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A general paradigm in signal transduction is ligand-induced feedback inhibition and the
desensitization of signaling. We found that subthreshold concentrations of interferon-y (IFN-y), which
did not activate macrophages, increased their sensitivity to subsequent IFN-y stimulation; this
resulted in increased signal transducer and activator of transcription | (STATI) activation and
increased IFN-y-dependent gene activation. Sensitization of IFN-y signaling was mediated by the
induction of STATI expression by low doses of IFN-y that did not effectively induce feedback
inhibition. IFN-y signaling was sensitized in vivo after IFN-y injection, and STAT| expression was
increased after injection of lipopolysaccharide and in rheumatoid arthritis synovial cells. These
results identify a mechanism that sensitizes macrophages to low concentrations of IFN-y and

regulates IFN-y responses in acute and chronic inflammation.

Interferon-y (IFN-y), or type Il IFN, is a pleiotropic cytokine widely
involved in the regulation of both innate and adaptive immune respons-
es. The maor biologica activities of IFN-y include antiviral and
antiproliferative properties, macrophage activation, control of apopto-
sisand promotion of antigen processing, presentation and T helper type
1 (Tx1) differentiationt. Given the key role played by IFN-y in modu-
lating immune responses, tight control of IFN-y action isimportant for
maintaining homeostasis as well as eliciting competent immune
responses. A lack of IFN-y responses, as occurs in IFN-y and IFN-y
receptor (IFN-yR)—deficient mice, as well asin patients with mutations
in the IFN-yR, results in impaired immunity to a variety of microbial
pathogens®. On the other hand, uncontrolled or excessive IFN-y action
is deleterious as well. Selective overexpression of IFN-y in the liver,
pancreas or epidermis of transgenic mice results in chronic active
hepatitis’, insulin-dependent diabetes mellitus®” and lupus nephritis®,
respectively. Hypersensitivity to IFN-y, as is seen in suppressor of
cytokine signaling 1 (SOCS1)-deficient mice, leads to a complex fatal
neonatal disease characterized by fatty degeneration of liver, monocyt-
ic infiltration of pancreas, heart and lung, abnormal cellularity in thy-
mus, spleen and bone marrow and severe lymphopenia®*2.

IFN-y action is regulated in two distinct ways: control of IFN-y pro-
duction and modulation of 1FN-y signaling. |FN-y production can be
up-regulated by T cell receptor engagement in T, 1 cells and by inter-
leukin 12 (IL-12) and IL-18 in natural killer cells and CD8* T cells.
Once IFN-y is secreted and binds to its cell-surface receptor, the recep-
tor-associated tyrosine kinases Janus kinasel (Jak1) and Jak2 become
activated, leading to the activation of signal transducer and activator of
transcription 1 (STAT1) by phosphorylation of a conserved tyrosine
residuet*, STAT1 plays a major role in mediating the immune and
pro-inflammatory actions of |FN-y*5. Several mechanisms negatively

regulate IFN-y signaling, including loss of expression of IFN-yR2in T
cellst”18, attenuation of signaling by tyrosine phosphatases'®# and
inhibition of IFN-yR—associated Jak1 and Jak2 by SOCS proteins,
especially SOCS1%. In addition, STAT1 DNA binding and transcrip-
tional activity are suppressed by protein inhibitor of activated STAT1
(PIASL) and PIASy*%, Several of these inhibitory mechanisms, for
example, loss of IFN-yR2 expression and induction of SOCS expres-
sion, are activated by IFN-y itself. Thus, similar to most cytokines,
IFN-y induces feedback inhibition to limit its own activity. Also simi-
lar to most cytokines that use the Jak-STAT signaling pathway, expres-
sion of STAT proteinsis currently not thought to play akey rolein the
regulation of IFN-y signaling.

