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Abstract

Release of endogenous damage associated molecular patterns (DAMPs), including mem-

bers of the S100 family, are associated with infection, cellular stress, tissue damage and

cancer. The extracellular functions of this family of calcium binding proteins, particularly

S100A8, S100A9 and S100A12, are being delineated. They appear to mediate their func-

tions via receptor for advanced glycation endproducts (RAGE) or TLR4, but there remains

considerable uncertainty over the relative physiological roles of these DAMPs and their

pattern recognition receptors. In this study, we surveyed the capacity of S100 proteins to in-

duce proinflammatory cytokines and cell migration, and the contribution RAGE and TLR4 to

mediate these responses in vitro. Using adenoviral delivery of murine S100A9, we also ex-

amined the potential for S100A9 homodimers to trigger lung inflammation in vivo. S100A8,

S100A9 and S100A12, but not the S100A8/A9 heterodimer, induced modest levels of

TLR4-mediated cytokine production from human PBMC. In contrast, for most S100s includ-

ing S100A9, RAGE blockade inhibited S100-mediated cell migration of THP1 cells and

major leukocyte populations, whereas TLR4-blockade had no effect. Intranasal administra-

tion of murine S100A9 adenovirus induced a specific, time-dependent predominately mac-

rophage infiltration that coincided with elevated S100A9 levels and proinflammatory

cytokines in the BAL fluid. Inflammatory cytokines were markedly ablated in the TLR4-

defective mice, but unexpectedly the loss of TLR4 signaling or RAGE-deficiency did not ap-

preciably impact the S100A9-mediated lung pathology or the inflammatory cell infiltrate in

the alveolar space. These data demonstrate that physiological levels of S100A9 homodi-

mers can trigger an inflammatory response in vivo, and despite the capacity of RAGE and
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TLR4 blockade to inhibit responses in vitro, the response is predominately independent of

both these receptors.

Introduction

Sensing pathogens through the recognition of pathogen-associated molecular patterns

(PAMPs) by cell surface and intracellular pattern recognition receptors is important in mount-

ing an effective immune response. The innate immune system has also evolved to recognize

and respond to endogenous danger signals or danger associated molecular patterns (DAMPs),

which may be released by stressed, dying or necrotic cells [1]. Liberation of the archetypal

endogenous DAMP, the non-histone DNA binding molecule High Mobility Group Box 1

(HMGB1), has been shown to play a critical role in a variety of inflammatory disorders includ-

ing sepsis, trauma, cancer and autoimmunity [2,3]. These functions are predominately mediat-

ed through the interactions with TLR4 and Receptor for Advanced Glycation Endproducts

(RAGE), although direct and indirect interactions with other receptors have also been de-

scribed. There is mounting evidence that S100 proteins also act as DAMPs and play a similar

role in regulating tissue inflammation and injury through the same receptors.

Members of the S100 family are small, acidic calcium binding proteins that are characterized

by a C-terminal ‘canonical’ EF-hand calcium binding motif and an N-terminal ‘pseudo’ EF hand

motif that are connected by a central hinge region [4]. In humans, over twenty S100 proteins have

been identified that exhibit differential tissue and cell-type expression profiles [5]. The structural

homology of the S100s permits the formation of active homodimers and heterodimers, as well as

higher-order multimeric structures that can alter binding properties of and physiological re-

sponses to these proteins [5]. Besides regulating a diverse set of intracellular processes in response

to increases in intracellular calcium, there is now increasing interest in the extracellular functions

of S100 family members. Initially, S100s were shown to have anti-microbial activities, and were ca-

pable of blocking bacterial adherence to mucosal epithelium [6,7]. Subsequently, it was shown

that S100 proteins released from different cell types during inflammation serve as useful markers

of disease activity for a variety of indications including chronic obstructive pulmonary disease,

asthma, rheumatoid arthritis, colitis, Alzheimer’s disease and cancer among others [8–10].

Studies have begun to unravel how individual extracellular S100 proteins may regulate as-

pects of inflammatory responses. A subset of S100s known as the calgranulins, specifically

S100A8 (Calgranulin A, MRP8), S100A9 (Calgranulin B, MRP14) and S100A12 (Calgranulin

C, EN-RAGE), are constitutively expressed at high levels in neutrophils and monocytes and

can be induced from endothelial and epithelial cells. The earliest studies indicated that

S100A12 could trigger cytokines, cellular activation responses in vitro and in vivo and these

effects were mediated by RAGE [11]. S100A12 promotes the adhesion and transendothelial

migration by inducing the upregulation of ICAM and VCAM on endothelial cells in a RAGE-

dependent manner [11,12]. RAGE is expressed at high levels on lung epithelial cells and at low

levels on most leukocytes and endothelial cells. It is upregulated by its ligands and other in-

flammatory mediators, and binds different classes of endogenous molecules released during

cellular or physiological stresses [3]. RAGE also directly interacts with several S100 proteins,

including S100A8 and S100A9, as well as the β2 integrin Mac-1 [13,14], and can play an impor-

tant role in mediating the functions of these proteins [9].

S100A8 and S100A9 are less stable than S100A8/A9 heterodimers and consequently the

proinflammatory activities of S100A8 and S100A9 are usually attributed to the heterodimer.

However, the formation of a heterodimer is not necessary to induce inflammatory responses,

and it was recently shown that the S100A9 homodimers generated under inflammatory
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conditions are resistant to proteolytic cleavage [15]. It is also noteworthy that assays to measure

the levels of S100A8, S100A9 and the heterodimer are not standardized or reported consistent-

ly, so although it is clear the overall levels of S100A8 and S100A9 are increased in fluids ob-

tained from patient samples, the relative levels and roles of the homodimers and heterodimers

during inflammatory responses remain uncertain.

In vivo, our understanding of the extracellular functions has also been limited in part because

S100A8 knock-out mice are embryonically lethal, S100A9 knock-out mice, although viable, fail

to express S100A8 protein, and the relative importance of the extracellular and intracellular

functions of S100A9 cannot be delineated [16,17]. Nevertheless, it is clear that S100A8 and

S100A9 are important regulators of immune responses. S100A8, S100A9 or monosodium urate

crystals loaded air-pouches induced the migration of neutrophils which could be inhibited with

polyclonal anti-S100A8 and anti-S100A9 antibodies [18,19]. Neutralizing S100A8 and S100A9

antibodies also blocked phagocyte migration to the alveoli following Streptococcal pneumonia

infection [20]. S100A9 also regulates the accumulation of myeloid-derived suppressor cells in

cancer [21]. Subsequently, S100A8 was shown to induce proinflammatory cytokines via TLR4/

MD2 in vitro [22]. More recent studies indicate that S100A9 and S100A12 may also induce cy-

tokines via TLR4 [23–25]. In vivo studies using S100A9-deficient mice, which fail to induce

S100A8 or S100A9, were partially protected from endotoxemia and this appeared to be mediat-

ed by TLR4 [22], although, an alternate study showed S100A8 administration attenuated endo-

toxemia mediated inflammation and tissue injury suggesting a protective role for S100A8 [26].

S100A8- and S100A9-driven TLR4-signaling has also been implicated in the induction of

TH17-dependent development of autoreactive CD8+ cells in a model of systemic autoimmunity

[27], and S100A8 activation of TLR4 in the joint promoted the upregulation of activating FcγRs

on macrophages and joint inflammation [28]. Quinoline-3-carboxyamides (Q compounds)

which modify disease in both animal models and in clinical trials were shown to bind to

S100A9, but not S100A8 or the S100A8/A9 heterodimer, and block its interaction with both

RAGE and TLR4 [29], and anti-murine S100A9 antibodies also inhibit collagen-induced arthri-

tis, although the receptors responsible for mediating these effects were not delineated [30].

Together these data indicate that endogenous S100 proteins can promote inflammatory re-

sponses which appear to be mediated through the pattern recognition receptors RAGE and

TLR4. However, most published reports investigated single S100 family members in different

assay systems, making broader conclusions and comparisons difficult, and the relative roles of

RAGE and TLR4 in vivo remain unclear. Herein, we evaluated the in vitro cytokine and chemo-

tactic responses of multiple S100s and the roles of their putative receptors RAGE and TLR4.

Since S100A9 is associated with acute and chronic inflammation in the airways [31–33], we

chose to validate our in vitro findings and assess the physiological role of S100A9 homodimers

using an adenoviral-murine S100A9-induced lung inflammation model. Our in vitro data indi-

cate that most but not all S100s induce migration in a RAGE-dependent manner, whereas the

proinflammatory cytokines induced were TLR4-dependent with the notable exception of

S100A16. Unexpectedly, our in vivo experiments indicate that murine S100A9 is sufficient to

induce airway inflammation independent of RAGE and the TLR4-dependent cytokine induc-

tion, posing the interesting possibility that unidentified receptor(s) may be responsible for driv-

ing S100-mediated inflammation in the lung, and potentially elsewhere.

Materials and Methods

Mice, Primary Human Cells and Cell lines

RAGE deficient (ager-/-)mice on a C57/B6 background were generated by Taconic Artemis

Pharmaceuticals (Cologne, Germany) for MedImmune and have been described elsewhere
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[34]. C3H/HeOuJ (TLR4-sufficient), and C3H/HeJ mice which have defective TLR4 signaling

[35], were purchased from Jackson Laboratories (Bar Harbor, ME). Mice were housed under

pathogen-free conditions and were used in experiments at 8–12 weeks of age. All animal exper-

iments were approved by the MedImmune Institutional Animal Use and Care Committee.

Human blood from healthy volunteers was obtained with informed consent by venous punc-

ture under MedImmune’s blood donation program. Human monocytic THP-1 and the murine

macrophage RAW cell lines were obtained from the American Type Culture Collection (Ma-

nassas, VA).

