STAT3 phospho-
rylation following LPS stimulation did not negatively
regulate LPS-induced NFxB activation or limit TNF-o
production. STAT3 phosphorylation in cells overexpressing
STAT3 did not limit LPS stimulation of TNF-o, nor was it
cumulative with STAT3 activated by IL-10 for control of
LPS-induced TNF-o levels. The results of this study suggest
that a functionally relevant interaction of STAT3 with NF«xB
in human monocytes is unlikely.

Upon infection of monocytes with an adenoviral vector
coding a transcriptionally inactive STAT3, significant regu-
lation by IL-10 of LPS-induced TNF-o. production
remained. This result suggested both a STAT3-dependent
and a STAT3-independent mechanism of action of IL-10 in
its regulation of TNF-o. production. Attempts were made to
measure TNF-o levels by flow cytometry in AdV-infected
individual cells. This would provide a direct correlation
between transgene expression and extent of regulation of
TNF-o production. However, we have been unable to retain
AdV-associated GFP expression after staining for intracel-
lular TNF-o.. An early (within the first hour of LPS expo-
sure) STAT3-independent and a late (subsequent to the first
hour of LPS exposure) STAT3-dependent mechanism of
action of IL-10 on human monocytes have also been pro-
posed [14]; our study suggests maintenance for up to 24 h

570

of two parallel mechanisms of action of IL-10. This is the
first study using a viral vector expressing transcriptionally
inactive mutant STAT3 which has confirmed that the tran-
scriptional activity of STAT3 is required for optimal sup-
pression of TNF-o. production by IL-10 in human
monocytes.

There have been few studies of protein overexpression in
human monocytes and macrophages. Previous studies have
been limited by an inability to transfect them to high
efficiency. In our study, an adenoviral transfection system
optimized previously in this laboratory [21] was used to
overexpress in primary human monocytes full length STAT3
(STAT30) [24], and a transcriptionally inactive form of
STAT3 which could block the activity of endogenous STAT3
(STAT3-DN). Using this approach, infection efficiencies of
greater than 60% were achieved. Importantly, in our studies,
adenoviral infection of monocytes per se (no LPS stimulus)
did not induce TNF-o. mRNA or protein production [21,26].
Both the o and P isoforms of STAT3 are expressed by human
monocytes [24]. This is demonstrated by use of a 12% SDS-
PAGE gel in the results of Fig. 4a (a 10% SDS-PAGE gel was
used in Fig. 2a). STAT3a has been attributed with modula-
tion of murine macrophage responses to IL-10 while
STAT3p, the C-terminal truncated isoform, can induce the
expression of specific STAT3 target genes [24].

In the absence of an exogenous stimulator, STAT3 phos-
phorylation was detected in cells expressing high levels of
STAT3 protein. Viral proteins were considered a potential
underlying cause of this STAT3 activation because adenovi-
ral infection was initiated 24 h before preparation of lysates
and persisted throughout the 2-h time course. However,
STAT3 phosphorylation in the absence of LPS exposure was
not seen in cells infected with AdV-GFP, and levels of acti-
vated STAT3 in AdV-STAT3- and AdV-STAT3-DN-infected
cells were significantly lower 60 min after initiation of
cultures. A previous study of murine bone marrow mac-
rophages also showed STAT3 phosphorylation in untreated
cells that diminished with incubation [27], but activation by
physical manipulation of the cells was not addressed.

It could be argued that the activation of STAT3 by LPS
after 60—120 min was too late to control the transcriptional
effects of NFxB. However, early phosphorylation of STAT3
in AdV-STAT3- and AdV-STAT3-DN-infected monocytes
was without effect on activation of IxBa, or TNE-o levels. It
remains possible that endogenous IL-10 was responsible for
the LPS-induced phosphorylation of STAT3 at 120 min. The
time of first induction of IL-10 mRNA by LPS varies with the
cell type studied and can vary from after 2 h (murine bone
marrow macrophages) to after 8 h (RAW 264-7 cells) [27].
In our studies of LPS-stimulated human monocytes,
IL-10 mRNA levels as detected by quantitative reverse
transcription—polymerase chain reaction (RT-PCR) were
barely perceptible after 2 h and thus our studies do not allow
us to link LPS-induced phosphorylation of STAT3 with the
induction of endogenous IL-10.
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Although AdV-STAT3- and AdV-STAT3-DN-infected
monocytes expressed significantly increased STAT3 protein
levels, LPS-induced STAT3 phosphorylation was quantita-
tively similar in all cell groups and suggested a tight regu-
latory control of the phosphorylation process. In contrast,
in response to IL-10, STAT3 phosphorylation was signifi-
cantly greater in AdV-STAT3- and AdV-STAT3-DN-infected
monocytes and was proportional to the increased levels of
STATS3 protein in these cells. Measurements of TNF-o. pro-
duction suggested that the biological activity induced by
STAT3 phosphorylation was maximal in AdV-STAT3- and
AdV-STAT3-DN-infected cells, and perhaps limited the
synthesis of IL-10-induced new proteins [28,29]. One new
protein induced by IL-10 in a STAT3-dependent manner in
both human monocytes and murine macrophages is
SOCS3 [13,14,30-32]. However, a role for SOCS3 in regu-
lating the anti-inflammatory effects of IL-10 has been the
subject of much debate [26,31-35]. There was no increase
in IL-10-induced SOCS3 protein in AdV-STAT3-infected
cells when compared with that induced in AdV-GFP-
infected monocytes. In contrast, in a recent study of THP-1
cells, different levels of STAT3 expression were created
using a lentiviral system for overexpressing STAT3 and
short hairpin RNAs to STAT3 [11]. In turn, in response to
stimulation with IFN-q, different levels of SOCS3 expres-
sion were created, including those higher and lower than
the level detected in non-transfected cells. We hypothesize
that the tight control of overexpressed STAT3 for SOCS3
expression in AdV-STAT3-infected monocytes reflects a
difference between primary cells and a transformed cell
line and highlights an important control mechanism in
monocytes.

For treatment of human inflammatory disease, pathways
of activation and de-activation of key regulators in primary
human cells must be better understood. STAT3 activation
pathways were the subject of this investigation. No direct
effects of STAT3 phosphorylation on LPS-induced TNF-o
production were identified. STAT3 may be involved only
indirectly in control of inflammation via mediators such as
IL-10 induced as part of a negative feedback response to cell
activation. However, regulation of TNF-o. production by
IL-10 was only partially dependent on STAT3 in human
monocytes. To understand more clearly the balance of
STATS3 activity in stimulatory and inhibitory processes asso-
ciated with inflammation, further experimentation with
human tissue, and cells isolated from it, is required. This
study could not support pharmacological manipulation of
STAT3 activity as a means of effective control of NFxB-
associated human inflammation.
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