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Autoimmune diseases, such as psoriasis and arthritis, show a patchy distribution of inflammation despite systemic
dysregulation of adaptive immunity. Thus, additional tissue-derived signals, such as danger-associated molecular
patterns (DAMPs), are indispensable for manifestation of local inflammation. S100A8/S100A9 complexes are the most
abundant DAMPs in many autoimmune diseases. However, regulatory mechanisms locally restricting DAMP activities are
barely understood. We now unravel for the first time, to our knowledge, a mechanism of autoinhibition in mice and
humans restricting S100-DAMP activity to local sites of inflammation. Combining protease degradation, pull-down assays,
mass spectrometry, and targeted mutations, we identified specific peptide sequences within the second calcium-binding
EF-hands triggering TLR4/MD2-dependent inflammation. These binding sites are free when S100A8/S100A9
heterodimers are released at sites of inflammation. Subsequently, S100A8/S100A9 activities are locally restricted by
calcium-induced (S100A8/S100A9)2 tetramer formation hiding the TLR4/MD2-binding site within the tetramer interphase,
thus preventing undesirable systemic effects. Loss of this autoinhibitory mechanism in vivo results in TNF-α–driven fatal
inflammation, as shown by lack of tetramer formation in crossing S100A9–/– mice with 2 independent TNF-α–transgene
mouse strains. Since S100A8/S100A9 is the most abundant DAMP in many inflammatory diseases, specifically blocking
the TLR4-binding site of active S100 dimers may represent a promising approach for local suppression of inflammatory
diseases, avoiding systemic side effects.
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Introduction
The term “sterile inflammation” describes inflammatory pro-
cesses not triggered by microbial agents (1, 2), but rather induced 
by endogenous molecules released during tissue damage or cell 
stress (3). For these endogenous triggers, the terms alarmins or 
danger-associated molecular patterns (DAMPs) have been intro-
duced (4). Many alarmins are primarily involved in intracellular 
homeostasis, but also act as extracellular danger signals triggering 
inflammation when released by damaged or activated cells (3, 5, 
6). HMGB1, heat shock proteins, and certain S100 proteins belong 
to this family.

Many chronic inflammatory diseases are driven by systemic 
autoimmune mechanisms. However, the pattern of sterile inflam-
mation in these diseases frequently shows a local and patchy dis-
tribution, e. g., circumscribed inflammatory plaques of psoriasis 
beside nonaffected skin that can be explained neither by systemic 

dysregulation of the adaptive immune system nor by distribution 
of autoantigens. It is therefore evident that additional tissue-
derived signals such as alarmins are indispensable for local dif-
ferences in the clinical manifestation of inflammation. However, 
molecular mechanisms responsible for local manifestation of 
inflammatory activity are barely understood.

S100A8 (also known as myeloid-related protein, MRP8) and 
S100A9 (MRP14) constitute up to 40% of cytosolic proteins in neu-
trophils and 5% in monocytes (7). They are released by activated  
phagocytes and promote inflammation as endogenous ligands of 
the TLR4 complex, but molecular models for these interactions 
are currently missing (8–12). S100A9-deficient mice revealed a 
pivotal role of these proteins for many inflammatory processes 
(13, 14). S100A8 and S100A9 are the most abundant alarmins 
during infections, arthritis, allergies, autoimmune diseases, and 
inflammatory bowel, pulmonary, or cardiovascular diseases (6, 
15). S100A8/S100A9 usually exist as heterodimeric complexes 
(calprotectin) that form heterotetramers in the presence of cal-
cium (16). There are many contradictory reports about the func-
tional activities of S100A8 and S100A9. However, most published 
work neglects the possibility of functional variability of different 
S100 complexes. Describing the structural model for S100-TLR4 

Autoimmune diseases, such as psoriasis and arthritis, show a patchy distribution of inflammation despite systemic 
dysregulation of adaptive immunity. Thus, additional tissue-derived signals, such as danger-associated molecular patterns 
(DAMPs), are indispensable for manifestation of local inflammation. S100A8/S100A9 complexes are the most abundant 
DAMPs in many autoimmune diseases. However, regulatory mechanisms locally restricting DAMP activities are barely 
understood. We now unravel for the first time, to our knowledge, a mechanism of autoinhibition in mice and humans 
restricting S100-DAMP activity to local sites of inflammation. Combining protease degradation, pull-down assays, mass 
spectrometry, and targeted mutations, we identified specific peptide sequences within the second calcium-binding EF-
hands triggering TLR4/MD2-dependent inflammation. These binding sites are free when S100A8/S100A9 heterodimers are 
released at sites of inflammation. Subsequently, S100A8/S100A9 activities are locally restricted by calcium-induced (S100A8/
S100A9)2 tetramer formation hiding the TLR4/MD2-binding site within the tetramer interphase, thus preventing undesirable 
systemic effects. Loss of this autoinhibitory mechanism in vivo results in TNF-α–driven fatal inflammation, as shown by lack 
of tetramer formation in crossing S100A9–/– mice with 2 independent TNF-α–transgene mouse strains. Since S100A8/S100A9 
is the most abundant DAMP in many inflammatory diseases, specifically blocking the TLR4-binding site of active S100 dimers 
may represent a promising approach for local suppression of inflammatory diseases, avoiding systemic side effects.

Autoinhibitory regulation of S100A8/S100A9 alarmin 
activity locally restricts sterile inflammation
Thomas Vogl,1,2 Athanasios Stratis,3 Viktor Wixler,4 Tom Völler,1 Sumita Thurainayagam,1 Selina K. Jorch,1 Stefanie Zenker,1  
Alena Dreiling,2 Deblina Chakraborty,1 Mareike Fröhling,3 Peter Paruzel,3 Corinna Wehmeyer,3 Sven Hermann,2,5  
Olympia Papantonopoulou,6 Christiane Geyer,2,7 Karin Loser,2,8,9 Michael Schäfers,2,5,9 Stephan Ludwig,4,9 Monika Stoll,10  
Tomas Leanderson,11 Joachim L. Schultze,6 Simone König,2 Thomas Pap,3 and Johannes Roth1,2,9

1Institute of Immunology, and 2Interdisciplinary Center for Clinical Research, University of Münster, Münster, Germany. 3Institute of Musculoskeletal Medicine and 4Institute of Molecular Virology, 

Zentrum für Molekularbiologie der Entzündung (ZMBE), University Hospital Münster, Münster, Germany. 5European Institute for Molecular Imaging, University of Münster, Münster, Germany. 
6Genomics and Immunoregulation, Life & Medical Sciences–Institute (LIMES-Institute), University of Bonn, Bonn, Germany. 7Department of Clinical Radiology, 8Department of Dermatology,  
9Cells-in-Motion Cluster of Excellence, and 10Institute of Human Genetics, Genetic Epidemiology, University of Muenster, Muenster, Germany. 11Department of Experimental Medical Science, 

Immunology Group, Lund University, Lund, Sweden.

Authorship note: TV and AS contributed equally to this work.
Conflict of interest: The authors have declared that no conflict of interest exists.
Submitted: July 29, 2016; Accepted: February 8, 2018.
Reference information: J Clin Invest. 2018;128(5):1852–1866. 
https://doi.org/10.1172/JCI89867.