The molecular mechanisms of feedback inhibition and negative reg-
ulation of cytokine signal transduction pathways have been the subjects
of extensive investigation®, but the sensitization of cytokine signaling
is not well understood. IFN-y signaling is positively modulated by pre-
vious exposure to low, subthreshold, concentrations of the type | IFNs
IFN-a and IFN- (IFN-0/B)%. The mechanism of sensitization of IFN-
ysignaling by type | IFNs has not been completely defined, but depends
upon low amounts IFN-a/( signaling. This signaling leads to an asso-
ciation between the two non-ligand-binding receptor subunits IFN-
aR1 and IFN-yR2 and increased dimerization of tyrosine-phosphory-
lated STAT126. We show here that low, subthreshold, concentrations of
IFN-y induce autosensitization of IFN-y signaling by a distinct mecha-
nism that involves increased expression of STAT1.

Results

IFN-y signaling is sensitized by soluble factors

We investigated whether the responsiveness of macrophages to |FN-y
is regulated during cell differentiation via signal transduction. IFN-y
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Figure |.Monocyte sensitization of IFN-y signaling during PBMC cocultures. Blood monocytes were isolated from fresh PBMCs and used immediately. Cocultured
monocytes corresponded to CD 14" cells purified from a 3-day PBMC coculture. M-CSF—cultured monocytes were obtained by culturing pure monocytes for 3 days with 20
ng/ml of M-CSFE All three cell types were activated with IFN-y for 10 min and total cell extracts were prepared. (a) STAT activation was measured by EMSA with the hSIE
oligonucleotide. One representative of six experiments is shown. (b) Immunoblot of cell extracts analyzed with anti—tyrosine-phosphorylated STAT| (pY-STAT|).The same
filter was reprobed with anti-STAT | or anti-STAT2. (c) Monocytes were isolated from PBMC cocultures and treated with [0 U/ml of IFN-y for 10 min. Cell extracts were
analyzed for pY-STAT| and STATI protein by immunoblotting. (d) Blood monocytes and PBMC cocultured monocytes were stimulated with 5 ng/ml of IFN-a or 10 ng/ml

of IL-10. Cell extracts were analyzed for pY-STAT3 and STAT3 by immunoblotting.

signaling was assessed by measuring STAT1 DNA binding by elec-
trophoretic mobility shift assay (EMSA) and tyrosine phosphoryla-
tion by immunoblotting. Three populations of human monocytes or
macrophages at distinct stages of cellular differentiation or activa-
tion were studied: freshly isolated peripheral blood monocytes,
CD14 cells derived from 3-day peripheral blood mononuclear cell
(PBMC) cocultures and macrophages cultured for 3 days with
macrophage colony-stimulating factor (M-CSF). In a dose-response
experiment, |FN-y did not induce detectable STAT1 DNA binding in
fresh blood monocytes until the dose reached 100 U/ml (Fig. 1a,
upper panel). Monocytes derived from PBMC cocultures responded
strongly to 1 U/ml of IFN-y (Fig. 1a, lower panel). This indicated
that IFN-y signaling became sensitized during culture, as defined by
increased STAT1 activation in response to low doses of IFN-y. In
contrast to the PBMC coculture system, where monocytes were
mixed with other blood cell types during the course of culture, IFN-
y responses were minimally increased when monocytes were purified
before culture (Fig. 1a, lower panel); the slight increase in IFN-y
responsiveness detected in cells cultured with M-CSF was not con-
sistently observed and has not been further investigated.
Phosphorylation of STAT1 Tyr™ is a prerequisite for its dimer-
ization and activation of DNA binding. IFN-y—induced STAT1 tyro-
sine phosphorylation was markedly increased in monocytes derived
from PBMC cocultures (Fig. 1b). Monocytes that were rendered
more sensitive to IFN-y will be referred to as primed monocytes
hereafter. Compared to blood monocytes, STAT1 was modestly
increased in cocultured monocytes (Fig. 1b). Reprobing the same
filter for STAT2 demonstrated comparable STAT2 amounts in all
lanes (Fig. 1b). IFN-y signaling sensitization did not become
apparent until the second day of PBMC coculture and increased in

