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A MyD88-JAK1-STAT1 complex directly induces SOCS-1
expression in macrophages infected with Group A
Streptococcus

Jinghua Wu'?, Cuiqing Ma', Haixin Wang’, Shuhui Wu', Gao Xue', Xinli Shi', Zhang Song’
and Lin Wei'

Some pathogens can use host suppressor of cytokine signaling 1 (SOCS-1), an important negative-feedback molecule, as
the main mode of immune evasion. Here we found that group A Streptococcus (GAS) is capable of inducing SOCS-1
expression in RAW264.7 and BMDM macrophages. IFN-f plays a role in GAS-induced SOCS-1 expression in
macrophages following the induction of cytokine expression by GAS, representing the classical pathway of SOCS-1
expression. However, GAS also induced STAT1 activation and SOCS-1 expression when GAS-infected cells were
incubated with anti-IFN-p monoclonal antibody in this study. Moreover, upon comparing TLR4 ™'~ BMDM macrophages
with wild-type (WT) cells, we found that TLR4 also plays an essential role in the induction of SOCS-1. MyD88, which is an
adaptor protein for TLR4, contributes to STAT1 activation and phosphorylation by forming a complex with Janus kinase 1
(JAK1) and signal transducer and activator of transcription 1 (STAT1) in macrophages. GAS-stimulated expression of
STAT1 was severely impaired in MyD88 '~ macrophages, whereas expression of JAK1 was unaffected, suggesting that
MyD88 was involved in STAT1 expression and phosphorylation. Together, these data demonstrated that in addition to

IFN-p signaling and MyD88 complex formation, JAK1 and STAT1 act in a novel pathway to directly induce SOCS-1
expression in GAS-infected macrophages, which may be more conducive to rapid bacterial infection.
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INTRODUCTION
Group A Streptococcus (GAS), a Gram-positive pathogen, is the
causative agent of ‘pharyngitis’, impetigo and many other
human respiratory tract or soft tissue infections. On infection,
some components of GAS are recognized by Toll-like receptors
(TLRs) that are expressed by macrophages. The process results
in marked secretion of inflammatory cytokines, including IFN-
B,'” which is important in inducing adaptive immunity.
However, studies have previously shown that there are almost
no first-line immune defense cells, such as macrophages and
neutrophils, in serious GAS infections.* These studies sug-
gested that survival and multiplication of GAS might utilize a
novel strategy to combat host innate and adaptive immunity.
Suppressor of cytokine signaling (SOCS) is one such type of
intracellular negative-feedback molecule, which was initially

identified based on its inhibitory effects on Janus kinase
(JAK) and signal transducer and activator of transcription
(STAT). The SOCS family of proteins consists of eight mem-
bers: SOCS1-7 and CIS. All members share the same common
structure with a central Src homology-2 domain, a C-terminal
SOCS box, and an N-terminus that varies in length.® SOCS-1
binds to JAKs by means of its Src homology-2 domain and a
proximal kinase inhibitor region and directly inhibits kinase
activity.® In addition to inhibiting JAK/STAT signaling, SOCS-
1 limits NF-xB signaling by destabilizing p65/RelA.”® Recent
reports have suggested that pathogens could induce endoge-
nous host SOCS-1 and exploit it for their mode of immune
evasion. For example, Toxoplasma gondii induces expression of
SOCS-1, which contributes to the proliferation of the
bacteria within the hostile environment of macrophages.”"°
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Mpycobacteria and Burkholderia pseudomallei increase the
expression of SOCS-1 in macrophages—a process that has been
linked to immune escape.'"'?

IFN-B is clearly one of the major activators of SOCS-1.
Upon ligand binding, receptor-associated tyrosine kinases (JAK-
1 and Tyk2) are activated, which is followed by phosphorylation
of STAT1. Activated STAT1 then translocates to the nucleus to
activate the transcription of target genes and induce protein
expression of SOCS-1. However, LPS induces SOCS-1 expres-
sion without cytokine secretion, and based on experiments con-
ducted in our laboratory, we determined that induction of
SOCS-1 is a direct consequence of TLR stimulation.'®"

Here, we found that GAS enhances SOCS-1 levels in macro-
phages; however, SOCS-1 expression at the early stage of infec-
tion does not completely depend on activation of IFN-f. Thus,
we speculate that there are alternative mechanisms to induce
SOCS-1 expression in GAS-infected macrophages. By compar-
ing wild-type (WT) BMDMs with TLR4™’~ and MyD88 ™/~
BMDMs, we determined that GAS itself induces SOCS-1
expression early during the process of infection through the
TLR/MyD88 pathway, specifically forming a complex of
MyD88, JAK1 and STAT1 in macrophages, as opposed to the
classic pathway of IFN-f activation. Furthermore, we found
that SOCS-1 expression was affected by activation of NF-kB.