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/5
https://doi.org/10.1172/JCI89867


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 8 5 3jci.org   Volume 128   Number 5   May 2018

the protein level (13, 14), protects against overwhelming inflam-
mation in endotoxin-induced shock, at least partly due to the 
lower expression of TNF-α (8). To answer the question of whether 
S100 proteins act up- or downstream of TNF-α–driven inflamma-
tion, we analyzed tristetraprolin-KO mice (TTP–/–) constitutively 
expressing high levels of murine TNF-α. TTP–/– mice appear nor-
mal at birth, but develop erosive arthritis and dermatitis during the 
first month of life (18, 19). Unexpectedly, TTP–/– S100A9–/– mice 
did not improve in their symptoms, but on the contrary, started to 
develop severe psoriasis-like skin inflammation, characterized by 
keratinocyte hyperproliferation and widespread scaling within the 
first days after birth (Figure 2, A and B), as reflected by an increase 
of an adapted Psoriasis Area and Severity Index (PASI) (20) (Fig-
ure 2A). Compared with TTP–/– mice, TTP–/– S100A9–/– animals 
showed a markedly thickened epidermis (acanthosis), loss of the 
granular layer, extension of the cornified envelope as a result of 
incomplete keratinization (parakeratosis), elongation of rete  
ridges, and a typical hyperpigmentation of the basal layer (Figure 
2, B and C). Ki67 staining revealed a hyperproliferation of kerati-
nocytes in all skin layers of TTP–/– S100A9–/– mice, which is known 
as a hallmark of psoriatic lesions. In contrast, the expression of 
keratin 10 (K10) and the terminal differentiation marker loric-
rin (Lor) was markedly reduced in TTP–/– S100A9–/– mice versus 
controls, indicating incomplete keratinocyte differentiation. As 
typical for psoriasiform dermatitis, TTP–/– S100A9–/– mice showed 
dermal invasion of macrophages, granulocytes, and T cells as well 
as subcorneal accumulation of invading granulocytes, i.e., Munro 
microabscesses (Figure 2B).

In accordance with this psoriasis-like phenotype, we detected 
significantly increased levels of IFN-γ, IL-6, IL-17, IL-22, IL-23, 
and IL-36 (21–23) in the skin of TTP–/– S100A9–/– mice versus 
controls (Figure 2, D and E). Although S100A9–/– mice have been 
shown to constitute a functional double-KO for both S100 pro-
teins under steady-state as well as under acute inflammatory con-
ditions (13, 14), we detected, for what we believe is the first time, 
a strong recovery of S100A8 protein expression under chronic 
TNF-α expression in the hyperproliferative epidermis of TTP–/– 
S100A9–/– mice compared with the skin of TTP–/–, S100A9–/–, or 
WT mice (Figure 2B).

Blocking TNF-α improves psoriasis-like skin disease in TTP–/–  
S100A9–/– mice. Depletion of TNF-α by treatment of newborn 
TTP–/– S100A9–/– mice with anti–TNF-α antibodies (certolizumab) 
led to a significant amelioration of disease activity, as evidenced 
by decreased PASI scores, keratinocyte hyperproliferation, and 
reduced scaling of the skin (Figure 3, A and B). In parallel, S100A8 
as well as cytokine expression was markedly reduced in the epider-
mis of anti–TNF-α-treated TTP–/– S100A9–/– mice (Figure 3, B–D). 
In accordance with the TNF-α–blocking studies, TTP–/– S100A9–/– 
mice on a TNF-α–deficient background showed a complete absence 
of psoriasis-like skin inflammation. Moreover, the lack of TNF-α 
reduced S100A8 protein expression in the skin to the level of that 
in healthy WT mice (Supplemental Figure 3). Finally, isolated 
keratinocytes from S100A9–/– mice showed a clear upregulation  
of S100A8 protein expression after TNF-α stimulation by Western 
blot analysis (Supplemental Figure 4A).

S100A8 protein recovery in ihTNF-tg S100A9–/– mice promotes 
joint and skin inflammation. To exclude nonspecific effects of 

interactions, we identified, for what we believe is the first time, an 
autoinhibitory feedback mechanism for S100 alarmin functions 
locally restricting their inflammatory properties. S100A8/S100A9 
released by activated phagocytes is only temporarily active in 
the local extracellular microenvironment due to a mechanism of 
autoinhibition that is induced by calcium-dependent tetrameriza-
tion of S100A8/S100A9. Oligomer formation of 2 heterodimers 
blocks the ability of the heterodimer to bind to TLR4/MD2, thus 
restricting the activity of these alarmins at local sites of inflamma-
tion. Loss of this control mechanism results in fatal TNF-α–driven 
inflammation in vivo. These properties define a specific TLR4-
binding site on the active dimeric form of S100A8/S100A9 as a 
promising target for a very specific and locally restricted antiin-
flammatory therapy minimizing systemic side effects.

Results
S100A8/S100A9 tetramerization abolishes inflammatory activity. 
S100A8/S100A9 heterodimers associate to (S100A8/S100A9)2 
tetramers in the presence of calcium (16). Surprisingly, both iso-
lated human and murine S100A8 and S100A9 homodimers 
induced a strong TNF-α release in human monocytes, whereas the 
S100A8/S100A9 heterocomplexes were inactive (Figure 1, A and 
B, and Supplemental Figure 1A; supplemental material available 
online with this article; https://doi.org/10.1172/JCI89867DS1).

The aa exchange of N69A or E78A in the calcium-binding 
EF-hand II of S100A9 prevents tetramer formation (17). In con-
trast with WT (S100A8/S100A9)2 tetramers, mutated S100A8/
S100A9(N69A) and S100A8/S100A9(E78A) heterodimers sig-
nificantly induced TNF-α release in human monocytes (Figure 
1C and Supplemental Figure 1B). Size-exclusion chromatography 
(SEC) revealed that, in contrast with WT S100A8/S100A9 com-
plexes, mutated heterodimers and S100A8 and S100A9 homodi-
mers did not form tetramers in the presence of calcium (Figure 
1D). Thus, loss of biological activity is strictly linked to calcium- 
induced tetramer formation, representing a mechanism of 
autoinhibition of S100 activity (Figure 1E). Finally, global gene- 
expression analysis confirmed that S100A8 or S100A9 homodi-
mers, but not S100 tetramers, induced a global transcriptional 
response that was basically identical to that of LPS-mediated 
TLR4 stimulation (Figure 1F and Supplemental Table 1), con-
firming that activity of S100A8/S100A9 is restricted to the 
dimeric state. In the following experiments, we used S100A9 
homodimers as a model for the in-depth analysis of dimer- 
mediated effects in vitro. Using transfected HEK293 cells, we 
confirmed that S100A9 dimer–induced activation was depen-
dent on a functional TLR4-MD2-CD14 complex (Supplemental 
Figure 1C). Accordingly, blocking TLR4 with the monoclonal 
antibody HTA125 or TLR4 antagonist RS-LPS efficiently inhib-
ited S100A9-induced TNF-α expression (Supplemental Figure  
1D). Calcium-induced tetramers of S100A8/S100A9 were 
unable to block LPS or S100A8 homodimer-dependent TLR4/
MD2 activation of human monocytes (Supplemental Figure 1E). 
Furthermore, S100A9 dimers induced TLR4-MD2 downstream 
signaling, activating MyD88, IRAK, PKC, ERK1/2, p38 kinases, 
and NF-κB (Supplemental Figure 2, A–E).

