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Complete activation of macrophages during immune
responses results from stimulation with the activating
cytokine interferon-y (IFN-y) and a second stimulus,
usually a microbial product. Bacterial infection of
macrophages, or treatment with bacterial lipopoly-
saccharide (LPS), resulted in rapid Statl phosphoryl-
ation on Ser727 (S727) independently of concomitant
tyrosine phosphorylation. IFN-y also caused rapid
phosphorylation of S727. In both situations, S727
phosphorylation was reduced by pre-treatment of cells
with the serine kinase inhibitor H7. When macrophages
were treated sequentially or simultaneously with LPS
and IFN-y, the pool of molecules phosphorylated on
both Tyr701 (Y701) and S727 was strongly increased.
Consistently, Statl-dependent transcription in response
to IFN-y was significantly enhanced if the cells were
pre-treated with bacterial LPS. The relative amount
of S727-phosphorylated Statl in the non-tyrosine phos-
phorylated fraction was considerably smaller than that
in the tyrosine-phosphorylated fraction. No evidence
was found for an effect of S727 phosphorylation on
the phosphorylation of Y701 by IFN-+y. Thus, serine
and tyrosine phosphorylation of Statl are caused inde-
pendently of each other, but the serine kinase may
recognize tyrosine-phosphorylated Statl preferentially
in the course of an IFN+y response. The data suggest
Statl to be a convergence point for immunological
stimuli in a macrophage proinflammatory response.
Keywords IFN/LPS/serine phosphorylation/Stat/
transcription

Introduction

been well documented in the case of macrophages. These
respond to the initial bacterial infection with an immediate
synthesis of proinflammatory mediators and contribute in
many ways to natural immunity, but also to the onset of
a specific immune response (Kielian and Blecha, 1995;
Viriyakosol and Kirkland, 1995). Once activated Thl cells
are present, they provide the macrophage-activating factor
interferony (IFN-y) which acts in concert with products
of the microbe, for example the cell wall component
lipopolysaccharide (LPS), to generate macrophages with
a maximal capacity to ingest and kill microbes, as well
as to synthesize membrane receptors and secreted molec-
ules that function in a proinflammatory immune response
(Nacy and Meltzer, 1991).

The intracellular events leading to macrophage activa-
tion have been uncovered to some extent. §Fblnds to
a hetero-oligomeric, class Il cytokine receptor and activates
a Jak-Stat signaling pathway consisting of the Jakl and
Jak2 kinases as well as the transcription factor signal
transducer and activator of transcription 1 (Statl). Statl
binds to the cytoplasmic portion of the ligand-activated
IFN-y receptor and is phosphorylated by Jaks on a single
tyrosine residue (Y701). Phosphorylation on Y701 causes
SH2 domain-mediated dimerization, nuclear translocation
and binding of Statl to its cognate promoter DNA, the
gamma interferon-activated site (GAS; reviewed in Darnell
et al, 1994; Mulleret al, 1994; Schindler, 1995; Leaman
et al, 1996; Darnell, 1997; Decker, 1997; Decladral.,
1997). To act with maximal efficiency as a transcription
factor, Statl must also be phosphorylated on S727 which
lies within a potential MAPK consensus motif at the
C-terminus, a putative transactivation domain (Vé¢il.,
1995). At present, the kinase-phosphorylating S727 is not
clearly defined. The MAPK ERK2 was suggested to exert
Statl serine kinase activity (Davet al., 1995), but the
extent to which this applies is currently a matter of debate
(Chung et al, 1997; Nishiyaet al, 1997; Zhuet al,
1997). Zhu and colleagues recently provided preliminary
evidence for a Statl serine kinase distinct from ERKs
(Zhu et al., 1997).

Early post-receptor events in LPS-induced signal trans-
duction involve tyrosine phosphorylation, but it is unclear

Innate immunity provides an immediate host response which tyrosine kinases are critically involved in signal
against bacterial infection. The antibacterial mechanisms transduction downstream of the CD14 or other LPS
recruited by the innate immune system usually are trig- receptors (reviewed in Sweet and Hume, 1996). In addition
gered by the invading microorganism itself. The adaptive to the tyrosine kinases, a number of serine kinases were
immune response, ultimately orchestrated by lymphocytes, shown to be activated by LPS, including c-Raf, the MAP
arises as a consequence of antigen presentation andkinases Erkl and Erk2, the p38 kinase, c-Jun kinase and
enhances the antibacterial response through antigen-ceramide-activated kinase (CAK; Josegh al, 1994;
specific mechanisms. However, cells of the adaptive Reimannet al, 1994; Bischeret al, 1995; Wright and
immune system also provide a positive feed-back to the Kolesnick, 1995; Hambletoat al., 1996; Sangherat al.,
innate immune system through the synthesis of cytokines 1996; Meng and Lowell, 1997). Importantly, LPS also
that either increase effector cell numbers or activate theseactivates kB kinase. NFkB, and to some extent AP1,
cells for an increased antibacterial performance. This hasplays a central role in the transcriptional activation of
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Fig. 1. Specificity of the anti-Statl pS727 serum. 293 cells were IP: Stat1
transfected with an S727A mutant of Statl which was tagged at the
N-terminus with myc epitopes and thus migrated more slowly in B p—
- IFN-