13-17

MATERIALS AND METHODS

Reagents and antibodies

An antibody (Ab) to neutralize mouse IFN-B was obtained
from R&D Systems, (Emeryville, CA, USA). Antibodies tar-
geted to p-p65, STAT1, SOCS-1, JAK1, p-JAK1 and phospho-
tyrosine-specific STAT1 (Tyr’®') Ab were obtained from Cell
Signaling Technology (Boston, Massachusetts, USA). Anti-
MyD88 Ab was obtained from Santa Cruz biotechnology,
Inc. (Santa Cruz, CA, USA). Cycloheximide (CHX) was
obtained from Sigma (St. Louis, MO, USA). The NF-kB activa-
tion inhibitor JSH-23 was obtained from Sigma (St. Louis, MO,
USA), and control IgG antibody was obtained from Cell
Signaling Technology.

Cell culture

The mouse macrophage RAW 264.7 cell-line was cultured in
Dulbecco’s modified Eagle’s medium (Carlsbad, CA, USA) sup-
plemented with 10% heat-inactivated fetal bovine serum (Logan,
UT, USA) at 37 °C under a 5% CO, atmosphere. Primary
BMDMs were obtained from the femur bone marrow of 6- to
10-week-old C57BL/6 mice. Cells were cultured in RPMI-1640
medium supplemented with 10% fetal calf serum in the presence
of L-cell derived CSF-1. TLR4 /", MyD887/7 and control WT
mice, all of which were on the C57BL/6 genetic background, were
housed under specific pathogen-free conditions.

Streptococcus pyogenes (GAS, strain M190-226) were grown
in Todd-Hewitt broth containing 1% yeast extract at 37 °C.
Solid media used for culturing GAS were either Todd-Hewitt
or sheep blood agar. GAS cells were washed twice with PBS
before use. Non-viable GAS were prepared by heating bacteria
to 70 °C for 60 min.**
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Macrophages infected with GAS

An overnight culture of RAW 264.7 cells (at a density of 2X10°
cells/well) in a six-well plate was cocultured with bacteria at a
multiplicity of infection (MOI) of 100:1 for 1 h. To remove
extracellular bacteria, the cells were washed five times in PBS
and were then incubated in DMEM containing 1000 U/ml
penicillin and 1000 U/ml streptomycin for 1 h. The remaining
infected cells were allowed to grow in DMEM. BMDMs were
infected by GAS as described above.

RNA preparation and quantitative real-time RT-PCR
Total RNA was isolated using an RNeasy kit (Waltham, MA,
USA) in accordance with the manufacturer’s protocol. Real-
time PCRs were performed in 20 pl reaction volumes contain-
ing 2.0 pl cDNA, 0.4 pl of each primer, 6.0 pl dH,0, 0.4 pl ROX
reference dye, and 10 pl fluorescent SYBGREEN (TaKaRa Bio
Inc. Tokyo, Japan.). Amplification was carried out in 96-well
optical plates on a 7300 real-time PCR system (Carlsbad, CA,
USA) with a 30-s incubation at 95 °C followed by 45 cycles of
95 °C for 5 s and 60 °C for 60 s. The sequences of the primers
used were as follows:

B-actin-F: TACCCAGGCATTGCTGACAGG

B-actin-R: ACTTGCGGTGCACGATGGA

SOCS-1-F: CTCCGTGACTACCTGAGTTCCT

SOCS-1-R: ATCTCACCCTCCACAACCACT

TLR-2-F: TTCAACAAGATCACCTACATTGGC

TLR-2-R: CAAGACTGCCCAGAGAATAAAAGG

TLR-4-F: CTGATGACATTCCTTCTTCAACC

TLR-4-R: TTTCCTGTCAGTATCAAGTTTGAG

IFN-B-F: AGAGTTACACTGCCTTTGCCATCC

IFN-B-R: CCACGTCAATCTTTCCTCTTGCTT

Each sample was analyzed in triplicate. The 2~**“" method
of relative quantification was used to calculate changes in the
expression of target genes.

