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Abstract

Background—While Syk has been shown to associate with TLR4, the immune consequences of
Syk-TLR interactions and related molecular mechanisms are unclear.

Methods—Gain- and loss- of function approaches were utilized to determine the regulatory
function of Syk and elucidate the related molecular mechanisms in TLR4-mediated inflammatory
responses. Cytokine production was measured by ELISA and phosphorylation of signaling
molecules determined by western blotting.

Results—Syk deficiency in murine dendritic cells resulted in the enhancement of LPS-induced
IFNB and IL-10 but suppression of pro-inflammatory cytokines (TNFa., IL-6). Deficiency of Syk
enhanced activity of PI3K and elevated the phosphorylation of PI3K and Akt, which in turn, lead
to the phospho-inactivation of the downstream, central gatekeeper of the innate response, GSK3p.
Inhibition of PI3K or Akt abrogated the ability of Syk deficiency to enhance IFNp and IL-10 in
Syk deficient cells, confirmed by the overexpression of Akt (Myr-Akt) or constitutively active
GSK3p (GSK3 S9A). Moreover, neither inhibition of PI3K-Akt signaling nor neutralization of de
novo synthesized IFN could rescue TNFa and IL-6 production in LPS-stimulated Syk deficient
cells. Syk deficiency resulted in decreased phosphorylation of IKKf and the NF-xB p65 subunit,
further suggesting a divergent influence of Syk of pro- and anti-inflammatory TLR responses.

Conclusions—Syk negatively regulates TLR4-mediated production of IFNB and IL-10 and
promotes inflammatory responses in dendritic cells through divergent regulation of downstream
PI13K-Akt and NF-xB signaling pathways.
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General Significance—Syk may represent a novel target for manipulating the direction or
intensity of the innate response, depending on clinical necessity.
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Introduction

Toll-like receptor (TLR)-mediated production of inflammatory cytokines and type |
interferon (IFN) plays a critical role in the host response to microbial pathogens.
Inflammatory cytokines promote the control of infection by elevating body temperature,
activating and recruiting innate cells, enhancing phagocytosis, and boosting the adaptive arm
of the immune system. Type | IFNs are particularly important in the control of viruses and
cancers [1-3]. However, in order to prevent collateral tissue damage during inflammatory
responses, the magnitude and quality of inflammatory cytokines and type | IFN must be
tightly controlled [4-6]. TLR4-engagement results in the propagation of signals that will
induce both inflammatory cytokines and type | IFNs in a manner mediated by the
recruitment of different adaptor molecules. Whereas activation of TIRAP-MyD88 controls
the induction of pro- and anti- inflammatory cytokines through downstream NF-xB-
mediated transcription[7], the TRAM-TRIF-mediated signaling cascade controls the
production of type | IFN, including IFN, through two noncanonical 1«B kinases, TBK-1
and IKKe, as well as NF-xB, ATF-2/c-Jun, and IRF-3[8-10]. However, the regulatory
signaling events involved in the control of TLR4-mediated inflammatory cytokines and type
I IFN remain less well defined.

Stimulation of TLR4 has been demonstrated to activate the PI3K pathway and restrain the
production of pro-inflammatory cytokines through downstream phospho-inactivation of
GSK3p in innate cells [11]. Our previous studies have identified the pivotal role of GSK3p
in negative regulation of TLR4-mediated IFNB and IL-10 release [12, 13]. Cao et al.
demonstrated that PI3K-mediated mTOR-p70S6K signaling is required for the induction of
type | IFN production [14]. Since we have previously demonstrated that mTOR-p70S6K
relays the TLR4-activated PI3K signal to the downstream GSK3p in innate immune cells
[15], we hypothesized that PI3K-mTOR-p70S6K-GSK3p may be a major pathway
responsible for regulation of IFNp. Although above studies established the influence of
PI3K on TLR-mediated inflammatory cytokine and IFN production, the molecular events
upstream of the PI3K responsible for regulation of IFNP and inflammatory cytokine
production are still poorly understood.

Spleen tyrosine kinase (Syk) is a 72kDa non-receptor tyrosine kinase primarily expressed by
haematopoietic cells and typically considered as a crucial regulator in adaptive immunity.
Syk deficiency leads to a complete absence of mature B cells and to severe defects in T cell
development [16-18]. Recent studies suggest that Syk may also be important in pattern
recognition receptor (PRR)-mediated signaling in innate cells [19-21]. Binding of the SH2
domain of Syk to phosphorylated immunoreceptor tyrosine-based activation motifs (ITAMSs)
of various PRRs and adaptors, such as C-type lectin receptors and DAP12 (DNAX activation
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protein of 12 kDa), enables Syk to relay the upstream signals initiated by these receptors
[22-24]. While the interaction of Syk with multiple ITAMs including MyD88, TRIF and
TRAFG6, is well established, the consequences of such interactions remain unclear. In this
regard, using pharmacological inhibitors of Syk, several studies reported Syk is essential for
TLR-mediated inflammatory responses, and inhibition of Syk suppresses the production of
inflammatory mediators, including pro-inflammatory cytokines and IFNB [25-27]. In
contrast, Syk was also reported to be involved in the CD11b-mediated inhibition of TLR
signaling, by which it suppresses TLR-mediated pro-inflammatory cytokines and IFNB [28].
These studies are further complicated by the finding of Lin et al. [29], who showed that
deficiency of Syk enhances production of pro-inflammatory cytokines and reduces type |
IFN levels in LPS-stimulated macrophages, which occurs through differentially regulating
ubiquitination of TRAF3 and TRAF6. Thus, the functional role and related molecular
mechanism of Syk in the regulation TLR-mediated pro-inflammatory cytokine and IFNB
production is yet to be resolved. Therefore, we set out to elucidate the function of Syk in the
context of TLR4-mediated IFNP and IL-10 production.

