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FcRy deficiency improves survival in experimental sepsis
by down-regulating TLR4 signaling pathway
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Abstract

Fc receptor common vy signaling chain (FcRy), a common subunit shared by Fc receptors (FcyRI, III, IV, FcxRI, and FceRI), is
an important immune regulator both in innate and adaptive immunity. Previous studies have shown that FcRy was a potential
target of inflammatory diseases, whereas the role of FcRy in sepsis has been poorly understood. In this study, we found that
deficiency of FcRy resulted in increased survival in lipopolysaccharide (LPS)/D-galactosamine and E. coli-induced sepsis in
mice. This protective effect was characterized by decreased TNF-«, IL-6, and IL-10. Further experiments in bone marrow-
derived macrophages (BMDMs) in vitro also showed that FcRyy deficiency resulted in decreased production of TNF-«, IL-6, and
IL-10 upon LPS stimulation. The mechanism study showed that FcRy was physiologically associated with toll-like receptor 4
(TLR4), and tyrosine phosphorylation of FcRy mediated TLR4 signaling pathway, followed by increased ERK phosphorylation
upon LPS stimulation. Our results suggest that FcRy might be a potential therapeutic target of sepsis.
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Abbreviations

FcRy Fc receptor common vy signaling chain
TLR4 Toll-like receptor 4

LPS Lipopolysaccharide

PAMP Pathogen-associated molecule patterns
IFNs Interferons
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D-gal D-galactosamine

BMDMs Bone marrow-derived macrophages

ITAM Immunoreceptor tyrosine-based activation motif
Syk Spleen tyrosine kinase

PLCy Phospholipase C-y

TNF-o«  Tumor necrosis factor «

IL-6 Interleukin 6

IL-10 Interleukin 10
p-Tyr Phosphorylation of tyrosine
Tyr Tyrosine

Introduction

Recognition of microbial-conserved pathogen-associated
molecule patterns (PAMP) by the innate immune system
elicits strong proinflammatory cytokines such as IL-1,
TNF-«, IL-6, and type I interferons (IFNs) [1]. Activation of
the innate immune system needs to be tightly regulated, be-
cause uncontrolled inflammation may have damaging effects
on the host, and result in inflammatory diseases, such as septic
shock [2]. Pattern-recognition receptors (PRRs) are essential
components of the innate immune system, including RIG-I-
like receptors (RLRs), NOD-like receptors (NLRs), C-type
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lectin receptors (CLRs), and toll-like receptors (TLRs) [3].
Among them, TLR4 is the most thoroughly investigated
PRRs, because it recognizes bacterial lipopolysaccharide
(LPS), which is a well-known PAMP. LPS-triggered inflam-
matory response is started by interacting with
lipopolysaccharide-binding protein in the serum; then, LPS
is transported to the cell membrane where CD14 is present.
Sequentially, LPS binds to TLR4-MD2 complexes, thus initi-
ates the activation of TLR4/MyD88 and TLR4/TRIF signal-
ing, resulting in subsequent inflammatory cytokine production
and release [4]. However, the details of the initiating process
remain unclear. It had been demonstrated that there was an
activation cluster in the lipid raft, which comprised TLR4,
CDI11b/CD18, CD14, CD36 and CDS55, FcyRlIlla, and
CDS81 after LPS or lipoteichoic acid (LTA) stimulation [5].
The exacting role of CD11b/CD18, CD14, CD36, and CD55
has been partly explained [6—10], as well as that of the mouse
FeyRII [11].

FcRy is a common subunit shared by Fc receptors, in-
cluding FeyRI, III, 1V, FcxRI, and FceRI. Binding of
FeyRI, 111, and 1V by IgG transduces activating signals
via phosphorylation of the FcRy immunoreceptor
tyrosine-based activation motif (ITAM) and leads to acti-
vation of spleen tyrosine kinase (Syk) and downstream
signaling pathways such as phosphatidylinositol-3 kinase
(PI3K) and phospholipase C-y (PLCvy). As for FcaRI, IgA
is a potent stimulus for producing pro-inflammatory cyto-
kines, especially in neutrophils [12]. IgE binds to FceRI in
mast cells and recruits early signaling proteins, including
Syk, PLCy, and linker for activation of T cells, all of which
localize with engaged receptors [13]. The primary aim of
this study is to investigate the role of FcRy in the mouse
model of sepsis and the mechanism of FcRy in the regula-
tion of LPS-induced production of cytokines. We demon-
strated that FcRy interacted with TLR4 in BMDMs and
promoted the release of cytokines in vitro.