Western blotting

Following infection with GAS, cells (at a density of 2X10° cells/
well) were lysed for 50 min on ice in 100 pl of lysis buffer
(containing PMSF and a phosphatase inhibitor). Lysates were
centrifuged at 12 000g for 15 min at 4 °C. Equal amounts of cell
lysates were separated by 10% SDS-PAGE and electrotrans-
ferred to polyvinylidene difluoride membranes. Proteins were
detected using an ECL system (Logan, UT, USA). The intensity
of each blot was measured with the densitometry program
Quantity One (Bio-Rad Laboratories, Hercules, CA, USA).
Each experiment was repeated three times, and similar results
were obtained.

Immunofluorescence microscopy

Cells were grown on glass coverslips. After overnight incuba-
tion, the cells were fixed in 4% paraformaldehyde and blocked
in 1% BSA (St. Louis, MO, USA) for 1 h at 37 °C. After four
rinses, cells were incubated with monoclonal anti-MyD88
(1:100), polyclonal anti-JAK1 or anti-STATI (1:100) anti-
bodies overnight at 4 °C. After four rinses, FITC-conjugated
and TRITC-conjugated secondary antibodies were used to



visualize the proteins by fluorescence microscopy (Tokyo,
Japan). The nuclei were counter-stained with DAPIL.

Immunoprecipitation (IP)

The lysed cell extracts (100 pg total protein) were combined
with 50 pl of protein G sepharose beads and 2 pg of primary
antibody and incubated under continuous rotation at 4 °C
overnight. Beads were washed four times with IP buffer for
5 min at 2500¢ and at 4 °C. Next, 1XSDS buffer was added
to the samples, which were then heated at 100 °C for 10 min.
Immunoprecipitated samples were analyzed by western blot-
ting using anti-MyD88, anti-Jakl, anti-Statl, anti-pJAK1 or
anti-pSTAT1 Abs.

Statistical analysis

Statistical analysis was performed using the SPSS 15.0 software
package. Results were considered statistically significant if a
probability of less than 0.05 was obtained.

RESULTS

GAS induces significant SOCS-1 up-regulation in
macrophages at the early stage

We showed that GAS reduced the levels of inflammatory fac-
tors (IL-6, IL-1P and TNF-a) 18-24 h post-infection in macro-
phages compared with the Staphylococcus aureus group (G
bacterial control) (Supplementary Figure 1), although the
mechanism responsible remains unclear. It has been previously
confirmed that SOCS-1 proteins regulate cytokine commun-
ication in macrophages, and microbes exploit the host SOCS
system to evade immunity.”'>*® To investigate whether
SOCS-1 proteins were produced in GAS-induced macro-
phages, we looked for SOCS-1 expression in GAS-infected
RAW 264.7 cells, which is a well-described mouse macrophage
model. The results demonstrated that the SOCS-1 mRNA level
was elevated at 4 h after GAS infection and peaked at 6 h (reach-
ing an approximate 12-fold induction). After 8 h, SOCS-1
expression began to decline. Peak levels of SOCS-1 mRNA in
non-viable GAS-treated cells was reached at a later time point
(elevated at 6-8 h) and was lower (approximately fourfold at
the peak) compared to GAS-induced infection (Figure 1a). We
observed a consistent trend of SOCS-1 mRNA expression in
BMDMs, where the elevation in the SOCS-1 mRNA level was
more pronounced and peaked with an approximate 21-fold
induction (Figure 1b).