S100 Reagents

Full length murine S100A9 (Genbank accession NM_009114.2) was synthesized by Invitrogen

(San Diego, CA) and cloned into the adenoviral shuttle plasmid pShuttleCMV (AdEasy system,

Agilent). The plasmid containing murine S100A9 and the adenoviral genome, pAd S100A9,

was generated by recombination in BJ5183-Ad cells (Agilent, Santa Clara, CA). pAdmurine

S100A9 was linearized with PacI and transfected into Ad293 cells (Agilent, Santa Clara, CA).

After 7 days, the crude viral lysate (CVL) was harvested and amplified on Ad293 cells. Several

days later, cytopathic effect (CPE) was seen and the CVL harvested. The CVL was used to infect

a large scale culture of 293F cells (Invitrogen, San Diego, CA). Forty-eight hours post infection

the virus was harvested and purified on two cesium chloride gradients (one step and one con-

tinuous). Expression of murine S100A9 protein was confirmed in the supernatants of MLE in-

fected cells by Western Blot. For mammalian expression of murine S100A9, a 6X His tag was

added to the C-terminus of the murine S100A9 in the pShuttleCMV vector. The vector was

used for transient expression of HEK293F cells using standard lipid transfection methods, and

protein was purified from the supernatant using Nickel columns. Endotoxin levels of purified

mS100A9 (<0.001 EU/μg) were determined using Limulus Amebocyte Lysate (LAL) assay

(Charles River, Willmington, MA).

Bacterially expressed low endotoxin recombinant human S100A8, S100A9 and S100A12

(endotoxin levels <0.01 EU/μg as determined by manufacturer using LAL assay), along with

preparations of S100A1, S100A4, S100A6, S100A7, S100A10, S100A14, S100A16, S100B and

S100P (endotoxin levels not specified) were purchased from MBL International (Woburn,

MA). Rather than denaturing and renaturing recombinant proteins to generate S100A8/A9

heterodimers, S100A8/A9 heterodimers were purified directly from human neutrophils. Pu-

rified neutrophils were suspended in a PBS cocktail of protease inhibitors (Sigma Aldrich,

St. Louis, MO) and sonicated for three cycles to obtain a cell lysate. Cytoplasmic fractions

were isolated by centrifugation and dialyzed against Buffer A (50 mM Tris HCl (pH8.0) con-

taining 1 mM EDTA, 1 mM DTT, 1 mM CaCl2, protease inhibitor cocktail), and captured on

a the HiTrap Q HP (GE-Healthcare, Pittsburgh, PA). The bound S100A8/A9 protein was

eluted with a 0–50% gradient of Buffer B (Buffer A with 500 mM NaCl), and fractions con-

taining S100A8/A9 proteins were determined by Western blot with anti-S100A8 or S100A9

antibodies (Santa Cruz, CA, USA). Pooled S100A8/A9 fractions were diluted 10-fold with

Buffer C (50 mM sodium acetate (pH 4.5), 1 mM EDTA, 1 mM DTT, 1 mM CaCl2) and then

positive fractions were applied to a HiTrap SP-HP column (GE Healthcare, Pittsburgh, PA).

The column was washed with Buffer C containing 300 mM NaCl, and the S1008/9 protein

was eluted with an increasing concentration of NaCl (300–500 mM) in Buffer C. The eluted

S100A8/A9 fraction was dialyzed against PBS 1 mM CaCl2. Contaminating endotoxin was

removed by Affinity Pak Detoxi-Gel (Thermo Fisher Scientific Inc, Waltham, MA). The pu-

rity of the protein > 95% by SDS-PAGE with endotoxin levels< 0.004 EU/μg protein by

LAL assay.

S100A9 Induced Lung Inflammation Is RAGE and TLR4 Independent
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Ligand blocking antibodies

Murine anti-hTLR4 Ab HTA125 and mIgG2a control Ab (Biolegend, San Diego, CA), rat anti-

mTLR4/MD2 Ab MTS510 and rIgG2a control Ab (eBioscience, San Diego, CA), anti-RAGE

Ab 4F4 in hIgG1 and mIgG1 formats and respective hIgG1 and mIgG1 control Abs (MedIm-

mune LLC, Gaithersburg, MD) and Polymyxin B (InvivoGen, San Diego, CA) were used at

10 μg/ml unless otherwise stated.

Cytokine Assays

Human PBMC or murine were stimulated with S100 proteins for 16 h with or without ligand

blocking antibodies. LPS and Polymyxin B (InvivoGen, San Diego, CA) were used at 10 ng/ml

and 10 μg/ml respectively. Supernatants were collected and IFN-γ, IL-6, IL-1β and TNFα levels

were measured using a human or murine proinflammatory cytokine kit (Meso Scale Discovery

Inc, Gaithersburg, MD).

MEK/ERK and PI3K activation assay

THP-1 cells were stimulated with S100A9 protein for 30 min and activation of MEK/ERK and

PI3K signaling pathways were measured by using Phospho(Thr202/Tyr204; Thr185/Tyr187)/

Total ERK1/2 whole cell lysate kit and Phospho(Ser473)/Total AKT whole lysate kit (Meso

Scale Discovery Inc, Gaithersburg, MD).

Chemotaxis Assay

Cell migration was assessed using a 96-well ChemoTX system (Neuro Probe, Gaithersburg,

MD). Human S100 proteins or hMCP-1 (R&D Systems, Minneapolis, MN) were diluted in

RPMI 1640 containing 1% BSA and placed in the lower 25 μl chamber. Cells were washed and

suspended in the same medium. THP-1 cells, human PBMC or human granulocytes were incu-

bated with or without antibodies for 30 mins at 37°C before the cells were added to the upper

chamber. Cells were allowed to migrate for 3 h for PBMC (8 μm filter) and RAW cells (5 μm fil-

ter), 1.5 h for THP-1 (5 μm filter) or 1 h for granulocytes (5 μm filter). Migration of cells to the

human S100 proteins or humanMCP-1 in the lower chamber was enumerated by flow cytome-

try. The migration index is the ratio of the number of cells that migrate in response to the che-

motactic agent versus the number of cells that migrate in its absence. Initial dose range finding

assays were used to determine the optimal concentration of each S100 protein. All antibodies

used for flow cytometry analysis were purchased from BD/PharMingen (San Diego, CA).

PBMCs were incubated with mouse anti-human CD3-PeCy7, CD4-Pacific orange, CD8-Alexa

Fluor 488, CD14-PE, CD11B- Alexa Fluor 700, CD19-APC-Cy7 and CD56-APC antibodies

4 degree for 30 min, after wash with FACS buffer (PBS, 1% FBS, pH 7.4), cells were analyzed

with a BD LSR II Flow Cytometer (Becton Dickinson, San Jose,CA). Granulocytes were gated

by forward and side scatter. For some chemotaxis experiments cells were preincubated for

30 mins with small molecule inhibitors PD98059, U0126, Sb203580, wortmannin, ly294002

(Cell signaling Technology, Danvers, MA) and BAY11-7082 (Sigma-Aldrich, St Louis, MO) or

vehicle control. THP-1 cells (106/sample) were treated with small molecule inhibitors for 6 h,

cell viability was measured by using Vybrant Apoptosis Assay kit #2 (Invitrogen, Carlsbad CA)

using the protocols provided by the manufacturer.

Adeno-S100A9 infection and necropsy of mice

Mice were anesthetized with isofluorane prior to intranasal administration of 50 μl of PBS,

or 3x108 pfu of Adenovirus null (Adeno-null) or Adenovirus expressing murine S100A9
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(Adeno-mS100A9) in PBS. At the time of necropsy we collected either BAL fluid (obtained by

3 x 0.6 ml washes with PBS/10mM EDTA/20mM Hepes) for cell counts and cytokine analyses,

or lung tissue for histopathology assessment.

BAL fluid analyses

Cells recovered from the BAL fluids were cytospun onto glass slides and were stained with diff-

quik to allow for identification of leukocyte populations. A total of 500 cells were counted for

each sample and percentages of eosinophils, macrophages, lymphocytes and neutrophils were

calculated. Percentages were used to back-calculate to total numbers for each cell type. Cyto-

kines were measured using the mouse proinflammatory cytokines kit (Meso Scale Discovery

Inc, Gaithersburg, MD). Murine S100A9 was detected by western blot using anti-S100A9 anti-

body (R&D systems, Minneapolis, MN).

Histopathology

Lung samples were fixed in 10% buffered formalin for at least 24 h. For histopathology 5 μm

thick sections were cut from paraffin blocks and mounted on SuperFrost Plus slides. Slides

were stained with hematoxylin and eosin (H&E). Assessment of tissue pathology was per-

formed by a trained pathologist, blinded to the individual samples, using a 0–5 scoring system:

0—no to rare inflammatory cells; 1—a few cells surrounding few bronchioles and vessels; 2—a

few cells surrounding multiple bronchioles and vessels, a few clusters of cells scattered in few

alveolar spaces; 3—a ring of cells one to two cells deep affecting multiple bronchioles and ves-

sels, a few clusters of cells scattered in multiple alveolar spaces, minimal increased cellularity in

interstitium; 4—a ring of cells two to four cells deep affecting multiple bronchioles and vessels,

a few clusters of cells scattered in multiple alveolar spaces, mild increased cellularity in intersti-

tium; 5—a ring of cells>4 cells deep affecting most bronchioles and vessels, multiple clusters

of cells scattered in most of the alveolar spaces, moderate increased cellularity in interstitium.

Statistical Analysis

The statistical significance of difference between two groups was analyzed using unpaired Stu-

dent’s t-test or non-parametric MannWhitney test. Statistical significance was ascribed to the

data when p< 0.05.