S100A8 dimers amplify TNF-α–mediated inflammation. KO of 
S100A9, which is generally associated with a loss of S100A8 at 
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Figure 1. S100A8/S100A9 tetramerization blocks inflammatory activity of the alarmin. (A and B) Effects of hS100A9 and hS100A8 homodimers or 
hS100A8/S100A9 (A), mS100A8 homodimer (B), or hS100A8/S100A9, hS100A8/S100A9N69A, and hS100A8/S100A9E78A (C) on TNF-α production by 
monocytes quantified by ELISA after 4 hours of incubation (>1 mM calcium in culture medium). (D) Representative SEC runs of human (grhS100A8/
S100A9, granulocytic prepared human S100A8/S100A9 [red and green curves]; rechS100A8/S100A9, recombinant prepared human S100A8/S100A9;  
rechS100A8/S100A9E78A, recombinant prepared human S100A8/S100A9E78A; rechS100A8, recombinant prepared human S100A8; rechS100A9, recom-
binant prepared human S100A9) and murine (recmS100A8/S100A9, recombinant prepared murine S100A8/S100A9;recmS100A8, recombinant prepared 
murine S100A8) S100 proteins in the absence (black and red curves) and presence of 100 μM Ca2+ ions (blue and green curves) (3 independent experi-
ments). (E) Induction of TNF-α and IL-8 mRNA in HEK293 cells expressing TLR4-MD2-CD14 and treated with either 5 or 10 μg/ml of rhS100A8/S100A9 
(left), 1 or 5 μg/ml rhS100A8/S100A9N69A (middle), or 1 or 5 μg/ml hS100A8/S100A9E78A (right) for 4 hours, as detected by qRT-PCR. Results are shown 
as relative to baseline expression in unstimulated cells. RPL was used as a housekeeping control gene. (F) Human monocytes were left untreated or stim-
ulated with 5 μg/ml of either S100A8/S100A9, S100A9, or S100A8 or 1 ng/ml LPS for 4 hours. RNA was isolated and used for transcriptome analyses. The 
1,000 most variable genes (FDR corrected, P < 0.05) within the data set were used for HC. Data were Z score–normalized and ranked according to changes 
in expression upon stimulus. Data represent mean ± SD of 5 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001, 2 tailed t test.
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8 weeks. Disease progression in ihTNF-tg S100A9–/– mice was 
significantly aggravated compared with that in ihTNF-tg mice, 
as shown by loss of body weight and grip strength as well as 
increased paw swelling. None of the control mice developed any 

TTP KO (24, 25), we crossed S100A9–/– mice with the ihTNF-tg  
mouse strain, which displays features of psoriatic arthritis 3 
to 6 weeks after TNF-α induction (26). Expression of human 
TNF-α was induced in adult mice by doxycycline (dox) for up to 

Figure 2. Phenotype of TTP–/– S100A9–/– mice. (A) Disease progression of TTP–/– S100A9–/– mice versus controls (10 mice per group) is shown by the 
adapted PASI scores from P1–P9. *P < 0.05; **P < 0.01; ***P < 0.001, Mann-Whitney U test. (B) Photographs and skin sections of TTP–/– S100A9–/–, TTP–/–, 
S100A9–/–, and WT mice at day 9 after birth. Sections were stained with H&E or by immunohistochemistry for S100A8 or immunofluorescence for the 
indicated epidermal differentiation markers or invading T cells (CD3), granulocytes (Gr1), and macrophages (F4/80) (fluorescence, green signal) and Ki67 
(fluorescence, red signal). Blue and red counterstaining shows nuclei. Scale bars: 200 μm (H&E); 50 μm (immunostaining). (C) Epidermis thickness was 
determined for at least 3 sections per mouse and for each section at 3 different sites and at least 5 mice for each group. (D and E) Expression of IFN-γ, IL-6, 
IL-17, IL-22, IL-23, and IL-36 in the skin of TTP–/– S100A9–/– mice at day 9 after birth compared with TTP–/– and S100A9–/– mice. The mRNA levels in the skin 
were measured by qRT-PCR (D) and quantified at the protein level by FACS-based analysis (E) of 3 independent experiments. Data represent mean ± SEM. 
*P < 0.05; **P < 0.01; ***P < 0.001, 1-way ANOVA (C–E).
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mental Figure 6). Prolonged stimulation of isolated S100A9–/– 
bone marrow cells (BMCs) with TNF-α induced a recovery of 
S100A8 homodimers on the protein level, as observed before 
for S100A9–/– keratinocytes (Supplemental Figure 4B). In addi-
tion, S100A8 was released into the supernatant (Supplemental 
Figure 4B). In the absence of prolonged TNF-α stimulation, 
S100A8 homodimers were rapidly degraded in the proteasome 
(Supplemental Figure 4C). Taken together, these data demon-
strate a strong induction of the S100A8 protein after prolonged 
TNF-α expression in the absence of S100A9 in vivo. As shown 
above, S100A8 cannot form tetramers in the absence of S100A9. 
Lack of this autoinhibitory mechanism results in expression 
of dominant active S100A8 dimers, which drive uncontrolled 
and, in the case of TTP KO, even fatal inflammation. Healthy 
S100A9–/– mice are protected from fatal inflammatory reactions 

abnormalities after dox application (Figure 4, A–C). Employing 
optical imaging (OI) (fluorescence reflectance imaging [FRI]) 
using Cy5.5-labeled anti-S100A8 antibodies (27), we confirmed 
the recovery of S100A8 expression in vivo after TNF-α induc-
tion. Significant local tracer accumulation was observed in dox-
treated ihTNF-tg S100A9–/– mice in paws and knee joints as well 
as in the skin (Figure 4D). The recovery of the S100A8 protein 
in ihTNF-tg S100A9–/– mice after dox stimulation was also con-
firmed by immunohistochemistry in the skin (Figure 4E), nail 
matrix (Figure 4F), and bone marrow as well as in bone marrow–
containing metacarpal sections (Figure 4G and Supplemental 
Figure 5) and blood cells (Figure 4H). Histological analyses of 
distal interphalangeal (DIP) joints revealed a stronger hyper-
plasia of synovial tissue and cartilage destruction in ihTNF-tg 
S100A9–/– mice compared with that in ihTNF-tg mice (Supple-

Figure 3. Improvement of psoriasis-like 
skin disease in TTP–/– S100A9–/– mice after 
treatment with anti–TNF-α. (A) Adapted 
PASI score of anti–TNF-α–treated mice 
(40 mg certolizumab/kg mouse on days 
4, 6, and 8) shows amelioration of disease 
progression compared with IgG control 
antibody–treated mice (10 mice for each 
group). *P < 0.05; ***P < 0.001, Mann-
Whitney U test. (B) Photographs of mice 
and immunostainings of skin sections 
from anti–TNF-α–treated (right panel) and 
IgG-treated (left panel) TTP–/– S100A9–/– 
mice at day 9 after birth. Sections were 
stained with H&E or with antibodies 
against the indicated epidermal differen-
tiation markers or with antibodies against 
the immune cell markers F4/80, Gr1, and 
CD3 (green signal). Red counterstaining 
shows nuclei. Scale bars: 200 μm (H&E); 
50 μm (immunostaining). (C) mRNA levels 
of IFN-γ, IL-6, IL-17, IL-22, IL-23, and IL-36 
in the skin of anti–TNF-α and IgG-treated 
TTP–/– S100A9–/– mice were measured by 
qRT-PCR. (D) Expression of IL-17 protein 
was analyzed in lesional skin by FACS-
based protein quantification from anti–
TNF-α– and IgG-treated TTP–/– S100A9–/– 
mice. Data represent mean ± SEM from 3 
independent experiments. *P < 0.05;  
***P < 0.001, 1-way ANOVA (C and D).
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due to appropriate proteasome degradation over time, while this 
mechanism is inadequate during chronic TNF-α conditions.

