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Spleen tyrosine kinase (SYK) is the best known for its involvement in immune receptor signalling, mediated by binding of SYK
tandem Src-homology 2 domains to tandem phosphotyrosine in immunoreceptor tyrosine-based activation motifs (ITAMs).
ITAM adaptors or ITAM-containing receptor tails mediate signalling from B- and T-cell receptors, Fc receptors and many
C-type lectins, including dectin-1. Recent data point to constitutive binding of SYK to the cytoplasmic domain of toll-like
receptor-4 (TLR4). This SYK-TLR4 binding increases upon TLR4 dimerization and phosphorylation, and SYK plays a prominent
role in TLR4 signalling in response to LPS in neutrophils and monocytes. SYK also plays an important role in TLR4-mediated
macrophage responses to minimally oxidized low-density lipoprotein (mmLDL), which is a form of oxidized LDL relevant to
development of human atherosclerosis. Interestingly, mmLDL-induced effects in macrophages, which occur via TLR4, are
predominantly MyD88 independent. This unmasks the role of the SYK branch of TLR4 signalling, which mediates modest
cytokine release via activation of AP-1 transcription and robust reactive oxygen species generation and cytoskeletal
rearrangements. The latter results in extensive membrane ruffling and macropinocytosis, leading to lipoprotein uptake and
foam cell formation, a hallmark of atherosclerotic lesions. Because inhibitors of SYK activity, such as fostamatinib, are in
advanced clinical trials for rheumatoid arthritis and other autoimmune diseases, understanding the role of SYK in signalling via
TLR4 is of immediate importance. This signalling pathway seems to be particularly important in TLR4 activation by
host-derived, damage-associated molecular pattern ligands, such as mmLDL, relevant to development of atherosclerosis and
other chronic inflammatory diseases.

Abbreviations
LDL, low-density lipoprotein; MD-2, myeloid differentiation-2 (synonym: lymphocyte antigen 96, LY96); mmLDL,
minimally oxidized LDL; SYK, spleen tyrosine kinase; TLR4, toll-like receptor-4 (synonym: CD284)

Introduction
The Nobel Prize of 2011 in Physiology or Medicine was
awarded to Jules Hoffmann and Bruce Beutler for their dis-
covery of the role of toll-like receptors (TLRs) in innate immu-
nity and to Ralph Steinman for his discovery of dendritic cells
and their role in adaptive immunity. Hoffmann discovered
that Toll helped Drosophila fend off fungal infection (Lemaitre

et al., 1996), and Beutler found that toll-like receptor-4 (TLR4)
was the signalling receptor that recognized bacterial LPS and
initiated strong antibacterial responses in mammals (Poltorak
et al., 1998). TLR4 belongs to the eclectic family of pattern-
recognition receptors, the receptors of innate immunity that
recognize structurally common pattern motifs on microbial
products. Indeed, TLR4 is activated by many different LPS
molecules expressed on various Gram-negative bacteria.
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To add to the diversity of ligands that activate TLR4,
many host-derived molecules, ranging from lipids to pro-
teins, exert cellular responses via TLR4. The common feature
of host-derived TLR4 ligands is that they are modified, but
not native, host molecules, often associated with the tissue
damage or a pathologic process. The modification could be
due to oxidation, glycosylation, methylation, cleavage or
other post-translational (proteins) or post-synthetic (lipids)
alterations. To list just a few of the host-derived ligands, TLR4
recognizes tenascin-C, an extracellular matrix glycoprotein
specifically expressed in inflamed rheumatoid joints
(Midwood et al., 2009); serum amyloid A3 secreted by pre-
metastatic tumours (Hiratsuka et al., 2008); and minimally
oxidized low-density lipoprotein (mmLDL), but not native
LDL (Miller et al., 2003b).

The downstream signalling from TLR4 is no less complex
than the nature of ligands that initiate it. For the reasons not
completely understood, different stimuli induce TLR4 signal-
ling via recruitment of different adaptor/signalling molecules
to the cytoplasmic domain of the receptor, thus resulting in
different cellular responses. This may be due to the structure
of a TLR4 agonist (Bowen et al., 2012). In addition, the cell
surface or endosomal localization of TLR4 drives recruitment
of MyD88 or toll/interleukin-1 receptor (TIR) domain-
containing adapter inducing interferon-b (TRIF) respectively
(Kenny and O’Neill, 2008). Another possible explanation is
that TLR4 is never a stand-alone receptor responding to bac-
terial or endogenous challenge, but rather part of a receptor
cluster – each component of the cluster influences the ulti-
mate signalling pattern (Schmitz and Orso, 2002; Stewart
et al., 2010; Triantafilou and Triantafilou, 2010). For example,
TLR4 responds to mmLDL (Miller et al., 2009), a lipoprotein
composed of a 512 kDa protein and hundreds of lipid and
sterol molecules, many of which are modified; thus, in addi-
tion to TLR4, mmLDL likely engages several other receptors
leading to their clustering with TLR4.