a time-dependent manner (Fig. 1c). STAT1 increased in parallel with
the sensitization of IFN-y signaling (Fig. 1c), which was highly repro-
ducible among >40 different blood donors. In [50% of experiments,
induction of STAT1 expression was marked and correlated with the
increase in tyrosine phosphorylation (data not shown). The increase
in STAT1 appeared insufficient to explain increased STATL1 tyrosine
phosphorylation in the other [(50% of experiments (such as those in
Fig. 1b,c). Jak-STAT signaling was not globally sensitized in PBMC
coculture—primed monocytes, as STAT3 activation by IFN-a and IL-
10 remained unchanged during the course of culture (Fig. 1d). These
results demonstrated that IFN-y signaling in monocytes became
sensitized during PBMC coculture and suggested that factors
derived from lymphocytes or natural killer cells that were present
in these cultures may induce sensitization.

Sensitization of IFN-y signaling could potentially be mediated by
cell-cell contact between monocytes and other cell types and by solu-
ble factor(s) secreted during PBMC coculture. To discriminate between
these two possibilities, we used a culture system in which monocytes
and CD14- blood cells were spatially separated by a cell-impermeable
membrane in transwell plates. In transwell-cultured monocytes, IFN-y
signaling was sensitized to a similar extent as in monocytes from
PBMC cocultures (Fig. 2a), with aconcomitant increase in STAT1 pro-
tein (Fig. 2a). In addition, sensitization could be induced by PBMC
coculture supernatants (Fig. 2b). Both transwell and supernatant-trans-
fer experiments implied the involvement of one or more soluble factors
in the process of IFN-y signaling sensitization. Supernatant-induced
sensitization occurred with faster kinetics than sensitization in tran-
swell-cultured monocytes (Fig. 2b), which was consistent with the idea
that the supernatants contained factors that were produced de novo dur-
ing transwell or PBMC cocultures.

Figure 2. Soluble factors produced in PBMC cocultures
mediate IFN-y signaling sensitization. (a) Blood and cocul-
tured monocytes were obtained as in Fig. |. Monocytes were col-

a b = =
: :
§ o & a
Blood Cocultured Transwell (= F &
10U/ml IFN-y - + - + - + IFN-y: -+ -+ o+ -+ o+
pY-STATI - -— - :

il

Adsdis sk 35 5

STAT| e —— - — ——_—

Lol

+ |Sup

lected from the bottom chambers of transwells after 3 days of
culture. Cells were subsequently activated with 10 U/ml of IFN-y
for 10 min and cell extracts analyzed by immunoblotting for pY-
STAT | and total STAT . (b) Monocytes were cultured in transwell
chambers or with PBMC coculture supernatants before stimula-
tion with 10 U/ml of IFN-y for 10 min. Cell extracts were sub-

| Transwell
| +

Blood Day | Day 2

860 nature immunology volume 3 no 9

september 2002

Day 3 jected to EMSA with the hSIE oligonucleotide.

www.nature.com/natureimmunology




l@ © 2002 Nature Publishing Group http://www.nature.com/natureimmunology

ARTICLES

a o b g c
o0 0
2 32% 23 2223
s & 3% 3% g &£ g = Anti-IFN-GR2 - -+ .+
e 5 B I e L k=] c k=1
g% 21 £ % S B 8 & IFN-y (U/mi): 300 300 3000 3000
O < O é O <
PO S R pY-STATI .
Blood Primed with supernatant Blood Primed with supernatant
10 min IFN-y : -+ -+ o+ o+ o+ 4+ + 4+ 10 min IFN-y : + - + + o+ o+ + STAT| | S == o= == o
pY-STATI —_—-— — == - Anti-IFN- -+
—— IFN-a (U/ml): - 3000 3000
& —— Gt y =B
STATI —— = - = PrSTAT! i =
2 3 45 67 8 9 10 STATI | i o i, e ok i STATI e S =

