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Introduction

Summary

Interactions between danger-associated molecular patterns (DAMP) and
pathogen-associated molecular patterns (PAMP) and pattern recognition
receptors such as Toll-like receptors (TLRs) are critical for the regulation
of the inflammatory process via activation of nuclear factor-kB (NF-kB)
and cytokine secretion. In this report, we investigated the capacity of lipo-
polysaccharide (LPS) -free S1I00A9 (DAMP) protein to activate human and
mouse cells compared with lipoprotein-free LPS (PAMP). First, we showed
that LPS and S100A9 were able to increase NF-kB activity followed by
increased cytokine and nitric oxide (NO) secretion both in human THP-1
cells and in mouse bone marrow-derived dendritic cells. Surprisingly,
although S100A9 triggered a weaker cytokine response than LPS, we found
that S100A9 more potently induced IxBa degradation and hence NF-«xB
activation. Both the S100A9-induced response and the LPS-induced
response were completely absent in TLR4 knockout mice, whereas it was
only slightly affected in RAGE knockout mice. Also, we showed that LPS
and S100A9 NF-xB induction were strongly reduced in the presence of
specific inhibitors of TLR-signalling. Chloroquine reduced S100A9 but not
LPS signalling, indicating that SI00A9 may need to be internalized to be
fully active as a TLR4 inducer. This was confirmed using A488-labelled
S100A9 that was internalized in THP-1 cells, showing a raise in fluores-
cence after 30 min at 37°. Chloroquine treatment significantly reduced the
fluorescence. In summary, our data indicate that both human and mouse
S100A9 are TLR4 agonists. Importantly, SI00A9 induced stronger NF-kB
activation albeit weaker cytokine secretion than LPS, suggesting that
S100A9 and LPS activated NF-xB in a qualitatively distinct manner.

Keywords: DAMP; inflammation; nuclear factor-xB; pathogen-associated
molecular patterns; THP-1; Toll-like receptor 4.

response. Eleven different members of TLRs have been
found in mammals; TLRs are involved in the recognition

Inflammation is a key event in host defence against
extracellular pathogens, tissue damage and several dis-
eases such as cancer,' rheumatoid arthritis,” systemic
lupus erythematosus® and cystic fibrosis.»> The main
function of inflammation is to resolve the infection and
repair the damage to return to a state of homeostasis.®
A critical step to initiate the inflammatory cascade is
represented by the recognition of specific molecules by
pattern recognition receptors, such as the Toll-like
receptors (TLRs).”®

Toll-like receptors are a class of transmembrane pro-
teins that play an important role in the innate immune

of pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs).” The
prototypical PAMP molecule lipopolysaccharide (LPS) is
an endotoxin that is the major component of the outer
membrane of Gram-negative bacteria. Upon interaction
with TLR4 receptor, LPS initiates a signal cascade that
leads to the activation of the transcription factor
nuclear factor-xB (NF-xB) and, consequently, induces
cytokine expression and secretion, causing a strong pro-
inflammatory response.’

During the last few vyears, several studies have
demonstrated that S100 proteins can function as DAMP

172 © 2012 The Authors. Immunology © 2012 Blackwell Publishing Ltd, Immunology, 137, 172-182



molecules.'”'! An increasing amount of evidence also
indicates that members of this protein family, and in
particular S100A8 and S100A9, may represent novel mark-
ers for inflammation and autoimmune diseases.'” '
S100A9, a small protein with molecular weight 14 000, is
constitutively expressed in neutrophils and monocytes.'®"”
S100A9 has a central domain flanked by two EF-hand
Ca®" binding-motifs and interacts with SI00A8 forming a
complex called calprotectin,'? the pro-inflammatory func-
tion of which has been well characterized.'®*° In particu-
lar, calprotectin triggers NF-xB activation and cytokine
secretion,” ** promotes chemotaxis of neutrophils at the
site of inflammation,”>* induces apoptosis of numerous
cell lines?” and has anti-microbial activity.”® Despite this
progress, the possible pro-inflammatory effects of SI00A9
itself remain elusive.

In this work, we set out to investigate possible pro-
inflammatory effects of human and mouse S100A9 on
monocytes. More specifically, we have compared the
activities of SI00A9 and LPS to determine whether PAMP
and DAMP molecules would induce distinct responses in
target cells.

Materials and methods

Cell culture

The human monocytic leukaemia cell line THP-1
(purchased from American Type Culture Collection,
Manassas, VA) was grown in RPMI-1640 culture medium
(Invitrogen, Stockholm, Sweden) supplemented with 10%
fetal bovine serum (Invitrogen), 2 mm glutamine (Sigma-
Aldrich, St Louis, MO), 1 mm sodium pyruvate, 10 mm
HEPES, 100 U/ml penicillin and 100 pg/ml streptomycin
(P/S; Invitrogen), at 37° in 5% CO,. All the experiments
were performed with a cell density of 02 x 10° in
96-well plates or 1 x 10° in 24-well plates.