Previous studies have shown that SOCS-1 expression is
induced in a STAT1-dependent manner.'>'®*"** We therefore
looked at levels of phosphorylation of STAT1 in GAS-infected
macrophages. As shown in Figure l¢, an increase in STAT1
phosphorylation after GAS stimulation was seen at 4 h, with
further elevation seen at 6 h. Phosphorylation of STAT-1 was
decreased at 8 h post-stimulation. By contrast, STAT1 phos-
phorylation was delayed and lower in BMDMs stimulated with
control non-viable GAS (Figure 1c and e). This observation
showed that STAT1 was promptly phosphorylated in GAS-
infected macrophages.
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Next, we measured SOCS-1 protein expression by western
blotting and found that SOCS-1 protein expression was detect-
able at 8 h post-infection and peaked at 10 h (Figure 1d). It
should be noted that unlike macrophages infected with GAS,
macrophages infected with non-viable GAS did not shown any
apparent increase in SOCS-1 protein expression even after 10 h
of stimulation (Figure 1d). These experiments were repeated in
BMDMs and similar results were obtained. (Figure 1f), suggest-
ing that GAS induces SOCS-1 upregulation significantly in
macrophages in early stage infection.

IFN-f is not a prerequisite for early macrophage GAS-
induced SOCS-1 expression
Previous reports have shown that RAW 264.7 macrophages
infected with GAS induce IFN-B secretion'™ and that the
major pathway of intracellular signaling used by IFN-f§ and
their receptors involves the tyrosine kinases JAK1 and TYK2,
leading to activation of STAT-1, which is associated with
induction of SOCS-1 gene expression in macrophages.'®
However, others studies have found that IENAR ™/~ mice
had no deficiency in induction of SOCS-1,”* thereby suggesting
that IFN- was not necessary for SOCS-1 induction. To investi-
gate whether the expression of SOCS-1 depends on the auto-
crine or paracrine involvement of IFN- in the initial phases of
GAS infection, we performed the experiments described below.
RAW 264.7 macrophages were stimulated with GAS at an
MOI of 100: 1 for 1 h and continuously incubated, and IFN-[3
mRNA collected at various time points was analyzed. As shown
in Figure 2a, IFN-3 mRNA was detectable at 2 h, peaked at 6 h
and then decreased at 8 h. The mRNA levels of IFN-f in the
non-viable GAS-treated control group cells were strongly
diminished. This finding is consistent with the expression of
SOCS-1. However, whether SOCS-1 expression was completely
IFN-B-dependent was tested by infection of macrophages with
GAS in the presence of a neutralizing antibody targeted against
IEN-B (10 pg/ml). As shown in Figure 2b—d, in GAS-infected
RAW 264.7 macrophages, the activation of STATI and expres-
sion of SOCS-1 decreased in the presence of anti-IFN-3; how-
ever, it did not diminish completely. Thus, we hypothesized
that in addition to IFN-, another pathway might exist for the
induction of SOCS-1 expression in response to GAS.
According to previous studies, a number of cytokines are
involved in SOCS-1 expression, including IL-10,2* IL-22° and
colony-stimulating factors.”® In our next experiments, we used
the protein synthesis inhibitor CHX to determine whether GAS
could induce SOCS-1 expression without IEN- - and/or other
cytokines. RAW 264.7 macrophages were co-incubated with
PBS, GAS, PBS plus CHX (10 pM) or GAS plus CHX
(10 pM) for 6 h, after which RNA was extracted and analyzed
by RT-PCR. The inclusion of CHX reduced GAS-induced
SOCS-1 mRNA expression, but SOCS-1 expression was not
completely abolished (Figure 2e), suggesting that there was
another non-cytokine-dependent pathway involved in the
induction of SOCS-1 expression, in addition to IFN-f activa-
tion. When STATI activation was analyzed, we found that in
spite of the presence of CHX, STAT1 continued to be activated
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Figure 1 Expression of SOCS-1and STAT-1 phosphorylation in GAS-induced macrophages. RAW 264.7 macrophages and BMDMs from wild-type
mice were infected with GAS or non-viable GAS at an MOI of 100: 1 for 1 h. At different post-infection times, the levels of SOCS-1 mRNAs were
determined by RT-PCR in RAW 264.7 cells (a) or BMDMs (b), and SOCS-1 protein expression were detected by western blot respectively in RAW
264.7 cells (d) or BMDMs (f). Under the same condition, the levels of STAT-1 phosphorylation were determined by western blot analysis in
RAW264.7 cells (c) or BMDMs (e). *P<0.05 vs. nonviable GAS group. Each experiment was repeated three times and similar results were
obtained. GAS, group A Streptococcus; SOCS, suppressor of cytokine signaling; STAT, signal transducer and activator of transcription.

(Figure 2f). These data suggested that in addition to cytokine
activation, GAS itself induces SOCS-1 expression through a
novel pathway in which activation of STAT1 might play a cri-
tical role.