Identification of the S100A9-binding site on TLR4/MD2. 
Structural analysis revealed several aa hidden in the (S100A8/
S100A9)2 tetramer interface (Figure 5A), but freely accessible in 
the heterodimer (Figure 5B) (28), most of which were associated 
with the second calcium-binding EF-hands of both S100 sub-
units. We changed selected aa of S100A9 (E64, D65, K72, Q73, 
E77, and R85) to alanine as a model of active S100 dimers (29). 

These aa were not involved in the coordination of the calcium 
ion, showed little contact with neighboring aa, and were freely 
accessible in the dimer (Figure 5C). Four of the six exchanges in 
S100A9 (E64A, D65A, Q73A, and E77A) already showed a trend 
in binding reduction of about 20% compared with WT S100A9 
homodimers in a quantitative TLR4/MD2-binding assay (Figure 
5D). However, by changing 2 of the selected aa, S100A9 dimers 
lost their affinity to the TLR4/MD2 complex almost completely 
(Figure 5E). Changes in the overall structure of the mutated 

Figure 4. S100A8 recovery aggravates disease progression in ihTNF-tg S100A9–/– mice. (A–C) Changes in body weight (A), grip strength (B), and swell-
ing of forepaws (C) of dox-treated ihTNF-tg S100A9–/– mice compared with ihTNF-tg, S100A9–/–, or control mice. Data are shown as mean ± SEM of 3 
independent experiments. n = 6 mice per group in each experiment. *P < 0.05; **P < 0.01; ***P < 0.001, 1-way ANOVA. (D) Control (upper images) or dox-
treated (lower images) ihTNF-tg S100A9–/– mice (n = 5 for each group) were injected with Cy5.5-labeled anti-S100A8, and whole-body OI was recorded by 
FRI 24 hours later. Strong fluorescence intensities were detected in all paws and skin, indicating S100A8 protein recovery during chronic TNF-α stimula-
tion. Nonspecific background signals in the liver and bladder indicate tracer degradation. (E and F) S100A8 and S100A9 immunostainings of skin (E) and 
forepaw toes (F) of ihTNF-tg S100A9–/– mice in the presence (6 weeks) or absence of dox confirm S100A8 recovery in the nail matrix, skin keratinocytes, 
and phagocytes. The lower 2 images in F are magnifications of boxes in middle images. Scale bars: 100 μm. (G, H) Cytospin preparations of bone marrow 
(G) and blood cells (H) of ihTNF-tg S100A9–/– or S100A9–/– mice treated with dox for 6 (G) or 3 weeks (H). Cells were stained for S100A8/S100A9 expres-
sion. Scale bars: 50 μm. In contrast with S100A9–/– mice, ihTNF-tg S100A9–/– animals showed a pronounced recovery of S100A8 protein in BMCs after dox 
stimulation (middle panel), which was abolished after removal of dox for 7 days (right panel). (H) Cytospin preparations of blood cells from dox-treated 
ihTNF-tg S100A9–/– mice compared with S100A9–/– and WT mice. Staining of blood cells for S100A8 showed a recovery of S100A8 protein in phagocytes, 
but not lymphocytes, after TNF-α induction.

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/5


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 8 5 8 jci.org   Volume 128   Number 5   May 2018

proteins were excluded by fluorescence emission spectrometry  
(Supplemental Figure 7A).

After almost complete trypsin digestion of S100A9 (Figure 
5F, insert), half of the inflammatory activity on monocytes was 
still present, indicating that a peptidic fragment or fragments of 
S100A9 are sufficient to activate monocytes (Figure 5F). Using 
this preparation, 1 specific peptide (peptide no. 15 of 17 possible 
peptides without missed cleavages) was detected by a TLR4/MD2 
pull-down assay and identified by mass spectrometry analysis, 
revealing the sequence of S100A9 from aa 73 to 85 (Figure 5G), 
which is almost identical to that of the peptide identified by struc-
tural analysis and site-directed mutagenesis described above. 
We next synthesized a peptide comprising the whole EF-hand II 
of S100A9 (peptides 63–79, MEDLDTNADKQLSFEEF) and con-
firmed its specific binding to TLR4/MD2, while a mutated con-
trol peptide (63–79 5A, MAALDTNADAALSFAEF; bold letters 
indicate introduced mutations) or a scrambled peptide sequence 
(DSLEMTEENLADQFKDF) failed to bind to the receptor com-
plex completely (Figure 5H). S100A9 peptides with only 2 muta-
tions in the sequence (MEALDTNADKALSFEEF or MADLDT-
NADKQLSFAEF) showed reductions in binding properties similar 
to those observed for homologues mutations in the S100A9 full-
length protein (Supplemental Figure 7B).

Model of the S100A9 homodimer interaction with TLR4/MD2. 
Using the known coordinates of the solved 3D structures for the 
human S100A9 dimer (Research Collaboratory for Structural 
Bioinformatics [RSCB] PDB ID: 1IRJ; https://www.rcsb.org/) 
and TLR4/MD2 (PDB ID: 3FXI), we simulated the binding of the  
synthesized peptide corresponding to EF-hand II of the S100A9 
subunit with MD2 (Figure 6A). Unbiased studies of the docking 
of the S100A9 homodimer to TLR4/MD2 (Figure 6, B and C) 
confirmed this peptide-MD2 interaction for the intact S100A9 
homodimer as well and identified additional aa potentially 
involved in binding to TLR4/MD2 (Table 1). With the exception 
of amino acid 64 (Glu), we were able to assign specific interaction 
residues for all aa mutated in S100A9 (D65, K72, Q73, E77, and 

R85) in MD2, including arginine 85 (second S100A9 subunit). 
Structural modeling of the S100A8/S100A9 heterodimer (PDB 
ID 1XK4, chains E and G) with TLR4/MD2 resulted in a model 
close to the homodimeric S100A9/TLR4/MD2 model (Figure 6, 
B and D). In a granuloma mouse model, we finally confirmed the 
presence of active dimers in vivo by crosslinking noncovalently 
associated S100A8/S100A9 complexes (Supplemental Figure 8, A 
and B). Finally, tetramer formation of S100A8/S100A9 heterodi-
mers was significantly diminished under acidic conditions typical 
for inflammatory tissues/fluids (starting at pH values below 5.8; 
Supplemental Figure 8, C–E).