SDS-PAGE. Half of the transfected cells were treated with {EN-
Extracts from IFNy-treated and untreated cells were subjected to

immunoprecipitation with anti-Statlserum and the precipitates were X < Stat1pS727
stained with anti-pS727 serum or normal anti-Stagerum. The BLOT: Stat1pS727
additional, lower molecular weight bands in the Statl blot stem from = tghe

degradation products derived from transfected Stat1S727A.

numerous genes encoding immunologically important
cytokines or other mediators (reviewed in Baeuerle and
Henkel, 1994; Baeuerle and Baltimore, 1996). Therefore,
the functional cooperation between IRNand LPS can
be explained in terms of each inducing a set of proinflam- Fig. 2. Induction of Statl S727 phosphorylation in U937 cells and
matory gene products. However, some genes, such agilet Fin B e o e Tor 20 min with the indicated
those enC(_)dlng INOS, transcription factor IRF-1 or the agentsg B) Human PBMC were prepared under serum-free conditions
cell adhesion molecule ICAM-1, were also shown to be ang stimulated with IFNs for 20 min. Determination of Statl S727
induced cooperatively by NkB and Statl (Simt al., phosphorylation was with anti-pS727 as described for Figure 1.
1993; Caldenhovewt al, 1994; Looket al, 1994; Xie
et al., 1994; Ledebur and Parks, 1995; Geioal., 1997, ated on S727 is present in 293 cells which, in accordance
Pine, 1997). with published results (Weret al., 1995), is strongly

In the present study, we investigated whether bacteriaincreased by treatment with IFiX-The lack of reactivity
and their products directly influence the output of the Jak— with our antiserum of the S727A mutant under all condi-
Stat signal transduction pathway. Our results suggest thattions suggested the suitability of our antibodies to reveal
bacterial infections augment Statl-mediated transcription the activity of the Statl S727 kinase and thus to study its
by activating a kinase capable of phosphorylating S727. regulation by stimuli of cell-surface receptors. To obtain
further evidence for this assumption, we tested a number
of stimuli previously implicated in causing Statl phospho-

BLOT: Stat1 | = == w== | < Stat1

IP: Stat1

Results rylation on S727 (Figure 2A; Weet al, 1995). U937
An antiserum specifically recognizing Stat1 promonocytes grown in the presence of 10% fetal calf
phosphorylated on Ser727 serum (FCS) produced a Statl signal with anti-pS727.

We immunized rabbits with a peptide corresponding to Starvation from serum for 20 h completely abolished Statl
part of the Statl C-terminus and including phosphorylated reactivity with anti-pS727, and a brief stimulation with
S727. The resulting serum (hereafter designated anti-10% re-established it. Both types of IFN and phorbol ester
pS727) was tested by enzyme-linked immunosorbent assaycaused a Statl signal in Western blots stained with anti-
(ELISA) and in Western blots of gels in which immunopre- pS727. These results show beyond doubt that anti-pS727
cipitates of cellular Stat1 were compared with recombinant correctly reveals the regulation of the Statl S727 kinase
(unphosphorylated) Statl C-terminus or StatlS727A in intact cells.

mutant C-terminus. These experiments revealed an ~1000- The presence of factors stimulating S727 kinase activity
fold preference of the antibodies for the phosphorylated in serum raised the question of whether such factors are
C-terminus of Statl (data not shown). The specificity of present in blood plasma, thus causing constitutive S727
anti-pS727 was demonstrated further in an experiment phosphorylation in blood leukocytes. Peripheral blood
shown in Figure 1. 293 kidney fibroblasts were transfected mononuclear cells (PBMC) isolated from whole blood
with a plasmid expressing high levels of myc epitope- demonstrated a low constitutive S727 phosphorylation of
tagged StatlS727A. The transfected cells expressedStatl which could be stimulated significantly by both
approximately equal amounts of endogenous wtStatl andIFN-a and IFNy (Figure 2B). This result confirms the
exogenous Stat1S727A. Following stimulation with IFN-  importance of regulating S727 phosphorylatiarvivo.