TLR4 plays an important role in GAS-induced SOCS-1 early
expression

A number of studies have shown that LPS induces SOCS-1
expression through a direct TLR4-mediated pathway.'®'® For
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example, it was previously found that TLR2 and TLR4 activate
STAT1 phosphorylation by distinct mechanisms in macro-
phages. In contrast to TLR2, only TLR4 engagement induced
STAT1 phosphorylation at tyrosine 701 in murine macro-
phages.”>*”*® This led us to hypothesize that GAS induces early
SOCS-1 expression through direct activation of TLR4. We have
previously shown that both TLR2 and TLR4 were activated in
GAS infected RAW 264.7 macrophages (data not shown). To
study the possible regulation of TLR2- or TLR4-induced
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Figure 2 GAS induced IFN-B, SOCS-1 and p-STAT1 expression in RAW 264.7 macrophages in the presence of neutralizing anti-IFN- or
cycloheximide. RAW 264.7 macrophages were infected with GAS or non-viable GAS at an MOI of 100:1 for 1 h. At different time points post-
infection, IFN-B mRNA expression was determined by real-time PCR (a). After RAW 264.7 macrophages were infected with GAS in the presence of
neutralizing anti-IFN-B (10 pg/ml) for 6 h of incubation, SOCS-1 mRNA expression was detected by real-time PCR (b) and p-STAT1 expression was
analyzed by western blot (c). Following 10 h of incubation as described above, SOCS-1 expressions were analyzed by western blot (d). RAW 264.7
macrophages were incubated with cycloheximide (10 uM) for 30 min prior to GAS infection and then the expressions of SOCS-1 were determined by
RT-PCR (e) and the expressions of p-STAT1 were detected by western blot following 6 h of infection (f). *P<0.05 vs. GAS group. ¥ P<0.05 vs.
nonviable GAS group. *P>0.05 vs. GAS group. Each experiment was repeated three times and similar results were obtained. GAS, group A
Streptococcus; MOI, multiplicity of infection; SOCS, suppressor of cytokine signaling; STAT, signal transducer and activator of transcription.

SOCS-1 gene expression, TLR2 and TLR4 mRNAs from GAS  the infected cells were determined by RT-PCR. Expression of
infected RAW 264.7 macrophages was collected at several time ~ TLR4 was induced and peaked at 4 h post-infection with GAS
points and their expression was analyzed. After GAS infection (equal to about a sevenfold induction) and began to decline at
at1,2,4and 6 h, the relative mRNA levels of TLR2 and TLR4in 6 h (Figure 3b). By contrast, RAW 264.7 macrophages infected

Cellular & Molecular Immunology



A novel pathway of SOCS-1 protein production
JHWu et al

378

10

= control
m GAS
& Nonviable GAS

Relative TLR2 mRNA expression @

Time

c WT
Control

TLR4-/-
GAS

GAS

Control

p-STAT1|
STAT1

B-actin

I\J(a)-b

-

The levels of STAT1

ontrol GAS Control G/—\S

The levels of STAT1
phosphorylation
o -~ N w A

L‘*

Control GAS Control GAS
WT TLR4-/- WT

TLR4-/-

10 ¢
control +

W GAS
B Nonviable GAS

+

Relative TLR4 mRNA expression &
13

Time

d
WT TLR4-/-
Control GAS Control GAS
SOCS-1
B-actin

*

GAS

Control

Control

The levels of SOCS-1
O =_NWhrOO®

GAS
WT TLR4-/-
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obtained. GAS, group A Streptococcus; MOI, multiplicity of infection; SOCS, suppressor of cytokine signaling; STAT, signal transducer and

activator of transcription; TLR, Toll-like receptor; WT, wild-type.

with non-viable GAS did not show induction of TLR4 mRNA
expression within 6 h post-infection (Figure 3b). However,
TLR2 was found to be induced after both GAS and non-viable
GAS infection (Figure 3a). Thus, we proposed that GAS might
activate SOCS-1 quickly through the TLR4 pathway. In further
experiments, BMDMs from TLR4 '~ mice were stimulated
with GAS, and the expression of p-STAT1, STAT1 and
SOCS-1 was analyzed by western blotting. It was found that
activation of STAT1 and expression of SOCS-1 was reduced in
TLR4~'~ BMDMs (Figure 3c and d). These data indicate that
the TLR4 signaling pathway is required for the induction of
SOCS-1 expression.