Results

Calgranulin homodimers induce proinflammatory cytokines production
via TLR4

Previous data has indicated that S100A12 and S100A8 can induce cytokine responses through

RAGE and TLR4 respectively [11,22]. Here we examined a broad range of S100s and assessed

their capacity to induce proinflammatory cytokines from PBMC. Microgram quantities of the

calgranulins, S100A8, S100A9 and S100A12, induced modest levels of IL-6 from human

PBMC at 4 h and 24 h time-points which were significantly inhibited by anti-TLR4 Ab, but not

by an anti-RAGE blocking Ab (Fig. 1A). Similarly, anti-TLR4 antibody but not anti-RAGE an-

tibody blocked the induction of modest levels of IFNγ, IL1β, and TNFα (data not shown). The

cytokine induction from PBMC was completely dependent on the presence of CD14+ mono-

cytes which is consistent with the expression of TLR4 on these cells. The endotoxin inhibitor

Polymyxin B had no effect on cytokine production from these low endotoxin S100 prepara-

tions, whereas it completely inhibited LPS induced IL-6 production in human PBMCs

(Fig. 1A). In contrast to the calgranulins, up to 30 μg/ml S100A8/A9 heterodimer isolated from

S100A9 Induced Lung Inflammation Is RAGE and TLR4 Independent
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neutrophils or recombinant S100B failed to induce any significant cytokine induction, whereas

S100A16 induced a strong cytokine response (Fig. 1B). S100A16 induced cytokines were not

inhibited by anti-RAGE Ab treatment and only modestly impacted by TLR4 blockade or poly-

myxin B treatment suggesting that this S100 may drive an inflammatory response through an

alternate receptor. Endotoxin contamination did not permit assessment of the cytokine induc-

tion from other recombinant S100 preparations.

Differential effects of anti-RAGE antibody treated on S100-mediated
THP-1 cell migration

Several S100s have been shown to have chemotactic activities, and RAGE has been implicated

in mediating the migration of S100B, S100A4, S100A12 and S100A7, whereas S100A15 appears

to be mediated by an as yet unidentified Gi protein coupled receptor [11,36–39]. Chemotaxis

of THP-1 cells with 13 S100s and the positive control MCP-1 were examined using a 96-well

ChemoTx system. Initially, we demonstrated that the calgranulins S100A8, S100A9 and

S100A12 all induced THP-1 cell migration with a characteristic bell-shaped response typical of

traditional chemokines (Fig. 2A,B,C). This migration was significantly less if the S100 proteins

were put in the upper well indicating that the migration was chemotactic, rather than a conse-

quence of increased motility (data not shown). Using the optimal concentration for each S100

we demonstrate that migration of THP1 cells to S100A8, S100A9 and S100A12 was inhibited

Fig 1. TLR4 but not RAGE is necessary for calgranulin-mediated proinflammatory cytokine induction, but other S100s exhibited variable cytokine
responses. Human PBMCs were stimulated with 10 μg/ml of human S100 preparations and levels of IL-6 (and other cytokines) were measured after 16 h in
culture. (A) Cells were stimulated with low endotoxin preparations of calgranulins (S100A8, S100A9 or S100A12) or LPS and were treated with either nil,
control Ab, anti-hTLR4, anti-RAGE Abs or Polymyxin B (PMB). (B) Cells were stimulated with S100A1, S100A16, S100B and S100A8/A9 and were similarly
treated with nil, control Ab, anti-hTLR4 Ab, anti-RAGE Ab, or Polymyxin B. Representative data from one of three experiments is shown. Individual
experiments were performed in triplicate and mean ± SD are given. Unpaired T-tests was used to determine if the test antibody differed significantly from their
respective control Abs following stimulation, and if the polymyxin treatment differed from no treatment following stimulation (*P<0.05, **P<0.01,
***P<0.001).

doi:10.1371/journal.pone.0115828.g001
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in a dose-dependent manner with anti-RAGE Ab, but not an anti-TLR4 Ab (Fig. 2D,E,F). Simi-

larly, S100A1, S100A4, S100A6, S100A7, S100A10, S100A8/A9, S100A14, S100A16, S100P,

S100B and MCP-1 all induced migration of THP-1 cells. The chemotactic activities of S100A4,

S100A7, S100B, S100P and to a lesser extent S100A6 mediated migration of THP1 cells were

also dependent on RAGE. As expected the MCP-1 induced THP-1 migration was unaffected

by RAGE or TLR4 blockade. Similarly, S100A1, S100A10, S100A14, and S100A16 induced

THP-1 migration was also independent of RAGE and TLR4 (Fig. 2G).

Fig 2. RAGE blockade inhibits calgranulin (hS100A8, hS100A9 or hS100A12) induced THP-1 cell migration but does not impact migration of all
S100s.Migration indices for THP-1 cells in response to hS100A8 (A), hS100A9 (B), and hS100A12 (C). Effects of anti-RAGE, anti-hTLR4 Abs and isotype
control Abs on hS100A8 (D), hS100A9 (E) and hS100A12 (F) induced THP-1 cell migration. Serial dilution of anti-RAGE, anti-TLR4 or isotype-matched
control Ab were incubated with THP-1 cells in the upper wells of the chemotaxis chamber, and optimal amounts of hS100A8 (1 ng/ml), hS100A9 (1 ng/ml)
and hS100A12 (100 ng/ml) were added in the lower wells. Percentage inhibition is relative to no Ab treatment. One representative of three independent
experiments is shown (mean ±SD of triplicate wells) (G) The effects of a fixed 10 μg/ml dose of anti-RAGE, anti-hTLR4 and control Abs on THP-1 cell
migration mediated by other S100s and MCP1. The S100s were used at their optimal concentrations (indicated on graphs). The maximal chemotactic
indexes were S100A1 (2.0), S100A4 (2.9), S100A6 (2.9), S100A7 (3.7), S100A8/A9 (3.1), S100A10 (1.9), S100A14 (2.7), S100A16 (2.4), S100P (3.5),
S100B (3.5) and MCP1 (9.5). Percentage inhibition is relative to no Ab treatment. Mean inhibition ± SD for one of two independent experiments is shown.
Unpaired T-test was used to determine if the anti-RAGE or anti-hTLR4 Ab treatments were significantly different from the isotype control Ab (*P<0.05,
**P<0.01, ***P<0.001).

doi:10.1371/journal.pone.0115828.g002
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In vitro S100A9-induced migration of leukocytes is RAGE dependent

Since the in vitro experiments hitherto have been focused on monocytic THP1 cells, we next

examined the migratory effects of S100A9 on various primary cells. These experiments demon-

strated that this calgranulin significantly induced the migration of granulocytes, lymphocytes

and monocytes isolated from healthy human volunteers. As observed with the THP1 cells, the

migration of granulocytes, monocytes and lymphocytes induced by S100A9 required RAGE

but not TLR4 (Fig. 3).

S100A9 induced THP-1 cell migration requires signaling by MEK/ERK,
nuclear factor-κB and PI3K but not p38

Previous data has indicated that engagement of RAGE by its ligands can trigger the activation

of a broad range of signaling pathways including Ras/MEK/ERK 1/2 dependent NFkB activa-

tion, CDC42/Rac/MAPKK dependent p38 activation, SAPK/Jnk MAP kinases dependent AP-1

activation as well as the phosphatidylinositol 3-kinase (PI3K)/AKT activation [37,40–42]. To

ascertain which signaling pathway(s) are required for S100A9-RAGE triggered cell migration,

we examined the effects of inhibitors targeting the MEK/ERK, NF-κB, p38 and PI3 kinase

pathways on cell migration. The MEK/ERK pathway inhibitors (PD 98059 and UO126), PI3 ki-

nase inhibitors (Wortmannin and Ly294002), and NF-κB inhibitor BAY11-7082 inhibited

S100A9 induced THP-1 cell migration in dose-dependent manner (Fig. 4A-C), whereas p38

MAPK inhibitor SB203580 failed to block S100A9 induced THP-1 cell migration (Fig. 4D).

None of the inhibitors induced any significant cytotoxicity at their highest concentrations

(data not shown). Consistent with these data, S100A9 induced modest by significant increases

in ERK1/2 and AKT phosphorylation, whereas total ERK1/2 and AKT levels remained un-

changed (S1 Fig.). Notably, increased phosphorylation of ERK1/2 and AKT was associated

with the higher levels of S100A9 necessary to induce cytokines. Thus, S100A9 induced THP-1

cell migration requires MEK/ERK, NF-κB and PI3K activity, but not p38 MAPK.

Effects of Anti-RAGE and Anti-TLR4 Abs on murine S100A9 induced
RAW cell migration and proinflammatory cytokine induction

In preparation for in vivo studies, we next investigated whether the activities of S100A9 were

similar between human and mouse. To this end, we generated small amounts of endotoxin-

free mammalian expressed recombinant murine S100A9. At low concentration (1 ng/ml)

mS100A9 induced significant migration of RAW cells, a murine macrophage cell line. This re-

sponse was completely abrogated by an anti-RAGE Ab whereas the anti-mTLR4/MD2 Ab had

no effect (Fig. 5A). At a higher concentration (10 μg/ml), murine S100A9 induced the produc-

tion of the TNFα and IL-6 (Fig. 5 B, C). Induction of cytokines was significantly inhibited by

anti-mTLR4/MD2 Ab, but not by the anti-RAGE Ab. The activity of the anti-mTLR4/MD2 Ab

was demonstrated by its capacity to inhibit LPS induced cytokine induction. Overall, these data

suggest that human and murine S100A9 trigger pro-inflammatory responses in vitro through

the same receptors and they appear to be functionally equivalent.

mS100A9-mediated lung inflammation is RAGE-independent

It was previously shown that blockade of S100A8 and S100A9 with polyclonal antibodies pre-

vented phagocyte migration into alveolar space in mice challenged with LPS or Streptococcus

pnuemoniae [20]. While S100A8 and S100A9 were clearly contributing to the inflammation

observed in these models the receptor(s) responsible were not delineated. To directly assess the

inflammatory role of S100A9 in vivo, we generated an adenovirus encoding murine S100A9

S100A9 Induced Lung Inflammation Is RAGE and TLR4 Independent
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Fig 3. Human S100A9 inducedmigration of leukocyte populations is inhibited by anti-RAGE Ab but
not anti-TLR4 Ab.Chemotactic responses to S100A9 of human leukocyte populations were examined at the
optimal concentration (1 ng/ml). The effects of TLR4 and RAGE blockade on S100A9-mediated migration of
granulocytes (A), monocytes (B), and lymphocytes (C), with 10 μg/ml of anti-RAGE, anti-hTLR4 Ab and
isotype control Abs. Data shown is mean±SD of triplicate samples from a representative of three independent
experiments. Unpaired T-test was used to determine if the anti-RAGE or anti-TLR4 treatments were
significantly different from the isotype control Ab (*P<0.05, **P<0.01, ***P<0.001).