Bone-marrow-derived dendritic cells (BM-DC) were
obtained from bone marrow cells of 15- to 20-week-old
mice. Bone marrow cells were withdrawn from the
femurs and tibias of the mice and cultured for 7 days in
RPMI-1640 medium supplemented with 10% fetal
bovine serum, 2 mM glutamine, 1 mM sodium pyruvate,
10 mm HEPES and 10% supernatant collected from
granulocyte—macrophage colony-stimulating factor gene
transfected J558L cell line. The purity of the BM-DC
population was assessed by flow cytometry after CD11c
labelling.

Mice

Fifteen- to 20-week-old C57BL/6 wild-type and C57BL/6
TLR4 knockout (KO) mice (both bought from TACON-
IC, Hudson, NY) and C57BL/6 RAGE-KO mice
(produced in the laboratory of J. Roth) were used for the
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experiments. The mice were kept in the animal facility at
the Biomedical Centre at Lund University. The experi-
ments were approved by the local ethics committee for
use of animals in research.

Endotoxin-free SI00A9 protein purification

BL21 (DE3)/pET1120 Escherichia coli cells were treated
with isopropyl-f-p-1-thiogalactopyranoside for some
hours at 37° to induce h-S100A9 expression. Cells were
collected and lysed with lysis buffer (50 mm Tris—=HCI,
1 mm EDTA, 25% saccharose, pH 8-0) and sonicated
three times for 15 seconds each time. Thereafter, 10 mMm
MgCl,, 1 mm MnCl,, 10 ug/ml DNasel were added and
lysed cells were incubated for 30 min at room tempera-
ture. Then, 20 mm Tris—HCI, pH 7.5, 2 mm EDTA, 1%
Nonidet P-40 were added to the solution together with a
protease inhibitor tablet (Roche, Mannheim, Germany).
The solution was centrifuged, the pellet was resuspended
in 0-5% Triton X-100, 1 mm EDTA and sonicated three
times for 15 seconds each time. The last centrifugation—
sonication step was repeated five times. The final pellet
was resuspended in 8 M urea, 40 mm DTT, 500 mm
NaH,PO, pH 1-8 and centrifuged at 10 000 g for
25 min at 4°. Subsequently, five different dialyses were
performed on the supernatant as follow: (i) 51 50 mm
NaH,PO, buffer, 1-5 mm DTT, pH 2 for 6 hr; (ii)) 51
10 mM sodium acetate buffer, 150 mm NaCl, 1-5 mm
DTT, pH 4 for 15 hr; (iii) 51 10 mm sodium acetate
buffer, 150 mm NaCl, 1-5 mm DTT, pH 4 for 8 hr; (iv)
51 10 mM sodium acetate buffer, 150 mm NaCl, 1.5 mm
DTT, pH 4 for 8 hr; 5) 51 20 mm Tris—HCI, 1 mm
EDTA, 1 mm EGTA, 1-5 mm DTT, pH 8-5 for 6 hr. The
last dialysis was centrifuged and the pellet was stored at
—20°. The DTT was added to the supernatant to a final
concentration of 1-5 mMm. Anion-exchange chromatogra-
phy on a HiPrep Q FF 16/10 column was run at a flow-
rate of 1.5 ml/min using a 0-1 M NaCl gradient in
20 mm Tris=HCl, 1 mm EDTA, 1 mm EGTA, 1-5 mMm
DTT, pH 8-5 for elution of proteins. The same bulffer,
without NaCl, was used for equilibration and washing
before elution. The pooled fractions containing h-
S100A9 were concentrated to 1-5 ml using Centriprep
YM-3 (Millipore, Solna, Sweden). All chromatography
columns and resins were purchased from GE HealthCare,
Uppsala, Sweden, and run on an AKTA explorer 100
(GE HealthCare). The size-exclusion chromatography on
a Superdex 75 16/790 column was run at a flow-rate of
0-5 ml/min using an HBS-N buffer, 10 mm HEPES,
150 mm NaCl, pH 7-4 supplemented with 10 mm DTT.
Fractions containing h-S100A9 were pooled and concen-
trated to approximately 1 ml in Centriprep YM-3. A
PD-10 was run for buffer exchange to 10 mm HEPES,
150 mm NaCl, pH 7-5. The same purification procedure
was used for mouse S100A9.
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Removal of endotoxins was achieved by a Detoxi-Gel
endotoxin removing gel. Detoxi-Gel endotoxin removing
gel was regenerated in 5 ml 1% sodium deoxycholate in
sterilized water and washed with 5 ml ready-made
Biacore buffer (10 mm HEPES, 150 mm NaCl, pH 7.5)
before the concentrated h-S100A9 sample was added. The
h-S100A9 protein was eluted, after 10 min holding time,
using the same buffer and gravity-flow and was collected
in 0-5-ml fractions. Protein concentration was determined
and the positive fractions were collected and stored at
—80°. Endotoxin content was tested using LAL Chromo-
genic Endpoint Assay (Hycult Biotechnology, Uden, the
Netherlands).