GAS-induced SOCS-1 early expression depend on MyD88

MyD88 is an adaptor protein for TLR4, and an association
between JAK2 and the TLR4/MyD88 complex was found prev-
iously.”” Thus, we presumed that MyD88 might play an
important role in STATI activation or SOCS-1 expression.
To test whether JAK1/STAT1 associates with TLR4/MyD88,
uninfected RAW 264.7 macrophages were first analyzed by

Cellular & Molecular Immunology

immunofluorescence microscopy. The result revealed that
JAK1 might associate with STATI and MyD88 (Figure 4a).
Thus, we next confirmed by immunoprecipitation analysis that
JAK1, STAT1 and MyD88 exist as a complex in RAW 264.7
macrophages (Figure 4b).

Because this complex existed in RAW 264.7 cells, it remained
uncertain how only STAT1 of the complex was activated in
GAS-infected cells at an early stage. Thus, we devised experi-
ments in which RAW 264.7 cells were infected with GAS and
the p-JAK1 or p-STATI levels combined with MyD88 were
examined by immunofluorescence (at 2 h post-infection) and
by immunoprecipitation analysis at 1 h, 2 h, 3 h and 4 h. It was
found that when JAK1 or STATI associated with MyDS88,
phosphorylation rapidly occurred in macrophages at 2 h
post-infection with GAS (Figure 4c—d). To further test whether
STAT1 was phosphorylated through the MyD88-JAK1-STAT1
complex formation triggered by GAS rather than through cyto-
kine activity, we examined p-STATI levels combined with
MyD88 in the presence of CHX by immunoprecipitation
assays. The cells were infected with GAS or with GAS plus
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JAK1(green) (c) or p-STAT1 (green) (d) were detected by immunofluorescence assay (magnification, X100) and following 1-4 h GAS post-
infection, MyD88, JAK1, STAT1, p-JAK1 and p-STAT1 levels were determined by IP (e). Representative cells from the same field for each group are
shown. Blue represents DAPI staining. (f) The cycloheximide-treated RAW 264.7 cells were infected by GAS, and 4 h post-infection, the expression
levels of MyD88, JAK1, STAT1 and p-STAT1 in these cells was detected by IP. *P<0.05 vs. control group, ~P<0.05 vs. GAS group. Each
experiment was repeated for three times and similar results were obtained. GAS, group A Streptococcus; IP, immunoprecipitation; MOI, multiplicity
of infection; SOCS, suppressor of cytokine signaling; STAT, signal transducer and activator of transcription.
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CHX, and the p-STAT/MyD88 complex was then detected by
immunoprecipitation analysis. As shown in Figure 4f, the p-
STAT1 levels combined with MyD88 were partly affected in the
presence of CHX. These findings suggest that in GAS-infected
macrophages, GAS itself promptly activated STAT1 through
TLR4/MyD88-JAK1/STAT1 complex formation. We next
obtained BMDM macrophages from WT (C57BL/6) and
MyD88 ™'~ mice, and the cells were stimulated with GAS as
indicated (Figure 5a—c). We found that Stat1 levels were dimin-
ished in MyD88 ™/~ BMDMs compared with WT controls, and
STAT1 phosphorylation was abolished completely. However,
JAK1 was unaffected in MyD88 '~ BMDMs, which showed
that MyD88 was a key player in SOCS-1 expression and
STATI phosphorylation.

NF-kB activation affected early expression of SOCS-1
through reduction of STAT1 expression levels