The next level of regulation involves multiple non-
receptor protein and lipid kinases (Lee and Kim, 2007). This
article will review data on spleen tyrosine kinase (SYK), a
signalling kinase directly transducing TLR4 signals, and will
highlight mmLDL and its component oxidized cholesterol
ester as host-derived TLR4 agonists, which induce primarily
SYK-mediated responses.

Classic model of TLR4 signalling

TLR4 is the signalling receptor that mediates a robust inflam-
matory response to LPS, but it requires several co-receptors for
the optimal LPS presentation as well as adaptor molecules for
the signal transduction (Kawai and Akira, 2007). In blood, LPS
circulates as an oligomer, carried by LPS-binding protein (LBP).
It is then transferred in a monomeric form to CD14, the LPS
receptor present in both soluble and membrane-bound forms.
The membrane-bound CD14 is anchored to the plasma mem-
brane via glycosylphosphatidylinositol and it lacks an intrac-
ellular signalling domain. Thus, CD14 further presents a LPS
monomer to myeloid differentiation-2 (MD-2). Like CD14,
MD-2 has neither transmembrane nor signalling domain; the
difference is that MD-2 is constitutively bound to TLR4. In fact,
the TLR4/MD-2 complex assembles in the endoplasmic reticu-

lum (Shibata et al., 2011) and MD-2 is required for TLR4
trafficking to the plasma membrane. MD-2 knockout mice do
not express TLR4 on the cell surface (Nagai et al., 2002).

According to a crystal structure model (Park et al., 2009),
the hydrophobic pocket of MD-2 accommodates five of the
six acyl chains of LPS lipid A, while the sixth acyl chain and
the oligosaccharide Kdo2 of LPS provide an interface for
binding with a second TLR4* from a different TLR4*/MD-2*
pair. Accordingly, a second molecule of LPS bound to MD-2*
connects it with TLR4 of the first TLR4/MD-2 pair. These
interactions result in dimerization of two TLR4/MD-2 pairs
on the extracellular surface of the plasma membrane. Intra-
cellular TIR domains of TLR4 also dimerize, change confor-
mation, and these events induce binding of adaptor
molecules to TLR4 and thereby initiate signalling cascades.

If the TIR dimerization event occurs at the plasma mem-
brane, it leads to recruitment of Mal, followed by MyD88
(McGettrick and O’Neill, 2010). Downstream from MyD88,
there are several more levels of signalling intermediates, ulti-
mately leading to activation of two sets of kinases, IKK and
MAPK. Activation of IKK results in translocation of NF-kB
transcription factors to the nucleus and initiation of the
transcriptional program leading to expression of inflamma-
tory cytokines and other targets. The MAPKs ERK, JNK and
p38 activate the AP-1 transcription program as well as
mediate cytoskeletal reorganization and regulate other cellu-
lar processes. The detailed description of the signalling inter-
mediates in the TLR4/MyD88 pathway can be found in recent
reviews (Newton and Dixit, 2012). In the endocytic compart-
ment, following internalization of the LPS-TLR4/MD-2
complex, the TLR4 dimer recruits TRIF-related adaptor mol-
ecule (TRAM) and TRIF (McGettrick and O’Neill, 2010). The
preference for TRAM and TRIF over Mal and MyD88 may be
due to a different mode of TLR4 dimerization, which occurs
upon endosome acidification and protonation of key histi-
dines involved in TLR4 dimerization (Gangloff, 2012). Down-
stream from TRIF, two transcriptional events occur: delayed
(compared with MyD88-mediated) activation of NF-kB and
initiation of the IRF3 transcription program, the latter result-
ing in expression of type I interferons.