doi:10.1371/journal.pone.0115828.g003
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which was intranasally administered to naive mice. The use of an adenoviral system was used

to avoid the possibility of trace amounts of endotoxin associated with recombinant protein

influencing results. At early time-points (24 h and 72 h), there was a weak airway inflammation

associated with the adenoviral challenge. At Day 5, increased cellular recruitment to the air-

ways coincided with expression of mS100A9 in the adeno-mS100A9 challenged mice. By

8 days post infection, the cellular infiltrates in the BAL fluids of the C57BL/6 wild-type mice

were significantly increased in the adeno-mS100A9 treated group compared to the adeno-null

group (Fig. 6A). The cellular infiltrates were primarily composed of macrophages, with small

numbers of neutrophils and lymphocytes. Interestingly, there was no significant differences in

the BAL fluid inflammatory infiltrate between the wild-type and ager -/- (RAGE-deficient)

mice following adeno-mS100A9 administration (Fig. 6A). We also observed significantly in-

creased levels of IFNγ and IL-6 in the BAL fluids of adeno-mS100A9 infected mice compared

to the adeno-null controls, but again there were no differences between the mS100A9-adenovi-

rus infected wild-type and ager-/- mice (Fig. 6B). TNFα and IL1β were also examined but

levels were below detection. To ensure that the increased inflammatory responses with the

Fig 4. Human S100A9 induced THP-1 cell migration requires MEK/ERK and PI3K but not p38.
Chemotactic response of THP-1 towards hS100A9 (1 ng/ml) in the absence or presence of specific inhibitors
targeting the MEK/ERK pathway (A), the PI3 kinase pathway (B), the NF-κB pathway (C), and the p38 MAPK
pathway (D). The inhibitor concentrations (μM) are indicated. Data shown is mean±SD of triplicate samples
from a representative of three independent experiments.

doi:10.1371/journal.pone.0115828.g004
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Fig 5. Effect of RAGE and TLR4 blockade onmurine S100A9 induced RAW cell migration and
proinflammatory cytokine induction. (A) Murine S100A9 (1 ng/ml) was used to induce the migration of
RAW cells treated with dose titrations of anti-RAGE, anti-murine TLR4 Ab or isotype control Abs. Percentage
inhibition is relative to no Ab treatment. Murine S100A9 (10 μg/ml) or LPS was used to induce TNFα (B) and
IL-6 (C) from RAW cells with or without anti-RAGE, anti-mTLR4/MD2 or control Abs. Unpaired T-test was
used to determine if the anti-RAGE or anti-mTLR4/MD2 treatments were significantly different from the
control Abs for each treatment group (*P<0.05, **P<0.01, ***P<0.001). Data shown is mean±SDEM of
triplicate samples from a representative of three independent experiments.

doi:10.1371/journal.pone.0115828.g005
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Fig 6. Murine S100A9 induced lung inflammation is RAGE-independent.Wild type C57Bl/6 or C57Bl/6 ager-/- mice were challenged intranasally with
PBS, or adeno-null or adeno-murine S100A9, after 8 days, mice were sacrificed and BAL fluids or lung tissue were collected for analysis. (A) Cells were
obtained from the BAL fluids using cytospins, stained with diff-quik and the total cell counts, neutrophil counts and macrophage counts were recorded. (B)
mIFNγ and mIL-6 proteins levels found in BAL fluids of wild type and ager-/- mice. (C) Western blot analysis of murine S100A9 levels in BAL fluids. (D) H&E
staining of paraffin fixed lung tissue (left panel), and pathology scores (right panel). Non-parametric Mann-Whitney test was used to determine statistical
difference between two groups.

doi:10.1371/journal.pone.0115828.g006
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adeno-S100A9 we observed in the BAL fluids could be attributed to S100A9, we assayed for the

presence of mS100A9 in the BAL fluid. Western blot analysis of the BAL fluids revealed that

murine S100A9 was almost exclusively detected in the adeno-S100A9 challenged groups at

Day 8 (Fig. 6C). There was no apparent difference between the wild-type and ager-/- mice.

Using recombinant mS100A9 as a reference, the levels of mS100A9 recovered from the BAL

fluids was estimated to be*1–10 μg. In the lung tissue, there was a mononuclear cell infiltrate

(predominantly macrophages) surrounding multiple bronchioles and vessels, with a mild in-

crease in cellularity in the interstitium and air spaces in the adeno-null treated groups whereas

inflammatory cells were either absent or rare in the PBS controls (Fig. 6D). The adeno-

mS100A9 treated mice had a significantly more severe peribronchiolar, perivascular, and inter-

stitial inflammatory cell infiltration, consisting predominantly of macrophages and lympho-

cytes, which occasionally extended into the alveolar spaces (Fig. 6D). There were no apparent

differences in the histopathological assessments of the wild-type and RAGE-deficient animals

for the adeno-mS100A9 treated groups (Fig. 6D). Besides using RAGE-deficient mice, the ef-

fect of RAGE blockade was also examined. Administration of anti-RAGE Ab (15 mg/kg i.p) on

Day 4 and Day 7 post adeno-S100A9 infection of C57Bl/6 mice provided exposure to the lung,

but had no impact on the cellular inflammation or the cytokines at Day 8 (data not shown).

These results demonstrate that RAGE does not appear to play a role in S100A9-mediated cyto-

kine induction and inflammation in this in vivomodel.

Defective TLR4-signaling reduced S100A9-mediated cytokine induction
but had no significant impact on cellular recruitment to the lung tissue
and airways

Since the levels of murine S100A9 recovered from the lung in the BAL fluids were sufficient to

trigger TLR4 in vitro, we then investigated whether there was a role for TLR4 in adeno-

mS100A9 induced cellular infiltration and proinflammatory cytokine induction. TLR4-defec-

tive (C3H/HeJ) and wild-type (C3H/HeOuJ) mice were intranasally infected with adeno-

mS100A9 or adeno null virus and examined 10 days post infection (as the kinetics of the C3H/

HeOuJ response were slightly delayed compared with C57Bl/6 mice). Analysis of the BAL fluid

samples revealed the adeno-mS100A9 induced a significant predominately macrophage cell

infiltration in the airways compared to the adeno-null controls. There were no differences

between the wild-type (C3H/HeOuJ) and TLR4-defective (C3H/HeJ) mice (Fig. 7A). Adeno-

mS100A9 induced a robust proinflammatory cytokine response (IL-6 and IFNγ) in the

wild-type (C3H/HeOuJ) mice compared to the control adeno-null groups (Fig. 7B). This

S100A9-mediated cytokine response was markedly ablated in TLR4-defective mice (Fig. 7B),

which is consistent with the in vitro data which demonstrated that anti-TLR4 antibodies could

inhibit S100A9-mediated proinflammatory cytokine induction (Figs. 1A,B and 5B,C). It is no-

table that these significant reductions in the BAL cytokines had no impact on the cellular infil-

trates in the airways between the wild-type and TLR4-defective mice (Fig. 7A,B). Similar levels

of S100A9 levels were detected in the BAL fluids of wild-type (C3H/HeOuJ) and TLR4-defec-

tive (C3H/HeJ) adeno-mS100A9 infected mice (Fig. 7C). In the lung tissue there was a compa-

rable, mild perivascular mononuclear inflammatory infiltrate in the adeno-null treated wild-

type (C3H/HeOuJ) and TLR4-defective (C3H/HeJ) mice relative to the PBS treated mice. Both

the wild-type and TLR4-defective adeno-S100A9 challenged mice had a much more severe in-

flammatory infiltrate with marked increases in the cellularity surrounding vessels and bronchi-

oles, and extensive infiltration of the interstitium and to a lesser extent in the alveolar spaces

(Fig. 7D). There was no apparent qualitative difference in the lung pathology exhibited by the

adeno-S100A9 treated wild-type and TLR4-defective mice (Fig. 7D). Overall these data indicate
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Fig 7. Murine S100A9 induced inflammatory infiltrates are TLR4-independent. Adeno-murine S100A9, Adeno-null or PBS was administered
intranasally into wild-type (C3H/HeOuj) and TLR4-defective (C3H/HeJ) mice. After 10 days, mice were euthanized and BAL fluids or lung tissue was
collected for analysis. (A) Cells were obtained from the BAL fluids using cytospins, stained with diff-quik and the total cell counts, neutrophil counts and
macrophage counts were recorded. (B) mIFNγ and mIL-6 expression in BAL fluid in wild type and TLR4 defective mice. (C) Western blot analyses of
mS100A9 expression in BAL fluid in wild type and TLR4 defective mice. (D) H&E staining of paraffin fixed lung tissue (left panel), and pathology scores (right
panel). Non-parametric Mann-Whitney test was used to determine statistical difference between two groups.

doi:10.1371/journal.pone.0115828.g007
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that neither RAGE nor TLR4 is required for driving the mS100A9-mediated cellular inflamma-

tion in the lung.

Discussion

In the lung, increased levels of S100A8, S100A9 and S100A12 have been found in asthma, cys-

tic fibrosis, chronic obstructive pulmonary disease, idiopathic pulmonary fibrosis, acute respi-

ratory distress syndrome and ventilator associated lung injury [10,31–33,43–46]. The relative

contributions of S100A8, S100A9, S100A8/A9 and S100A12, and the receptors that mediate

their functions under physiological conditions remain unclear. In different contexts, the puta-

tive receptors TLR4 and RAGE have also been shown to mediate acute and chronic lung in-

flammation [47,48]. This would infer that targeting S100 proteins or their receptors may

provide a viable strategy for the treatment of inflammatory lung disorders, however, the in vivo

studies conducted to date have not adequately linked the S100A8, S100A9 or S100A8/A9 with

their putative receptors RAGE or TLR4, so a better understanding of the biology is necessary to

identify the most appropriate therapeutic approach.