In GAS-infected macrophages, we found that the p65 subunit
of NF-«xB was phosphorylated, which resulted in nuclear trans-
location and effects on gene and protein expression. From the
kinetic changes in NF-kB activation in BMDMs, we found that
GAS induced rapid and potent activation of NF-kB
(Figure 5d). An increase in NF-kB activation after GAS stimu-
lation was seen at 2 h, with further elevation at 4 h, which was
then found to be decreased at 6 h. The expression of STAT1/
JAK1 increased following NF-«B activation and peaked at 6 h
(Figure 5d). Having established that GAS infection induces NF-
kB activation and leads to increased STAT1/JAK1 expression;
we questioned whether there was a link between NF-xB activa-
tion and STAT1/JAK1 expression. JSH-23 (an inhibitor of NF-
kB activation) inhibits nuclear translocation of the p65 subunit
of NF-kB but does not affect IxB degradation or recovery.
Thus, we designed an experiment in which we pretreated
BMDMs with JSH-23 (20 uM) for 30 min prior to infection
and incubated the infected cells with JSH-23 for the indicated
times. As shown in Figure 5e, the levels of STAT1 were strongly
diminished, and the phosphorylation of STAT-1 was almost
completely abolished in BMDMs treated with JSH-23. Next, we
further examined the expression of SOCS-1 in BMDMs treated
with JSH-23. GAS-induced expression of SOCS-1 was comple-
tely abolished in cells treated with JSH-23 (Figure 5f).
However, JSH-23 had no effect on the expression of either
MyD88 or JAK1 (Figure 5e¢). The experiment revealed that
NF-xB activation promotes the expression of SOCS-1 by
increasing STAT1 expression and phosphorylation.

DISCUSSION

GAS is a Gram-positive bacterium and the causative agent of
several systemic diseases. It is equipped with various
surface-displayed and secreted virulence factors, such as M
proteins,Sl’32 Fba proteins,”’34 C5a and SpeB,35’36 and these
proteins play a vital role in streptococcal colonization, inva-
sion, dissemination and host damage.37 GAS can survive and
multiply in host cells, which requires suppression of host innate
immunity.**?%*!

Cellular & Molecular Immunology

In our previous studies, we confirmed that secretion of pro-
inflammatory cytokines (e.g., IL-1B and TNF-a) associated
with GAS was lower than that associated with Staphylococcus
aureus; thus, we supposed that there might exist a high express-
ion of inhibited proteins in the early stages of GAS infection.
SOCS-1 proteins have been identified as negative-feedback
inhibitors for cytokine communication and are crucially
important in limiting inflammatory responses in macro-
phages.** SOCS-1 could also act as a direct inhibitor of TLR
signaling, thus revealing a further role in the down-regulation
of inflammatory cytokine secretion.*”*

In this study, we demonstrated that GAS had the capacity to
induce murine macrophage protein expression of SOCS-1
within 6-8 h post-infection, which might be important in help-
ing GAS evade immune responses during the early stages of
infection (Figure 1d and f). Furthermore, studies have shown
that other pathogens induce SOCS-1 protein expression, which
would be particularly beneficial to pathogens infecting and
replicating in macrophages.”'> We also found that viable
GAS-induced SOCS-1 expression was much higher and
occurred earlier in murine macrophages than in non-viable
GAS infection. This observation revealed that some heat-
sensitive molecules of GAS were very important in inducing
SOCS-1 protein expression.

Cytokine activation is a prerequisite for the expression of
SOCS-1 in most cases, especially in the case of IFN-f. More-
over, induction of high levels of IFN-f expression following
GAS infection was observed in our experiments. However,
based on the results of experiments involving co-incubation
with anti-IFN-f3, we surmise that there is likely to be another
pathway responsible for inducing SOCS-1 expression in addi-
tion to IFN-P binding its receptor. Raw264.7 cells were treated
with CHX, which inhibited protein translation and blocked
other cytokine activation pathways; we found that SOCS-1
mRNA was also expressed in this context. These results support
the existence of another pathway through which GAS might
induce a rapid and direct expression of SOCS-1 in early
infection.