Spleen tyrosine kinase

SYK is an ubiquitous non-receptor tyrosine kinase that has
diverse biological functions in various cell types. SYK is a
72 kDa protein that consists of two tandem Src-homology 2
(SH2) domains and a C-terminal tyrosine kinase domain. SYK
is expressed in haematopoietic, endothelial, neuronal and
epithelial cells and in fibroblasts (Zarbock and Ley, 2011). The
total SYK knockout mice die perinatally because of a failure of
the blood and lymph vasculature to separate, but mice with
myeloid-specific SYK knockdown (Sykfl/fl LysM-Cre) are viable
and fertile (Choi et al., 2012).

SYK plays a central role in immunoreceptor signalling.
The classic concept of the B-cell receptor (BCR) and T-cell
receptor (TCR) function requires recruitment of signalling
proteins with immunoreceptor tyrosine-based activation
motifs (ITAMs). Phosphorylation of tandem tyrosines in an
ITAM by Src-family kinases leads to the ITAM binding with
SYK via SYK’s tandem SH2 domains, with subsequent SYK
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activation. Activated SYK directly binds to Vav, PLCg, PI3K
and SLP76/SLP65, which in turn engage a plethora of signal-
ling intermediates, including MAPKs, Rho family GTPases,
components of NLRP3 inflammasome and transcription
factors. Resulting cellular responses range from cytoskeletal
reorganization and reactive oxygen species (ROS) production
to cell differentiation, proliferation and survival (Mocsai
et al., 2010; Lowell, 2011).

In addition to ITAM adaptors to BCR, TCR and a number
of other immune receptors, SYK also binds to ITAM in recep-
tor tails, for example, in FcgRIIA, and to half-ITAM motifs in
dimerized C-type lectins (Kerrigan and Brown, 2011). The
role of SYK in function of CLEC7a, also known as dectin-1,
received a special attention due to the dectin-1 importance in
anti-fungal and anti-mycobacterium immune responses.
Binding of b-glucan carbohydrates to dectin-1 leads to SYK
recruitment, which is PKCd dependent (Elsori et al., 2011),
and activation of MAPKs, NF-kB and nuclear factor of acti-
vated T cells (NFAT), as well as the NALP3 inflammasome
assembly and IL-1b maturation (Kerrigan and Brown, 2011).
Downstream from dectin-1, PKCd and SYK stimulate ROS
generation and phagocytosis of zymosan (a mimic of fungal
pathogens) by human monocytes (Elsori et al., 2011).

SYK also directly binds to b-integrins, but this interaction
is independent of ITAM adaptors and, in fact, is a constitutive
binding via a site distinct from the site of phosphotyrosine
binding (Woodside et al., 2002; Jakus et al., 2007). This inter-
action is proposed to coordinate integrin signalling cascades
with co-opted ITAM-containing transmembrane adaptors
(Mocsai et al., 2010).

SYK recruitment to TLR4

Recruitment of SYK to a TLR4-associated receptor complex
has been reported in several studies. Experiments in which
TLR4 and/or SYK specific antibodies were used to pull down
the receptor complex from cell lysates have demonstrated
that TLR4 and SYK co-immunoprecipitate in neutrophils,
monocytes and macrophages, even in the absence of LPS or
any other stimuli (Arndt et al., 2004; Chaudhary et al., 2007;
Bae et al., 2009). Using a yeast-two-hybrid assay, we have
shown that there is a physical interaction between SYK and
the TIR domain of TLR4 and that the N-terminal SH2 domain
of SYK is responsible for the interaction (Choi et al., 2009).
Because SYK binding to TLR4 occurs in non-stimulated cells
and in the yeast-two-hybrid system, this interaction seems to
be constitutive and independent of TLR4 tyrosine phospho-
rylation. The phosphotyrosine-independent, constitutive
binding of SYK to TLR4 resembles the SYK binding to
b-integrins, both interactions are mediated by the N-terminal
SH2 domain of SYK (Woodside et al., 2002; Choi et al., 2009).

Upon neutrophil and monocyte stimulation with LPS and
macrophage stimulation with mmLDL, SYK binding to TLR4
increases, and this coincides with TLR4 as well as SYK phos-
phorylation (Arndt et al., 2004; Chaudhary et al., 2007; Bae
et al., 2009; Choi et al., 2012; Lu et al., 2012). Both TLR4 and
SYK are phosphorylated by Lyn in neutrophils and macro-
phages (Medvedev et al., 2007; Tiemi Shio et al., 2009; Lu
et al., 2012). Pharmacologic inhibition of SYK prevented LPS-
induced TLR4 phosphorylation (Chaudhary et al., 2007), sug-

gesting that SYK may contribute to tyrosine phosphorylation
of TIR domain in TLR4. However, it is unclear whether the
increased TLR4/SYK association in stimulated cells is medi-
ated by the SH2–phosphotyrosine interactions or via a differ-
ent mechanism.