Discussion
The concept of sterile inflammation driven by endogenous danger 
signals has markedly increased our understanding of numerous 
inflammatory diseases. S100A8/S100A9 are the most abundant 
alarmins in many clinically relevant disorders, such as rheuma-
toid arthritis or other autoimmune diseases, inflammatory lung or 
bowel diseases, allergies, or cardiovascular complications (3, 6). 
Although the alarmin concept is supported by different gene KO 
models in mice, clear mechanistic models of their local regula-
tion are lacking. We now demonstrate an autoinhibitory mecha-
nism in which calcium-induced tetramer formation abolishes the 
proinflammatory activity of S100A8/S100A9 dimers, which has 
several implications for the field of alarmin-driven inflamma-
tion in general and S100 biology in particular. Our data unravel a 
model of a local self-control mechanism of S100 alarmin–driven 
inflammation. In the intracellular low-calcium milieu, S100A8 
and S100A9 are present as heterodimers that are secreted by  
activated phagocytes at the site of inflammation (30–32). These 
dimers interact with and activate TLR4/MD2-expressing cells 
via a specific binding site mainly located in the second EF-hand, 
thus promoting inflammatory processes. Due to high extracellu-
lar calcium concentrations, heterodimers subsequently associate 
to (S100A8/S100A9)2 tetramers. Tetramers are unable to bind 
to TLR4/MD2, thereby restricting the biological activity of S100  
proteins locally in order to avoid undesirable systemic inflam-
matory side effects. The binding of other TLR4/MD2 agonists, 
including LPS and S100 homodimers, is unaffected by tetra-
mer formation. Our findings explain many contradictory reports 
regarding inflammatory S100 effects, since most studies did not 
consider the fact that different complex forms may show differ-
ent inflammatory activities (33). The biological relevance of our 
hypothesis was confirmed in 2 independent TNF-α–driven mouse 
models of inflammation. In both of these models, S100A9 defi-
ciency promoted uncontrolled inflammation due to S100A8 
dimer recovery. The presence of dominant active S100A8 dimers 
prevented calcium-induced tetramer formation and controlled 
the inflammatory effects by autoinhibition due to the absence of 
the S100A9 subunit. Analysis of protein samples directly obtained 
from phagocytes, serum, or other biological samples indicated 
that S100A8/S100A9 heterocomplexes are the predominant form 
of these molecules in vivo (33). This assumption is supported by 
experimental evidence analyzing S100A8/S100A9 interactions in 
vivo (e. g., yeast 2-hybrid system) (34) and comparative biophysi-
cal analysis of homo- and heterocomplexes (35) as well as struc-
tural data (28, 29, 36), indicating that homodimers are a useful 

Table 1. Putative contact residues of S100A9 homodimer  
and TLR4/MD2

Residues in  
S100A9

Residues in  
S100A9

Residues in  
TLR4

Residues in 
MD2

VAL 24 HIS 431
ASP 30 LYS 89
GLU 39 LYS 435

LYS 50 ALA 610, GLN 616
LYS 54 SER 613, ASP 614

ASP 65 LYS 125
THR 68 TYR 131

THR 68 THR 84
ASP 71 ARG 90
LYS 72 GLY 123
GLN 73 ARG 90
GLU 77 ASN 86

ARG85 THR 84
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Figure 5. Identification of the S100A9-binding site on TLR4/MD2. (A–C) The PDB files of the S100A8/S100A9 tetramer (1XK4, A) and S100A9 dimer 
(1IRJ, C) were retrieved from the RSCB PDB website. (B) 1XK4 was modified containing only the E (S100A8, gray) and G (S100A9, green) chains resem-
bling 1 heterodimer. Masked aa in the tetramer were analyzed by Cluspro. (B, yellow- or cyan-labeled aa for S100A8 or S100A9). Labeled S100A9 aa were 
chosen for mutation studies (C). (D) Single mutated S100A9 was analyzed for TLR4/MD2 binding compared with WT S100A9. All S100A9 mutants showed 
reduced binding to TLR4/MD2. (E) Double-mutated S100A9 was analyzed for binding to TLR4/MD2 as shown in D and showed significantly reduced bind-
ing properties compared with WT S100A9. Data represent mean ± SD of 5 independent experiments. *P < 0.05; **P < 0.01, 1-way ANOVA. (F) Monocytes 
were stimulated for 4 hours with intact S100A9 (0 h = no trypsinization) or the fragment mixture, and TNF-α levels were quantified by ELISA. Western blot 
shows remaining intact S100A9 (insert). One representative of 3 independent experiments is shown. (G) Tryptic fragments of hS100A9 (F) were analyzed 
for TLR4/MD2 binding, and peptide 15 corresponding to aa 73–85 showed specific interaction with TLR4/MD2, as detected by nanoUPLC/ESI-Q-TOF MS/
MS (m/z 1614). Peptide 6 (NIETIINTFHQYSVK) was also detected in the control setting without TLR4/MD2 and reflects unspecific binding. (H) Peptides 
comprising aa 63–79 of S100A9 (MEDLDTNADKQLSFEEF, MW: 2032 g/mol), control peptides 63–79 5A (MAALDTNADAALSFAEF, MW: 1758 g/mol) or a 
scrambled peptide (DSLEMTEENLADQFKDF, MW: 2032 g/mol) were investigated for TLR4/MD2 binding as shown in G. Unspecific binding was analyzed 
by using peptides 63–79 without TLR4/MD2. Only S100A9 peptides 63–79 showed binding to TLR4/MD2 (3 independent experiments). Asterisks indicate 
polyethylene glycol impurities.
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relevant target for therapeutic approaches. The heterocomplex, 
also known as calprotectin, is widely used as a biomarker for 
detection and monitoring the disease activity of inflammatory 
bowel disease, psoriasis, or rheumatoid arthritis (15). S100A8/
S100A9 expression predicts therapeutic efficiency and disease 
flares of arthritis, further emphasizing the functional significance 

experimental tool for mimicking S100A8/S100A9 dimer effects 
due to the fact that homodimers cannot tetramerize, but are of 
minor relevance in vivo (35, 37).

The identification of a specific molecular structure respon-
sible for S100 TLR4/MD2 interaction presented here markedly 
increases the chances of addressing S100A8/S100A9 as a highly 

Figure 6. Proposed structural modeling of S100A9 homodimer interaction with TLR4/MD2. (A) Modeling of the S100A9 peptides 63–79 hTLR4/MD2 
complex in ribbon representation showing a close-up view with the putative interaction aa (labeled in gray for S100A9 aa and red for MD2-specific aa) as 
indicated. The model is based on the crystal structure of the TLR4/MD complex (PDB ID 3FXI), with LPS being omitted and the coordinates of peptides 
63–79 being taken from PDB ID: 1IRJ. (B) Model of the potential binding site of S100A9 homodimer and TLR4/MD2 showing a number of contact aa sum-
marized in Table 1. (C) Close-up view of B focused on the S100A9 EF-hand II, MD2 binding region. (B and C) Model is based on the crystal structures of 
S100A9 (PDB ID: 1IRJ, chains G and H) and of the human TLR4/MD2 complex (A chain of TLR4 and C chain of MD2) with LPS being omitted. The side chains 
of S100A9 aa are labeled in gray or brown and those of TLR4/MD2 in red. (D) Structural modeling of S100A8/S100A9 heterodimer (PDB ID 1XK4, chains E 
and G) interaction with TLR4/MD2 confirms identical binding regions for the homodimer S100A9 as well as for the heterodimer. Molecular modeling and 
graphics preparation were performed using Cluspro and PyMOL software packages.
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ground except the ihTNF-tg mice, which consisted of C57BL/6 ×  
FVB-N hybrids. For analysis of the role of S100A8/S100A9 proteins 
in the development of TNF-α–mediated disorders, further hybrid mice 
with the S100A9 deficiency in combination with other KO genes and 
transgenes were generated and are described in Results. Genotyping 
was performed by PCR using primers and conditions as described 
elsewhere (13, 18, 26).

