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Serum amyloid A inhibits dendritic cell differentiation
by suppressing GM-CSF receptor expression and

signaling

Ji Cheol Kim!, Young Su ]ungl, Ha Young Leel, Joon Seong Park? and Yoe-Sik Bae!??

In this study, we report that an acute phase reactant, serum amyloid A (SAA), strongly inhibits dendritic cell differentiation
induced by GM-CSF plus IL-4. SAA markedly decreased the expression of MHCII and CD11c. Moreover, SAA decreased cell
surface GM-CSF receptor expression. SAA also decreased the expression of PU.1 and C/EBPa, which play roles in the expression
of GM-CSF receptor. This inhibitory response by SAA is partly mediated by the well-known SAA receptors, Toll-like receptor 2
and formyl peptide receptor 2. Taken together, we suggest a novel insight into the inhibitory role of SAA in dendritic cell

differentiation.

Experimental & Molecular Medicine (2017) 49, e369; do0i:10.1038/emm.2017.120; published online 25 August 2017

INTRODUCTION

Dendritic cells (DCs) are professional antigen-presenting cells
of the mammalian immune system that play an essential role in
the regulation of adaptive immune responses.! The major
function of DCs is to uptake and process antigens, and then
to present them on the cell surface with major histocompat-
ibility (MHC) complex to T cells.! Because DCs are important
players in interconnecting the innate and adaptive immune
systems, the regulation of DC differentiation and maturation is
of considerable importance.>® Previously, it was reported
that DCs can be generated from mouse bone marrow cells
by GM-CSF plus 1L-4.* Immature DCs express low levels of
surface antigens, such as CD40, CD80 and CD86, and show
high phagocytic activity.! Diverse pathogen-derived molecules,
including lipopolysaccharides (LPS), bacterial DNA and
cytokines such as tumor necrosis factor-o (TNF-a) elicit
DC maturation, which then express high levels of surface
antigens (CD40, CD80 and CD86) and have high antigen-
presentation levels.! Although many different molecules have
been reported to regulate DC maturation, extracellular signals
that negatively regulate DC differentiation have not been
studied extensively.

Serum amyloid A (SAA) proteins are a family of apolipo-
proteins that are associated with high-density lipoprotein.’
SAA is known as a major acute-phase protein because it is
released into circulation in response to pathogen infection or

tissue injury, reaching approximately a 1000-fold increase.®

SAA is mainly produced from the liver in response to a
pro-inflammatory environment.” Previously, SAA was reported
to regulate diverse functional activities in lipid metabolism and
in immune modulation.® SAA influences high-density lipopro-
tein cholesterol metabolism by inhibiting receptor-mediated
selective lipid uptake.” It also decreases lipid biosynthesis.!?
Regarding the immune modulatory functions of SAA, it
induces matrix metalloproteinase production, elicits leukocyte
chemotactic migration, upregulates adhesion molecule expres-
sion and induces cytokine synthesis.!!™!3 Regarding the target
receptors of SAA, several different cell surface receptors,
including formyl peptide receptor (FPR)2, Toll-like receptor
(TLR)4, TLR2 and P2X7, have been reported to mediate
specific cellular responses induced by SAA.!>!*1® However,
the roles of SAA on DC differentiation have not yet been
investigated. Here we attempted to determine whether SAA
affects DC differentiation in mouse bone marrow cells under
GM-CSF plus IL-4 stimulation. We also examined target
receptors and the mechanism of action involved in the
regulation of DC differentiation by SAA.