Role of SYK in the TLR4 signalling in
response to bacterial pathogens

SYK has been implicated in LPS-stimulated, CD14-dependent
delivery of TLR4 to endosomes and the TRIF pathway activa-
tion in macrophages and dendritic cells (Zanoni et al., 2011).
The authors did not investigate whether SYK directly binds to
TLR4. An interesting distinction between macrophages and
neutrophils is that LPS induces a more robust IL-1b secretion
by neutrophils than by macrophages, although both cell
types express pro-IL-1b in response to LPS (Rowe et al., 2002;
Sutterwala et al., 2006). The inflammasome activation of
caspase-1 and subsequent processing of pro-IL-1b into mature
IL-1b requires a second signal (e.g. ATP) in macrophages but
not in neutrophils. A recent paper suggests that in neu-
trophils LPS-induced recruitment of SYK to TLR4 mediates
the inflammasome assembly and caspase-1 activation,
explaining why the LPS signal alone is sufficient to stimulate
IL-1b secretion by neutrophils (Lu et al., 2012). Importantly,
SYK-dependent generation of ROS is involved in the process.
The authors also detail a turn-off mechanism in which the
neutrophil adhesion molecule CEACAM1 (CD66a) recruits
and activates the phosphatase SHP1, which dephosphorylates
SYK, leading to the reduced inflammasome activity. Another
prominent role of SYK in LPS-stimulated neutrophils is acti-
vation of JNK. The TLR4/SYK/JNK pathway regulates MCP-1
and TNFa but not IL-8 expression in human neutrophils
(Arndt et al., 2004).

The involvement of SYK in TLR4 signalling is different in
different human monocyte subpopulations. In humans,
CD14highCD16-, CD14+CD16+ and CD14dimCD16high mono-
cytes have been described, although some authors combine
the last two CD16+ populations into one (Ley et al., 2011).
Human CD14highCD16- monocytes express CCR2, L-selectin,
and the Fc receptor CD64, whereas CD14+CD16+ monocytes
lack CCR2 but express CD32 and higher levels of MHC-II. The
CD16+ monocyte subpopulations expand in patients with
sepsis and in patients with the high risk of cardiovascular
disease (Heine et al., 2012; Shalova et al., 2012). In CD16+

monocytes, CD16 has been reported to regulate the TRIF-
dependent TLR4 pathway by activating SYK (Shalova et al.,
2012). As a result, CD14+CD16+ monocytes express IFNb,
CCL5 and CXCL10. Interestingly, the authors found that
CD16 induced the expression of negative regulators of the
MyD88-dependent pathway, IRAKM and IL-1RA, resulting in
down-regulation of IL-6, CXCL1 and CCL3 expression. These
findings corroborate the earlier reports that in macrophages
the integrin CD11b and the adaptor molecule DAP12 induce
SYK-dependent phosphorylation and degradation of MyD88
(Hamerman et al., 2005; Han et al., 2010). These mechanisms
may explain the dissociation between SYK- and MyD88-
mediated TLR4 responses, as it will be described below in the
case of mmLDL-induced macrophage activation.
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mmLDL, 12/15-lipoxygenase and TLR4
in atherosclerosis

Our interest in TLR4/SYK signalling stems from the finding
that mmLDL induces production of ROS and robust cytoskel-
etal rearrangements in macrophages via a TLR4-dependent
mechanism (Miller et al., 2003b; Bae et al., 2009). mmLDL
is a form of oxidized LDL that is highly relevant to the
pathogenesis of atherosclerosis. It is oxidized by 12/15-
lipoxygenase (12/15LO), the enzyme expressed in inflamed
endothelial cells, in vascular smooth muscle cells and in
macrophages in atherosclerotic lesions (Ylä-Herttuala et al.,
1990; 1991; Ezaki et al., 1995; Patricia et al., 2001; Miller et al.,
2003b; Natarajan and Nadler, 2003). Mouse model studies
have convincingly demonstrated that 12/15LO (Alox15) oxi-
dizes LDL in vivo and that Alox15-/- mice on the Ldlr-/- or
Apoe-/- background fed with a high-fat diet develop less
atherosclerosis than Alox15 wild-type mice (Cyrus et al.,
1999; 2001; George et al., 2001; Huo et al., 2004; Zhao et al.,
2005; Poeckel et al., 2009; Rong et al., 2012). Cholesterol ester
hydroperoxides, produced by 12/15LO in LDL, are responsi-
ble for the majority of TLR4-dependent effects of mmLDL
(Harkewicz et al., 2008; Choi et al., 2009; Miller et al., 2009).
The oxidized cholesterol esters found in mmLDL have also
been identified in mouse and human atherosclerotic lesions,
in human plasma and even in cholesterol-fed zebrafish
(Upston et al., 2002; Leitinger, 2003; Harkewicz et al., 2008;
Fang et al., 2010; Hutchins et al., 2011).