and immunoprecipitation of cellular extracts, an increased

signal of wtStat1 was observed in Western blots with anti- Bacterial infection and LPS activate the Stat1 S727
pS727. In contrast, StatlS727A did not react with the kinase

antibody in either unstimulated or IFidtreated cells. The  The experiment shown in Figure 2A demonstrates rapid
experiment thus indicates that some wtStatl phosphoryl- phosphorylation of Statl S727 in response to the phorbol
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Fig. 3. The effect of bacteria, LPS or CSF-1 on Statl S727
phosphorylation in mouse macrophages) Bacl.2F5 macrophages
were either infected witts.typhimuriunor treated with LPS for BLOT: Stat1
20 min. Stimulation with human recombinant CSF-1 was for 10 min. ’
Determination of Statl S727 phosphorylation was with anti-pS727 as
described for Figure 1B) Extracts from Bacl.2F5 cells after LPS IP: Stat1
treatment oiSalmonellainfection were assayed for tyrosine ) . . o
phosphorylation of Stats in the EMSA withfacasein GAS sequence Fig. 5. The ef_“fect of serine kinase inhibitor H7 on Statl S727 .
as a labeled probe. phosphorylatlon./(\)_Bac1.2F5 macrophaggs were pr(_e—treated with

50 uM H7 for 10 min and subsequently stimulated with IfNer
25 min. B) Macrophages were pre-treated similarly with H7 and
subsequently stimulated with LPS for 25 min. Determination of Statl
S727 phosphorylation was with anti-pS727 as described for Figure 1.
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Fig. 4. The kinetics of Statl S727 phosphorylation by LPS. Bacl.2F5
macrophages were stimulated with LPS for the indicated periods. ERK1 —a-
Determination of Statl S727 phosphorylation in cellular extracts was ERK2—*
with anti-pS727 as described for Figure 1.

ester TPA. Since TPA does not cause Statl phosphorylationg,, ¢ »civation of MAP kinases ERK1 and ERK2 by IFNs and

on t¥r9$'“e (E”erset al, 1994), the_ drug exploits the LPS. Bacl.2F5 cells were stimulated with CSF-1 for 10 min, or with
possibility of independently regulating Y701 and S727 |FN-a, IFN-y or LPS for 20 min. Simultaneous treatment with IFNs
phosphorylation. We investigated the possibility that this and LPS was for 25 min. Following stimulation, cellular extracts were
might also occur in response to (patho-)physiological prepared and ERK activation was measured by in-gel phosphorylation
stimuli that cooperate with IFN-in causing macrophage ~ °f ¢o-Polymerized myelin basic protein.

activation. Macrophages were infected wialmonella

typhimuriumfor 20 min. Alternatively, macrophages were (Figures 4 and 9C). Consistent with previous data (Zhu
treated with LPS. In either case, a strong stimulation of et al,, 1997), maximal levels of tyrosine phosphorylation
Statl phosphorylation on S727 was observed which wasin response to IFN-were reached earlier than maximal
similar, or even superior, to that caused by IF¥N- levels of S727 (data not shown).