Measurement of NF-kB activity

THP-1 XBlue cells (InvivoGen, San Diego, CA) are THP-1
cells stably transfected with a reporter construct, express-
ing a secreted embryonic alkaline phosphatase (SEAP)
gene under the control of a promoter inducible by the
transcription factors NF-xB and activator protein-1. Upon
TLR stimulation, NF-xB and activator protein-1 are acti-
vated and subsequently the secretion of SEAP is pro-
moted. THP-1 XBlue cells were stimulated with LPS
100 ng/ml or h-S100A9 20 ug/ml for 4 hr or 48 hr at 37°.
Levels of SEAP were detected spectrophotometrically
(optical density at 650 nm; SpectraMax340pc; Molecular
Devices, Sunnyvale, CA) after 4 hr incubation of superna-
tants with Quanti-Blue medium (InvivoGen, Vienna, Aus-
tria). In some experiments, THP-1 XBlue cells were
treated with 50 pg/ml polymyxin B together with SI00A9
or LPS at the concentration stated above.

Cytokine secretion

Cytokine concentration in culture supernatants was
determined using a Human and Mouse inflammatory
cytokine CBA kit (BD Bioscience, San Jose, CA) for
simultaneous detection of six cytokines in human THP-
1 cells [interleukin-1f (IL-1f), IL-6, IL-8, IL-10, IL-
12p70, tumour necrosis factor-a (TNF-a)] and three
cytokines in mouse BM-DC (IL-6, IL-1f, TNF-a)
according to the manufacturer’s instructions. Data were
acquired with a BD FACS LSRII flow cytometer (BD
Bioscience).

In some experiments THP-1 cells were pre-incubated
with proper inhibitors for 30 min at 37° and thereafter
stimulated as indicated. Measurements of TNF-ua secretion
were performed as described above. The following inhibi-
tors were purchased from Merck (Darmstadt, Germany)
and used at the indicated concentrations: 10 um BAY11-
7082, 1 um SB203580, 5 um MGI132, 5 um PD98059,
10 um chloroquine. The final concentration of DMSO
present in the cultures was < 0-05% of the total cul-
ture volume for each inhibitor.

NO measurement

Supernatants were collected, and nitrite content was
determined as follows: cell culture supernatants or
sodium nitrite standards (0-100 nm) were mixed with an
equal volume of freshly prepared Griess reagent (a mix-
ture of 0-1% (weight/volume) N-(1-naphthyl)-ethylenedi-
amine dihydrochloride and 1%  (weight/volume)
sulphanilamide in 5% (volume/volume) phosphoric acid).
After 30 min incubation at room temperature, the absor-
bance at 550 nm was measured using a plate reader
(Spectramax340pc; Molecular Devices).

Western blot

Cells were collected and cytoplasmic/nuclear extracts were
isolated as follow: cells were washed twice in TBS (50 mMm
TrissHCl pH 7.4, 150 mM NaCl) and incubated for
15 min on ice with buffer A (10 mm HEPES pH 7.9,
10 mm KCl, 0-1 mm EDTA, 0-1 mm EGTA, 1 mm DTT,
protease inhibitor cocktail Complete; Roche). Then, 1%
NP-40 was added to each sample and the samples were
centrifuged briefly. Supernatants were collected (cytoplas-
mic extract), the pellet was incubated in buffer C (20 mm
HEPES pH 7-9, 400 mm NaCl, 1 mm EGTA, 1 mm EDTA,
1 mMm DTT, protease inhibitor cocktail Complete), shaken
vigorously for 15 min at 4° and thereafter briefly centri-
fuged. Supernatants were collected, divided into aliquots
and stored at —80° (nuclear extract). For Western blot,
10 pg cytoplasmic extract/sample was loaded onto 12%
polyacrylamide gels (C.B.S. Scientific, San Diego, CA).
Proteins were subsequently transferred to PVDF mem-
brane (Roche), which was saturated with 1% dry milk in
PBS. Thereafter, the membranes were incubated with the
appropriate primary antibody and secondary antibodies
and filters were finally developed using an enhanced
chemiluminescence kit (GE Healthcare, Uppsala, Sweden).
The primary antibodies used for the Western blot were
the following: IxBa, IKK-o/f and p50/p105 (Santa Cruz,
Heidelberg, Germany).

Alternatively, whole cell extract was collected and incu-
bated with lysis buffer (50 mutes Tris-HCl pH 6-8, 2%
SDS, 5% glycerol, 1% 2-mercaptoethenol, Complete
protease inhibitor cocktail from Roche) for 30 min at
room temperature. 10 ug of proteins/sample were used to
perform Western blot for h-S100A9 detection as
described above (1C10 anti-human SI100A9 antibody
diluted 1 : 1000 was purchased from Novus Biologicals
Inc., Cambridge, UK).

TransAM NF-xB transcription factor ELISA kit

Nuclear extracts were isolated as described above.
The assay was performed following the manufac-
turer’s instructions. The optical density at 650 nm was
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determined using a SPECTROSTARnano plate reader
(BMG Labtech, Ortenburg, Germany).