Materials and methods

Animals FcRy-deficient (FcRy ") mice were purchased from
the Jackson Laboratory (#017793) and were backcrossed into
the C57BL/6J strain to N10. Wide-type (WT) mice were ob-
tained from the filial generation of the mating of FcRy*~ with
C57BL/6J mice. All animal experiments were performed in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved
by the Center for New Drug Evaluation and Research, China
Pharmaceutical University, Nanjing, China.

Reagent LPS (L2630) from E. coli O111:B4 was pur-

chased from Sigma-Aldrich (St. Louis, MO, USA).
ELISA kits of mouse IL-6 (cat#: DKW12-2060-096),
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TNF-« (cat#: DKW12-2720-096), and IL-10 (cat#:
DKW12-2100-096) were purchased from Dakewei
Biotech (Beijing, China). Recombinant murine macro-
phage colony-stimulating factor (M-CSF, 315-02) was
purchased from PeproTech (Rocky Hill, NJ, USA) and
stock solution (10 pg/mL) was stored at —80 °C. Anti-
phosphotyrosine (05-321) and y subunit antibodies (06—
727) were purchased from Millipore (Billerica, MA,
USA). TLR4 antibody (ab22048) was purchased from
Abcam (Cambridge, Mass. UA). f(-actin antibodies
(60008-1-Ig) were purchased from Proteintech (Wuhan,
Hubei, China). Antibodies of p-p65 (3033L), p-Akt
(308T, 13038s), p-Akt (473S, 4060L), p-ERK1/2
(4370L), p-JNK (4668S), PI3K (p85), ERK1/2 (4695S)
, INK (9252L), and p65 (8242s) were purchased from
Cell Signaling Technology (Danvers, MA, USA). Akt
antibody (WLO0003b) was purchased from Wanleibio
(Dalian, Liaoning, China). Goat anti-mouse IgG HRP
(sc-2005) and goat anti-rabbit IgG HRP (sc-2004) anti-
bodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Establishment of mouse sepsis models

The experimental sepsis model was established by intraperi-
toneal injection of LPS (4 mg per kg body weight) and D-
galactosamine (500 mg per kg body weight) as described in
the previous study [14]. Bacterial infection was performed by
intraperitoneal injection with 1 x 10’ CFU E. coli strain.

Quantification of TNF-qa, IL-10, and IL-6 by ELISA For the
in vivo studies, serum was collected at 3 and 6 h after LPS
plus D-galactosamine treatment, and 6 and 12 h after bacterial
infection. For the in vitro studies, bone marrow-derived mac-
rophages (BMDMs) were stimulated with LPS (10 ng/mL,
100 ng/mL, and 1 pg/mL) for 24 h, and the supernatants were
collected. Concentrations of TNF-«, IL-6, and IL-10 in the
serum or supernatant were measured by using ELISA accord-
ing to the manufacturer’s protocols.

Isolation of BMDMs BMDMs were created as described in a
previous study [15]. Briefly, bone marrow cells flushed from
femur and tibia were cultured on flasks for 7 days in the
presence of 10 ng/mL M-CSF.

Western blotting and immunoprecipitation BMDMs treated
with LPS (100 ng/mL) were lysed with lysis buffer [protease
inhibitor mixture (Roche Diagnostics), 1% Triton X-100,
200 mM NaCl (pH 7.4), 0.2 mM Na3;VOy,, 0.3 mM EDTA,
and 10% glycerol]. Bicinchoninic acid assay (Pierce) was
used to measure protein concentrations. Western blot analysis
and immunoprecipitation were done as described [14].
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Confocal microscopy

BMDMs were cultured at 2 x 10° cells per well in 24-well
plates on sterile coverslips overnight and stimulated with
LPS (100 ng/mL) for 15 min. Then, cells were fixed with
4% paraformaldehyde for 10 min at room temperature and
incubated with TLR4 and FcRy antibodies overnight. Co-
location was detected by using Alexa Fluor 647-labeled goat
anti-mouse IgG antibody or Alexa Fluor 488-labeled goat
anti-rabbit IgG antibody (Molecular Probes). Images were ob-
tained by using a Leica TCS SPE confocal microscope with a
1.4 numerical aperture and 63 Leica objective.

Statistical analysis

Survival curves were obtained using Kaplan-Meier method
and survival rates were analyzed by log-rank test using the
Prism 5 GraphPad Software. Student’s ¢ test was used for
comparisons between two groups. Differences were consid-
ered significant at a P value of less than 0.05.