(Figure 3A). By contrast, no evidence for tyrosine-phos-  LPS- and IFNy-induced activation of the Statl S727
phorylated Stats was observed in the EMSA upon brief kinase were sensitive to the serine kinase inhibitor H7
treatment of macrophages with LPS or after brief infection (Figure 5). Moreover, H7 also suppressed basal S727
with S.typhimuriumsuggesting that LPS did not activate phosphorylation caused by serum factors (Figure 5A). In
a Jak-Stat pathway (Figure 3B). The kinetics of S727 six independent experiments, the inhibition of I§N-
kinase activation by LPS are shown in Figure 4. Import- mediated S727 phosphorylation ranged between 50 and
antly, LPS rapidly activated S727 kinase, thus ruling out 80%. On average, the drug was less efficient in inhibiting
the possibility of activation by indirect mechanisms (see kinase activation by LPS (between 20 and 70% inhibition
also Figure 9C). The kinetics of LPS- and IRNnduced in five independent experiments). It is unclear at present
S727 phosphorylation were found to be similarly rapid whether incomplete inhibition by H7, particularly of LPS-
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induced S727 phosphorylation, indicates the presence ofERKS, but to a fairly small extent compared with CSF-1
H7-sensitive and -insensitive pathways targeting this Stat1 or LPS. Combined treatment with IFNs and LPS slightly
phosphorylation site. increased activation by LPS alone, but this effect was not
We tested whether the MAP kinases ERK1 and ERK2 very pronounced. Thus, MAPK activity can be uncoupled
might be a common downstream target of LPS and y+N- from S727 kinase because IRNcauses robust S727
to cause S727 phosphorylation in macrophages. As aphosphorylation whereas CSF-1 causes no detectable S727
positive control, colony-stimulating factor 1 (CSF-1), kinase activation (Figure 3). To assess further the possibil-
which is known to cause robust MAPK activation in ity of Statl phosphorylation by ERKSs, for example in the
Bacl.2F5 macrophages, was used. Our results (Figure 6)ase of LPS, we performed in-gel kinase assays or ERK2
demonstrate strong activation of both ERKs by CSF-1 immune complex kinase assays using recombinant Statl
and LPS. By contrast, IFN-caused very little ERK2  C-terminus as a substrate. These experiments revealed no
activation and no activation of ERK1. IFN-activated detectable ability of CSF-1 ddalmonellaactivated ERKs
to phosphorylate S727 (data not shown).
A
. LPS pre-treatment increases the transcriptional
LPS pretreatment (20 min) - = + + response to IFN-y
IFNy treatment (10 min) L S To be functionally meaningful, LPS must cooperate with
= IFN-y to increase the pool of Statl molecules phosphoryl-
< Stat1py701 ated on both Y701 and S727, and this pool of molecules
must cause an increased target gene transcription rate. We
first tested the effect of LPS pre-treatment on I¥N-
<—Ighc activation of Statl. Macrophage extracts after treatment
with IFN-y alone, or after LPS pre-treatment and sub-
sequent IFNy stimulation, were immunoprecipitated with
either anti-pS727 antibodies or with antibodies to the
Statl C-terminus. Western blots of these precipitates were
developed with either pS727 serum (in the case of Statl
< Ighc immunoprecipitation only), with anti-phosphotyrosine
monoclonal antibody or with Stat1 antibodies. This experi-
IP: Stat1pS727 ment (Figure 7A) showed that the pS727-specific antibod-
ies precipitate much more tyrosine-phosphorylated Statl
B from LPS-pre-treated cells pulsed for a brief period
(10 min) with IFN+y. In fact, precipitation of tyrosine-
LPS pretreatment (20 min) - - + + phosphorylated Statl with anti-pS727 serum from cells
IFNy treatment (10 min) - treated for 10 min with IFN¢ alone was below the level
of detection. The control Statl antibody precipitated equal
amounts of tyrosine-phosphorylated protein from H#N-
< Stat1pS727 treated and pre-LPS/IFNHreated cells (note that the
antibody to the Statl C-terminus precipitates more effici-
ently compared with the pS727 antiserum; therefore signal
intensities in Figure 7A and B cannot be compared
directly). This result indicates a larger amount of tyrosine-
phosphorylated molecules in the S727-phosphorylated

Statl pool after LPS pre-treatment and allows the conclu-
BLOT: anti pY <—Stat1pY701

BLOT: StatipY701

BLOT: Stat1 ==Etan

BLOT: Stat1pS727

-—|Ighc

BLOT: e | -—Stat1 Fig. 7. The effect of LPS pre-treatment on the S727 phosphorylation
: Stat1 status of tyrosine-phosphorylated Statl isolated from \FNFr LPS/
IP: Stat1 IFN-y-treated macrophages. Bacl.2F5 macrophages were pre-treated

with LPS for 20 min, and untreated or pre-treated cells were
stimulated with IFNy and LPS for 10 min. Pre-treated control cells
C were stimulated further with LPS alone for another 10 min. Extracts
. were subjected to immunoprecipitation with either anti-pS727 serum

LES pretreaiment0min) = & & & # (A) or serum against the Statl C-termin®) @s indicated. Western
IFN-y treatment (10 min) -+ o+ o+ 4 blots of the immunoprecipitates were developed with anti-pS727
anti Stat1pS727 - - o+ - o+ antiserum [only Stat1Ab immunoprecipitate in (B)], anti-
phosphotyrosine or anti-Statl antibodies. Note that the antibody to the
Statl C-terminus precipitates more efficiently compared with the
pS727 antiserum; therefore, signal intensities in (A) and (B) cannot be
compared directly. Levels of Statl precipitated by the anti-pS727
serum from cells treated for 10 min with IFNalone were below the
e - - level of detection. €) Extracts derived from macrophages after
10 min of treatment with IFNralone, or with IFNy for 10 min after
“ (Stat1) pre-treatment with LPS for 20 min, were subjected to EMSA with a