Figure 3. Monocyte IFN-y signaling sensitization is mediated by IFN-y, but not by IFN-a, in PBMC cocul-
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tures. (a) Monocytes were cultured with PBMC coculture supernatants for 3 days with saturating concentrations of
neutralizing antibodies (0.5 pg/ml of anti—IFN-y, 2 pg/ml of anti—IFN-0R2 and 2 pg/ml of anti—IFN-a). Isotype-matched
control antibodies were used at the same concentrations. At the end of culture, cells were extensively washed and
treated with 10 U/ml of IFN-y for |0 min. STAT DNA binding in cell extracts was analyzed by EMSA as before. Primed
600 with supernatant, cultured for 3 days with PBMC coculture supernatants. (b) Immunoblotting of the same extracts
200 used in a. (c) Monocytes were incubated with 2 pg/ml of mAbs to human IFN-aR2 or IFN-a, this was followed by 10-

° min activation with IFN-a. Cell extracts were analyzed for both pY-STAT| and total STAT| protein by immunoblot-
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ting. (d) Supernatants were collected from five independent 3-day transwell cultures and the amounts of IFN-y and

IFN-a present in culture supernatants were determined with ELISA.

IFN-y itself mediates signaling sensitization

IFN-y signaling is sensitized through cross-talk between type | and type
Il IFN signal transduction pathways®. To assess the role played by
IFNs in IFN-y signaling sensitization, monocytes were primed with
supernatants derived from PBM C cocultures in the presence of neutral-
izing antibodies to IFNs or IFNRs. As expected and as assessed by
EMSA, PBMC coculture supernatants induced |FN-y signaling sensiti-
zation (Fig. 3a, lane 4 versus 2). Antibodies directed against IFN-aR2,
the ligand binding chain of IFN-0/BR, or against IFN-a did not prevent
sensitization of IFN-y signaling (Fig. 3a, lanes 8 and 10). In contrast,
the addition of IFN-y antibodies during the priming culture blocked
sensitization of signaling. STAT1 activation was essentially the same as
observed in fresh blood monocytes (Fig. 3a, compare lane 6 to lanes

b

2 and 5). Consistent with the DNA-binding results, |FN-y antibodies
also blocked the increase in STAT1 tyrosine phosphorylation, whereas
IFN-aR2 blocking antibody had no effect (Fig. 3b). The increase in
STAT1 protein during priming was blocked in parallel to suppression of
IFN-y signaling (Fig. 3b). Similar results were obtained when soluble
IFN-yRs were used to block IFN-y activity during priming (data not
shown). Antibodies to IFN-aR2 and IFN-a were capable of complete-
ly inhibiting IFN-a—induced STAT1 activation, demonstrating that
these reagents completely blocked type | IFN signaling (Fig. 3c).

To determine whether the lack of any apparent sensitizing effect of
type | IFNs was secondary to alack of production of type | IFNs during
these cultures, the amounts of IFN-a in PBMC coculture supernatants
were determined. When a sensitive enzyme-linked immunosorbent assay
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Figure 4. Subthreshold concentrations of exogenous IFN-y can sensitize IFN-y signaling in primary human monocytes and in macrophages from IFN-
o/BR-deficient mice. (a) Monocytes were treated with increasing concentrations of IFN-y for 3 days (0.3, | and 3 U/ml correspond to 15, 50 and 150 pg/ml, respec-
tively). Cells were then washed and stimulated with 10 U/ml of IFN-y for 10 min. STAT activation was measured by EMSA. Autoradiographs were exposed for 16 h (lanes
1-7) and 3 days (lanes 8—13) in order to visualize any baseline STAT | activity after priming. (b) Cells were cultured for 3 days with low or high doses of IFN-y, and extracts
were analyzed for pY-STAT| and total STAT| and STAT3 protein by immunoblotting. (c) Monocytes were primed for | day with 3 U/ml of IFN-y, washed and activated
with 10 U/ml of IFN-y for 10 min. STAT activation was analyzed by EMSA and immunoblotting. (d) Monocytes were primed with 30 U/ml (150 pg/ml) of IFN-a or 3 U/ml
(150 pg/ml) of IFN-y, washed and stimulated with 10 U/ml of IFN-y for 10 min. Cell extracts were analyzed for pY-STAT| and total STAT| by immunoblotting. (e) Bone
marrow—derived macrophages from type | IFNR—deficient mice” were cultured for | day with IFN-y, washed and restimulated for 10 min with 30 U/ ml of IFN-y.
(f) Monocytes primed for 2 days with | or 3 U/ml of IFN-y were washed and stimulated with 5 ng/ml of IFN-a. Cell extracts were analyzed for pY-STAT | and total STAT|