Surface biotinylation and A488-labelled h-S100A9
internalization

A488-labelled h-S100A9 was incubated for 30 min at 37°
with THP-1 cells. Thereafter, the cell surfaces were biotiny-
lated using an EZ-Link Sulfo-NHS-LC-LC-Biotin kit
(Pierce, Rockford, IL) following the instructions of the
manufacturer. At the end of the incubation, biotinylated
plasma membranes were isolated from cytoplasm using
streptavidin beads included in the kit and fluorescence (on a
GeminiTM Spectra max Microplate Reader; Molecular
Devices, Biberach an der Riss, Germany) of cytosolic and
membrane fractions was measured (excitation 484 nm and
emission 525 nm). In some experiments, THP-1 cells were
pre-treated with 10 um chloroquine for 30 min.

Statistical analysis

Statistical analysis was performed using Student’s t-test
or, when data were normalized as fold of control, using
one-way analysis of variance test: *P < 0-05; **P < 0-01;
*EkP < 0-005.

Results

S100A9 stimulates NF-kB activity

Knowing that human S100A9 (h-S100A9) is a TRL4
ligand,** we wanted to determine whether h-S100A9
could induce NF-kB activity similarly to LPS.” For this
purpose we stimulated CD14" THP-1 XBlue cells for
48 hr with increasing concentrations of highly purified
human recombinant S100A9 (1, 15 and 40 upg/ml). In
these conditions, h-S100A9 stimulated NF-xB activity in
a dose-dependent way, showing almost no effect at the
lowest concentration (see Supplementary material, Fig.
Sla). Based on the result of this assay, we decided to keep
the human and mouse S100A9 concentrations at 20 ug/
ml for future experiments (both proteins were provided
by Active Biotech AB, Lund, Sweden). Then, we moni-
tored the capacity of h-S100A9 and lipoprotein-free LPS
capacity to stimulate NF-xB activity in CD14" THP-1
XBlue cells in a time-dependent way. The results in Fig. 1
show that S100A9 induced NF-«xB activity already after
4 hr as potently as 100 ng/ml LPS. After 48 hr, however,
h-S100A9-stimulated cells showed almost no further
increment in NF-xB activity, but LPS-stimulated cells had
further increased NF-xB activity at 48 hr of stimulation
(Fig. 1).

During the past few years, emerging evidence showed
that at least part of the effects claimed for S100A9 protein

might have been influenced by LPS contamination.***
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Figure 1. h-S100A9 protein induces nuclear factor- xB (NF- xB)
activation in THP-1 cells. THP-1 XBlue cells were stimulated with
20 pg/ml h-S100A9 or 100 ng/ml ultra pure lipopolysaccharide
(LPS) for 4 hr or 48 hr at 37°, in the presence or absence of 50 ug/
ml polymyxin B. Relative expression levels of SEAP (reflecting
NF-kB activity) in cell-free supernatants were determined spectro-
photometrically at 650 nm. The data represent mean values of four
independent experiments, were normalized against non-stimulated
cells and analysed with one-way analysis of variance using Bonfer-
roni post hoc test: *P < 0-05; **P < 0-01; ***P < 0-005.

To avoid this problem, we ensured that highly purified
recombinant human and mouse S100A9 protein was
used. To confirm that the h-S100A9 protein was LPS free,
we stimulated THP-1 XBlue cells with h-S100A9 or LPS
in the presence of 50 ug/ml polymyxin B. After 48 hr of
incubation, the h-S100A9 effect was only slightly inhibited
by polymyxin B, whereas the LPS effect was completely
absent (Fig. 1). The partial inhibition of the h-S100A9
effect by polymyxin B might be the result of an effect of
polymyxin B on cell signalling. To address this possibility,
we incubated THP-1 XBlue cells with 1 ng/ml TNF-«
with or without polymyxin B and also here, we found a
slight reduction of NF-xB activation (see Supplementary
material, Fig. Slc), indicating that part of the inhibition
mediated by polymyxin B might not be the result of LPS
contaminants. Furthermore, we also treated h-S100A9
and LPS at 80° for 30 min and observed that the
h-S100A9 effect was almost completely abolished, whereas
the LPS effect remained intact (see Supplementary mate-
rial, Fig. S1b). From these results we could conclude that
h-S100A9 induced NF-«B activity directly.

S100A9 and LPS differentially stimulate cytokine and
NO secretion in THP-1 cells and mouse BM-DC

We next investigated whether h-S100A9 would induce
a similar cytokine response as did LPS. After 4 hr
stimulation, both molecules induced elevated secretion of
IL-1f, TNF-o, IL-6, IL-8 and IL-10. However, despite the
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similar NF-xB activation after 4 hr of stimulation,
h-S100A9 induced less potent cytokine secretion than
LPS. After 48 hr of stimulation, LPS was still able to
stimulate IL-6, IL-8 and above all IL-1§ secretion,
whereas h-S100A9 stimulation only induced secretion of
IL-8 at this time-point (Fig. 2).