B 2 B-casein probe. Where indicated, supershift analysis was performed
with anti-pS727 antibodies. The supershifted Statl band is marked by
an asterisk.
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A 5. a transcriptional response under the conditions employed
] IFN gamma/LPS in our experiments. This suggests that tyrosine phosphoryl-
137 ation is rate limiting and that S727 phosphorylation does
114 not lower theK,, of Jaks for their Statl substrate to a
] degree detectable in this experimental set-up.
£ 9 The IFNy dose-response curve in Figure 8A was
~‘§ ] /////Tpﬁ/gzmma obtained after 30 min of pre-treatment wit_h LPS, followed
2 7 ] by 2 h of treatment with IFNt Within this period, an
] ~2-fold stimulation of reporter gene expression by LPS
5 ) alone was noted. LPS stimulates cytokine release from
3 / macrophages. Therefore, Stat activation by indirect means
W8 might contribute to the transcriptional effect of LPS
1 11 reported in Figure 8A. In contrast to this assumption, the

01 2 3 4 5 6 7 8 9 101112
IFN gamma concentration (ng/ml)

activity of LPS alone seemed insufficiently large to explain
our transcriptional data because combined LPSAFN-

treatment by far exceeded the added effects of ylibne

B - e—LPS and LPS alone (e.g. 15-fold versus ¥ 2-fold for
is- —O0— IFN gamma stimulation with 10 ng/ml of IFNy). To rule out that we
|+ IFN gamma/LPS } TFN gamma/LPS were measuring Statl-independent, indirect effects on
13 transcription rather than the effect of Statl S727 phospho-
rylation, we determined the kinetics of the responses to
114 LPS or IFNy alone, or to pre-LPS/IFN4reatment (Figure
z 9] 8B). The combined treatment caused a significant expres-
B p IFN gamma sion of the reporter gene already after 60 min. An effect
2 7 of IFN-y alone was noted after 90 min, and this was
- doubled by LPS pre-treatment. A 2-fold transcriptional
57 induction by LPS alone did not occur be#or2 h of
3 P treatment, i.e. the period chosen for the experiment in
e g// o Figure 8A. Therefore, synergistic enhancement of Stat-
R R e e dependent transcription by LPS and IgNsccurs in the
0 0.5 1 1.5 2 2.5 absence of any indirect effect caused by LPS alone and

duration of treatment (hours)

can be attributed entirely to Statl, the only Ifhctivated
Stat in these cells.

Fig. 8. LPS pre-treatment enhances Statl-dependent transcription in
Bac1.2F5 cells stably transfected with a Stat-dependent luciferase
reporter gene (for details, see Materials and methodg)Cells were
pre-treated with LPS for 30 min. These cells, as well as non-pre-
treated controls, were stimulated with different doses of {FNF 2 h,
followed by preparation of extracts and determination of luciferase
activity. LPS-induced transcription due to indirect effects was 1.8-fold.
(B) LPS-pre-treated or untreated cells were stimulated with 10 ng/ml
of IFN-y for the indicated periods, followed by determination of
luciferase activity.