Human and animal studies suggest that TLR4, the recep-
tor for mmLDL, is proatherogenic. TLR4 is strongly expressed
in human and mouse atherosclerotic lesions (Xu et al., 2001;
Edfeldt et al., 2002). A deficiency in TLR4 or MyD88 attenu-
ates the development of atherosclerosis in hyperlipidemic
Apoe-/- mice, likely owing to the reduction in macrophage
recruitment to atherosclerotic lesions (Bjorkbacka et al., 2004;
Michelsen et al., 2004). Transplantation of bone marrow from
Tlr4-/- mice into Ldlr-/- recipients, followed by feeding a high-
cholesterol diet, results in reduced atherosclerosis compared
with mice transplanted with wild-type bone marrow (Coenen
et al., 2009), although similar bone marrow transplantation
studies in which angiotensin II induced aortic aneurysm
found no role for TLR4 (Owens et al., 2011). Lipid accumula-
tion and foam cell formation in early lesions of Tlr4-/-Apoe-/-

mice are reduced by 70–80% compared with Apoe-/- controls
(Higashimori et al., 2011). These results strongly imply that
one or more endogenous ligands are activating TLR4, leading
to proatherogenic effects.

There is evidence for a role of TLR4 in the development of
human atherosclerosis as well. Kiechl et al. first reported that
the common D299G TLR4 loss-of-function polymorphism
was associated with a decreased risk of carotid and femoral
artery atherosclerosis and cardiovascular cause of death
(Kiechl et al., 2002). In other studies, the D299G TLR4 poly-
morphism was also associated with a reduced risk of acute
coronary events, independent of other coronary risk factors
(Ameziane et al., 2003; Boekholdt et al., 2003). However, the
D299G polymorphism was not associated with coronary
artery stenosis, cerebral ischaemia or progression of athero-
sclerosis in patients with familial hypercholesterolemia (Yang
et al., 2003; Netea et al., 2004; Reismann et al., 2004). Because

these studies evaluated different clinical manifestations of
atherosclerosis, the observed discrepancies are not necessarily
contradictory. Other studies showing increased TLR4 expres-
sion in macrophages in symptomatic carotid atherosclerotic
plaques (Katsargyris et al., 2011) and increased TLR4 expres-
sion in circulating monocytes of patients with coronary
atherosclerosis (Geng et al., 2006) and patients with acute
coronary syndrome compared with stable angina (Methe
et al., 2005; Xie et al., 2010) also suggest that TLR4 is involved
in vascular inflammation in humans.

Role of TLR4 and SYK in macrophage
responses to mmLDL

The robust and rapid ROS generation in macrophages
induced by mmLDL is clearly TLR4 dependent (Bae et al.,
2009), and mmLDL-induced TLR4 dimerization is evident
from the immunoprecipitation studies with the cells express-
ing Flag-TLR4 and GFP-TLR4 (Choi et al., 2012). However, the
mmLDL-induced ROS generation was absolutely MyD88
independent (Bae et al., 2009). Searching for the kinase,
meditating the mmLDL/TLR4 effect, we have found that inhi-
bition of SYK with pharmacologic inhibitors and the SYK
knockdown with shRNA abrogate ROS production. Because of
our finding of direct SYK binding to the intracellular domain
of TLR4 (Choi et al., 2009) and many reports of SYK
co-immunoprecipitation with TLR4 (Arndt et al., 2004;
Chaudhary et al., 2007; Bae et al., 2009), we suggest that SYK
should be considered as a TLR4 adaptor molecule (refer to
Figure 1). The difference from the other TLR4 adaptors, Mal
and TRAM, is that SYK possesses a kinase domain. Thus, it
directly phosphorylates, among other targets, PLCg and Vav1
(Mocsai et al., 2010). Indeed, mmLDL induces phosphoryla-
tion of PLCg and Vav1 in macrophages. In turn, PLCg acti-
vates PKC, which contributes to activation of the NADPH
oxidase Nox2 (Bae et al., 2009). In addition, mmLDL activa-
tion of Vav1 initiates a Ras-Raf-MEK1-ERK1/2 signalling
cascade, resulting in GTP binding to Rac (Miller et al., 2005;
Choi et al., 2009). Binding of GTP-Rac completes the
assembly of Nox2-activating proteins and allows for ROS
generation.