MATERIALS AND METHODS

Materials

Six- to eight-week-old male C57BL/6 mice were purchased from
Daehan Bio Link (Eumseong, Korea). The TLR2-deficient mice were
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donated by Professor Jong-Hwan Park (Chonnam National
University, Gwangju, Korea). Human recombinant SAA, murine
recombinant GM-CSF and murine recombinant IL-4 were purchased
from Peprotech (Rocky Hill, NJ, USA). Pam3CSK4 was purchased
from Invivogen (San Diego, CA, USA). LPS was purchased from
Sigma-Aldrich (St Louis, MO, USA). WRWWWW (WRW4) was
synthesized from Anygen (Gwangju, Korea). Antibodies against
phospho-STAT5, STAT5 and actin were purchased from Cell
Signaling Technology (Beverly, MA, USA). RPMI 1640 was purchased
from Welgene (Gyeongsan, Korea). Anti-mouse CDI1b, CDllc,
MHCII and F4/80 antibodies were obtained from eBioscience
(San Diego, CA, USA). Anti-mouse GM-CSF receptor (GM-CSFR)
a was purchased from R&D Systems (Minneapolis, MN, USA).

DC differentiation

Mouse bone marrow-derived DCs were generated from mouse
bone marrow cells according to a previous report!” with some
modifications. Briefly, mouse bone marrow cells were isolated from
the femurs and tibiae of 6—-8-week-old male C57BL/6 mice and treated
with ACK lysis buffer (Gibco, Carlsbad, CA, USA) to remove red
blood cells. The cells were washed and cultured in 10% FBS contain-
ing RPMI 1640 media with 20 ngml~! mGM-CSF and 2 ngml~!
mlIL-4. After 2 days, non-adherent cells were washed and refreshed
with 2ml of fresh complete medium containing mGM-CSF
and mIL-4. On day 4, 1 ml of fresh complete medium containing
mGM-CSF and mIL-4 was added to the culture. Cells were harvested

a Live cells MHCII* CD11¢*

for the experiment on day 6. SAA was added to the culture media each
time the medium was changed.

Quantitative real-time RT-PCR

Quantitative PCR was performed using the Rotor-Gene SYBR Green
PCR kit (Qiagen, Hilden, Germany), The primer sequences used
include RelB: forward, 5'-GTTCCAGTGACCTCTCTTCC-3/, reverse,
5-CCAAAGCCGTTCTCCTTAATGTA-3,18 Maf forward, reverse,!8
GM-CSFRa: forward, 5-CTGATGTCATGAAGCGATGC-3', reverse,
5'-TCACGGTGACATCAATGTCG-3,' PU.I: forward, 5-GATGG
AGAAGCTGATGGCTTGG-3', reverse, 5-TTCTTCACCTCGCCTG
TCTTGC-3',* C/EBPa: forward, 5-TGGACAAGAACAGCAACG
AGTAC-3, reverse, 5-GCAGTTGCCCATGGCCTTGAC-3"%!
GAPDH: forward, 5-TCCACCACCCTGTTGCTGTA-3', reverse,
5-AATGTGTCCGTCGTGGATCT-3". The rotor-gene Q (2plex on
PC) instrument (Qiagen) was programmed as follows: 95°C for
10 min, then 50 cycles of 95 °C for 10's, 60 °C for 15 s and 72 °C for
20s. The data were analyzed using rotor-gene Q series software
through the delta—delta CT method.??

and

Western blot assay

Mouse bone marrow cells were stimulated with GM-CSF (20 ng ml~1)
for various periods of time, and then the cells were lysed in lysis buffer
(20 mm HEPES (pH 7.2), 10% glycerol, 150 mm NaCl, 1% Triton
X-100, 50 mm NaF, 1 mm NazVOy,, 10 pg ml~! leupeptin, 10 pg ml ™!
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Figure 1 Serum amyloid A (SAA) inhibits DC differentiation induced by GM-CSF plus IL-4. (a) Flow cytometric gating strategy of DCs from
cultures at day 6. Solid line, CD11c*MHCIINCD11b" population; dashed line, CD11c*MHCII'°CD11b" population; shaded, isotypes
control. (b) Percentage of the CD11c*MHCIINCD11b™ population stimulated with a vehicle (DW), several concentrations of SAA or LPS
(100 ngmlI~1) in the presence of GM-CSF (20ngml~1) plus IL-4 (2ngml-1) for 6 days. (c) Percentage of CD11b*F4/80* cells
stimulated with a vehicle and SAA (500 nm) with GM-CSF plus IL-4 for 6 days. (d) RelB and Maf mRNA expression levels in vehicle or
SAA (500 nm)-treated cells with GM-CSF plus IL-4 for 6 days were analyzed by real-time polymerase chain reaction (qPCR). The results
shown are representative of three independent experiments (a). Data are the mean=+s.e. of three independent experiments performed in