Material and Methods

Mice and reagents

CD11c-Cre/sykl1 fl/flmice were generated by crossing CD11c-drived Cre C57BL/6 (from
Jackson Laboratory) to loxP flanked Syk1 mice (gifted by Dr. Alexander; Dartmouth
Medical School). Control mice were negative littermates from this breeding. All the mice
were housed in a specific pathogen-free facility at the University of Louisville, and with the
ethical approval of the University of Louisville Institutional Animal Care and Use
Committee (IACUC No. 130490). Ultra-pure LPS from E. coli 0111:B4, Poly (1:C) LMW,
and ODN1826 were from Invivogen (San Diego, CA). Phosphorylated Syk1 antibody was
from Assay Biotech. Total Syk antibodies were from Proteintech (Chicago, IL). IFNB
neutralizing antibody was from R&D (Minneapolis, MN). IFNB ELISA kits were from R &
D Systems (Minneapolis, MN). IL-10 neutralizing antibody and cytokine ELISA kits were
from eBioscience (San Diego, CA). Isotype control antibody was from Santa Cruz. All other
antibodies were from Cell Signaling Technology. P13 kinase activity assays ELISA kit was
from Echelon Biosciences (Salt Lake City, UT). Protease inhibitor cocktail was from Sigma
Aldrich. Transfection reagents Lipofectamine LTX (and Plus) were from Invitrogen
(Carlsbad, CA). PI3K inhibitors LY294002 and ZSTK474 were from LC Laboratories
(Woburn, MA), Akti was from Sigma-Aldrich (St. Louis, MO), and SB216763 was from
Tocris (Bristol, United Kingdom). pBSFI-Myr-Akt (Cat. No. #49186), pcDNA3-GSK3p
(S9A), and empty control vectors were obtained from Addgene (Cambridge, MA). EZview
Red Protein G Affinity Gel Beads were from Sigma Aldrich (St. Louis, MO). RNeasy Mini
Kit and SYBR green master mix were from Qiagen (Hilden, German). RPMI11640,
Penicillin, FBS, and SuperScript 111 Platinum Two-Step QRT-PCR kits were from Invitrogen
Life Technologies (Carlsbad, CA). GM-CSF and M-CSF were from Peprotech (Rocky Hill,
NJ). Low-attachment six-well plates were from Corning Life Sciences (MA, US)
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Cell culture, viability and flow cytometry

Bone marrows were isolated from control or Sykl Cre-loxP mice, and then bone marrow
cells were isolated via flushing the tibia and fibula. After RBC lysis, cells were plated at 1.5
x 10 cells/ml and cultured in RPMI 1640 medium supplemented with 10% FBS (R10),
50uM 2-mercaptoethanol, 1mM sodium pyruvate, 2mM L-glutamine, 20mM HEPES, 50
U/ml penicillin, and 50 ug/ml streptomycin (RPMI-complete). GM-CSF (10 ng/ml) was
added to facilitate the differentiation of bone marrow cells for 6 days as previously described
[30, 31], and bone marrow-derived dendritic cells (BMDCs) were harvested and the
expression of CD80 and CD86 examined using flow cytometry. Briefly, cells were
harvested, washed twice with 2 ml of fluorescence-activated cell sorting (FACS) buffer (PBS
containing 2% fetal bovine serum and 0.01% sodium azide), and fixed with formaldehyde at
a final concentration of 4% in PBS for 10 min at room temperature. Cells were washed twice
in PBS containing 2% FBS and analyzed immediately by flow cytometry. RPMI-complete
medium containing 10 ng/ml M-CSF and 30% L929 were used to generate bone marrow-
derived macrophages (BMDMs) following the procedure described previously [13]. In brief,
bone marrow cells were cultured overnight in standard tissue culture plates in the presence
of 10 ng/ml M-CSF. Non-adherent cells from this initial culture were then transferred to
low-attachment six-well plates in 4 ml R5F (RPMI with 5% FBS) containing 30% L929
conditioned medium and 10 ng/ml M-CSF for 7 d, adding 1.5 ml fresh medium on days 3
and 5. Cells were verified to be at least 90-98% CD11b+/CD11c—/MHC-II. Cell viability
was determined with the trypan blue exclusion assaying, and the cell number is expressed
relative to the initial cell number.