In addition to Rac, phosphorylation of ERK1/2 in
mmLDL-activated macrophages results in GTP binding (acti-
vation) of Cdc42 and Rho and phosphorylation of paxillin
(Choi et al., 2009). These are central components regulating
actin polymerization and cytoskeletal reorganization. Within
minutes, mmLDL-stimulated macrophages develop extensive
membrane ruffling, lamellipodia and filopodia protrusions
(Miller et al., 2003a,b; Harkewicz et al., 2008). Membrane
ruffles close into macropinosomes and capture the surround-
ing fluid, the process regulated in part by PI3K and Rho. This
mmLDL-induced and TLR4/SYK-dependent macropinocyto-
sis is suggested to constitute an important mechanism of
excessive lipid accumulation in macrophages (Choi et al.,
2009; Miller et al., 2009; 2011; Stoletov et al., 2009). Although
this macropinocytosis process is initiated by a specific lipid
modification in mmLDL and is activated via a TLR4/SYK-
dependent mechanism illustrated in Figure 1, the fluid phase
uptake is indiscriminate towards the cargo and as a result,
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native LDL and various types of oxidized LDL are taken up by
macrophages. These mechanisms of lipid uptake are impor-
tant because formation of lipid-laden macrophage foam cells
in the vascular wall is a hallmark of atherosclerotic lesions
(Glass and Witztum, 2001). An interesting and unexpected
confirmation of the role of TLR4 and SYK in atherogenesis
has recently been reported by the Boren group (Levin et al.,
2011). The authors found that the deficiency in Rip2, a
serine/threonine kinase that activates NF-kB, in myeloid cells,
reduced systemic inflammation but, contrary to their
hypothesis, increased the size of atherosclerotic lesions in
Ldlr-/-APOB100 mice. This was due to a twofold increased
expression of TLR4 in macrophages, constitutive TLR4-
dependent macropinocytosis and foam cell formation. Fur-
thermore, inhibition of SYK abrogated macropinocytosis in
Rip2-/- macrophages.

Activation of SYK, downstream from mmLDL and TLR4, is
also essential for phosphorylation of JNK (Choi et al., 2012).
JNK phosphorylates the transcription factor Jun, leading to
removal of nuclear co-repressor NCoR (Wiesner et al., 2010)
and allowing for the assembly of Jun and Fos into an AP-1
transcription complex. ERK1/2 phosphorylates Fos, and IKKe,
together with JNK, phosphorylates Jun. The SYK regulation of
AP-1 transcription is essential for expression and secretion of

MIP-2 (CXCL2) and significantly contributes to expression of
IL-6 in primary macrophages, as shown with the macro-
phages derived from Sykfl/fl LysM-Cre mice (Choi et al., 2012).
Other genes induced by mmLDL in macrophages and
dependent on Nox2 are IL-1b and RANTES (CCL5) (Bae et al.,
2009). RANTES plays an important role in recruitment of
vascular smooth muscle cells into the intima of the vascular
wall, forming a fibrous cup of atherosclerotic lesions.

Importantly, the mmLDL-induced activation of AP-1
synergizes with activation of NF-kB induced by low doses of
LPS to produce higher levels of pro-inflammatory cytokines,
compared with the levels induced separately by either
mmLDL or LPS (Wiesner et al., 2010). These findings are
important because a subclinical but persistent endotoxemia
characterizes many chronic infections that contribute to
development and complications of atherosclerosis (Kalayo-
glu et al., 2002; Scannapieco et al., 2003; Pussinen et al.,
2007). Furthermore, many obese and diabetic patients have
the so-called metabolic endotoxemia (Amar et al., 2008;
Erridge, 2008; Cani and Delzenne, 2009; Laugerette et al.,
2011). Similarly to our in vitro and animal model findings,
the synergistic pro-inflammatory effects of subclinical levels
of LPS and oxidized lipoproteins abundant during athero-
genesis may result in accelerated atherogenesis and a higher