Here we report the following significant findings; i) in vitro, S100s can induce chemotaxis

and in most cases this can be inhibited by anti-RAGE Abs, whereas S100A8, S100A9 and

S100A12 induced modest levels of cytokines from monocytes that were inhibited by anti-TLR4

treatment, ii) cell migration and cytokines induced by human and murine S100A9 was inhib-

ited in vitro by anti-RAGE and anti-TLR4 Abs respectively, iii) S100A9 homodimers generated

in vivo following adenoviral delivery are sufficient to induce a robust inflammatory response in

the lung, and iv) contrary to the in vitro data, the robust murine S100A9-mediated cellular in-

flammation induced in this simple model was independent of both RAGE and TLR4.

Intranasal delivery of adenoviral mS100A9 to the lungs of mice was sufficient to induce a ro-

bust airway inflammation. The peak of the S100A9-dependent inflammation was 8–10 days post-

infection and this timing coincided with the highest levels of mS100A9 recovered from the BAL

fluid (*1–10 μg). It is clear that the levels of S100A8 and S100A9 are increased in a range of dif-

ferent lung disorders, but to date, no standardized methods for the collection, detection or report-

ing of S100A8, S100A9 or S100A8/A9 levels from clinical samples from the lung have been

established to allow direct comparisons to be made. However, approximately, 13 μg /ml of

S100A8/A9 was recently detected in the lung lavage of patients with acute lung injury, and* 1 to

5 μg /ml of S100A8/A9 were recovered frommice with ventilator induced lung injury in the pres-

ence and absence of LPS [46]. The levels of mS100A9 we detect in our model are consistent with

these amounts, and those necessary to trigger cytokine induction and transendothelial migration

in vitro [30]. Therefore, we predict that the mS100A9 levels generated in our murine model are

likely to be physiologically relevant. Most surprisingly, despite the capacity to induce TLR4-medi-

ated cytokine induction and RAGE-dependent migration in vitro, our data demonstrate that

S100A9-mediated airway cell recruitment/inflammation is independent of both these receptors.

Our in vitro studies demonstrated that S100A1, S100A4, S100A6, S100A7, S100A8, S100A9,

S100A8/A9, S100A10, S100A14, S100A16, S100B and S100P all have chemotactic activity to-

wards THP1 cells although the potencies varied. An anti-RAGE Ab, that targets the V-C1 do-

mains of RAGE which are responsible for ligand binding, blocked the majority of migration

induced by S100A4, S100A7, S100A8, S100A8/A9, S100A9, S100A12, S100P and S100B. This

dataset is consistent with a series of previous studies that have shown chemotactic activity for

S100A4, S100A7, S100A8, S100A8/A9, S100A12, S100A15 and S100B towards different cell

types [11,18,19,36,38,39], and that the migration of S100A4, S100A7, S100A12 and S100B is

RAGE-dependent [36–39]. Our results have extended the list of S100s that can induce migra-

tion in vitro, and those inhibitable by RAGE blockade. Interestingly we also demonstrate that
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the RAGE-dependent S100A9 mediated migration was not restricted to neutrophils and mono-

cytes, but was also evident for lymphocytes, particularly T cells and NK cells. The significance

of this unexpected finding warrants further exploration.

Our analysis of the signaling pathways necessary for S100A9-induced migration of THP1

cells clearly identified a requirement for the MEK/ERK, PI3K and NF-κB pathways, but not for

p38. This is consistent with recent data that has shown S100A9 promotes lung fibroblast cell

activation through RAGE mediated ERK1/2, MAPK and NF-κB signaling [49], and a detailed

report on the RAGE-dependent signaling induced by S100B on microglia cells which required

the recruitment of diaphanous-1 and activation of Src kinase, Ras, PI3K, MEK/ERK1/2, RhoA/

ROCK, Rac1/JNK/AP-1, Rac1/NFkB, and, to a lesser extent, p38 MAPK [38].

It is noteworthy that the S100A9 concentrations appropriate for optimal cell migration were

insufficient to induce cytokine induction, and anti-TLR4 antibody treatment had no impact on

cell migration in these in vitro assays. Moreover, the THP1 cells were not chemotactic to LPS

or high concentrations of S100A9 in vitro either, so TLR4 clearly does not mediate a direct che-

motactic response. Although aspects of the RAGE and TLR4 signaling pathways are similar,

the differential cellular responses mediated by RAGE and TLR4 likely reflect differences in the

binding of the S100A9 homodimer to the respective receptors, mechanisms or thresholds of re-

ceptor activation, the magnitude of down-stream signaling. Indeed, the concentrations of

S100A9 required to induce cytokines were associated with much greater ERK1/2 and AKT

phosphorylation. Moreover, S100A9 induced cytokine induction is associated with greater NF-

κB activation than LPS stimulation and TLR4 internalization [24].

The partial inhibition of S100A6 with the anti-RAGE Ab is consistent with binding studies

that indicate that it can also bind both the V-C1 and C2 domains of RAGE [40]. Migration of

S100A1, S100A10, S100A14 and S100A16 were not inhibited by RAGE blockade. It is plausible

that these S100A1 may bind an alternate RAGE binding site not blocked by the antibody since

it has been shown to bind the V-domain of RAGE and induce neurite outgrowth [14,37]. How-

ever, a thorough analysis of the interactions between RAGE and S100s did not identify interac-

tions between RAGE and S100A10, S100A14 or S100A16 [14]. These data imply that several

S100s may induce migration independent of RAGE and an as yet unknown receptor may be

necessary, as has been previously proposed for S100A15 [36].

Interestingly, despite a significant literature implicating RAGE in the migration of S100s,

and the impact of RAGE blockade on S100-mediated migration described herein, our in vivo

data demonstrated that murine S100A9-mediated airway inflammation is independent of

RAGE. Previously it has been shown that anti-S100A8 and anti-S100A9 antibodies blocked in-

filtration of phagocytes into the alveolar space following intranasal challenge with Streptococcus

pnuemoniae [20] and the migration of macrophages and tumor cells to the lung [50], but the

receptors responsible were not determined. Furthermore, RAGE-deficient mice had reduced

infiltration into the lung tissue and airspace following challenge with Streptococcus pnuemo-

niae, Influenza A virus or Respiratory syncytial virus [34,48,51]. In these cases the complex

mechanism by which RAGE mediates lung inflammation was not resolved. On the basis of our

in vitro data and these in vivo studies, we predicted that S100A9-mediated inflammation in-

duced in our airway model would be mediated through RAGE. However, our data with RAGE-

deficient mice and RAGE blockade with a ligand-blocking antibody in wild-type mice clearly

demonstrate that RAGE appears to be redundant in S100A9-induced lung and airway inflam-

mation. Most in vivo studies have examined S100 induced responses in acute settings were the

inflammation is predominately neutrophilic, whereas our model demonstrated that S100A9

can drive a delayed predominately macrophage inflammatory response. It is plausible that

RAGE may differentially mediate recruitment of neutrophils and macrophages in response to

S100A9, however, the S100A8- and S100A9-dependent neutrophil inflammation induced by
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monosodium uric acid crystals in a murine air-pouch model [18,19], was also unaffected by

RAGE deficiency (data not shown). S100s have been regularly reported as potent chemoattrac-

tants since low concentrations can induce cellular migration in vitro. However, it has been pos-

tulated that the concentrations of calgranulins encountered at inflammatory sites can often be

several orders of magnitude higher which could preclude their chemotactic activity [52]. This

perspective may well have some validity, but it was recently shown that higher levels of S100A9

akin to those found in vivo during inflammatory responses were necessary to trigger transen-

dothelial migration in vitro [30]. We cannot rule out the possibility that RAGE-dependent ef-

fects were subtle and not detected in our experimental system, or other factors may be

necessary to promote RAGE-dependent responses in vivo. It is known that RAGE ligands and

other inflammatory mediators can upregulate the expression of RAGE which could promote

RAGE-dependent effects [53]. This possibility could also be complicated by the promiscuous

nature of RAGE and its capacity to engage and respond to other DAMPs such as HMGB1 and

nucleic acids [3,54], and the presence of both soluble and membrane forms that may play op-

posing roles in vivo [34]. An explanation that befits the data in our simple experimental model

is that RAGE does not play a direct physiological role in S100A9-mediated inflammation.

Whether or not this extends to S100A8/A9 heterodimers, S100A8 and potentially other S100s

was beyond the scope of this study, but it is plausible, and warrants further investigation.

We considered alternate receptors that could mediate S100-mediated inflammation and the

possibility that TLR4-mediated cytokine induction may drive the lung inflammation. In vitro,

we showed that S100A8, S100A9 and S100A12 induce similar modest levels of TNFα, IL-6,

IL-1β and IFNγ in a TLR4-dependent manner, and the response could not be attributed to en-

dotoxin contamination. Considering that both S100A8 and S100A9 induced cytokines, it is

perhaps surprising that the S100A8/A9 heterodimer isolated directly from neutrophils failed to

induce cytokines. A previous report indicated that S100A8 and the S100A8/A9 heterodimer,

but not S100A9 can induce TLR4-dependent cytokine induction [22]. It is plausible that alter-

nate methods to constitute S100A8/A9 heterodimers or extract them from neutrophils may

account for the differences, but the capacity of S100A8/A9 to induce cell migration in this

study was intact which indicates that the molecule was functional. Similarly, in our hands up to

30 μg/ml of S100B used herein also failed to induce cytokines from mononuclear cells, although

low concentrations were sufficient to induce RAGE-dependent migration. In contrast, high

doses of S100B have been shown to mediate RAGE-dependent induction of COX-2 and cyto-

kines frommicroglial cells [55], which indicates that RAGE can promote S100-mediated cytokine

induction under some circumstances and the cell type or microenvironment may influence cellu-

lar responsiveness. The discrepancy in the induction of cytokines with S100A9 between our data

and an aforementioned study [22] is not obviously apparent, but could relate to the stability of

the purified protein. However, our data is supported by a subsequent study that showed S100A9

binds MD2/TLR4 [29], and a recent study that S100A9 can induce cytokines via TLR4 [24].