Scoring criteria of the psoriasis-like skin disease of TTP–/– S100A9–/– 
mice. To evaluate the severity of the psoriasis-like phenotype of TTP–

/– S100A9–/– mice, an adapted PASI score was used, as follows: grade 
0, 0% involved area; grade 1, less than 10% involved area; grade 2, 
10%–29% involved area; grade 3, 30%–49% involved area; grade 4, 
50%–69% involved area; grade 5, 70%–89% involved area; and grade 
6, 90%–100% involved area.

Scoring criteria of ihTNF-tg /S100A9–/– and ihTNF-tg mice. To 
induce expression of the human TNF-α transgene, 6-week-old 
mice were kept on drinking water containing dox (1 mg/ml, Sigma-
Aldrich) and 5% sucrose for the indicated times. The water was 
protected from light and exchanged every 3 days. Clinical assess-
ments, such as body weight, paw swelling, and grip strength, were 
performed twice a week during the dox stimulation of the mice. Paw 
swelling was graded from 0 to 3, and grip strength was graded from 
0 to –3 as previously described (47).

Anti–TNF-α treatment. To neutralize the excess of TNF-α in 
TTP–/– S100A9–/– mice, the animals received either 40 mg/kg cer-
tolizumab (UCB), a PEGylated Fab′ fragment of a humanized TNF-α 
inhibitor monoclonal antibody, or a monoclonal antibody of irrel-
evant specificity as control antibody into the back skin on days 4, 6, 
and 8 after birth. The antibody is already in clinical use as arthritis 
and psoriasis therapy.

Reagents. LPS from E. coli (055:B5) was purchased from Sigma-
Aldrich. SB202190 and PD98059, specific inhibitors for p38 MAPK and 
MEK were from Calbiochem. Staurosporine and GF109203X (inhibi-
tors of protein kinase C) were from Alexis Biochemicals and Molecu-
lar Probes (via MoBiTec). The TLR4 antagonist RS-LPS (LPS from  
Rhodobacter sphaeroides) was from Invivogen, and the blocking mouse 
monoclonal antibody to human TLR4 (HTA125) was from Abcam.

Determination of cytokine concentrations. TNF-α and IL-1β protein 
levels were analyzed in culture supernatants using commercial ELISA 
kits (BD Bioscience). Cytokine concentrations in tissues were assayed 
using the FACS-based FlowCytomix Multiplex Kit (eBioscience).

Cells and cell-culture conditions. Methods of cell purification and 
culture conditions have been described in detail elsewhere (8). Briefly, 
for stimulation experiments, human monocytes (106 cells/ml) were 
treated with varying concentrations (100 ng/ml to 5 μg/ml) of purified 
S100A8, S100A9, or S100A8/S100A9 proteins or mutants thereof, 
LPS (1–10 ng/ml), and/or IFN-γ (500 U/ml) for the times indicated in 
figure legends.

Human monocytes were isolated from blood samples after leuka-
pheresis via Pancoll (Pan Biotech) and subsequent Percoll (GE Health-
care) gradient centrifugation (48). Cells were cultivated overnight in 
Teflon bags in McCoy’s 5a Medium (Biochrome) supplemented with 
15% FCS (Gibco Life Technologies, Thermo Fisher Scientific) prior to 
use for stimulation or in functional assays.

Mouse BMCs were flushed from femurs and tibias with Dulbecco’s 
medium. Erythrocytes were lysed with lysis buffer (155 mM NH4Cl, 10 
mM KHCO3, 0.1 mM EDTA) for 5 minutes at room temperature, and 

of these proteins in clinically relevant diseases (38). The extraor-
dinarily high expression of S100A8/S100A9 at local sites of active 
inflammation compared with clinically noninvolved tissue or 
systemic levels further highlights the relevance of the molecular 
mechanism described here for local inflammatory activity (30, 
39). The frequently local and discontinuous patterns of inflamma-
tory symptoms in many autoimmune diseases may be explained 
by the fact that local manifestation of clinical inflammation due 
to underlying systemic autoimmunity needs an additional tissue-
derived stress trigger such as locally active S100 alarmins. The 
high local expression of these molecules during inflammation is 
also demonstrated in in vivo imaging studies of different inflam-
matory disease models in mice (27). General KO of the S100A8/
S100A9 system significantly blocks inflammation, and biological 
relevance of this system has been confirmed in various prelinical 
models of inflammatory processes, such as LPS-induced septic 
shock, arthritis, psoriasis, and SLE-like disease, all of which reflect 
the expression pattern of S100A8/S1000A9 in human diseases 
very well (8, 11, 12, 40). Finally, several sophisticated models of 
metastasis development during tumor progression indicate a role 
of S100 TLR4–driven inflammation in the establishment of pre-
metastatic niches and the potential use of targeted blockade of 
S100A8/S100A9 to prevent dissemination of tumor cells (41, 42).

TLR4 has already been shown to play a role in sterile inflam-
mation in the absence of any microbial ligands (1–4), and S100A8 
and S100A9 are the major endogenous TLR4 ligands in many 
inflammatory diseases, especially rheumatoid arthritis, psoria-
sis, and inflammatory bowel disease (38, 40, 43). TLR4-targeted 
therapies are currently under development for acute and chronic 
inflammation. In terms of therapy, targeting S100 proteins instead 
of TLR4 has an obvious advantage, as specific blocking of active 
S100A8/S100A9 heterodimers would not primarily affect the 
TLR4-dependent antimicrobial defense mechanisms. Although 
concentrations of S100A8/S100A9 are relatively high during 
inflammatory diseases, our data indicate that the pharmacologi-
cally relevant target is only the minor fraction of active heterodi-
mers. There are already 2 lines of evidence that blocking of S100 
proteins may be effective. Molecules of the so-called Q-compound 
family have been shown to inhibit the interaction of S100A8/
S100A9 with TLR4, show an antiinflammatory effect, and have 
been successfully used in phase III trials for treatment of multiple 
sclerosis (44, 45). In addition, recombinant peptide bodies have 
been shown to block S100-dependent effects in a murine model of 
tumor metastasis. However, it is not clear whether Q-compounds 
or these peptide bodies specifically address the TLR4-binding 
region of S100 proteins described here (46). Along with the mech-
anism of locally restricted activity of S100A8/S100A9-driven 
inflammation shown here, these molecules are promising candi-
dates for a very specific and local antiinflammatory therapy avoid-
ing systemic side effects. Taking our data together, we describe a 
molecular mechanism by which alarmins drive sterile inflamma-
tion restricted to local sites of injury by autoinhibitory regulation.