We confirmed our findings using mouse BM-DC stim-
ulated with murine S100A9 (m-S100A9) or LPS under
the same conditions as human THP-1 cells (Fig. 3a).
Mouse BM-DC are considered a good model of mouse
monocytes*® and the name ‘dendritic cells’ refers mainly
to their shape, which resembles dendritic cells. In this
model, we chose to study cytokine secretion after 48 hr
stimulation when the cytokine concentration reached the
plateau even if we could observe cytokine secretion
already at 4 hr (data not shown). Once again, the
m-S100A9 effect was less potent than LPS. The BM-DC
remained a heterogeneous population of granulocytes,
macrophages and DC even after the incubation with
granulocyte-macrophage colony-stimulating factor for
7 days. Hence, we confirmed our findings with isolated
CD11c* BM-DC.

To further confirm the pro-inflammatory activity of
S100A9, we analysed whether m-S100A9 was able to trig-
ger inducible NO synthase activity in mouse BM-DC. As
shown in Fig. 3(b) both m-S100A9 and LPS stimulated
NO production, again with LPS as the more potent indu-
cer. These results further supported the pro-inflammatory
activity of S100A9.

S100A9 and LPS activate NF-kB through the same
signalling pathway

Our next step was to determine whether h-S100A9 would
exert its effects on NF-xB activation through the same
or a different signalling pathway than LPS. Hence, we
pre-incubated THP-1 cells with selected inhibitors to
block key steps in the main pathway involved in NF-xB
activation and then stimulated the cells and measured
TNF-o secretion. Figure 4 shows that BAY11-7082, which
reduces IxBo phosphorylation,® effectively blocked both
the LPS-induced and h-S100A9-induced response. Fur-
ther, PD98059 and SB203580, which are inhibitors of
MEK1? and p38,’> respectively, strongly inhibited the

TNF-a

IL-10

Figure 2. Lipopolysaccharide (LPS) and h-S100A9
induce distinct cytokine responses in THP-1
cells. THP-1 cells were stimulated either with
100 ng/ml LPS or 20 ug/ml h-S100A9 and
cytokine secretion was analysed after 4 and
48 hr stimulation. Data of three independent
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experiments made in duplicate were compiled
and analysed using Student’s t-test: *P < 0.-05;
**P < 0-01; ***P < 0-005.
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compiled and analysed using Student’s t-test:

S100A9

*P < 0:-05; ***P < 0-005.

TNF-a response triggered both by LPS and h-S100A9,
suggesting that mitogen-activated protein kinase proteins
were involved both in the LPS and h-S100A9-induced sig-
nalling pathways. The inhibitor of proteasome activity
MG132,>* which blocks IxBo degradation, inhibited
TNF-o responses almost completely, suggesting that IxBa
could be involved in the h-S100A9 signalling pathway.
For all the inhibitors tested, we could observe more than
50% inhibition of LPS-mediated and h-S100A9-mediated
TNF-o. secretion. The above-mentioned inhibitors did
not significantly affect cell viability (see Supplementary
material, Fig. S2a).

Taken together, these data indicate that LPS and
h-S100A9 exerted their pro-inflammatory effects through
basically the same signalling pathway to activate NF-«B.

S100A9 and LPS activate NF-xB in qualitatively
different ways

To further confirm the activation of NF-«xB by human
and mouse S100A9, we monitored IxkBa degradation.
IoBk is activated via phosphorylation by IKK proteins
upon proper cellular stimulation. In this way, IxBo is
targeted for proteasomal degradation and NF-xB subun-

© 2012 The Authors. Immunology © 2012 Blackwell Publishing Ltd, Immunology, 137, 172-182

its are able to interact and form the mature NF-xB
dimers.”

As human S100A9 was less potent than LPS in promo-
ting cytokine secretion, we expected to find that
h-S100A9 provoked a weaker IxBa degradation. Surpris-
ingly, Western blot analysis revealed the opposite. Hence,
h-S100A9-mediated stimulation of THP-1 XBlue cells
effectively reduced the IxBo level already after 15 min
and it remained reduced for up to 60 min after stimula-
tion. The LPS-induced degradation was significant only at
60 min of stimulation and in this case there was only a
slight IxBo degradation (Fig. 5a).

These results further confirmed that h-SI00A9 activated
the NF-xB transcription factor. Most importantly, the
kinetics of the h-S100A9-induced NF-xB activation was
more rapid, even though it led to a weaker cytokine
response. In contrast, LPS provoked delayed and weaker
NF-xB activation but a more potent and sustained cyto-
kine response. These results were in agreement with the
pro-inflammatory role of h-S100A9 but in apparent con-
trast with Fig. 1, which showed that h-S100A9 promoted
NEF-xB activity in a comparable way to LPS.

To explain this apparent discrepancy, we incubated
THP-1 XBlue cells for 2 hr in the presence of h-S100A9

177
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Figure 4. Similar sensitivity of h-S100A9 and lipopolysaccharide
(LPS) induced tumour necrosis factor-o. (TNF-o) response to nuclear
factor-kB (NF-xB) pathway inhibitors. THP-1 were pre-treated with
specific inhibitors for 30 min and subsequently stimulated by LPS or
h-S100A9 for 4 hr. Data were normalized as percentage of TNF-o
triggered by either LPS or h-S100A9: 100% no inhibition; 0 back-
ground level. Data of three independent experiments made in
duplicate were compiled and analysed with one-way analysis of
varaince using Bonferroni post hoc test: *P < 0-05; **P < 0-01;
*¥**¥p < 0-005.

or LPS, we isolated nuclear extracts and the content of
NF-«xB subunit p50 was determined using a commercially
available ELISA kit. In this way, we could show that
NF-xB dimers induced by h-S100A9 contained more of
the p50 NF-kB isoform, suggesting different NF-kB iso-
form formation in cells stimulated by h-S100A9 and LPS,
respectively (Fig. 5b).