Y701 and S727 phosphorylation occur
independently, but one of the kinases
preferentially uses Stat1 phosphorylated by the
other
Using cells containing Statl mutated either on S727
or Y701, the Darnell group demonstrated that neither
phosphorylation event is a necessary pre-condition for the
other (Zhuet al,, 1997). Our result with LPS confirms the
independence of the phosphorylation events in macro-
phages containing wtStatl. Despite the ability of the Statl
sion that LPS treatment before IFNstimulation causes  kinases to use a substrate phosphorylated neither on Y701
a larger pool of Statl molecules to be phosphorylated onnor S727, the phosphorylation of one residue might
both Y701 and S727. In further support of this conclusion, generate a molecule which is in some way discriminated
the Statl band seen in EMSA experiments with extracts by the second kinase. To test this, we treated macrophages
from macrophages pre-treated with LPS and subsequentlywith IFN-y and determined the distribution of S727-
stimulated with IFNy contained more material reacting phosphorylated Statl between the Y701-phosphorylated
with anti-pS727 serum than the band derived from extracts and non-tyrosine-phosphorylated Statl pools. Extracts of
after stimulation with IFNy alone (Figure 7B). IFN-y-treated cells were subjected to immunoprecipitation
To test whether the elevated number of Y701/S727- and the precipitates were analyzed in Western blots.
phosphorylated Statl molecules caused a correspondinglhese were stained with anti-pS727, anti-phosphotyrosine
increase in transcription, we prepared stable transfectantsantibody and, subsequently, with normal Statl antiserum
of the Bac1.2F5 macrophage line with a luciferase reporter (Figure 9A). Under optimal conditions, the Y701-phos-
gene regulated by a synthetic promoter containing two phorylated and non-tyrosine-phosphorylated Statl bands
GAS elements. Pre-treatment of these cells with LPS stained in a ratio of ~9:1 with anti-pS727, indicating that
caused a strong increase in the transcriptional response tanuch more S727-phosphorylated Statl is in the tyrosine-
IFN-y over a range of cytokine doses (Figure 8A). There- phosphorylated pool of molecules. On the other hand,
fore, the LPS effect on Statl S727 phosphorylation corre- staining with control Statl antibody revealed that only
sponds to increased transcriptional competence. LPS did~50% of Statl molecules were phosphorylated on tyrosine.
not lower profoundly the IFNtdose necessary to produce Therefore, a larger proportion of Y701-phosphorylated
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Fig. 9. S727 phosphorylation status of non-tyrosine-phosphorylated and
tyrosine-phosphorylated StathA)Bacl.2F5 macrophages were treated
with 5 ng/ml IFN+y for 20 min. Western blots of anti-Stat1
immunoprecipitates subsequently were analyzed for the relative amount
of tyrosine-phosphorylated Statl by staining with anti-Stat1 serum which
reveals the slower migrating, tyrosine-phosphorylated form. The same
precipitates were also stained with anti-pS727 serum to reveal the
relative amount of S727-phosphorylated Stat1 in tyrosine-
phosphorylated, slower migrating, and non-tyrosine-phosphorylated,
faster migrating Stat1. The position and amount of tyrosine-
phosphorylated Statl was determined similarly by staining the same blot
with anti-phosphotyrosine monoclonal antibody. (B and C) The influence
of H7 (B) or LPS (C) pre-treatment on the kinetics of Statl tyrosine
phosphorylation by IFN: Bac1.2F5 macrophages were pre-treated with
LPS or H7 for 20 min and subsequently stimulated for the indicated
periods with IFNy. Determination of Statl S727 phosphorylation was
with anti-pS727 as described for Figure 1. Tyrosine phosphorylation was
determined similarly using Py20 anti-phosphotyrosine monoclonal
antibody (B) or antiserum to tyrosine-phosphorylated Statl (C).
Additionally, DNA binding of Statl dimer in the EMSA as an indication

of tyrosine phosphorylation is shown in (C).

molecules are phosphorylated on S727 compared with theDiscussion

non-tyrosine-phosphorylated Statl. This result suggests
that either the S727 kinase prefers molecules already
phosphorylated on Y701, or that the Jak kinase prefers
Statl phosphorylated on S727. Two further experiments

were performed to test whether serine phosphorylation
affects the rate of tyrosine phosphorylation. The cells
were pre-treated with either H7 (Figure 9B) or LPS (Figure
9C) before addition of IFNt In neither case could we

observe a significant effect of S727 phosphorylation on
maximal levels of IFNy-stimulated Y701 phosphorylation

(determined by Western blot with anti-phosphotyrosine).
Judging from maximal levels of tyrosine phosphorylation,
the results shown in Figure 9 are in line with those of
Figure 8A, showing that pre-treatment with LPS and thus
phosphorylation of S727 did not lower the minimal dose

Statl plays an indispensable and non-redundant role in
immune responses (Durbiat al, 1996; Merazet al,
1996). Probably the most important outcome of our studies
is that independent regulation by phosphorylation of the
two sites involved in turning Statl from a latent into an
activated form, Y701 and S727, is not only mechanistically
possible, but is in fact employed as a means of priming
the Statl molecule for higher transcriptional competence
in a situation of microbial infection. Therefore, the Statl
protein is a physical entity combining input from the
infectious agentper se as well as from the immune
response directed against the infectious agent, both of
which cooperate in bringing about maximal activation of

a macrophage. Statl can thus be regarded as a physical

of IFN-y necessary to cause a transcriptional response. Inlink between the innate and adaptive immune response.
cases of a better recognition of S727-phosphorylated Statl The precise role of S727 phosphorylation in the mechan-
by Jaks, one would expect an increased sensitivity of the ism of Statl action is unclear. Studies with the S727A