Moreover, we did show a similar response frommammalian expressed endotoxin-free mS100A9

in vitro, and by adenovirus-mS100A9 infection in vivo, which resulted in the induction of IL-6

and IFNγ in a TLR4-dependent fashion. Surprisingly, despite the impact of TLR4 defective sig-

naling on the cytokine production in the BAL fluid, the S100A9-induced cellular infiltration into

the airways could not be attributed to TLR4 in this model. This likely relates to the relatively

modest capacity of S100A9 to induce proinflammatory cytokines. Whether S100A9 promotes a

stronger TLR4-dependent response in the presence of other proinflammatory mediators to drive

pathological inflammatory responses is plausible. TLR4 null mice were not examined in this

study so a role for TLR4 independent of its signaling, although unlikely, was not formally ruled

out. Previous in vivo studies that implicated TLR4 in S100A8 and S100A8/A9 mediated in-

flammation have done so largely in the context of endotoxemia, where TLR4 would be readily
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activated [22,46]. Interestingly, in the absence of LPS or mechanical injury, intranasal delivery of

recombinant S100A8 or S100A8/A9 induced a modest acute neutrophil accumulation without a

notable increase in cytokines or chemokines [46], which would also indicate that S100A8 and

S100A8/A9 can induce inflammation independent of TLR4.

Recent work also indicates that activation of the inflammosome may promote S100A8 and

S100A9 mediated cytokine induction [23]. Activation of multiple signaling pathways may well

heighten the activation status of the cell and consequently contribute to a more profound in-

flammatory response. An inflammatory environment may also promote a S100A9-dependent

response by increasing resistance to proteolytic cleavage and the stability of S100A9 homodi-

mers [15]. Oxidative modifications of S100A8 and S100A9, akin to those described for

HMGB1, have been described that influence inflammatory responses [56,57], so it is possible

that these or other post-translational modifications may influence the stability and biological

activities of S100A9 in vivo. We did not examine this eventually in the context of our adenovi-

ral model, but it is possible that infection of the lung epithelial with the adenovirus may gener-

ate a more active and resilient homodimer than recombinant material generated from cell

lines. In any case, the adenoviral system we used was able to induce a robust S100A9-depen-

dent cellular inflammation in the lung over several days independent of both RAGE and TLR4.

The mechanism underlying this response requires further investigation.

Previously, it has been shown that S100A9 and S100A8/A9 bind to sulfated glycosaminogly-

cans and carboxylated glycans on endothelial cells through interactions with S100A9 rather

than S100A8 [58,59]. Complexes of S100A8/A9 and arachidonic acid also bind to the scavenger

receptor CD36 which can also be expressed on endothelial cells [60]. Interactions of this sort

could establish an attractive S100 substratum for neutrophils and monocyte attachment, acti-

vation and transendothelial migration and thereby mediate tissue inflammation. It remains to

be determined if the S100-mediated inflammation is mediated through a diverse set of interac-

tions with altered protein or sugar moieties, or through interactions with specific receptors.

In conclusion, we have shown that S100A9, an established biomarker for chronic inflammatory

diseases, is sufficient to induce a robust inflammatory response in vivo, and therefore, this DAMP

or its respective receptors represent potential targets for therapeutic intervention. Since the inflam-

matory response is independent of its recognized receptors, RAGE and TLR4, it is apparent that

while S100A9 remains a bone fide target, there remains much to be learnt about the molecular in-

teractions and mechanisms by which calgranulins modulate inflammatory processes in vivo.

Supporting Information

S1 Fig. Human S100A9 induces activation of MEK/ERK and PI3K pathways in THP-1

cells. THP-1 cells were treated with S100A9 at indicated concentration for 30 mins, cell lysates

were collected, and Phospho ERK1/2 and total ERK1/2 were measured by Phospho(Thr202/

Tyr204; Thr185/Tyr187)/total ERK1/2 assay whole cell lysate kit (A), PhosphoAKT and total

AKT were measured by Phospho(Ser473) /Total AKT assay whole cell lysate kit (B). Data

shown is mean±SD from three independent experiments. �P<0.05, ��P<0.01, ���P<0.001

versus control cultures.

(TIF)

Acknowledgments

We would like to express our gratitude to Matthew Robinson, Jamie Campbell, Anthony

Coyle, Jane Tian, and Fred Karnell for insightful discussions and critique, and the LAR staff for

animal husbandry and assistance with in vivo studies.

S100A9 Induced Lung Inflammation Is RAGE and TLR4 Independent

PLOS ONE | DOI:10.1371/journal.pone.0115828 February 23, 2015 19 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115828.s001


Author Contributions

Conceived and designed the experiments: BC ALMMR YB DCR LC KR TI YC CSC BNMC

YW PSC DY AAH RH GPS. Performed the experiments: BC ALMMR YB LC KR TI YC CSC

BNMC PSC DY. Analyzed the data: BC ALMMR YB DCR LC KR TI YC CSC BNMC YW

PSC DY AAH RH GPS. Contributed reagents/materials/analysis tools: ALMMR YB DCR LC

KR TI YC CSC BNMC YW PSC DY. Wrote the paper: BC ALMMR YB DCR LC KR TI YC

CSC BNMC YW PSC DY AAH RH GPS.

References
1. Bianchi ME. (2007) DAMPs, PAMPs and alarmins: All we need to know about danger. J Leukoc Biol

81: 1–5. PMID: 17338044

2. Lotze MT, Tracey KJ. (2005) High-mobility group box 1 protein (HMGB1): Nuclear weapon in the im-
mune arsenal. Nat Rev Immunol 5: 331–342. PMID: 15803152

3. Sims GP, Rowe DC, Rietdijk ST, Herbst R, Coyle AJ. (2010) HMGB1 and RAGE in inflammation and
cancer. Annu Rev Immunol 28: 367–388. doi: 10.1146/annurev.immunol.021908.132603 PMID:
20192808

4. Donato R. (2001) S100: A multigenic family of calcium-modulated proteins of the EF-hand type with in-
tracellular and extracellular functional roles. Int J Biochem Cell Biol 33: 637–668. PMID: 11390274

5. Heizmann CW, Fritz G, Schafer BW. (2002) S100 proteins: Structure, functions and pathology. Front
Biosci 7: d1356–d1368. PMID: 11991838

6. Sohnle PG, Collins-Lech C, Wiessner JH. (1991) Antimicrobial activity of an abundant calcium-binding
protein in the cytoplasm of human neutrophils. J Infect Dis 163: 187–192. PMID: 1984467

7. Nisapakultorn K, Ross KF, Herzberg MC. (2001) Calprotectin expression in vitro by oral epithelial cells
confers resistance to infection by porphyromonas gingivalis. Infect Immun 69: 4242–4247. PMID:
11401960

8. Gebhardt C, Nemeth J, Angel P, Hess J. (2006) S100A8 and S100A9 in inflammation and cancer. Bio-
chem Pharmacol 72: 1622–1631. PMID: 16846592

9. Heizmann CW, Ackermann GE, Galichet A. (2007) Pathologies involving the S100 proteins and RAGE.
Subcell Biochem 45: 93–138. PMID: 18193636

10. Lee TH, Jang AS, Park JS, Kim TH, Choi YS, et al. (2013) Elevation of S100 calcium binding protein A9
in sputum of neutrophilic inflammation in severe uncontrolled asthma. Ann Allergy Asthma Immunol
111: 268–275.e1. doi: 10.1016/j.anai.2013.06.028 PMID: 24054362

11. Hofmann MA, Drury S, Fu C, QuW, Taguchi A, et al. (1999) RAGEmediates a novel proinflammatory
axis: A central cell surface receptor for S100/calgranulin polypeptides. Cell 97: 889–901. PMID:
10399917

12. Miranda LP, Tao T, Jones A, Chernushevich I, Standing KG, et al. (2001) Total chemical synthesis and
chemotactic activity of human S100A12 (EN-RAGE). FEBS Lett 488: 85–90. PMID: 11163801

13. Chavakis T, Bierhaus A, Al-Fakhri N, Schneider D, Witte S, et al. (2003) The pattern recognition recep-
tor (RAGE) is a counterreceptor for leukocyte integrins: A novel pathway for inflammatory cell recruit-
ment. J Exp Med 198: 1507–1515. PMID: 14623906

14. Leclerc E, Fritz G, Vetter SW, Heizmann CW. (2009) Binding of S100 proteins to RAGE: An update.
Biochim Biophys Acta 1793: 993–1007. doi: 10.1016/j.bbamcr.2008.11.016 PMID: 19121341

15. Riva M, He Z, Kallberg E, Ivars F, Leanderson T. (2013) Human S100A9 protein is stabilized by inflam-
matory stimuli via the formation of proteolytically-resistant homodimers. PLoS One 8: e61832. doi: 10.
1371/journal.pone.0061832 PMID: 23626736

16. Ravasi T, Hsu K, Goyette J, Schroder K, Yang Z, et al. (2004) Probing the S100 protein family through
genomic and functional analysis. Genomics 84: 10–22. PMID: 15203200

17. Passey RJ, Williams E, Lichanska AM,Wells C, Hu S, et al. (1999) A null mutation in the inflammation-
associated S100 protein S100A8 causes early resorption of the mouse embryo. J Immunol 163: 2209–
2216. PMID: 10438963

18. Ryckman C, Vandal K, Rouleau P, Talbot M, Tessier PA. (2003) Proinflammatory activities of S100:
Proteins S100A8, S100A9, and S100A8/A9 induce neutrophil chemotaxis and adhesion. J Immunol
170: 3233–3242. PMID: 12626582