In summary from these data we can conclude that
h-S100A9 and LPS exerted their pro-inflammatory effects
in a qualitatively different way. We suggest that this may
be a result of the formation of different NF-xB isoforms
in the stimulated cells.

TLR4 is essential for S100A9-induced NFxB
activation, while it is only partially RAGE-dependent

We wanted to determine which cell-surface receptors
might contribute to the m-S100A9-induced response.
Previous reports have indicated that SI00A9 could inter-
act both with RAGE*?*?® and TLR4.® To determine
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Figure 5. h-S100A9 and lipopolysaccharide (LPS) induces nuclear
factor-xB (NF-xB) protein activation in a qualitatively different way.
THP-1 Xblue were treated with 20 pg/ml h-S100A9 or 100 ng/ml
LPS for 15, 30, 60 and 120 min. Subsequently, cells were collected
and cytoplasmic/nuclear extracts were isolated from each sample.
Ten micrograms of cytoplasmic extract was used for Western blot
and detection of IxBa protein. GAPDH was used as control (a).
Three micrograms of nuclear extract was used to perform TransAM
transcription factor ELISA for NF-xB binding. The figure shows data
from three independent experiments (b). *P < 0-05; ***P < 0-005.

whether m-S100A9 would induce cytokine responses via
these receptors, we prepared BM-DC from TLR4-KO and
RAGE-KO mice and stimulated them with either
m-S100A9 or LPS. As shown in Fig. 6(a), the secretion of
TNF-o, IL-6 and IL-1f triggered by LPS and by
m-S100A9 was completely absent in TLR4-KO BM-DC,
whereas IL-18 (> 50%) but not TNF-a secretion was
inhibited in RAGE-KO BM-DC. We also observed a
weak inhibition of IL-6 secretion in RAGE-KO BM-DC
stimulated with both m-S100A9 and LPS.

Taken together, these data suggest that m-S100A9 was
able to interact with both RAGE and TLR4 receptors.
Most importantly, whereas TLR4 seems to be crucial for
the induction of all cytokines, RAGE was involved mainly
in IL-1f secretion. This result was further confirmed by
analysing NO secretion in TLR4-KO and RAGE-KO
BM-DC. The NO secretion triggered by m-S100A9 com-
pletely disappeared in TLR4-KO BM-DC, but it was not
affected in RAGE-KO BM-DC (Fig. 6b).

S100A9 needs to be internalized to signal

It is well established that TLR4 can be internalized in cells
upon triggering. The TRIF (TIR-domain-containing
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Figure 6. m-S100A9- and lipopolysaccharide
(LPS) -induced responses are Toll-like receptor LPS
4 (TLR4) -dependent. Bone marrow-derived 150
dendritic cells (BM-DC) from C57BL/6, TLR4- 1 xxx
knockout (KO) and RAGE-KO mice were E
stimulated with 100 ng/ml LPS or 20 ug/ml £ 100 1
m-S100A9 for 48 hr. Secretion of cytokines %
(a) and nitric oxide (NO) (b) was deter- g 50 -
mined in culture supernatants. Data of three (g
independent experiments were compiled and ° 0
analysed using Student’s t-test: *P < 0-05;
XD < 0-005. LPS

adapter-inducing interferon- ff)-mediated type-1 interferon
stimulation via TLR4-stimulation involves receptor inter-
nalization. Recent results also suggested the possibility
that even the MyD88-dependent pathway might need
TLR4 internalization.””*' To test whether h-S100A9-
mediated stimulation would involve receptor internaliza-
tion, we tried to inhibit endosomal signalling using
chloroquine. This molecule is a weak base, blocking endo-
some maturation®” and clathrin-mediated internaliza-
tion.** Secretion of TNF-a measured after pre-treatment of
THP-1 with 10 um chloroquine was significantly reduced
in h-S100A9-stimulated cells but not in LPS-stimulated
cells (Fig. 7a).

These data suggested that h-S100A9-induced triggering,
but not LPS-induced triggering, may need receptor inter-
nalization to promote cytokine secretion. To corrobo-
rate our previous finding, we incubated A488-labelled
h-S100A9 for 30 min at 37° with THP-1 cells. Then, after
surface biotinylation, we isolated plasma membrane
from cytoplasm using streptavidin-conjugated beads and
measured the fluorescence of the different fractions.

We observed that A488-labelled h-S100A9 treatment
produced an increment of fluorescence in the cytosolic

S100A9

fraction, which was significantly reduced upon chloro-
quine pre-treatment. To prevent any artefacts caused by
h-S100A9 non-specific binding on the cell surface, we
measured fluorescence also for the plasma membrane
fraction and found only a small increase of fluorescence
value, confirming the specificity of the assay.