transcriptional response to IF-

mutant showed that phospho-S727 enhances transcription
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factor activity, and it is clear from the data provided here other. Unlike what was recently suggested for Stat3
that LPS-induced S727 phosphorylation increases the(Chunget al, 1997), we find no evidence for a negative
Statl-dependent transcriptional response. A likely explana- interference of serine with tyrosine phosphorylation. The
tion for this effect is the phosphorylation-dependent associ- data clearly indicate a relatively larger proportion of S727
ation of a transcriptional Statl cooperation partner or phosphorylated in the tyrosine-phosphorylated fraction of
coactivator. CBP/p300 proteins, coactivators recently molecules. Our further experiments (Figure 9B and C)
implicated in Stat transcriptional responses, appear to bindargue against a positive effect of phospho-S727 on Y701
to Statl independently of S727 phosphorylation (Zhang phosphorylation, at least in the sense that the maximal
et al, 1996). Therefore, the relevant target of the phos- levels of tyrosine phosphorylation that can be caused by
phorylated C-terminus currently is elusive. IFN-y are the same with or without priming Statl on
The occurrence of regulated serine phosphorylation S727. Therefore, we are led to conclude that the S727
recently has been recognized for most Stats (Boulton kinase may phosphorylate tyrosine-phosphorylated Statl
et al, 1995; Eilerset al., 1995; Luttickenet al., 1995; preferentially. The Y701 phosphogroup might increase
Wen et al, 1995; Zhanget al, 1995; Beadlinget al., the affinity of association, or the S727 kinase might
1996; Choet al., 1996; Kirkenet al., 1997a,b). However,  preferentially recognize Statl dimers. Alternatively, the
only in the case of Statl and Stat3 has a target site altered subcellular localization of tyrosine-phosphorylated
for proline-directed serine kinase activity been defined Statl might increase the accessibility for the serine kinase.

precisely (Weret al., 1995; Wen and Darnell, 1997). The In conclusion, our study provides evidence for the
data provided in our study, as well as recent experimental importance of Stat serine phosphorylation during the
evidence published by other laboratories (Chwtgal, immune response to bacterial infections. Issues connected

1997; Nishiyaet al., 1997; Zhuet al, 1997), while not to signal transduction and the function of the S727 kinase
ruling out specific situations in which Erks may act as will be a further subject of future studies.

Statl kinases, disprove the notion that the Statl C-terminus
might generally couple ERK activity to Stat activation. .
Fir%tly,gERK ac)t/ivatio% by ligands thgt activate Stats does Materials and methods

not correspond to S727 phosphorylation in a number of cells, cytokines and drugs

situations, and this includes CSF-1 or II-VN;JtimuIation U937 promonocytes were cultured in RPMI medium containing 10%
of macrophages as shown in our report. Secondly, in FCS. Bacl.2F5 cells, or Bacl.2F5-derived clones carrying a Stat-

. - . - dependent reporter plasmid (see below), represent an early stage of
accordance with a prewously pUbIIShed report, we find mature macrophages and grow in a CSF-1-dependent manner (Morgan

that the Statl C-terminus is not phosphorylated readily by et al, 1987). They were grown in Dulbecco’s modified Eagle’s medium
ERKSs in situ or in vitro (Chunget al., 1997). Finally, (DMEM) with 10% FCS and 20% L-cell conditioned medium as a
Darnell and co-workers recently have presented prelimin- source of CSF-1. For stimulation with CSF-1, 10 000 U/ml of human
ary evidence for a Statl serine kinase distinct from ERKs rEecomb'.”a”t CSF-1 (a kind gift from J.Schreurs, Chiron Corp.,
. - meryville, CA) were used. Primary mouse bone macrophages were
with the ability to phosphoryla@e 5727 (Ztet al., 1997)' obtained from femurs as described (Bacca®tial, 1985). Human
In the case of Stat3, the situation may be different, PBMC were obtained from whole blood of healthy donors (P.K. and
and evidence for both ERK-dependent and -independentT.D.) by Ficoll gradient centrifugation. The cells contained ~20%
phosphorylation o Stat3 S727 has been published (Chungorcofes, Reconbrart fuen Bard vy vere knd afs f,
et al, 1997). Thus, the q”eSt'Q” remams, Opeﬂ as to what recombinant IFNy was kindly provided by G.Adolf (Bender, Vienna).
extent Statl and Stat3 S727 kinases are identical. For bothyyrine recombinant IFNx was purchased from Hycult biotechnology
Statl and Stat3, it is clear, however, that either distinct (Uden, The Netherlands). For stimulation of cells, IENvas used at a
serine kinases exist or that there is more than one signalconcentration of 1000 U/ml; IFly-was used at a concentration of 5 ng/

transduction pathway that targets them. In the case of ml, unless otherwise indicated. LPS (Sigma, St Louis, MO) was either
' from Salmonellaor Escherichia coliand was used at a concentration of

Sta:t?f’ this was shown by Cantrell’s gr_oup using the kinase 1pg/ml, unless stated otherwise. The phorbol ester TPA (Sigma, St Louis,
inhibitors H7 and PD98059 and stimulation of serineé MO) was used at a concentration of 50 nM. The serine kinase inhibitor

phosphorylation either by CD3 activation or by stimulation H7 (Calbiochem, La Jolla, CA) was used at 58I.
with interleukin-2 (IL-2) (Ng and Cantrell, 1997). Statl Plasmids
[