duplicate (b—d). **P<0.01 and ***P<0.001.
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Figure 2 The inhibitory effect of serum amyloid A (SAA) on DC differentiation is mediated by TLR2 and FPR2. (a) Mouse bone marrow
cells isolated from wild-type or TLR2-deficient mice were stimulated with the vehicle (DW), SAA (500 nm), LPS (100 ngmi=1) or
Pam3CSK4 (100 ngml~1) in the presence of GM-CSF (20 ngml~1) plus IL-4 (2ngml-1) for 6 days. (b) Mouse bone marrow cells
isolated from wild-type or TLR2-deficient mice were pre-incubated with vehicle (DMSO) or WRW4 (60 uwm) for 30 min, and the cells were
then stimulated with vehicle or SAA (500 nm) in the presence of GM-CSF (20 ng mI~1) plus IL-4 (2 ng mI~1) for 6 days. The percentage of
DCs was analyzed by flow cytometry. The results shown are representative of three independent experiments (a, b). Data are mean +s.e. of
three independent experiments performed in duplicate (a, b). **P<0.01 and ***P<0.001.

aprotinin and 1mwm phenylmethylsulfonyl fluoride (PMSF)).
Detergent-insoluble materials were pelleted by centrifugation
(12000 g for 10 min at 4°C) and the soluble supernatant fraction
was removed and used immediately. Western blot analysis was
conducted as described previously.?? Briefly, proteins were separated
on 10% SDS-polyacrylamide gels and blotted onto a nitrocellulose
membrane. Subsequently, the membranes were incubated with
specific 1:5000 diluted goat anti-rabbit IgG antibody combined with
horseradish peroxidase, and antigen—antibody complexes were
visualized by enhanced chemiluminescence.

Flow cytometry

Differentiated mouse bone marrow cells were incubated with
anti-murine CD16/32 to block Fc receptor-mediated antibody binding
for 20 min on ice. The cells were then incubated with anti-mouse
CD11b, anti-mouse CDI11c, anti-mouse MHCII, anti-mouse F4/80
and anti-mouse GM-CSFR oa. A FACSCanto II (BD Bioscience,
San Jose, CA, USA) was used for detection of CD11b, CDI11c, MHCII,
F4/80 and GM-CSFR « surface expression.

Statistical analysis

The results were evaluated with GraphPad prism software (GraphPad
Software, La Jolla, CA, USA). Statistical analysis was performed using
the one-way analysis of variance test followed by the Student’s #-test.
All results are expressed as the mean+s.e. A P-value <0.05 was
considered statistically significant.

RESULTS

SAA inhibits DC differentiation from mouse bone marrow
cells

To determine whether SAA affects DC differentiation,
we stimulated mouse bone marrow cells with SAA
the presence of GM-CSF plus IL-4. Incubation of mouse
bone marrow cells with GM-CSF plus IL-4 strongly
induces DC differentiation. DCs were gated as the CD11c"

in

MHCIIMCD11b™ population, and these cells expressed low
levels of F4/80 (Figure 1a).'®2* The addition of several different
SAA concentrations inhibited the DC differentiation in a
concentration-dependent manner (Figure 1b). The addition
of 500-1000 nm SAA markedly inhibited DC differentiation
(Figure 1b). However, the percentage of CD11b*F4/80% cells
was increased by 500 nm SAA (Figure 1c). LPS also markedly
inhibited DC differentiation and increased the CD11b*F4/80"
population (Figures 1b and ¢).?> In addition, the RelB mRNA
expression (a transcription factor of DC)?® was significantly
reduced by SAA (Figure 1d). In contrast, the Maf mRNA
expression (macrophage marker gene)?® markedly
increased by SAA (Figure 1d).