RT-PCR, Transfection, cytokine detection and western blot

Total RNA was isolated using the RNeasy Mini Kit and the cDNA was synthesized using the
SuperScript 1 Platinum Two-Step QRT-PCR kit. RT-PCR was performed using an ABI
7500 system. GAPDH was used as the endogenous control and fold increases were
calculated according to the AACT method. BMDCs were transfected with Myr-Akt
plasmids, pcDNA3-GSK3 (S9A), or empty vector controls using lipofectamine LTX, and
BMDM were transfected with non-targeting siRNA and syk siRNA using lipofectamine
RNAIMAX, following the manufacturer’s protocol. The levels of total Akt and GSK3p
protein were assessed by Western blot on day 3. In 96-well plates, 2 x 10° BMDCs were
cultured and pretreated for 2 h with 0.01% DMSO (organic solvent control for inhibitor) or
the inhibitor of PI3K (LY294002), Akt (Akti ), or GSK3p ( SB216763), prior to stimulation
with LPS (1 pg/ml). Cell lysates were prepared as previously described [15]. Images were
acquired using the ImageQuant LAS 4100 and densitometry performed and analyzed using
ImageQuant TL software (GE Healthcare Life Sciences, Pittsburg, PA). Cell-free
supernatants were assayed for cytokine levels by ELISA 24 h after the addition of LPS.

Measurement of PI3K kinase activity

P13 kinase activity was determined using a ELISA kit to measure the enzymatic production
of phosphatidylinositol-3,4,5 trisphosphate (P1P3) from phosphatidylinositol 4,5-
bisphosphate (PIP,) substrate, as previously described [32]. Briefly, wild type and Syk
deficient BMDCs (4 x106) were plated in six-well plates and stimulated with LPS (1 pg/ml)
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for 30 or 60 min. Cell lysates were prepared using immunoprecipitation compatible lysis
buffer (20 mM Tris; pH 7.4), 10 MM EDTA, 100 mM NacCl, 1% polyethoxyethanol, 1 mM
NazVOy, 50 mM NaF, and protease inhibitor cocktail. Protein concentrations were
determined using the bicinchoninic acid assay (Pierce). PI3K in cell lysates (300 g protein
per sample) was immunoprecipitated using p85-specific Ab and EZview Red Protein G
Affinity Gel Beads for 24 h at 4°C. The immunoprecipitates were subsequently incubated
with PIP, substrate in kinase reaction buffer for 2 h at room temperature, then the generation
of PIP3 product was determined by competitive ELISA.

Statistical analysis

Results

A Shapiro-Wilk test was used to confirm the normal distribution of our data before we start
statistical analysis. Statistical significance between groups was evaluated by one-way
ANOVA and the Tukey multiple-comparison test using the InStat program (GraphPad, San
Diego, CA). Differences between groups were considered significant at p values < 0.05.

Syk knockdown does not influence maturation of dendritic cells

To examine the Cre-loxP-mediated knock out efficiency of Syk and determine if Syk
deficiency affects the maturation of dendritic cells, we first detected the expression of Syk
and the maturation markers CD80 and CD86 in wild type and Syk-deficient LPS-stimulated
BMDCs. As shown in Figure 1 A and B, only trace amounts of Syk could be detected in Syk
deficient BDMCs, as compared with wild type, suggesting efficient Cre-loxP system-
mediated Syk knockdown. Moreover, Syk knockdown did not influence the expression of
dendritic cell maturation markers (CD80; CD86) at rest or following 24 h stimulation with
LPS (1 ug/ml), as shown by flow cytometry (Fig. 1C). In addition, trypan blue exclusion was
performed to determine the cell viability, with no statistically significant difference between
the wild type and Syk deficient cells noted (Fig. 1D).

Syk deficiency enhances LPS-induced IFNB and IL-10 production, but reduces TNFa and
IL-6 levels in LPS-stimulated BMDCs

To determine the regulatory effects of Syk on LPS-induced inflammatory cytokines, BMDCs
were stimulated with LPS (1 pg/ml) for 24 h. The IFNp protein and transcript levels were
examined by ELISA and RT-PCR, respectively (A, B). Moreover, the production of IL-10,
TNFa, and IL-6 was detected by ELISA. As shown in Figure 2, Syk deficiency resulted in a
robust increase in IFNB (A, B) and IL-10 (C) produced by LPS-stimulated BDMCs, but a
diminished TNFa (D) and IL-6 (E) production at protein and mRNA levels (F), compared
to wild type BMDCs. Moreover, we examined the production of IFNB upon the activation of
other TLRs (TLR3, TLR9) and found that Syk deficiency significantly enhanced the
production of IFNp and IL-10, while concurrently decreased TNFa and IL-6 levels in poly
I:C and ODN stimulated BMDCs (Fig. 2G, H). Considering the ability of IFNp to promote
the production of IL-10 [12, 33], these results demonstrate that Syk differentially regulates
the production of pro- and anti-inflammatory cytokines, indicating the pro-inflammatory
bias of Syk upon LPS stimulation.
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Deficiency of Syk elevated IFNB production leads to the enhancement of STATs
phosphorylation