Discussion

In this study we have investigated the pro-inflammatory
effect of murine and human S100A9 protein. Our data
show that SI00A9 and LPS activated NF-xB and
promoted cytokine secretion in qualitatively different
ways. However, there were only minor differences
between S100A9 and LPS signals regarding induction of
the NF-«B signalling pathway.

For this work, it was important to use pure and con-
trolled human and mouse S100A9 and LPS as previous
studies have shown that LPS or lipoprotein contaminants
could affect the results of the experiments.”>*® As both
murine and human S100A9 was purified from bacteria,
the proteins must be purified using protocols, which min-
imize the presence of LPS contaminants. To avoid this
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Figure 7. h-S100A9 induced tumour necrosis factor-o (TNF-a) response requires endosomal activity and protein internalization into the cell.

(a) THP-1 cells were pre-treated for 30 min with 10 um chloroquine and subsequently stimulated by 100 ng/ml lipopolysaccharide (LPS) or
20 pg/ml h-S100A9 for 4 hr. Data were normalized as percentage of TNF-a triggered by LPS or h-S100A9: 100% no inhibition at all; 0
background level. The figure shows compiled data of three independent experiments made in duplicate. (b) THP-1 cells were stimulated for

30 min with 488-labelled h-S100A9, with or without chloroquine to inhibit internalization. Thereafter, cell membranes were labelled with biotin,

separated from the cytoplasm and the fractions were analysed for fluorescence at excitation 484 nm and emission 525 nm. The figure shows data

from three independent experiments. Data were analysed with one-way analysis of variance using Bonferroni post hoc test: *P < 0-05;

**EP < 0-005.

problem we used tested LPS-free S100A9 batches in
which the highest amount of possible LPS contamination
was below 0-1 EU/ml. However, to further confirm the
successful removal of LPS contaminants, we added poly-
myxin B to h-S100A9-stimulated cultures. Under these
conditions, we could observe a minor inhibition of the
h-S100A9 effect, whereas the LPS response was completely
blocked. The inhibition of the h-S100A9 effect could be a
result of the polymyxin non-specific effect during the
48 hr incubation because stimulation with 1 ng/ml
TNF-o0 was also slightly inhibited (see Supplementary
material, Fig. S1c). The almost complete loss of biological
activity after heat-denaturation of h-S100A9 at 80°, com-
pared with the LPS response which was insensitive to
heating, provided further evidence that the biological
activity of h-S100A9 was not the result of LPS contami-
nation. We used this protocol of heat inactivation because
Tsan et al®® have shown that using heat inactivation at
boiling temperatures can also inactivate LPS activity. In
addition, because m-S100A9-induced cytokine secretion
was abolished in TLR4-KO BM-DC, lipoprotein contami-
nation of the m-S100A9 preparations was unlikely.
Concerning the TLR4 ligand LPS, it was important to
exclude lipoprotein contamination, which could poten-
tially activate the TLR2 pathway. In this case, we titrated
the activity of a highly purified preparation of lipopro-
tein-free LPS (InvivoGen) and could observe the follow-
ing: (i) LPS could induce NF-xB activity showing a
plateau at 100 ng/ml (data not showed); (ii) LPS-medi-
ated IxBa degradation was weak (Fig. 5) even at 1 ug/ml
(data not showed); (iii) we confirmed that LPS prepara-
tion was completely devoid of cytokine-inducing activ-
ity in TLR4-KO BM-DC. Importantly, the regular

LPS behaved differently, provoking an increment in
NF-xB activity without reaching any plateau even at
10 pg/ml. Further, regular LPS provoked a marked IxBa
degradation and showed a residual effect in TNF-o secre-
tion from TLR4-KO BM-DC (data not shown).

Using these controlled conditions, we wanted to inves-
tigate the role of S100A9 in inflammation. Although the
S100A9 effect in association with SI00A8 is well charac-
terized,” ***° to our knowledge very few reports have
focused on the role of S100A9 itself in the inflammation
process. Vogl et al.”® showed that S100A8, but not
S100A9, was able to stimulate TNF-u secretion from bone
marrow cells. In that study the appropriate controls
needed to exclude LPS contamination were performed.
The apparent discrepancy with our data could be a result
of different SI00A9 concentrations used in the experi-
ments. Indeed, we titrated h-S100A9 effect in THP-1
XBlue cells for NF-xB activation and we noted that
too low h-S100A9 protein concentration (1 pug/ml) had
no effect at all, but higher concentrations showed a
dose-dependent NF-xB stimulation (see Supplementary
material, Fig. Sla).