was

TLR2 and FPR2 are involved in the SAA-induced inhibitory
effects on DC differentiation

As TLR2 is known as an important TLR target molecule for
SAA,"> we examined the roles of TLR2 in the SAA-induced
inhibitory effects on DC differentiation. The SAA-induced
inhibitory effect on DC differentiation was significantly reversed
in TLR2-deficient mice compared with control wild-type mice
(Figure 2a). We also found that a well-known TLR2 agonist,
Pam3CSK4, inhibited DC differentiation (Figure 2a). The
inhibitory effects of Pam3CSK4 on DC differentiation were
reversed compared with the TLR2-deficient mice (Figure 2a).
However, the LPS-induced inhibitory effect on DC differentia-
tion was not affected by the TLR2 deficiency (Figure 2a).
The above results suggest that SAA inhibits DC differentiation
via a TLR2-dependent pathway.

Previously, SAA was reported to act on an important
chemoattractant G-protein-coupled receptor, FPR2.!? To test
the role of FPR2 on the inhibitory effect of DC differentiation,
we incubated mouse bone marrow cells with WRW4 (an FPR2
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Figure 3 Serum amyloid A (SAA) blocks GM-CSFR expression by inhibiting PU.1 and C/EBPa levels. (a) Mouse bone marrow cells were
stimulated with GM-CSF plus IL-4 for 2, 4 or 6 days in the absence or presence of SAA (500 nwm). (b) Mouse bone marrow cells isolated
from wild-type or TLR2-deficient mice were pre-incubated with vehicle (DMSO) or WRW4 (60 pm) for 30 min, and the cells were then
stimulated with vehicle (DW) or SAA (500 nwm) in the presence of GM-CSF (20 ng mI=1) plus IL-4 (2 ng ml~1) for 6 days. The cell surface
GM-CSFR expression levels were determined by flow cytometry using an anti-GM-CSFRa antibody (a, b). (c) Mouse bone marrow cells were
stimulated with vehicle or SAA (500 nm) in the presence of GM-CSF (20 ng ml~1) plus IL-4 (2 ngmlI~1) for 2, 4 or 6 days. The GM-CSFRa
mRNA levels were analyzed by gqPCR. (d) Mouse bone marrow cells were stimulated with vehicle or SAA (500 nwm) in the presence of
GM-CSF (20 ngmi~1) plus IL-4 (2 ngml~1) for 2 days. PU.1 and C/EBPa mRNA levels were analyzed by qPCR. Data are mean +s.e. of
three independent experiments performed in duplicate (a-d). *P<0.05, **P<0.01 and ***P<0.001.

antagonist)”’ prior to the addition of SAA under the
DC differentiation inducing cytokines, GM-CSF plus
IL-4. The addition of WRW4 partially reversed the inhibitory
effect of SAA on DC differentiation induced by GM-CSF
plus IL-4 (Figure 2b). As the SAA-induced inhibitory effect
on DC differentiation was partly mediated by TLR2, we
tested the effect of WRW4 on DC differentiation in
TLR2-deficient mice. The inhibitory effect of SAA on
DC differentiation was completely reversed by WRW4
in TLR2-deficient mice (Figure 2b). The results suggest
that SAA inhibits DC differentiation via both FPR2 and
TLR2.