19. Ryckman C, McColl SR, Vandal K, de MR, Lussier A, et al. (2003) Role of S100A8 and S100A9 in neu-
trophil recruitment in response to monosodium urate monohydrate crystals in the air-pouch model of
acute gouty arthritis. Arthritis Rheum 48: 2310–2320. PMID: 12905486

S100A9 Induced Lung Inflammation Is RAGE and TLR4 Independent

PLOS ONE | DOI:10.1371/journal.pone.0115828 February 23, 2015 20 / 23

http://www.ncbi.nlm.nih.gov/pubmed/17338044
http://www.ncbi.nlm.nih.gov/pubmed/15803152
http://dx.doi.org/10.1146/annurev.immunol.021908.132603
http://www.ncbi.nlm.nih.gov/pubmed/20192808
http://www.ncbi.nlm.nih.gov/pubmed/11390274
http://www.ncbi.nlm.nih.gov/pubmed/11991838
http://www.ncbi.nlm.nih.gov/pubmed/1984467
http://www.ncbi.nlm.nih.gov/pubmed/11401960
http://www.ncbi.nlm.nih.gov/pubmed/16846592
http://www.ncbi.nlm.nih.gov/pubmed/18193636
http://dx.doi.org/10.1016/j.anai.2013.06.028
http://www.ncbi.nlm.nih.gov/pubmed/24054362
http://www.ncbi.nlm.nih.gov/pubmed/10399917
http://www.ncbi.nlm.nih.gov/pubmed/11163801
http://www.ncbi.nlm.nih.gov/pubmed/14623906
http://dx.doi.org/10.1016/j.bbamcr.2008.11.016
http://www.ncbi.nlm.nih.gov/pubmed/19121341
http://dx.doi.org/10.1371/journal.pone.0061832
http://dx.doi.org/10.1371/journal.pone.0061832
http://www.ncbi.nlm.nih.gov/pubmed/23626736
http://www.ncbi.nlm.nih.gov/pubmed/15203200
http://www.ncbi.nlm.nih.gov/pubmed/10438963
http://www.ncbi.nlm.nih.gov/pubmed/12626582
http://www.ncbi.nlm.nih.gov/pubmed/12905486


20. Raquil MA, Anceriz N, Rouleau P, Tessier PA. (2008) Blockade of antimicrobial proteins S100A8 and
S100A9 inhibits phagocyte migration to the alveoli in streptococcal pneumonia. J Immunol 180: 3366–
3374. PMID: 18292562

21. Cheng P, Corzo CA, Luetteke N, Yu B, Nagaraj S, et al. (2008) Inhibition of dendritic cell differentiation
and accumulation of myeloid-derived suppressor cells in cancer is regulated by S100A9 protein. J Exp
Med 205: 2235–2249. doi: 10.1084/jem.20080132 PMID: 18809714

22. Vogl T, Tenbrock K, Ludwig S, Leukert N, Ehrhardt C, et al. (2007) Mrp8 and Mrp14 are endogenous
activators of toll-like receptor 4, promoting lethal, endotoxin-induced shock. Nat Med 13: 1042–1049.
PMID: 17767165

23. Simard JC, Cesaro A, Chapeton-Montes J, Tardif M, Antoine F, et al. (2013) S100A8 and S100A9 in-
duce cytokine expression and regulate the NLRP3 inflammasome via ROS-dependent activation of
NF-kappaB(1.). PLoS One 8: e72138. doi: 10.1371/journal.pone.0072138 PMID: 23977231

24. Riva M, Kallberg E, Bjork P, Hancz D, Vogl T, et al. (2012) Induction of nuclear factor-kappaB re-
sponses by the S100A9 protein is toll-like receptor-4-dependent. Immunology 137: 172–182. doi: 10.
1111/j.1365-2567.2012.03619.x PMID: 22804476

25. Foell D, Wittkowski H, Kessel C, Luken A, Weinhage T, et al. (2013) Proinflammatory S100A12 can ac-
tivate humanmonocytes via toll-like receptor 4. Am J Respir Crit Care Med 187: 1324–1334. doi: 10.
1164/rccm.201209-1602OC PMID: 23611140

26. Sun Y, Lu Y, Engeland CG, Gordon SC, Sroussi HY. (2013) The anti-oxidative, anti-inflammatory, and
protective effect of S100A8 in endotoxemic mice. Mol Immunol 53: 443–449. doi: 10.1016/j.molimm.
2012.10.002 PMID: 23127860

27. Loser K, Vogl T, Voskort M, Lueken A, Kupas V, et al. (2010) The toll-like receptor 4 ligands Mrp8 and
Mrp14 are crucial in the development of autoreactive CD8+ T cells. Nat Med 16: 713–717. doi: 10.
1038/nm.2150 PMID: 20473308

28. van Lent PL, Grevers LC, Schelbergen R, Blom A, Geurts J, et al. (2010) S100A8 causes a shift toward
expression of activatory fcgamma receptors on macrophages via toll-like receptor 4 and regulates
fcgamma receptor expression in synovium during chronic experimental arthritis. Arthritis Rheum 62:
3353–3364. doi: 10.1002/art.27654 PMID: 20662072

29. Bjork P, Bjork A, Vogl T, StenstromM, Liberg D, et al. (2009) Identification of human S100A9 as a novel
target for treatment of autoimmune disease via binding to quinoline-3-carboxamides. PLoS Biol 7: e97.
doi: 10.1371/journal.pbio.1000097 PMID: 19402754

30. Cesaro A, Anceriz N, Plante A, Page N, Tardif MR, et al. (2012) An inflammation loop orchestrated by
S100A9 and calprotectin is critical for development of arthritis. PLoS One 7: e45478. doi: 10.1371/
journal.pone.0045478 PMID: 23029038

31. Lorenz E, Muhlebach MS, Tessier PA, Alexis NE, Duncan HR, et al. (2008) Different expression ratio of
S100A8/A9 and S100A12 in acute and chronic lung diseases. Respir Med 102: 567–573. doi: 10.
1016/j.rmed.2007.11.011 PMID: 18164192

32. Bargagli E, Olivieri C, Prasse A, Bianchi N, Magi B, et al. (2008) Calgranulin B (S100A9) levels in
bronchoalveolar lavage fluid of patients with interstitial lung diseases. Inflammation 31: 351–354. doi:
10.1007/s10753-008-9085-z PMID: 18784990

33. Magi B, Bini L, Perari MG, Fossi A, Sanchez JC, et al. (2002) Bronchoalveolar lavage fluid protein com-
position in patients with sarcoidosis and idiopathic pulmonary fibrosis: A two-dimensional electropho-
retic study. Electrophoresis 23: 3434–3444. PMID: 12373774

34. Miller AL, Sims GP, Brewah YA, Rebelatto MC, Kearley J, et al. (2012) Opposing roles of membrane
and soluble forms of the receptor for advanced glycation end products in primary respiratory syncytial
virus infection. J Infect Dis 205: 1311–1320. doi: 10.1093/infdis/jir826 PMID: 22262795

35. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, et al. (1998) Defective LPS signaling in C3H/HeJ
and C57BL/10ScCr mice: Mutations in Tlr4 gene. Science 282: 2085–2088. PMID: 9851930

36. Wolf R, Howard OM, Dong HF, Voscopoulos C, Boeshans K, et al. (2008) Chemotactic activity of
S100A7 (psoriasin) is mediated by the receptor for advanced glycation end products and potentiates in-
flammation with highly homologous but functionally distinct S100A15. J Immunol 181: 1499–1506.
PMID: 18606705

37. Huttunen HJ, Kuja-Panula J, Sorci G, Agneletti AL, Donato R, et al. (2000) Coregulation of neurite out-
growth and cell survival by amphoterin and S100 proteins through receptor for advanced glycation end
products (RAGE) activation. J Biol Chem 275: 40096–40105. PMID: 11007787

38. Bianchi R, Kastrisianaki E, Giambanco I, Donato R. (2011) S100B protein stimulates microglia migra-
tion via RAGE-dependent up-regulation of chemokine expression and release. J Biol Chem 286:
7214–7226. doi: 10.1074/jbc.M110.169342 PMID: 21209080

S100A9 Induced Lung Inflammation Is RAGE and TLR4 Independent

PLOS ONE | DOI:10.1371/journal.pone.0115828 February 23, 2015 21 / 23

http://www.ncbi.nlm.nih.gov/pubmed/18292562
http://dx.doi.org/10.1084/jem.20080132
http://www.ncbi.nlm.nih.gov/pubmed/18809714
http://www.ncbi.nlm.nih.gov/pubmed/17767165
http://dx.doi.org/10.1371/journal.pone.0072138
http://www.ncbi.nlm.nih.gov/pubmed/23977231
http://dx.doi.org/10.1111/j.1365-2567.2012.03619.x
http://dx.doi.org/10.1111/j.1365-2567.2012.03619.x
http://www.ncbi.nlm.nih.gov/pubmed/22804476
http://dx.doi.org/10.1164/rccm.201209-1602OC
http://dx.doi.org/10.1164/rccm.201209-1602OC
http://www.ncbi.nlm.nih.gov/pubmed/23611140
http://dx.doi.org/10.1016/j.molimm.2012.10.002
http://dx.doi.org/10.1016/j.molimm.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23127860
http://dx.doi.org/10.1038/nm.2150
http://dx.doi.org/10.1038/nm.2150
http://www.ncbi.nlm.nih.gov/pubmed/20473308
http://dx.doi.org/10.1002/art.27654
http://www.ncbi.nlm.nih.gov/pubmed/20662072
http://dx.doi.org/10.1371/journal.pbio.1000097
http://www.ncbi.nlm.nih.gov/pubmed/19402754
http://dx.doi.org/10.1371/journal.pone.0045478
http://dx.doi.org/10.1371/journal.pone.0045478
http://www.ncbi.nlm.nih.gov/pubmed/23029038
http://dx.doi.org/10.1016/j.rmed.2007.11.011
http://dx.doi.org/10.1016/j.rmed.2007.11.011
http://www.ncbi.nlm.nih.gov/pubmed/18164192
http://dx.doi.org/10.1007/s10753-008-9085-z
http://www.ncbi.nlm.nih.gov/pubmed/18784990
http://www.ncbi.nlm.nih.gov/pubmed/12373774
http://dx.doi.org/10.1093/infdis/jir826
http://www.ncbi.nlm.nih.gov/pubmed/22262795
http://www.ncbi.nlm.nih.gov/pubmed/9851930
http://www.ncbi.nlm.nih.gov/pubmed/18606705
http://www.ncbi.nlm.nih.gov/pubmed/11007787
http://dx.doi.org/10.1074/jbc.M110.169342
http://www.ncbi.nlm.nih.gov/pubmed/21209080