Binding of type | IFNs to the interferon-alpha/beta receptor (IFNAR) complex results in the
activation of two receptor associated tyrosine kinases, Tyk2 and JAKZ, which, in turn,
phospho-activate downstream STATSs [6, 34]. Therefore, we next determined if Syk
deficiency influenced the phosphorylation state of STAT1 and STAT3 in LPS-stimulated
BMDCs. Since a late (2 h), but profound increase in STAT phosphorylation, particularly
STAT1, was observed in LPS-stimulated Syk-deficient BMDCs (Fig. 3), we next determined
if STAT1 and STAT3 phosphorylation was due to enhanced de novo synthesis of IFNB. IFNB
neutralizing antibody, but not isotype control antibody, efficiently blocked STAT activation
following LPS stimulation, which corroborated Syk deficiency indeed enhances the
production of IFNB in LPS stimulated BMDCs.

Syk deficiency enhances the activity of PI3 kinase and phosphorylation of Akt, and GSK3p
upon LPS stimulation

TLR4-engagement is known to lead to the activation of PI3K, the restraint of pro-
inflammatory cytokine production and the enhancement of IFNB and IL-10 in innate
immune cells [13, 14, 35]. To determine if Syk deficiency regulates cytokine production
through the PI3K signaling axis, we first examined if Syk deficiency affects LPS-induced
PI3K activation. As shown in Figure 4A, B, phosphorylation of the regulatory subunit of
PI3K (p85) was significantly increased in LPS-stimulated Syk deficient BMDCs, compared
with wild type control. This phenomenon was confirmed upon monitoring PI3K activity in
LPS-stimulated BMDCs. As shown in Figure 4C, production of PIP3, which directly
represents PI3K activity, was significantly higher in LPS-stimulated Syk deficient cells, as
compared with that of wild type. Moreover, the downstream molecules in the PI3K pathway,
Akt and GSK3p, also exhibited enhanced phosphorylation in LPS-stimulated Syk deficient
BMDCs, as compared with wild type control (Fig. 4D, E). These results demonstrate that
Syk deficiency enhances activity of TLR4-mediated PI3K and its downstream signaling
partners in LPS-stimulated BMDCs.

Inhibition of the PI3K/Akt axis normalizes the anti-inflammatory response in Syk deficient

cells

As Syk deficiency enhances PI3K activity and anti-inflammatory mediator production upon
TLR4 engagement, we next investigated if the regulatory effects of Syk on IFNB and IL-10
production are similarly dependent on PI3K activity. Specific PI3K inhibitors LY294002 and
ZSTK474 were employed to determine the regulatory function of PI3K in Syk inhibition-
enhanced IFN and IL-10. As shown in Figure 5, either LY294002 or ZSTK474 abrogated
phosphorylation of Akt (Fig. 5A-D) and significantly decreased the enhancement of IFNB
and IL-10 produced by LPS-stimulated BMDCs from Syk-deficient mice (Fig. 5E, F). The
Akt inhibitor, Akti, had similar effects in LPS-stimulated, Syk deficient BMDCs (Fig. 5E,
F). These results suggest that Syk deficiency enhances production of IFNP and IL-10 in a
P13K-dependent manner.
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Enhanced IFNB and IL-10 production in Syk deficient cells is Akt-and GSK3p-dependent

To control for possible non-specific effects of pharmacological inhibitors, we next utilized a
gain-of-function approach to confirm the role of PI3K-Akt in the regulation of IFNp and
IL-10 during Syk deficiency. Stable transfection of Syk deficient cells with a plasmid
expression exogenous Akt (Myr-Akt) (Fig. 6A) led to enhanced IFNR and IL-10 production
following LPS stimulation, compared to Syk-deficient cells expressing an empty control
vector (p<0.001) (Fig. 6B). Ourselves and others have previously demonstrated that PI3K-
Akt signaling restrains TLR4-mediated production of pro-inflammatory cytokines through
phosphorylation (inactivation) of downstream GSK3p [35, 36]. Thus, we next determined
the importance of GSK3p in the control of IFNB and IL-10 during Syk-deficiency. Initially,
we monitored the influences of PI3K activity on the level of phospho-GSK3g in Syk
deficient cells upon LPS stimulation. As compared with wild type, inhibition of PI3K in
LPS stimulated-Syk deficient cells resulted in a significant decrease in phosphorylation of
GSK3p (Fig. 6C). Moreover, the specific GSK3 inhibitor, SB216763, and the successful
over-expression of a constitutively active form of GSK3B (S9A), verified by the expression
of HA (Human influenza hemagglutinin) epitope tag (Fig. 6D) influenced IFNB and I1L-10
production. SB216763 significantly enhanced production of IFNf and IL-10 in LPS-
stimulated Syk-deficient BMDCs (p<0.001) (Fig. 6E). In contrast, LPS stimulation of Syk
deficient cells expressing constitutively active GSK3p produced significantly less IFNB and
IL-10, as compared with cells expressing an empty control vector (p<0.001) (Fig. 6E). Taken
together, these findings demonstrate that enhanced TLR4-mediated production of IFNf and
IL-10 in Syk-deficient BMDCs is dependent on the activity of downstream targets of PI3K
signaling, Akt and GSK3p.