Figure 1
Signalling mechanisms of TLR4/SYK-dependent macrophage activation. SYK is constitutively bound to the cytoplasmic domain of TLR4.
Macrophage activation with mmLDL results in TLR4 dimerization and phosphorylation and increased SYK binding to TLR4 (note: SYK SH2 binding
to phosphotyrosine in TLR4 is hypothetical; there are yet no specific data to support the SH2-type binding). Phosphorylated (activated) SYK
activates Vav1, PLCg and JNK. In turn, Vav1 activates a Ras-Raf-MEK1-ERK1/2 signalling cascade. ERK1/2-dependent phosphorylation of paxillin
and GTP binding (activation) to Rac and Cdc42 lead to robust cytoskeletal rearrangements in macrophages, in part resulting in extensive
membrane ruffling. PI3K- and Rho-assisted ruffle closing into macropinosomes captures the surrounding fluid. If this occurs in a LDL-rich medium,
macrophages accumulate large quantities of lipid and become the so-called foam cells, a hallmark of atherosclerotic lesions. Downstream from
PLCg, activation of PKC, together with ERK1/2-mediated activation of Rac, contributes to Nox2-dependent generation of ROS. Phosphorylation
of the transcription factors Fos and Jun by ERK1/2 and JNK, respectively, results in the assembly of an AP-1 transcription complex and stimulates
expression of pro-inflammatory cytokines. Nox2-produced ROS contributes to cytokine expression.
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risk of cardiovascular events in specific cohorts of patients
with chronic endotoxemia.

While this article’s focus is on TLR4 signalling induced by
mmLDL and oxidized cholesterol esters, in comparison to the
LPS-induced signalling, this is only one example of pattern-
recognition receptor interaction with oxidized lipoproteins
and their components. TLR2, TLR6, CD36, SR-A, SR-BI,
MARCO, LOX-1 and PSOX contribute to recognition,
binding, internalization and inflammatory signalling in
response to oxidized LDL and high-density lipoprotein. Oxi-
dized phospholipids and the apolipoproteins modified by
lipid-derived hydroperoxides, aldehydes and ketones, as well
as by free radicals and peroxidase enzymes, have been
described as ligands to pattern-recognition receptors. The
reader can find a more detailed summary and discussion of
this topic in our recent review article (Miller et al., 2011). It is
also important to note that specific oxidized phospholipids,
when used at high concentrations, inhibit LPS-induced,
TLR4-dependent inflammatory responses, both in vitro and in
vivo (Bochkov et al., 2002; Walton et al., 2003; von Schlieffen
et al., 2009). This is in contrast to the synergy between
mmLDL and low-dose LPS described above, underscoring the
complexity of biological responses to host-derived ligands
and the importance of in vivo experimentation to assess the
quantitative significance of each particular pathway for spe-
cific pathology.

SYK as a therapeutic target

Understanding cellular mechanisms of SYK regulation has
immediate importance because of the emergence of SYK
inhibitors as promising therapeutic agents. The oral SYK
inhibitor fostamatinib, being developed by Rigel and Astra-
Zeneca, is currently in a phase III clinical trial in patients with
rheumatoid arthritis. The Oral SYK Inhibition in Rheumatoid
Arthritis (OSKIRA) is a 12 month clinical trial of approxi-
mately 900 patients studying two dosing regimens of fosta-
matinib compared with placebo in patients who are not
achieving an adequate response with methotrexate alone
(from Rigel’s web site). A new drug application for fostamat-
inib with the Federal Drug Administration is expected in
2013. Several other pharmaceutical companies develop dif-
ferent SYK inhibitors for various clinical application (Mocsai
et al., 2010), some of which are entering phase II clinical
trials. Although targeting SYK is currently designed to benefit
conditions with excessively up-regulated ITAM-mediated
responses, such as in rheumatoid arthritis, allergies, asthma,
lupus and other autoimmune diseases, our findings and the
work of others point to the importance of SYK in regulation
of TLR4 responses to either bacterial pathogens or host-
derived agonists, such as mmLDL, the latter important in
development of atherosclerosis.