Results

FcRy deficiency suppresses LPS-induced
inflammatory response

To investigate the role of FcRy in the development of sepsis,
we challenged WT and FcRy ™ mice with LPS and D-gal.
FcRy deficiency in female mice dramatically increased the
survival rate in the LPS and D-gal-induced septic models.
The survival rate was 70% in female FcRy ™ mice compared
with 30% in WT female mice at 16 h, and 50% in female
FcRy ™ mice compared with 10% in WT female mice at
80 h (Fig. 1a). Results in male mice confirmed this effect,
because male FcRyf/ ~ mice showed an increased survival rate
from 10 to 50% at 16 h and from 0 to 30% at 30 h (Fig. 1b).
Consistent with the improvement in survival rate, FcRy defi-
ciency significantly decreased the production of TNF- and
IL-6 in serum (Fig. lc, d). However, a significant decrease in
IL-10 was also found in FcRy™~ mice compared with WT
mice (Fig. le). These results indicate that FcRy deficiency
blocked LPS-induced immune responses, which may contrib-
ute to the protective effect against septic shock.

Next, we examined the response of WT and FcRy ™~ mice
to another sepsis model induced by intraperitoneal infection
with Gram-negative bacteria Escherichia coli (E. coli). A total
of 50% of female FcRy '~ mice remained alive after 50 h
whereas no WT mice survived (Fig. 2a). We repeat this exper-
iment in male mice. Results showed that 80% of WT male
mice succumbed to fatal shock within 30 h and none survived
after 60 h. In contrast, 40% of male FcRyf/ " mice remained

alive at 60 h after infection with E. coli (Fig. 2b). We measured
the representative cytokines in response to E. coli and found
that FcRy ™~ mice showed a decrease in the production of
TNF-« and IL-6 (Fig. 2c, d), whereas no difference was ob-
served between WT mice. Besides, we also detected the level
of the anti-inflammatory cytokine IL-10 in WT and FcRy
mice. Results showed that there was no difference between
WT and FcRyf/ ~ mice (Fig. 2e). Moreover, FcRy ™ mice had
a higher bacterial load than WT mice in the spleen, liver, and
lung (Fig. 2f). This is consistent with published reports that
proinflammatory cytokines promote the dissemination of
E. coli [16]. In contrast to the bacterial load, the spleen weight
index of WT mice was significantly higher than those of
FcRy ™ mice (Fig. 2g, h). Collectively, these data suggest that
FcRy ™ mice develop an alleviative inflammatory innate re-
sponse and are less sensitive to sepsis. As TLR4 played an
essential role in sepsis [17], this data indicated that FcRy may
positively regulate TLR4-triggered immune response.

Attenuated in vitro cytokine production
by FcRy-deficient macrophages following LPS
exposure

FcRy is mainly expressed in myeloid cells and macrophage
plays an essential role in endotoxic shock [18, 19]; thus, we
cultured BMDMs from WT and FcRy ™~ mice to investigate
whether FcRyy regulated TLR4-triggered inflammation in the
macrophage. In accordance with in vivo observations, FcRy
~ BMDMs produced less TNF-« and IL-6 in response to LPS
(either in 10 ng/mL or 100 ng/mL) than did BMDMs from
littermate male and female WT mice (Fig. 3a, b). However,
FcRy™~ BMDMs also produced less of the anti-inflammatory
cytokine IL-10 (Fig. 3c), which was consistent with a previous
report wherein the activation of FcRy led to a remodeling of
the chromatin at the IL-10 locus and subsequently increased
the production of IL-10 [20]. We further investigated the un-
derlying mechanism for the effect of FcRy deficiency on
TLR4 signaling. The result showed that the intensity of phos-
phorylated ERK was markedly reduced in LPS-stimulated
FcRy ™"~ macrophages compared with the WT macrophages
(Fig. 3d, e). However, the phosphorylation of JNK and AKT,
as well as p65, remained unchanged (Fig. 3d, e). These data
suggest that FcRy deficiency may diminish TLR4-triggered
production of cytokines by decreasing the activation of ERK
in macrophages.

TLR4 signaling activates FcRy

To study the physiological relevance of FcRy signals in reg-
ulating the TLR4 response, we examined whether TLR4 liga-
tion leads to activation of FcRy. BMDMs from WT mice were
treated with LPS for 15 and 30 min; then, the cell lysates were
immunoprecipitated with anti-FcRy antibody and analyzed
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for tyrosine phosphorylation (p-Tyr) and TLR4. The results
showed that BMDMs from WT mice exhibited rapid p-Tyr of
the FcRy-subunit, as indicated by increased bands compared
with those in untreated BMDMs in the Western blotting
(Fig. 4a). Moreover, reverse direction immunoprecipitation
using anti-TLR4 antibody followed by Western blot analysis
for FcRy showed that FcRy was associated with TLR4 in the
presence or absence of LPS (Fig. 4b). Then, we obtained the
distribution of TLR4 and FcRy upon LPS stimulation by
using the confocal microscopy. The result showed TLR4 and
FcRy co-localized in both rested and LPS-stimulated macro-
phages (Fig. 4c). These data suggest that FcRy physically
binds to TLR4 and can be activated upon LPS stimulation.