Suppression of TNFa and IL-6 production during Syk deficiency is independent of PI3K

We and others have previously demonstrated that TLR-mediated activation of the PI3K-Akt-
GSK3p pathway differentially regulates the production of pro- and anti- inflammatory
cytokines in human innate immune cells, with inhibition of PI3K or Akt resulting in a
significant increase in pro-inflammatory cytokines, including TNFa and IL-6 [11, 35]. Since
we have now demonstrated that enhanced IFNP and IL-10 production in LPS-stimulated
Syk-deficient BMDCs is dependent on PI13K-Akt-GSK3p signaling, we next determined if
Syk deficiency-mediated alternation of TNFa and IL-6 are also regulated by the PI3K
pathway. Surprisingly, inhibition of PI3K with LY 294002 did not influence the production
of TNFa and IL-6 in LPS-stimulated Syk-deficient BMDCs (Fig. 7A, B), suggesting that
the decrease of TNFa and IL-6 was independent of PI3K-Akt-GSK3 signaling. IFNB can
induce 1L-10, and act as an anti-inflammatory signal [12, 37, 38]. Therefore, to determine if
de novo synthesis of IFNP and IL-10 may contribute to the decrease of TNFa and IL-6 in
TLR4-engaged Syk deficient BMDCs, we employed neutralizing antibodies. As shown in
Figure 7 C and D, pretreatment with IL-10 neutralizing antibody led to a significant increase
of TNFa, but only a slight increase of IL-6, while IFN neutralization did not significant
alter TNFa or IL-6 production in LPS-stimulated Syk deficient BMDCs, as compared with
isotype controls. Taken together, these results suggest Syk deficiency-decreased TNFa and
IL-6 was independent of the activity of PI3K in BMDCs stimulated with LPS.
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Syk deficiency leads to the decreased phosphorylation of NF-kB

NF-xB and MAPK are prototypic inflammatory signaling molecules in TLR-initiated
responses. As shown in Figure 8 A and B, Syk deficiency robustly decreases
phosphorylation of IKKf and NF-xB p65, as compared with wild type control. Interestingly,
Syk deficiency did not alter the phosphorylation of MAPK signaling components (Fig. 8 C,
D). These results suggest that deficiency in Syk selectively alters the activity of downstream
signaling pathways. Considering the critical role of NF-xB in the production of TNFa and
IL-6 [39-41], Syk-deficiency mediated decreases of TNFa and IL-6 might be attributed to
diminished phosphorylation of NF-xB in LPS-stimulated BMDCs.

Discussion

The function of Syk in the regulation of TLR4-mediated production of IFNp and
inflammatory cytokines is controversial. Here, we demonstrate that deficiency of Syk
enhances the production of TLR4-mediated IFNf and 1L-10, and concurrently suppresses
pro-inflammatory cytokine levels including TNFa and IL-6 in LPS-stimulated dendritic
cells. Moreover, we found deficiency of Syk enhances activity of the PI3K-Akt signaling
pathway and in turn phospho-inactivates GSK3, which leads to an increase of IFNB and
IL-10 production but has no notable effect on the production of TNFa and IL-6 in BMDCs
stimulated with LPS. In addition, deficiency of Syk attenuated phosphorylation of IKKp and
NF-xB, but not the MAPK pathway, suggesting Syk deficiency selectively alters activity of
downstream signaling pathways, and results in the decrease of TNFa and IL-6 possibly
through suppressing the activity of NF-xB. These findings clarify the negative regulatory
role of Syk in IFNp and IL-10 production, highlighting the pro-inflammatory property of
Syk, and elucidating the molecular mechanism responsible for this regulation in TLR4-
mediated inflammatory responses.

Our previous studies have demonstrated stimulation of TLR4 can activate PI3K-Akt and in
turn phospho-inactivate GSK3p, which resulted in the decrease of TLR4-mediated pro-
inflammatory cytokine production and the increase of IFNB and anti-inflammatory cytokines
such as IL-10 [11, 13, 35]. Although the downstream transcription factors such as NF-xB,
CREB, ATF2/c-Jun have been well defined, the upstream signaling events of PI3K remain
unclear. In this current study, we found Syk deficiency leads to the increased
phosphorylation of P85, Akt, and GSK3p in LPS stimulated dendritic cells. This result
differs from previous reports that Syk is required for activation of PI3K signaling through
binding with ITAM-containing immunoreceptors or adaptor molecules [19, 42] and suggests
context-dependent Syk function. The mechanism by which Syk deficiency enhances PI3K
activity remains to be established, however one possible explanation is TLR4-activation of
P13K mediated by other molecules that are negatively regulated by Syk. Support for this is
provided by a recent study showing that Syk is required for Cbl-mediated degradation of
MyD88, which was reported to associate with P85 through its YXXM domain and thus
activate PI3K upon LPS stimulation [28, 43]. Another possibility is the existence of
“inhibitor ITAM” pathways, which lead to the association of Syk with P85 and in turn
suppress PI3K activity [43, 44]. Nevertheless, accumulating studies on the regulatory effects
of Syk-mediated PI3K signaling highlight its key role in regulating TLR4-mediated
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inflammatory responses [28, 43, 44], and the various effects of Syk also suggest pleiotropic
functions and versatility of this pathway in different contexts.