Indeed, a recent report has demonstrated that adminis-
tering fostamatinib attenuates atherosclerosis in Ldlr-/- mice
fed with a high-cholesterol diet (Hilgendorf et al., 2011).
Fostamatinib impaired macrophage survival and migra-
tion into atherosclerotic lesions and reduced expression of
pro-inflammatory cytokines. Increased numbers of vascular
smooth muscle cells and levels of collagen improved stability
of the lesions. These results suggest that inhibition of SYK

may be a viable therapeutic strategy to treat atherosclerosis
and cardiovascular disease.

To put the prospects of SYK inhibition into perspective,
there are numerous therapeutic targets downstream of TLR4,
which is not surprising given the central role of TLR4 in
inflammation. The relevance of these targets to the treatment
of atherosclerosis depends on the significance of specific sig-
nalling pathways involved in the disease development and its
clinical manifestations. As to the direct inhibitors of TLR4/
MD-2 as drug candidates, several molecules have been tested
for treatment of sepsis. For example, eritoran (E5564), a lipid
A analogue, binds to MD-2 and inhibits LPS activation of
TLR4 (Rossignol and Lynn, 2005), and resatorvid (TAK-242)
targets Cys747 in the intracellular domain of TLR4 and inhib-
its its signalling (Ii et al., 2006; Takashima et al., 2009). For the
variety of reasons, sepsis clinical trials for both of them were
discontinued, and their effects on atherosclerosis have not
yet been tested. A detailed review of these and other TLR4
inhibitors can be found elsewhere (Wittebole et al., 2010).

Conclusions

The TLR4 ligand recognition and signalling pathways are
well studied in the LPS-stimulated macrophages. Certainly,
LPS recognition by TLR4 produces the strongest pro-
inflammatory responses in macrophages, and MyD88 is the
most important adaptor molecule responsible for the imme-
diate downstream signal transduction. One has to acknowl-
edge, however, the existence of other, MyD88-independent
TLR4 responses, which become centrally important under
certain conditions. The better known example is the TRIF-
dependent TLR4 signalling occurring upon endocytosis of
TLR4/MD-2 with its microbial ligand and characterized by
the delayed inflammatory responses. The less known
pathway is the one mediated by the direct binding of SYK to
TLR4, with ensuing activation of SYK targets and resulting in
such, often overlooked, TLR4 responses as cytoskeletal rear-
rangements, macropinocytosis, ROS generation, inflamma-
some processing of IL-1b and others, discussed in this paper.
Several studies suggest that the SYK pathway becomes impor-
tant in LPS-stimulated neutrophils, where MyD88 signalling
is inhibited and SYK mediates NLRP3 inflammasome activa-
tion and IL-1b maturation.

The realization that TLR4 as a pattern-recognition recep-
tor is no less important in recognition of host-derived danger
(or damage)-associated molecular patterns than microbial
pathogens instructs the importance of the careful examina-
tion of signalling pathways involved. Muted inflammatory
and robust tissue remodelling processes that characterize
TLR4-mediated chronic inflammation in response to host-
derived ligands also point to a signalling network that is
different from that involved in acute and often excessively
strong responses to LPS. In this regard, we discussed in this
paper TLR4-mediated responses to mmLDL, an oxidized form
of LDL apparently involved in a lifelong, asymptomatic
inflammation in the vascular wall. The inflammatory proc-
esses in vascular atherosclerotic lesions may result, neverthe-
less, in myocardial infarction and stroke, the leading causes of
mortality and morbidity in developed countries. The reasons
for the lack of involvement of MyD88 in the majority of
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mmLDL-induced TLR4 responses in macrophages are yet
unclear, but in the absence of a strong MyD88-mediated
signalling component, the SYK-mediated pathways become
centrally important. They regulate lipid accumulation in
macrophages, ROS production and AP-1-dependent cytokine
expression (Figure 1), the processes involved in development
of atherosclerosis.

Future studies will reveal the detailed mechanisms and
crosstalk between different branches of TLR4 signalling when
activated by mmLDL and other host-derived ligands and help
understand how this intertwined signalling shapes chronic
inflammatory processes. Specifically in the case of atheroscle-
rosis, one study has suggested that inhibition of SYK reduces
atherosclerosis burden in mice (Hilgendorf et al., 2011). It is
yet unknown if this effect is related to the SYK involvement
in TLR4 signalling or any other SYK-dependent immune
receptor-mediated pathways, which are numerous. It is also
unclear what is the cell type(s) in which inhibition of SYK
delivers an atheroprotective effect. In vivo studies with cell-
specific SYK knockout mice will be able to address these
questions.
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