As it has been demonstrated that S100A9 is a ligand
for TLR4* and RAGE,** %% we wanted to investigate
whether S100A9-mediated NF-xB stimulation was depen-
dent on both of these receptors. Cytokine secretion was
completely absent in m-S100A9-stimulated BM-DC from
TLR4-KO mice, proving that TLR4 was essential for the
stimulatory activity of m-S100A9. In RAGE-KO mice,
instead, there was reduction primarily of IL-1f secretion
in both m-S100A9-stimulated cells and LPS-stimulated
cells, indicating that RAGE contributed only partially to
the m-S100A9-induced and LPS-induced cytokine
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response. These findings suggest that the main pathways
activated by m-S100A9 and LPS might be the same. Fur-
thermore, only BM-DC derived from TLR4-KO mice
showed a complete absence of NO secretion. RAGE-KO-
derived BM-DC NO secretion was not affected.

Finally, we investigated the signalling pathways pro-
moting NF-xB activation and cytokine secretion in
S100A9-activated and LPS-activated cells. We focused on
two main pathways that promote NF-xB activation:
IkBa-mediated pathway or mitogen-activated protein
kinase-mediated pathway. In the IxBa-mediated pathway,
IKK proteins are phosphorylated upon interaction
between the proper ligand and its receptor. This event
leads to IxB phosphorylation and degradation, provoking
the release of NF-kB subunits, which are free to interact,
forming dimers, entering the nucleus, binding to DNA
and promoting transcription of target genes.”” Ulivi
et al.*® demonstrated also that NF-xB could be activated
by the MEK kinase cascade and hence p38, which was
located upstream of NF-xB. We found that both
h-S100A9 and LPS pro-inflammatory effects were depen-
dent on both pathways and the potency of the inhibition
was equal for both molecules.

Among all the inhibitors tested, it was intriguing to
observe that pre-treatment of THP-1 cells with chloro-
quine significantly inhibited h-S100A9 but not LPS sig-
nalling. Chloroquine prevents endosomal acidification
and hence can block signalling deriving from receptors
that transmit signals from this cellular compartment.*’
This result indicated that h-S100A9-induced but not LPS-
induced signalling may need internalization of TLR4 into
the endosomal compartment. This consideration raised
the possibility that h-S100A9 could exert its effect also via
receptors other than TLR4, such as TLR7 or TLR9, which
are located in endosomes. Interestingly, it has previously
been shown that chloroquine could inhibit LPS-mediated
TNEF-o expression.”” However, this inhibition occurred at
100 um chloroquine. In our experiments we used only
10 pum chloroquine, which was shown to be ineffective for
the LPS-induced response.*’

It has been shown that chloroquine is an inhibitor of
clathrin-dependent endocytosis.* To test this hypothesis
on h-S100A9 and to further validate our previous finding,
we incubated A488-labelled h-S100A9 with THP-1 for
30 min at 37°, followed by cell surface biotinylation and
separation of plasma membrane from cytosolic fraction
and measured the fluorescence in the different fractions.
Upon A488-labelled h-S100A9 incubation with THP-1,
we could observe a consistent increased fluorescence in
the cytosolic fraction, which was reduced upon chloro-
quine pre-treatment. As the plasma membrane fraction
showed a marginal fluorescence increment upon A488-
labelled h-S100A9 incubation, we are confident that the
assay performed was specific. Lastly, we tested if A488-
labelled h-S100A9 was still able to stimulate NF-xB

S100A9 activates NF-xB via TLR4

activity, when no change in protein behaviour and struc-
ture had occurred. We therefore performed an NF-xB
assay incubating A488-labelled h-S100A9 protein with
THP-1 XBlue cells as described in the Materials and
methods, and found the same NF-xB stimulation activity
as previously observed for the unlabelled h-S100A9 (data
not shown), arguing that A488 labelling did not affect the
function, and hence the structure, of h-S100A9 protein.

In summary, our work demonstrated a pro-inflamma-
tory role of the human and mouse S100A9 protein. Fur-
thermore, by comparing the pro-inflammatory effects of
S100A9 and LPS, we noticed that, even if h-SI00A9 could
trigger NF-xB activation more rapidly, earlier and more
strongly than LPS, the following cytokine response was
weaker in potency and duration. Hence, subtle differences
between DAMP and PAMP activation of the same recep-
tor can be detected and may result in distinct host
responses.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. THP-1 XBlue cells were stimulated as
follow: (A) increasing concentration of SI00A9 (1 ug/ml,
15 pg/ml, 40 ug/ml) for 48h at 37°C (n = 2). (B) 20 ug/
ml S100A9 or 100 ng/ml ultra pure LPS for 48h with or
without heat pre-treatment made at 80°C for 30 minutes
(n = 2). (C) 1 ng/ml TNFo or 100 ng/ml ultra-pure LPS
for 48h (n = 2). Relative expression levels of SEAP in
cell-free supernatants were determined spectrophotome-
trically at 650 nm. Data were normalized using one-way
ANOVA test: *P < 0-05; **P < 0-01; ***P < 0-005.

Figure S2. THP-1 cells were stimulated using 20 ug/ml
S100A9 or 100 ng/ml ultra pure LPS for 4h or 48h
with (A) or without (B) inhibitors pre-treatment for
30 minutes. Cells were collected and Trypan Blue assay
was performed to count viable cells. The figure represents
one of at least two experiments, in which every sample is
repeated 6 times.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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