Methods
Animal studies. The WT C57BL/6, S100A9–/–, TTP–/–, TNF-α–/–, hTNF-tg  
(strain Tg197), and ihTNF-tg mouse strains have been described  
elsewhere (13, 18, 26). All mouse lines had a C57BL/6 genetic back-
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adapted to pH 7.4. After centrifugation (10 minutes, 60,000 g, 4°C) to 
pellet the aggregated material, samples were further dialyzed against 
appropriate buffers for anion exchange column and gel filtration chro-
matography. The protein concentrations were determined by UV 
absorption at 280 nm using a specific absorption coefficient of 1.02 
(humS100A8), 0.53 (humS100A9 and mutants), 0.76 (humS100A8/
S100A9 and mutants) 0.40 (murS100A8), 0.11 (murS100A9), or 0.25 
(murS100A8/S100A9) ml/mg-1/cm-1, respectively. Proper complex 
formation of S100A8/S100A9 and mutants thereof was enabled by 
including a denaturation/renaturation step. Both S100 subunits were 
mixed in an equimolar ratio. Samples were adjusted to pH 2.0–2.5 by 
adding hydrochloric acid in 0.1 M glycine buffer. After 60 minutes 
incubation at room temperature, samples were dialyzed stepwise to 
become adapted to 20 mM Tris (pH 8.5), 1 mM EDTA, 1 mM EGTA, 
and 2 mM DTT, pH 8.5, for proper refolding and complex formation. 
After centrifugation (10 minutes, 60,000 g, 4°C) to pellet the aggre-
gated material, samples were applied to anion exchange column chro-
matography. Only fractions that contained equal amounts of both pro-
teins, as detected by SDS-PAGE, were collected. Samples were stored 
as stock solutions at –20°C. Correct refolding and complex formation 
were assessed by SDS-PAGE, MALDI–mass spectrometry (MALDI-
MS), and electrospray ionization–MS (ESI-MS) (16, 50). To confirm the 
structural integrity of double-mutated S100A9 homodimers, fluores-
cence spectra were recorded at 20°C with a spectrofluorometer (Spex, 
Model FluoroMax II, Instruments SA) using protein concentrations of 
5 μg/ml. Changes in the conformation of S100A9 due to the mutation 
or mutations would be easily detectable by altered intrinsic Trp and 
Tyr fluorescence properties. All fluorescence spectra were buffer cor-
rected (35). Possible endotoxin contaminations were excluded by LAL 
assay (BioWhitaker). LPS could not be detected or was lower than 1 
pg/μg S100 protein in the different batches. As an additional control, 
S100A9 protein samples were completely heat inactivated at tempera-
tures at which LPS was still fully active, but no biological response was 
registered. Moreover, LPS contaminations were further excluded by 
blocking experiments using polymyxinB sulfate (Sigma-Aldrich) for 
all preparations.

DNA microarray hybridization. Total cellular RNA (Macherey-
Nagel) was isolated from human monocytes that were exposed to  
5 μg/ml of S100A8, S100A9, or S100A8/S100A9 or 1 ng/ml LPS or 
to medium for 4 hours (3 independent experiments) and used for 
analysis by Illumina human HT-12 Expression BeadChips. The proto-
col was performed according to the manufacturer′s instructions. Data 
were imported into Partek Genomics Suite V6.6 (PGS) (Partek) using 
robust multiarray average (RMA), which is an algorithm used for back-
ground correction, log2 transformation, and quantile normalization 
of expression data prior to batch correction. A 1-way ANOVA model 
was performed to calculate the 1,000 most variable and differentially 
expressed genes between the different stimulating conditions. Differ-
entially expressed genes were defined by a fold change (FC) greater 
than 2.5 or less than –2.5 and a false discovery rate–corrected (FDR-
corrected) P value of less than 0.05. To visualize the structure within 
the data, we performed hierarchical clustering (HC) on the 1,000 
most variable genes, with default settings in PGS, on FDR-corrected 
P values according to the expression values of the samples across the 
conditions as described (9).

Quantitative real-time PCR. RNA from HEK cells, human mono-
cytes, or snap-frozen mouse tissue was isolated using the NucleoSpin 

the remaining cells were washed once with PBS. Murine whole-blood 
cells were collected from heparin blood after lysis of erythrocytes with 
lysis buffer. Collected cells were either lysed for Western blot analysis 
or centrifuged on glass slides for S100A8 and S100A9 staining.

A549 human alveolar epithelial cells (ATCC, CCL-185) were 
grown in HAM′s F-12 medium supplemented with 2 mM l-glutamine 
and 10% heat-inactivated FCS. The experiments reported here were 
performed using confluent cells in serum-rich medium.

HEK293 cells stably transfected with human TLR4, CD14, and 
MD2 genes or TLR4 only as well as control cells transfected with empty 
control vectors were purchased from Invivogen. HEK293 cells stably 
transfected with human receptor for advanced glycation end prod-
ucts (RAGE) were provided by Marco E. Bianchi (San Raffaele Scien-
tific Institute, San Raffaele University, Milan, Italy). HEK293 cells were 
grown in DMEM with 4.5 g/l glucose, 10% FBS at 37°C in 5% CO2.

Primary epidermal keratinocytes were isolated from the skin of 
2- to 3-day-old newborn mice as described (49) and cultured in FAD 
medium containing 50 μM calcium ions. All cell culture media (Merck 
Millipore) and all other reagents were entirely free of endotoxin, as 
checked by limulus amebocyte lysate (LAL) assay (BioWhittaker).

Antibody labeling. Rabbit-derived antibodies addressing S100A8 
were purified via protein G–sepharose and labeled with the fluoro-
chrome Cy5.5 according to the manufacturer’s instructions (GE Health-
care). Briefly, 5 mg of the antibody was dialyzed toward 100 mM Na2CO3 
buffer, pH 8.0, and a 20-fold excess of the fluorochrome was added for 
90 minutes at room temperature. The resulting tracer was purified from 
unbound dye using SEC (PD10 column). The labeling efficacy (dye/
antibody ratio) was determined on the basis of UV-spectra of the puri-
fied dye–antibody compound using PBS as a reference buffer. Typically, 
the labeling resulted in 2.5–3.0 fluorochrome molecules per antibody.

FRI. FRI was performed using the In-Vivo FX PRO Imaging Sta-
tion (Bruker Biospin MRI GmbH). For imaging of Cy5.5-labeled 
S100A8 antibody, the excitation light was set to 630 nm using an 
appropriate bandpass filter. Emission at 700 nm was recorded using 
a filter-equipped high-sensitivity (4-million-pixel) cooled charge-
coupled device (CCD) camera. Acquisition time was 5 seconds for 
each image, followed by a photography-style white light image for the 
biodistribution, respectively. Mice were held under isoflurane inhala-
tion anesthesia (2.0% isoflurane in air) for the duration of the scan. 
As the total scan time was usually less than 1 minute, physiological 
effects due to a significant decrease of body temperature were not 
to be expected. Mice were intravenously injected with Cy5.5-labeled 
S100A8 antibody (α-S100A8–Cy5.5, 2 nmol of Cy5.5 ~100 μg antibody 
in total) 24 hours prior to OI.