39. Spiekerkoetter E, Guignabert C, de Jesus Perez V, Alastalo TP, Powers JM, et al. (2009) S100A4 and
bone morphogenetic protein-2 codependently induce vascular smooth muscle cell migration via phos-
pho-extracellular signal-regulated kinase and chloride intracellular channel 4. Circ Res 105: 639–47,
13 p following 647. doi: 10.1161/CIRCRESAHA.109.205120 PMID: 19713532

40. Leclerc E, Fritz G, Weibel M, Heizmann CW, Galichet A. (2007) S100B and S100A6 differentially modu-
late cell survival by interacting with distinct RAGE (receptor for advanced glycation end products) im-
munoglobulin domains. J Biol Chem 282: 31317–31331. PMID: 17726019

41. Lander HM, Tauras JM, Ogiste JS, Hori O, Moss RA, et al. (1997) Activation of the receptor for ad-
vanced glycation end products triggers a p21(ras)-dependent mitogen-activated protein kinase path-
way regulated by oxidant stress. J Biol Chem 272: 17810–17814. PMID: 9211935

42. Taguchi A, Blood DC, del TG, Canet A, Lee DC, et al. (2000) Blockade of RAGE-amphoterin signalling
suppresses tumour growth and metastases. Nature 405: 354–360. PMID: 10830965

43. Wilkinson MM, Busuttil A, Hayward C, Brock DJ, Dorin JR, et al. (1988) Expression pattern of two relat-
ed cystic fibrosis-associated calcium-binding proteins in normal and abnormal tissues. J Cell Sci 91 (Pt
2): 221–230.

44. Gray RD, MacGregor G, Noble D, Imrie M, Dewar M, et al. (2008) Sputum proteomics in inflammatory
and suppurative respiratory diseases. Am J Respir Crit Care Med 178: 444–452. doi: 10.1164/rccm.
200703-409OC PMID: 18565957

45. Korthagen NM, Nagtegaal MM, van Moorsel CH, Kazemier KM, van dB, et al. (2010) MRP14 is elevat-
ed in the bronchoalveolar lavage fluid of fibrosing interstitial lung diseases. Clin Exp Immunol 161:
342–347. doi: 10.1111/j.1365-2249.2010.04181.x PMID: 20550547

46. Kuipers MT, Vogl T, Aslami H, Jongsma G, van den Berg E, et al. (2013) High levels of S100A8/A9 pro-
teins aggravate ventilator-induced lung injury via TLR4 signaling. PLoS One 8: e68694. doi: 10.1371/
journal.pone.0068694 PMID: 23874727

47. Lu YC, YehWC, Ohashi PS. (2008) LPS/TLR4 signal transduction pathway. Cytokine 42: 145–151.
doi: 10.1016/j.cyto.2008.01.006 PMID: 18304834

48. van Zoelen MA, Vogl T, Foell D, Van Veen SQ, van Till JW, et al. (2009) Expression and role of mye-
loid-related protein-14 in clinical and experimental sepsis. Am J Respir Crit Care Med 180: 1098–1106.
doi: 10.1164/rccm.200810-1552OC PMID: 19762566

49. Xu X, Chen H, Zhu X, Ma Y, Liu Q, et al. (2013) S100A9 promotes human lung fibroblast cells activation
through receptor for advanced glycation end-product-mediated extracellular-regulated kinase 1/2, mito-
gen-activated protein-kinase and nuclear factor-kappaB-dependent pathways. Clin Exp Immunol 173:
523–535. doi: 10.1111/cei.12139 PMID: 23682982

50. Hiratsuka S, Watanabe A, Aburatani H, Maru Y. (2006) Tumour-mediated upregulation of chemoattrac-
tants and recruitment of myeloid cells predetermines lung metastasis. Nat Cell Biol 8: 1369–1375.
PMID: 17128264

51. van Zoelen MA, Schouten M, de Vos AF, Florquin S, Meijers JC, et al. (2009) The receptor for ad-
vanced glycation end products impairs host defense in pneumococcal pneumonia. J Immunol 182:
4349–4356. doi: 10.4049/jimmunol.0801199 PMID: 19299735

52. Foell D, Wittkowski H, Vogl T, Roth J. (2007) S100 proteins expressed in phagocytes: A novel group of
damage-associated molecular pattern molecules. J Leukoc Biol 81: 28–37. PMID: 16943388

53. Ehlermann P, Eggers K, Bierhaus A, Most P, Weichenhan D, et al. (2006) Increased proinflammatory
endothelial response to S100A8/A9 after preactivation through advanced glycation end products. Car-
diovasc Diabetol 5: 6. PMID: 16573830

54. Sirois CM, Jin T, Miller AL, Bertheloot D, Nakamura H, et al. (2013) RAGE is a nucleic acid receptor
that promotes inflammatory responses to DNA. J Exp Med 210: 2447–2463. doi: 10.1084/jem.
20120201 PMID: 24081950

55. Bianchi R, Giambanco I, Donato R. (2010) S100B/RAGE-dependent activation of microglia via NF-kap-
paB and AP-1 co-regulation of COX-2 expression by S100B, IL-1beta and TNF-alpha. Neurobiol Aging
31: 665–677. doi: 10.1016/j.neurobiolaging.2008.05.017 PMID: 18599158

56. Kazama H, Ricci JE, Herndon JM, Hoppe G, Green DR, et al. (2008) Induction of immunological toler-
ance by apoptotic cells requires caspase-dependent oxidation of high-mobility group box-1 protein. Im-
munity 29: 21–32. doi: 10.1016/j.immuni.2008.05.013 PMID: 18631454

57. Lim SY, Raftery MJ, Geczy CL. (2011) Oxidative modifications of DAMPs suppress inflammation: The
case for S100A8 and S100A9. Antioxid Redox Signal 15: 2235–2248. doi: 10.1089/ars.2010.3641
PMID: 20919939

58. Robinson MJ, Tessier P, Poulsom R, Hogg N. (2002) The S100 family heterodimer, MRP-8/14, binds
with high affinity to heparin and heparan sulfate glycosaminoglycans on endothelial cells. J Biol Chem
277: 3658–3665. PMID: 11723110

S100A9 Induced Lung Inflammation Is RAGE and TLR4 Independent

PLOS ONE | DOI:10.1371/journal.pone.0115828 February 23, 2015 22 / 23

http://dx.doi.org/10.1161/CIRCRESAHA.109.205120
http://www.ncbi.nlm.nih.gov/pubmed/19713532
http://www.ncbi.nlm.nih.gov/pubmed/17726019
http://www.ncbi.nlm.nih.gov/pubmed/9211935
http://www.ncbi.nlm.nih.gov/pubmed/10830965
http://dx.doi.org/10.1164/rccm.200703-409OC
http://dx.doi.org/10.1164/rccm.200703-409OC
http://www.ncbi.nlm.nih.gov/pubmed/18565957
http://dx.doi.org/10.1111/j.1365-2249.2010.04181.x
http://www.ncbi.nlm.nih.gov/pubmed/20550547
http://dx.doi.org/10.1371/journal.pone.0068694
http://dx.doi.org/10.1371/journal.pone.0068694
http://www.ncbi.nlm.nih.gov/pubmed/23874727
http://dx.doi.org/10.1016/j.cyto.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18304834
http://dx.doi.org/10.1164/rccm.200810-1552OC
http://www.ncbi.nlm.nih.gov/pubmed/19762566
http://dx.doi.org/10.1111/cei.12139
http://www.ncbi.nlm.nih.gov/pubmed/23682982
http://www.ncbi.nlm.nih.gov/pubmed/17128264
http://dx.doi.org/10.4049/jimmunol.0801199
http://www.ncbi.nlm.nih.gov/pubmed/19299735
http://www.ncbi.nlm.nih.gov/pubmed/16943388
http://www.ncbi.nlm.nih.gov/pubmed/16573830
http://dx.doi.org/10.1084/jem.20120201
http://dx.doi.org/10.1084/jem.20120201
http://www.ncbi.nlm.nih.gov/pubmed/24081950
http://dx.doi.org/10.1016/j.neurobiolaging.2008.05.017
http://www.ncbi.nlm.nih.gov/pubmed/18599158
http://dx.doi.org/10.1016/j.immuni.2008.05.013
http://www.ncbi.nlm.nih.gov/pubmed/18631454
http://dx.doi.org/10.1089/ars.2010.3641
http://www.ncbi.nlm.nih.gov/pubmed/20919939
http://www.ncbi.nlm.nih.gov/pubmed/11723110


59. Srikrishna G, Panneerselvam K, Westphal V, Abraham V, Varki A, et al. (2001) Two proteins modulat-
ing transendothelial migration of leukocytes recognize novel carboxylated glycans on endothelial cells.
J Immunol 166: 4678–4688. PMID: 11254728

60. Kerkhoff C, Sorg C, Tandon NN, NackenW. (2001) Interaction of S100A8/S100A9-arachidonic acid
complexes with the scavenger receptor CD36 may facilitate fatty acid uptake by endothelial cells. Bio-
chemistry 40: 241–248. PMID: 11141076

S100A9 Induced Lung Inflammation Is RAGE and TLR4 Independent

PLOS ONE | DOI:10.1371/journal.pone.0115828 February 23, 2015 23 / 23

http://www.ncbi.nlm.nih.gov/pubmed/11254728
http://www.ncbi.nlm.nih.gov/pubmed/11141076