Discussion

Sepsis is a systemic inflammatory response syndrome, caused
by life-threatening infections; it is characterized by tissue
damage and multisystem organ failure [21]. However, except
for antibiotics, current strategies to treat excessive inflamma-
tion remain ineffective. Therefore, it is extremely important to
discover alternative treatments. Recent therapies that aim to
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inhibit the pro-inflammatory cytokine storm, including blood
purification, CD28 antagonistic peptide (AB103), and soluble
recombinant human thrombomodulin (ART-103), have been
proposed [22-24].

FcRy may serve as an activating molecule or an inhibitory
receptor by recruiting Syk and SHP-1, respectively, depending
upon different stimuli [25]. In the present study, FcRy-
deficient macrophages and mice were used to describe that
FcRy functioned as an activating molecule under stimulation
with LPS in vitro and in vivo. FcRy combines with TLR4
physiologically and LPS stimulation causes phosphorylating
of Tyr within the ITAM region, followed by activation of the
intracellular signaling cascades. TLR4 signaling is initiated by
the dimerization of TLR4 and recruits TNF receptor-
associated factor 6 subsequently [26]. Based on our findings,
the multimerization of TLR4 and FcRy is possibly required
for the engagement of intracellular signaling pathways. This is
consistent with the report that the ligation of FcRy-subunit
results in inhibition of pro-inflammatory cytokine production
by monocytes in response to LPS [27]. However, Ching-
Liang et al. demonstrated that lack of FcRy increased TLR
responses in dendritic cells, which included the stimuli of
zymosan (which stimulates via TLR2), LPS (TLR4), poly
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Fig. 2 FcRy-deficient mice are a
more resistant to E. coli infection.
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(I:C) (TLR3), flagellin (TLRS), and CpG DNA (TLR9) [28].
Thus, how FcRy exhibits different roles between macro-
phages and DC is unclear. The reduction of IL-10 in the ab-
sence of FcRy in DC is consistent with our results, which is
dependent on Syk-mediated intracellular signaling [29].
Furthermore, phagocytosis is closely linked to inflammatory
response; however, the precise mechanism of this coupling
remains obscure [30]. FcRy is required for phagocytosis,
which is essential for its subsequent cytokine expression.
This may partly explain the decreased cytokine expression
in the absence of FcRy. Previous findings by Zanoni et al.
suggest a role for FcRy in regulating TLR4 endocytosis,
which initiated TLR4-TRIF-IRF3 signaling [7]. FcRy
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deficiency impaired the recruitment of Syk and PLCy2,
followed by the decreased production of IFNf3. Thus, FcRy
may regulate the TLR4-MyD88 and TLR4-TRIF signaling
cascade.

The titer of IgGl1 is significantly different between male
and female; thus, we use different genders of mice to perform
the in vivo experiment [31]. The results showed that male
mice were dead more quickly than female mice both in WT
and FcRy™ mice. This result suggested that IgG1 may in-
volve in the development of sepsis.

In summary, our results have demonstrated that tyrosine
phosphorylation of FcRy mediated TLR4 signaling pathway
in macrophage. This working model explains why FcRy-
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Fig. 3 FcRy deficiency decreases TLR4 triggered production of
cytokines through decreased activation of ERK. a—¢ Concentrations of
TNF-c, IL-6, and IL-10 in supernatants of female and male BMDMs
from WT and FcRy™ mice stimulated with LPS. d WT and FcRy ™~
BMDMs were stimulated with 100 ng/mL LPS for 15, 30, and 60 min and
cell lysates were analyzed for the level of phosphorylated or total protein
expression with indicated antibodies; (3-actin served as a loading control.

a [+
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LPS 0 15 30 IgG (min)
b
BMDM

LPS-15 min
LPS 0 15 30 IgG (min)

Fig. 4 FcRy associates with TLR4 physiologically and is activated upon
LPS stimulation. a Immunoblot analysis of TLR4 and phosphorylated
tyrosine (p-Tyr) in anti-FcRy immunoprecipitates of lysates of cells stim-
ulated with 100 ng/mL LPS at indicated time. b Immunoblot analysis of
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deficient mice display less susceptibility to endotoxic shock.
Our findings suggest that targeting FcRy could be an interest-
ing approach for management of sepsis in humans.
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