Syk contains tandem SH2 and C-terminal kinase domains [45]. The tandem SH2 domains of
Syk selectively bind to the ITAM of the cytoplasmic region of immune receptors, propagate
intracellular signaling, and, therefore, play critical roles in lymphocyte development and
activation of immune cells [19]. Deletion of Syk has been reported to impair B cell
differentiation, suppress the natural cytotoxicity of NK cells and abrogate the phagocytic
ability of macrophages [19, 46]. Moreover, Syk is critical for tyrosine phosphorylation of
various proteins which regulate multiple ITAM-mediated important physical processes, such
as mobilization of Ca2*, release of reactive oxygen species, activation of platelets,
metabolism of arachidonic acid and production of cytokines [47-51]. In addition, studies
have revealed that Syk is also essential for the as generation of osteoclasts and suppression
of tumor growth [52, 53]. Despite numerous studies reporting that Syk involvement in
regulating the production of inflammatory mediators through binding with ITAM-containing
immunoreceptors, the regulatory effects and related molecular mechanism remains poorly
understood. Whereas some studies suggest Syk was required for TLR- or TNF-mediated
inflammatory responses, other groups obtained opposite findings. A recent study reported
inhibition of Syk enhances pro-inflammatory cytokine production and reduces type | IFN
levels upon LPS stimulation [29], in contrast to another study of the effect of Syk on type |
IFN production [28]. Of interest is the reported molecular mechanisms responsible for the
regulatory function of Syk were totally different. In our current study, using Syk deficient
dendritic cells, we found that loss of Syk resulted in an increase of IFN and IL-10
production through enhancing activation of PI3K-Akt signaling and thus phospho-
inactivating GSK3p. Moreover, Syk deficiency suppression of TLR4-mediated pro-
inflammatory cytokine production may be attributed to a decrease in NF-xB signaling.
Considering multiple ITAM containing adaptor molecules such as MyD88, Cbl, are all
interact with Syk, the regulatory effects and related molecular mechanisms of Syk are likely
dependent on a number of, rather than an individual, spatial and temporal factors, such as the
cell type, adaptor molecules associated, the property of stimulus, and duration of
stimulation.

Activation of PI3K-Akt-GSK3p pathway has been demonstrated to restrain the duration and
intensity of TLR-mediated inflammation responses [11, 54]. Inhibition of PI3K or Akt
enhances the production of pro-inflammatory cytokine such as IL-12, TNFa, IL-6, and
concurrently decreases the level of anti-inflammatory cytokines such as IL-10 in human
innate immune cells stimulated with TLR agonists [55, 56]. In our current study, we utilized
specific inhibitors of PI3K and gain-of-function of Akt to examine the influences of PI3K
signaling on the production of IL-12, TNFa and IL-6 in LPS-stimulated BMDCs from Syk-
deficient mice. Our data showed inhibition of PI3K/Akt slightly decreased LPS-induced
TNFa and IL-6, which differs from the role of PI3K/Akt in human innate immune cells.
Although there is strong evidence suggesting 1L-12 is regulated by the PI3K pathway [11,
36], we also didn’t observe a significant increase of 1L-12 in Syk deficient BMDCs
(Supplemental Fig 1A, B). In this regard, other studies have also reported different effects of
PI3K/Akt signaling on TLR-mediated pro-inflammatory cytokine production. For example,
inhibition of PI3K/Akt suppressed LPS-induced expression of TNFa in macrophage [57],
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and inhibition of PI3K-Akt or overexpression its downstream kinase GSK3p attenuated
production of TNFa in LPS stimulated cardiomyocytes [58]. These studies substantiate our
finding and provide evidence for varying effects of PI3K on TLR-mediated pro-
inflammatory cytokine production, suggesting contribution of PI3K/Akt pathway to
expression of pro-inflammatory cytokines may be cell or tissue specific.