and STATS by immunoblotting.
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(ELISA)—capable of detecting aslittle as 3 pg/ml of |FN-o—was used,
no IFN-a was detected in any of the supernatants tested (Fig. 3d). Thus,
these results do not conflict with a previous report?, which showed that
type | IFNs can sensitize IFN-y signaling, because |FN-a was absent in
our culture systems. In contrast to IFN-a, low amounts of IFN-y were
detected in @l culture supernatants that were tested (Fig. 3d). Taken
together, our data suggested a role for IFN-y in the sensitization of its
own signaling pathway in human monocytes.

Purified exogenous IFN-y was used to determine whether this
cytokine aloneis sufficient to sensitize its own signaling. Purified blood
monocytes were incubated for 3 days with low doses of IFN-y, which
corresponded to the concentrations detected in PBMC cocultures. As
expected, culturing monocytes without exogenous IFN-y did not pro-
mote |FN-y—-induced STAT1 DNA-binding activity (Fig. 4a, lane 4).
Culturing monocytes with low concentrations of |FN-y sensitized |FN-
y signaling in a dose-dependent manner (Fig. 4a,b, top panel). No base-
line STAT1 activity was detected after priming cultures and before res-
timulation with IFN-y (Fig. 4a, lanes 8, 10 and 12). In contrast, when a
saturating dose of |FN-y (100 U/ml) was used during the priming peri-
od, sensitization of IFN-y signaling was not observed, consistent with
the development of feedback inhibition (Fig. 4b, right panel). When
100 U/ml of IFN-y was used, low baseline STAT1 tyrosine phosphory-
|ation was inconsistently detected at the end of the priming period, but
sensitization of |FN-y signaling was never observed (data not shown).
Expression of STAT1 was increased in |FN-y—primed cells. In contrast
to PBMC cocultures, when used at low concentrations, purified IFN-y
consistently induced increased STAT1 protein expression that correlat-
ed with the increase in STATL1 tyrosine phosphorylation (Fig. 4b—d).
IFN-y priming did not alter the amounts of STAT3 or other components
of Jak-STAT pathway (Figs. 4b, and data not shown).

Because signaling sensitization occurred rapidly in monocytes
primed with PBMC coculture supernatants (Fig. 2b), we tested whether
IFN-y—mediated sensitization also occurred at early time points. In
monocytes primed with IFN-y for 1 day, IFN-y signaling was aready
sensitized, as shown by increased |FN-y-induced STAT1 DNA binding
and tyrosine phosphorylation (Fig. 4c). Low doses of IFN-a were also
able to sensitize IFN-y signaling (Fig. 4d). To determine whether con-
stitutively low amounts of type | IFNs were necessary for priming to
occur, experiments were done with bone marrow—derived macrophages
from mice deficient in the type | IFNR?. Priming with low doses of
IFN-y effectively sensitized IFN-y signaling, with a concomitant
increase in STAT1 protein, even in the absence of type | IFN signaling
(Fig. 4e). Feedback inhibition became apparent as the priming dose of
IFN-y was increased (Fig. 4€), similar to that seen with human
macrophages (Fig. 4b). Because IFN-a &l so activates STAT1, the effects
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of priming with IFN-y on IFN-a signaling were tested. Low dose |FN-y
effectively sensitized activation of STAT1 by IFN-a in macrophages
(Fig. 4f). These results demonstrated that in macrophages, IFN-y sig-
naling could be sensitized by both type | and type Il IFNs and that sen-
sitization by |FN-y was not dependent upon type | IFNs.