SAA decreases GM-CSFR expression by inhibiting PU.1 and
C/EBPa expression

GM-CSFR is a receptor for GM-CSF and is crucial for
DC differentiation.> As we found that SAA inhibits DC
differentiation induced by GM-CSF plus IL-4 from mouse
bone marrow cells (Figure 1), we attempted to determine
whether SAA affects the GM-CSFR expression in these cells.
Interestingly, the addition of SAA in mouse bone marrow cells
decreased the GM-CSFR surface expression (Figure 3a). The
inhibitory effects of SAA on GM-CSFR expression were
continued from days 2 to 6 during DC differentiation
(Figure 3a). As the SAA-induced inhibitory effect on DC
differentiation was mediated by TLR2 and FPR2 (Figure 2),
we examined whether the two receptors play a role in the

Experimental & Molecular Medicine

SAA-induced decrease of GM-CSFR on the cell surface. WRW4
partially reversed the SAA-induced inhibitory effect on
the GM-CSFR expression (Figure 3b). The inhibitory effect
of SAA on the GM-CSFR expression was also partly reversed
in TLR2-deficient mice (Figure 3b). Moreover, WRW4
treatment in TLR2-deficient mice-derived bone marrow
cells completely reversed the inhibitory effect of SAA on the
GM-CSFR expression (Figure 3b).

We then attempted to determine whether SAA decreases
GM-CSFR expression at the mRNA level. The GM-CSFR
mRNA expression was decreased by SAA in mouse bone
marrow cells (Figure 3c). The inhibitory effects of SAA on
the GM-CSFR mRNA expression continued from days 2 to 6
during DC differentiation (Figure 3c). The results suggest that
the SAA-induced inhibitory effect on GM-CSFR expression is
mediated at the mRNA level. To understand the mechanism
involved in the inhibitory effects of SAA on GM-CSFR
expression, we examined the transcription factors involved
in GM-CSFR expression’® and the differentiation of
certain hematopoietic cells.??> In a previous report, PU.I
was reported to be a crucial transcription factor for DC
development by playing a key role in GM-CSF-induced DC
generation from DC progenitor cells.>*3! In this study, we
found that the bone marrow cell stimulation with SAA
decreased the PU.I mRNA level expression (Figure 3d).
Another previous study demonstrated that C/EBPa plays an
important role in the early stages of DC differentiation.’? SAA
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Figure 4 Serum amyloid A (SAA) inhibits GM-CSF-induced STAT5 phosphorylation. (a) Mouse bone marrow cells were pre-incubated with
vehicle (DW) or SAA (500 nm) for 1h and subsequently stimulated with GM-CSF (20 ngml-1!) for 0, 5, 15, 30 and 60 min.
Phosphorylated STAT5 levels were measured by Western blot analysis with anti-phospho-STAT5 antibody. (b) Mouse bone marrow cells
were stimulated with GM-CSF (20 ng mi~1) plus IL-4 (2 ngmi—1) for 2 days in the absence or presence of SAA (500 nm). Bone marrow
cells were harvested and washed with cold PBS and then restimulated with GM-CSF (20 ngmi~1) for 15 min. Phosphorylated STAT5
levels were measured by Western blot analysis with an anti-phospho-STAT5 antibody. The results shown are representative of three

independent experiments (a, b).

treatment also strongly decreased the C/EBPa mRNA levels
(Figure 3d). The results suggest that SAA may suppress
DC differentiation by decreasing these two important
transcription factors, which are required for the GM-CSFR
expression and DC development.

SAA inhibits GM-CSF-stimulated signaling in mouse bone

marrow cells

The activation of GM-CSFR by GM-CSF induces STAT5
phosphorylation, which is important for the mediation of
DC differentiation.> Because SAA inhibited DC differentiation,
we tested whether SAA affect GM-CSF-induced signaling by
comparing STAT5 phosphorylation in response to GM-CSF in
the absence or presence of SAA in bone marrow cells.
The stimulation of mouse bone marrow cells with GM-CSF
elicits STAT5 pathway activation, resulting in the STATS5
phosphorylation in a time-dependent manner (Figure 4a).
The addition of SAA (500 nM) prior to GM-CSF markedly
decreased the STATS5 phosphorylation (Figure 4a). As the
addition of SAA decreased GM-CSFR expression (Figure 3),
we examined whether reduced GM-CSFR affects STATS5
phosphorylation in response to GM-CSF. SAA that was
added to bone marrow cells markedly decreased STATS5
phosphorylation in response to GM-CSF compared with
vehicle treated cells. (Figure 4b). These results suggest that
SAA may block GM-CSF-induced STATS5 activation via
decreased GM-CSFR expression.