In contrast to the effect of Syk deficiency in BMDCs, we found that Syk deficiency
decreases LPS-induced production of IFNB in BMDMs (Supplemental Fig 1C), which is
consistent with several previous studies [25, 29]. Additionally, we found the influence of
Syk deficiency on the production of TNFa and IL-6 is different in macrophages and
dendritic cells. In contrast to dendritic cells, in LPS-stimulated macrophages Syk deficiency
results in a significant decrease of 1L-10, as reported previously by others [29], but has no
significant effect on the production of TNFa and IL-6 (Supplemental Fig 1D). We next
utilized neutralizing IL-10 antibodies to evaluate the possible influence of de novo
synthesized IL-10 on the production of IFNB. The inability of IL-10 antibodies to modulate
IFNB levels (Supplemental Fig 1F) suggests that the effect of Syk on LPS-induced IFNB
was not through paracrine signaling in macrophages. Interestingly, the changes of the IFNB
and IL-10 were synchronous in BMDMs and BMDCs. Since our previous studies have
demonstrated GSK3p negatively regulates IFNB and 1L-10 [12, 13], and GSK3 is also
critical for the development and maturation of BMDCs [59], we postulate that the expression
level of GSK3p could be responsible for the distinct effects of Syk on IFNB production in
BMDCs and BMDMs. Silencing of Syk in BMDMs, unlike in BMDCs, decreased
phosphorylation of GSK3p upon LPS stimulation (Supplemental Figure 1E), suggesting
altered levels of GSK3p in Syk deficient macrophages, resulting from signaling possibly
independent of PI3K, could be the reason for the distinct effects of Syk on the production of
IFNB in BMDMs. Collectively, these results indicate that TLR-mediated activation of Syk
impinges on the production of IFNB and other inflammatory cytokines through distinct
signaling pathways, and the level of GSK3p is critical for the production of IFNB and IL-10.

In this study, we found neutralization of IFNB was unable to enhance production of TNFa
and IL-6, and neutralization of IL-10 only elevated TNFa in Syk deficient BMDCs
stimulated with LPS, indicating Syk deficiency impacts other signaling pathways which
contribute to the decrease of TLR4-mediated pro-inflammatory cytokine production. Our
data showed Syk deficiency attenuated phosphorylation of IKKf and NF-xB rather than
MAPK-P38 in LPS-stimulated BMDCs. Due to the well-established function of the NF-xB
signaling pathway in the control of the production of pro-inflammatory cytokines including
TNFa and IL-6 in innate immune cells, these data strongly suggest decreased TNFa and
IL-6 in Syk deficient BMDCs may be attributed to this pathway. Moreover, differential
effects of Syk deficiency on the NF-xB and MAPK pathways, in combination with enhanced
activity of PI3K, demonstrated the ability of Syk to modulate multiple TLR-mediated
signaling pathways and suggest Syk selectively activated pathway(s) may control the
production of inflammatory cytokines and consequently play an immunomodulatory role in
immune responses.

In summary, our study demonstrated Syk negatively regulates production of TLR4-mediated
IFNB and IL-10 through modifying the activity of PI3K-Akt and the downstream GSK3p.
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We also established the pro-inflammatory nature of Syk, which is essential for the

p
d

roduction of TNFa and IL-6 in BMDCs stimulated with LPS. Moreover, we found Syk
eficiency reduced pro-inflammatory cytokine levels were not directly dependent on the

activity of PI3K in LPS-stimulated dendritic cells. These findings demonstrated the negative
regulatory effects of Syk on IFNp and 1L-10, and the essential role of Syk in TLR4-
mediated immune responses, suggesting the immunomodulatory potential of Syk could be a

n

ovel target for intervening in the process of inflammatory immune responses.
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Highlights

. Syk deficiency enhances the production of IFNB and IL-10 through
promoting the activity of PI3K-Akt-GSK3p signaling.

. Syk deficiency decreases the production of pro-inflammatory cytokines
through suppressing the activity of NF-xB.

. Syk is a novel innate regulator and potential intervention target for the control
of inflammatory responses.
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Figure 1. Expression of Syk and its influences on the maturation of dendritic cells
(A)Western blot of the whole cell lysates from wild type and Cre-loxP-mediated Syk

deficient dendritic cells. Blots were probed with antibodies to total-Syk and GAPDH as a
loading control; (B) Densitometric quantification of the ratio of total-Syk to total-GAPDH,;
(C) WT and Syk deficient cells were stimulated with LPS (1 pg/ml) for 24 hours, and the
expression of CD80 and CD86 was detected by flow cytometry; (D) Cell viability was
determined by trypan blue exclusion.
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Figure 2. Deficiency of Syk elevates the production of IFNB and IL-10, but suppresses the levels
of TNFa and IL-6 in LPS-stimulated dendritic cells

Cell-free supernatants were collected from wild type and Syk deficient dendritic cells
stimulated with LPS for 24 h, and the production of (A) IFNB, (C) IL-10, (D) TNFa, and
(E) IL-6 was determined by ELISA. The mRNA levels of IFNB (B) and other cytokines (F)
from wild type and Syk deficient cells stimulated with LPS (1 pg/ml) for the time indicated
were examined by RT- PCR; TLR3 (Poly I:C LMW; 1 pg/ml) and TLR9 (ODN1826;
10pg/ml) agonists were used to stimulate wild type and Syk deficient BMDCs for 24 h, and
the production of IFNB (G) and other cytokines (H) measured by ELISA, “*” and “***”
indicates A<0.05 and A<0.001, respectively. Data represents the mean + S.D. of three
biological replicates.
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Figure 3. Deficiency of Syk elevated IFNP production and leads to the enhancement of STATs
phosphorylation