Sensitization of IFN-y-dependent gene activation
Macrophage activation by IFN-y is mediated by the activation of expres-
sion of genes important for macrophage effector functions. The regula-
tion of several of these genes—including those encoding the chemokines
monokine induced by IFN-y (MIG) and inducible protein-10 (1P-10), the
transcription factor IFN regulatory factor 1 (IRF-1) aswell as guanylate-
binding protein (GBP) and IFN-stimulated gene 54 (1SG54)—is STAT1-
dependent3*4, We assessed the physiological role played by sensitization
of IFN-y signaling by analyzing IFN-y induction of gene expression in
monocytes primed with low doses of IFN-y. One prediction from the sig-
naling studies is that gene expression would be induced by lower doses
of IFN-y. Indeed in primed macrophages relative to blood monocytes,
expression of MIG, GBP and 1SG54 mRNA was induced by lower doses
of IFN-y (Fig. 5a). Stimulation of primed monocytes with IFN-y also
resulted in substantially higher expression of IP-10 and IRF-1 mRNA
than in control monocytes (Fig. 5b). Thus, priming with low doses of
IFN-y also sensitized | FN-y—dependent gene activation.

STATI and SOCS expression in primed monocytes
To determine the mechanism of IFN-y signaling sensitization, the effects
of priming on the components of the IFN-y-Jak-STAT pathway were
examined. Priming of macrophages with low dose IFN-y had no dis-
cernable effect on cell surface IFN-yR expression (Fig. 6a), and no
changes in IFN-yR protein or mRNA expression were detected by
immunoblotting or reverse transcription polymerase chain reaction (RT-
PCR) (data not shown). Consistent with comparable IFN-yR expression,
activation of Jak1 and Jak2 did not differ between M-CSF—cultured and
IFN-y—primed cells (Fig. 6b). These results indicated that priming does
not alter proximal steps in IFN-y signaling upstream of STAT1 activa
tion and prompted us to examine the kinetics of STAT1 deactivation.
Similar to established protocols*?, IFN-y signaling input was termi-
nated by removing IFN-y or adding genistein (to inhibit Jak kinase
activity) (Fig. 6¢). In both cases, STAT1 activity was terminated rapid-
ly and with comparable kinetics (Fig. 6¢ and data not shown), indicat-
ing that rates of STAT1 deactivation did not differ between M-
CSF—cultured and |FN-y—primed cells and excluding a role for phos-
phatases or SOCS proteins. We addressed the role of increased STAT1
expression in sengitization of IFN-y signaling using two approaches.
First, forced overexpression of STAT1 in the absence of any priming
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stimulus resulted in sensitization of STAT1 signaling (Fig. 6d), thus
indicating that increased STAT1 expression was sufficient to sensitize
IFN-y signaling. Second, the effects of priming on IFN-y activation of
STAT1 and STAT3 were compared. IFN-y weakly activated STAT3 in
human monocytes (Fig. 6b), and STAT3 activation and STAT3 protein
were minimally affected by priming. Comparable activation of STAT3
in M-CSF—cultured and |FN-y—primed cells was consistent with com-
parable IFN-yR expression and Jak activation (Fig. 6a,b). In contrast to
STATS3, STAT1 expression greatly increased, as did STAT1 activation,
when the same cells were treated with IFN-y (Fig. 6b). These results,
taken together, implied a role for increased STAT1 expression in the
sensitization of IFN-y signaling. When primed monocytes were stimu-
lated with IFN-a, STAT1, but not STAT3, activation was sensitized
(Fig. 4f and data not shown), suggesting that increased STAT1 expres-
sion can affect signaling by at least two receptors.
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IFN-y induces SOCS1 expression, which feeds back and inhibits
IFN-y signaling. The kinetics of SOCS1 mRNA expression were ana-
lyzed when monocytes were treated with either low (3 U/ml) or high
(100 U/ml) concentrations of IFN-y that induce, respectively, priming
or feedback inhibition. Low doses of |FN-y induced transient increases
in SOCS1 mRNA that returned to baseline amounts after 4 h and
remained low during the remainder of the priming period (Fig. 6€). In
contrast, when high concentrations of |FN-y were used, SOCS1 mRNA
continued to increase for 24 h and remained elevated for the duration of
the priming period. STAT1 mRNA was elevated in a sustained manner
with both priming and activating concentrations of IFN-y (Fig. 6€).
Thus, priming of macrophages with low doses of |FN-y resulted in high
expression of STAT1 in the absence of induction of feedback inhibition
by SOCSL1. The sustained increase in STAT1 mRNA indicated that acti-
vation of STAT1 gene expression contributed to the increase in amounts