SOCS-1 is a cytokine-inducible inhibitor of the JAK-STAT
signaling pathway,”** but recently, some studies have
reported that SOCS-1 is directly induced by TLR signaling,
although the mechanisms responsible remain unclear. We have
shown that in GAS-infected macrophages, both TLR2 and
TLR4 were activated simultaneously. However, TLR4 mRNA
levels remained almost unaltered in non-viable GAS-infected
macrophages, and the expression of SOCS-1 induced by viable
GAS was higher than that induced by non-viable GAS, suggest-
ing that some heat-sensitive molecules of GAS play an import-
ant role in activating TLR4 and inducing SOCS-1. Others have
reported that both TLR2 and TLR4 activate STAT1 phosphor-
ylation and do so by distinct mechanisms in macrophages.”’
We thus considered the possibility that a direct interaction be-
tween TLR4 and SOCS-1 might exist. In view of the possi-
bility of TLR4-mediated activation of STAT1, we examined
TLR4~/~ BMDMs with the aim of studying the relationship
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Figure 5 GAS-induced SOCS-1 and p-STAT1 expressions in macrophages knocked out MyD88 or treated with JSH23. BMDMs from WT or
MyD88™/~ mice were stimulated with GAS, 6 h or 10 h later, the mRNA or protein expressions of SOCS-1 were detected by RT-PCR (a) or western
blot (b), and 6 h later, the expressions of p-STAT1, STAT1 or JAK1 were detected by western blot (¢). BMDMs from WT mice with/without NF-xB
inhibitor JSH-23 (20 uM) were infected with GAS. At post-infection times of 1 h, 2 h, 4 h and 6 h, the treated cells were lysed, and equal amounts
were blotted with NF-kB (p-p65), STAT-1 and B-actin Ab (d), at 6 h of post infection, p-STAT-1, STAT-1 and B-actin were detected by western blot
(e), and at 10 h of post-infection, SOCS-1 were detected by western blot (f). * P<0.05 vs. WT group; * P<0.05 vs. control group, **P<0.05 vs. GAS
group. Each experiment was repeated for three times and similar results were obtained. Ab, antibody; GAS, group A Streptococcus; SOCS,
suppressor of cytokine signaling; STAT, signal transducer and activator of transcription; WT, wild-type.
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Figure 6 Schematic model of SOCS-1 induction in a TLR4/MyD88-
dependentand IFN-B-dependent signaling pathway. SOCS, suppressor
of cytokine signaling; TLR, Toll-like receptor.

between SOCS-1 expression and TLR4 receptor signaling. In
TLR4 '~ BMDMs, SOCS-1 expression was reduced
(Figure 4d), and these observations confirmed that SOCS-1
expression was closely linked to TLR4 activation in macrophages.

It has also been found that MyD88 promotes the association
of JAK2 with TLR4 to form a complex in macrophages.*® Thus,
we explored the possibility that MyD88 might link to adaptor
proteins as a complex in macrophages. As expected, through
immunofluorescence and IP analyses, we confirmed that JAK1
and STAT1 were linked in a complex with MyD88 in RAW
264.7 cells. In the early stages of GAS-induced infection
(1-4 h), once the TLR4 signaling pathway was activated via
MyD88, the STAT1/MyD88 complex was promptly activated.
Subsequently, the phosphorylated STAT1 rapidly translocated
to the nucleus and induced early expression of SOCS-1.

In the presence of CHX, the levels of p-STAT1 combined with
MyD88 were only partly affected, suggesting that a direct TLR4/
MyD88/STAT1 pathway existed and played a vital role in the
induction of SOCS-1 in GAS-infected macrophages. Chhatwal
and McMilan® have previously reported that IFN-B production
stimulated by GAS also depends on MyD88 signaling. Therefore,
MyD88 acts as a central molecule in SOCS-1 induction through
either the IFN-B-receptor pathway or the TLR4/MyD88 pathway.
Subsequently, macrophages from MyD88 '~ knockout mice
were used in our experiments, and the lack of SOCS-1 expression
in these cells following GAS infection (Figure 5a—) supported the
critical role of MyD88 in SOCS-1 expression.

The importance of NF-kB in regulating the expression of
inflammatory genes has been shown by many studies.*>*° In
the present study, we confirmed that the p65 subunit of NF-kB
was phosphorylated at 1 h and peaked at 4 h in response to
GAS infection, leading to nuclear translocation and STAT1
transcription. In the presence of JSH-23, the nuclear transloca-
tion of p65 was blocked, and the levels of STAT1 were subse-
quently reduced. This in turn led to reduced expression of
SOCS-1 (Figure 5e and f).

Cellular & Molecular Immunology

In summary, we have demonstrated that in addition to IFN-
B signaling, the TLR4/MyD88 signaling pathway is involved in
augmenting the expression of SOCS-1 in GAS infection. We
have found that a complex of MyD88, JAKI and STATI are
formed in this pathway (Figure 6), which might be a novel and
direct negative-feedback mechanism to block cytokine express-
ion in GAS infection and would be more conducive to bacterial
infection and evasion of host immunity.
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