Wild type and Syk deficiency cells were pretreated with IFNB neutralizing antibody or
isotype control for 2 h and then stimulated with LPS. Cell lysates were prepared at the
indicated time points and then analyzed by Western blot. (A) Blots were probed with
antibodies to phospho-STATs and GAPDH as a loading control; (B) Densitometric
quantification of the ratio of phospho-STATs to total-GAPDH.
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Figure 4. Syk deficiency enhances P13-kinase activity and phosphorylation of downstream
molecules, Akt and GSK3p in LPS-stimulated cells

(A) Western blots of whole cell lysates from LPS-stimulated wild type and Syk deficient
cells. Blots were probed with antibodies to phospho-p85 and total GAPDH as a loading
control; (B) Densitometric quantification of the ratio of phospho-p85 to total-GAPDH; (C)
Wild type and Syk deficient cells were stimulated for 30 min and 1 h with 1 pg/ml LPS.
Subsequently, PI3K was immunoprecipitated from cell lysates and enzymatic activity was
assessed. Data are presented as the mean +SD from three biological replicates. Syk
deficiency resulted in the significant (***, p<0.001) enhancement of PIP3 generation where
indicated. (D) Blots in (A) were also probed with antibodies to phospho-Akt, GSK3p, and
total GAPDH as a loading control; (E) Densitometric quantification of the ratio of phospho-
Akt, -GSK3 to total-GAPDH.
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Figure 5. Inhibition of PI3K or Akt abrogates the regulatory effects of Syk deficiency on TLR4-
mediated IFNB and IL-10 production

(A, B) Syk deficiency cells were pre-treated with LY 294002 (25 pM) or ZSTK474 (50 nM)
and stimulated with LPS (1 pg/ml). Cell lysates were collected at the time points indicated
and phosphorylation of Akt were detected by Western blot. (C, D) Densitometric
quantification of the ratio of phospho-Akt to total-GAPDH. (E, F) Wild type and Syk
deficient cells were pretreated with PI3K inhibitor, LY294002 or ZSTK474, or Akt inhibitor,
for 2 h and then stimulated with LPS for 24 h. Cell free supernatants were collected and
LPS-induced production of IFNB (E) and IL-10 (F) was determined by ELISA. “***”
indicates A<0.001. Data represent the mean * S.D. of three biological replicates.
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Figure 6. Syk deficiency-mediated elevated IFNB and IL-10 production is dependent on the
activity of Akt-GSK3p signaling

Syk-deficient cells were transfected with Myr-Akt or pcDNA3-GSK3p (S9A) plasmid
which encode constitutively active Akt and GSK3, respectively. Empty vectors were also
transfected into wild type and Syk-deficient cells as a control. After 48 h transfection, cells
were stimulated with LPS (1 pg/ml) for 6 h and cells lysates were collected for Western blot
analysis. (A) Blot was probed with antibodies to total Akt and GAPDH to ensure equivalent
sample loading. (B) After 48 h, transfected cells were stimulated with LPS for 24 h, and then
the cell free supernatants were harvested to detect the production of IFNp and IL-10. (C)
Western blot of cell lysates from Syk deficient BMDCs pretreated with PI3K inhibitor,
LY294002, for 2 h, then stimulated with LPS to 2 h, the blot was probed with antibodies to
phospho-and total GSK3p, densitometric quantification of the ratio of phospho- to total-
GSK3p was also calculated as shown. (D) For GSK3p transfection, phosphorylation levels
of glycogen synthase (GS), a specific substrate of GSK3, and the expression level of
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Hemagglutinin (HA) tag protein, encoded by the HA DNA sequence inserted at the C
terminal of GSK3p mutant, were detected by Western blot to assess the transfection
efficiency. (E) ELISA of LPS-induced IFNB and IL-10 in cell-free supernatant in the
absence and presence of SB216763 and constitutively active GSK3p. For B and E, data are
representative of at least three separate experiments. “*” and “***” indicate £<0.05, and
p<0.001 respectively. Data represent the mean + S.D. of three biological replicates.
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Figure 7. Syk regulation of TNFa. and IL-6 was not affected by the activity of PI3K signaling and
the de novo production of IFNB

Syk-deficient BMDCs were pre-treated with LY294002, IFNP or IL-10 neutralizing
antibody, or isotype control for 2 h, then stimulated with LPS (1 pug/ml) for 24 h. Cell free
supernatants were collected to determine the production of TNFa (A, C) and IL-6 (B, D) by
ELISA. “*” represents p<0.05. Data are representative of at least three separate experiments.
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Figure 8. Syk deficiency reduces phosphorylation of IKKB and NF-xB p65 but not

phosphorylation of MAPK signaling
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Cell lysates were collected from LPS-stimulated wild type and Syk-deficient BMDCs at the
time points indicated for Western blot analysis. Blots were probed with the antibodies to
phospho-and total IKKB, NF-xBp65 (A, B), P38, ERK (C, D), and GAPDH as a loading
control. (B, D) Densitometric quantification of the ratio of phospho- to total proteins.
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