8.727 may b(.e tar_geted Slmllarly by H7-sensitive and A Stat-dependent reporter plasmid (IFP53GAS2-Luc) was constructed
-insensitive signaling pathways, as suggested by theypy inserting two copies of an oligonucleotide comprising the IFP53-
incomplete inhibition of S727 phosphorylation, especially GAS sequence (Strehloet al, 1993) into vector pADneo2Bgluci (a
in the case of LPS treatment. For IRNstimulated S727  kind gift of C.Stratowa, Bender and Co., Vienna). This sets the GAS
inase activaton, a requiremen for Jak? has been demon-2edhences 1 T of &donn e piomter 26 ¢ efrsse
strated. We and others (Derngt al, 1996) have not o ' :

. . v . . (RSV) promoter-drivemeogene for selection.
observed stimulation of a Jak—Stat signaling pathway in
LPS-treated macrophages, and would therefore concludeAntibodies
that Jaks are not needed for LPS-induced S727 phosphoRabbit antiserum to phospho-S727-Statl (anti-pS727) was obtained by
rylation. However, Tsukada and colleagues recently 'p’gg"t?’d”éza\fv'ﬁﬂ Wt';t‘akesgﬂzr']'gpeémncga’ggg‘égl';g)éc‘)(ggﬁﬂgggzgh%y
reporte_d gctwatlon of a tyrosme'phOSphorylatedv Stat'_“ke Research Genetics, Huntsville, AL). The resulting serum was used in
transcription factor by LPS and IL-1 which does not bind western blots at a dilution of 1:5000, in immunoprecipitation at a
to GAS elements (Tsukadet al, 1996). Therefore, the dilution of 1:50 and in ‘supershift EMSA experiments at 1:125. Rabbit

potential role of Jaks in LPS signal transduction still needs antiserum to the StatlC-terminus was obtained by immunizing with a
to be clarified GST fusion protein comprising the 39 C-terminal amino acids of &tatl
. . . (plasmid kindly provided by Chris Schindler, Columbia University, NY).

The experiment shown in Figure 9A suggests that the The serum was used for immunoprecipitation at a dilution of 1:100 and

phosphorylation events on Y701 or S727 influence each in Western blots at a dilution of 1:5000. Rabbit antiserum specific for
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the tyrosine-phosphorylated Statl was a kind gift of David Frank and preparation of mononuclear cells from our blood. This work was funded
Michael Greenberg (Harvard Medical School). The antiserum was used by the austrian Fonds zur Fterung der wissenschaftlichen Forschung,
for Western blots at a dilution of 1:500. Mouse monoclonal antibody grant No. P-11530-MED to T.D.

Py20, directed against phosphotyrosine, was purchased from Transduc-

tion Laboratories (Lexington, KY) and used for Western blots jag/2nl.

Cellular extracts

Methods to generate nuclear or whole-cell extracts for EMSA have been

described (Eilerst al., 1994 and references therein). For immunoprecipi-
tation and Western blot analysis, the cells were lysed in lysis buffer
containing 10 mM Tris—HCI (pH 7.05), 50 mM NaCl, 30 mM NgPP
50 mM NaF, 2 mM EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride, 0.1 mM sodium vanadate, pepstatin pby/ml, leupeptin

0.5 pg/ml, aprotinin 3ug/ml. Extracts were cleared by centrifugation at
15 000 r.p.m., 4°C, 8 min.

Electrophoretic mobility shift assay (EMSA)

We recently have described this assay using an oligonucleotide corres-Boulton, T.G.,

ponding to thefB-casein GAS sequence as a probe (Gouilletyal,
1995; Woldmaret al., 1997).

Immunoprecipitation and Western blot analysis

Cellular extracts were normalized on the basis of protein determinations.

Normalized volumes of extracts were incubated for 2-4 h at 4°C
with specific antibodies. Immune complexes were collected following

incubation (2—-12 h at 4°C) with protein A—Sepharose beads. Immunopre-

cipitates were washed four times with lysis buffer. The beads were
eluted by boiling in Laemmli sample buffer. Proteins were resolved by

10% SDS-PAGE and electrotransferred to nitrocellulose. Membranes

were blocked with 2% bovine serum albumin (BSA) in phosphate-
buffered saline including 0.1% Tween-20 (PBST) and incubated with
the appropriate concentration of specific antibody, diluted in PBST

2% BSA. After washing, the blots were incubated with horseradish
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