Figure 7. Regulation of IFN-y signaling and STAT | expres-
sion in vivo. (a) Six-week-old C57BL/6] mice were injected with
IFN-y; resident peritoneal macrophages were collected | day later
and stimulated for 10 min with 100 U/ml of IFN-y. pY-STAT | and
total STATI and Jakl protein were analyzed by immunoblotting.
(b) Mice were injected with saline or LPS. (Upper panel)
Immunoblotting of STATI, Jakl and Jak2 protein in cell extracts
from splenic macrophages (CDI Ib* populations) isolated | day
after injection. (Lower panel) Immunoblotting of STAT | protein in
cell extracts from splenic macrophages isolated after injection.
One representative of three experiments is shown. (c¢) Normal
and RA synovial tissues were stained with anti-STATI.
Photomicrographs are representative of ten RA and nine normal
specimens.
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of STATL. In addition, pulse-chase experiments showed that newly syn-
thesized STAT1 protein was stable (Fig. 6f). The combination of sus-
tained expression of STAT1 mRNA and the stability of STAT1 protein
contributed to the increase in STAT1 protein observed during priming.
In contrast, SOCSL protein is extremely labile®, and we were not able
to detect SOCS1 protein expression by immunoprecipitation or
immunoblot.

IFN-y signaling and STAT | expression in vivo

The physiological role of increased STAT1 expression was further
investigated by analyzing its expression in vivo during conditions of
acute and chronic inflammation. Preinjection of mice with a low dose
of IFN-y (100 U) resulted in increased STAT1 protein and autosensiti-
zation of IFN-y signaling in vivo in resident peritoneal macrophages
(Fig. 7a). When mice were injected with tenfold more IFN-y (1000 U),
STAT1 protein increased further; in contrast, after restimulation with
IFN-y, STAT1 tyrosine phosphorylation remained high but showed
minimal additional increase. This indicated the induction of feedback
inhibition that blunted the effects of increased STAT1 expression and
showed that IFN-y—mediated sensitization and feedback inhibition of
IFN-y signaling in vivo was similar to regulation in vitro.

Injection of lipopolysaccharide (LPS) serves as a model of sep-
ticemiaand resultsin rapid | FN-y expression, which is thought to play
an important role in LPS toxicity. Injection of mice with LPS induced
STAT1 expression in splenic macrophages within 4 h, and increased
STAT1 expression was sustained for at least 48 h (Fig. 7b).
Rheumatoid arthritis (RA) is a chronic inflammatory condition pri-
marily involving jointsthat is believed to represent a T, 1 response. RA
joint macrophages are strongly activated and express high amounts of
IFN-y—inducible genes, despite low concentrations of extracellular
IFN-y%. We investigated the expression of STAT1 in RA using
immunohistochemistry to analyze inflammatory synovial tissue
obtained during joint-replacement surgery. RA synovial tissue cells
expressed high amounts of STAT1 relative to normal controls, espe-
cialy in the macrophage-containing lining layer where cells are most
highly activated (Fig. 7c). The differences in expression of STAT1
were statistical