DISCUSSION

Although positive signals, including GM-CSF or GM-CSF plus
IL-4, that induce DC differentiation have been extensively
studied, extracellular signals that negatively regulate DC
differentiation have not yet been clearly investigated. In this
study, we demonstrate that SAA, a well-known endogenous
acute phase reactant, inhibits DC differentiation from
mouse bone marrow cells in response to GM-CSF plus IL-4,
suggesting it plays a novel functional role in DC differentiation.

For the target receptors involved in the inhibitory effects
of SAA on DC differentiation, we demonstrate that the
SAA-induced inhibitory effects on DC differentiation
in response to GM-CSF were partly reversed from TLR2-
deficient mice and FPR2 antagonist-treated bone marrow cells
(Figure 2). The results suggest that at least two different
receptors for SAA, TLR2 and FPR2, play roles in the inhibition.
Regarding the mechanism of action of the inhibitory effect of
SAA on GM-CSF-induced DC differentiation, we found that
stimulation of mouse bone marrow cells with SAA decreases
the surface expression of GM-CSFR on mouse bone marrow
cells (Figure 3). The SAA-induced decrease of GM-CSFR
on mouse bone marrow cells was also partly affected by
TLR2 deficiency or by an FPR2 antagonist (Figure 3b).
The above results indicate that SAA blocks DC differentiation
by decreasing GM-CSFR expression through both TLR2
and FPR2.

Because SAA also decreased the expression of GM-CSFR
mRNA in the cells (Figure 3c), the SAA-induced
decrease of GM-CSFR was mediated at the mRNA level.
The expression of GM-CSFR is regulated by two important
transcription factors, PU.1 and C/EBPa, which play key roles in
DC differentiation.?®32 We found that SAA decreased
the expression of PU.I and C/EBPa in bone marrow
cells (Figure 3d). In this study, we also found that the
stimulation of bone marrow cells with SAA markedly inhibited
GM-CSF-stimulated signaling, resulting in a decrease in STAT5
phosphorylation (Figure 4). As intracellular signaling, including
STATS5, mediates the expression of PU.1 and C/EBPa in bone
marrow cells,?>3>  the inhibitory effect of SAA on the
DC differentiation can be initially triggered by blocking
the GM-CSF signaling in bone marrow cells. Blocking
GM-CSF  signaling subsequently elicits a decrease in
GM-CSFR expression, resulting in the inhibition of DC
differentiation.

SAA levels increase during the pathological processes of
several infectious or inflammatory diseases.>”3%37 Elevated
levels of SAA can recruit some inflammatory cells, including

Experimental & Molecular Medicine



Inhibition of dendritic cell differentiation by SAA
JC Kim et al

neutrophils, monocytes and endothelial cells.!>*8 In this study,
we demonstrate that SAA inhibits DC differentiation from
mouse bone marrow cells. Considering that DC plays a key role
in the initiation of immune responses against infection or tissue
injury,!™ our results suggest that increased SAA levels during
infection or injury may show an inhibitory effect to reduce
inflammatory responses to homeostasis. As SAA is mainly
produced from hepatocytes, our results also suggest a possible
negative feedback relationship between liver and bone marrow,
where SAA mediates a crucial role by inhibiting DC
differentiation.

In conclusion, we have demonstrated in this study that SAA,
an acute phase reactant, strongly inhibits DC differentiation
from bone marrow cells by decreasing GM-CSFR expression
through two important cell surface receptors, TLR2 and FPR2.
Our results suggest that SAA and its receptors (TLR2 and
FPR2) can be regarded as targets to control human disorders in
which DC mediates the pathological process.
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