Protein expression and purification of S100 WT and mutant proteins. 
Recombinant S100 proteins were expressed in E. coli BL21 (DE3) cells 
and purified as previously described (17, 35). Briefly, bacteria cells 
were transformed with pET11/20 expression vectors containing the 
cDNAs for murine or human WT S100A8 or WT S100A9 or the human 
S100A9 mutants N69A, E78A, E64A, D65A, K72A, Q73A, E77A, 
R85A, E64A+D65A, Q73A+E77A, E64A+E77A, and D65A+Q73A; 
after growing at 37°C in 2× yeast tryptone medium for 24 hours, cells 
were harvested and lysed. The inclusion bodies (IB) were pelleted and 
dissolved in 8 M urea buffer. To establish proper refolding, samples 
were first adjusted to pH 2.0–2.5 by adding hydrochloric acid, and after 
60 minutes incubation at room temperature, proteins were stepwise 
dialyzed against Tris buffers in the presence of 2 mM DTT to become 
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AGCTGTGCTACGTC-3′; and β-actin reverse, 5′-AACCGCTCATT-
GCCAATGGTG-3′.
Histology and immunohistochemistry. The paws were fixed overnight 
in 4% paraformaldehyde, decalcified with 0.5 M EDTA solution, and 
embedded in paraffin. Sections measuring 4 μm in thickness were ana-
lyzed. The extent of inflammation and cartilage damage in the paws was 
determined by morphometry as described elsewhere (47). Usually, 4 dif-
ferent sections per mouse sample were quantified from 5 to 6 mice for 
each mouse line. Proteoglycan loss was determined as the percentage of 
destained cartilage area. For skin samples, mice were sacrificed at day 9, 
and skin from the back was fixed in 4% paraformaldehyde or embedded  
in Tissue-Tek (Sakura) for cryosectioning. Fixed skin samples were 
embedded in paraffin according to procedures used for H&E staining 
and immunohistochemistry. For immunohistochemistry, paraffin skin 
sections (4 μm) were dewaxed, blocked 30 minutes with 10% normal 
goat serum (Invitrogen), and incubated with rabbit anti-S100A9 or anti-
S100A8 antibodies for 1 hour at room temperature. Vectastain ABC-AP 
(BA-1000) and Vector Red Substance Kits (SK-5100) (Vector Labora-
tories) were used for visualization of the stained proteins. For immu-
nofluorescence analyses, sections (5 μm) of frozen tissue were fixed in 
ice-cold acetone. After blocking with 10% normal goat serum in PBS for 
30 minutes, the sections were washed in PBS (3 × 5 minutes). Primary 
antibodies dissolved in PBS were applied for 1 hour at room temperature 
or overnight at 4°C. After washing in PBS, sections were incubated with 
anti-rabbit or anti-rat Alexa Fluor 488–coupled IgG. Sections were then 
counterstained with propidium iodide or DAPI. Finally, after washing 
in PBS, sections were fixed with 4% paraformaldehyde and mounted in 
Mowiol (Sigma-Aldrich). The following primary polyclonal antibodies 
were used: anti-keratin 14 (1:100; clone poly 19053, BioLegend), anti-
K10 (1:100; clone poly 19054, BioLegend), anti-Lor (1:2000; clone poly 
19051, BioLegend) (Covance). Anti-Ki67 (1:100, ab15580, Abcam) rat 
monoclonal antibodies were used on frozen sections as follows: F4/80 
(1:100; clone Cl:A3-1, Bio-Rad), anti–Gr-1 (1:20; clone RB6-8C5, BD Bio-
science), and anti-CD3 (1:1000; clone 17A2, Thermo Fisher). Sections 
were counterstained with propidium iodide to visualize the nuclei. Fluo-
rescence stainings were analyzed using a Zeiss Axio Vision Microscope.

Detection of MyD88 translocation by immunofluorescence micros-
copy. A549 cells were cultured on fibronectin-coated LabTec chamber 
slides (Nunc, Thermo Scientific) until confluence. After stimulation, 
as indicated in the figure legends, cells were fixed with formaldehyde 
(3.7%, 20°C, 10 minutes) and permeabilized with Triton-X 100 (0.5%, 
20°C, 10 minutes). After blocking of unspecific binding sites with FCS 
(10%, 4°C, overnight), samples were processed for single-labeling 
immunofluorescence using a polyclonal rabbit antibody to human 
MyD88 (ALX-210-900, Alexis Biochemicals) (51).

Immunoprecipitation of IRAK-1. Human monocytes (20 × 106 cells per 
sample) were preincubated overnight with human recombinant IFN-γ 
(500 U/ml, Bender MedSystems) or with medium alone and subsequently  
stimulated with 10 ng/ml LPS or S100A9 (5 μg/ml) for 45 minutes. Cells 
were then lysed in 1 ml lysis buffer (0.5% Nonidet P-40, 10% glycerol, 
50 mM HEPES, pH 7.9, 250 mM NaCl, 20 mM glycerophosphate, 5 mM 
p-nitrophenyl phosphate, 1 mM EDTA, 1 mM sodium orthovanadate, 5 
mM dithioerythritol, 1× complete protease inhibitors; Roche). IRAK-1 was 
immunoprecipitated using 2 μg per sample IRAK-1–specific monoclonal 
antibody (catalog sc-5288, Santa Cruz Biotechnology Inc.) and a mixture 
of protein G–sepharose and protein A–agarose (Roche). In vitro kinase 
assays were performed as described previously (52).

RNA II Kit (Macherey-Nagel), and 1 μg of total RNA was reverse- 
transcribed to cDNA using RevertAid H Minus Transcriptase (Fer-
mentas). Expression levels of selected genes were confirmed by quan-
titative reverse-transcriptase PCR (RT-PCR), which was performed 
using Sybr Green (PeqLab). Data were acquired with the CFX 384 
Real-Time System and CFX-manager software, version 3.0 (Bio-Rad). 
Each measurement was set up in duplicate, and the relative expression 
was calculated as 2–ΔΔCt using ribosomal protein L (RPL), GAPDH, or 
β-actin as the housekeeping control genes. Sample data are presented 
as fold induction compared with naive cells.

The following primers were used for human PCR analysis:  
IL-6 forward, 5′-AGAGGCACTGGCAGAAAACAAC-3′; IL-6 
reverse, 5′-AGGCAAGTCTCCTCATTAATCC-3′; SOCS1 forward, 
5′-AGCTCCTTCCCCTTCCAGATTT-3′; SOCS1 reverse, 5′-CCA-
CATGGTTCCAGGCAAGTAATA-3′; SOCS3 forward, 5′-CCT-
CAAGACCTTCAGCTCCAA-3′; SOCS3 reverse, 5′-ACTGCGCTCCAG-
TAGAAGCC-3′; TNF-AIP3 forward, 5′-CGTCAGAAGCTGGCTGATTTG-3′; 
TNF-AIP3 reverse, 5′-CCTTGTCGGTCTCCTCCATTTC-3′; IL-10 
forward, 5′-GCTGAGAACCAAGACCCAGACA-3′; IL-10 reverse, 
5′-CGGCCTTGCTCTTGTTTTCA-3′; IL-1α forward, 5`-AGACCTAC-
GCCTGGTTTTCC-3′; IL-1α reverse, 5`-GCTGAAGGAGATGCCT-
GAGAT-3′; CD80 forward; 5′-CTGCTTTGCCCCAAGATGC-3′; CD80 
reverse, 5′-CAGATCTTTTCAGCCCCTTGC-3′; SOCS2 forward, 
5′-CTGACCAAACCGCTCTACACGT-3′; SOCS2 reverse, 5′-TTGTTG-
GTAAAGGCAGTCCCC-3′; NF-κB forward, 5′-TTATGTATGT-
GAAGGCCCATCC-3′; NF-κB reverse, 5′-TGGTCCCACATAGTTG-
CAGATT-3′; TNF-α forward, 5′-CTTCTCGAACCCCGAGTGAC-3′; 
TNF-α reverse, 5′-TGAGGTACAGGCCCTCTGATG-3′; RAGE forward; 
5′-CTACCGAGTCCGTGTCTACCA-3′; RAGE reverse, 5′-CATC-
CAAGTGCCAGCTAAGAG-3′; TLR-4 forward, 5′-CCAGAACCAAAC-
GATGGACT-3′; TLR-4 reverse, 5′-CCTGTCCCTGAACCCTATGA-3′; 
CXCL10/IP-10 forward, 5′-AGACATCTCTTCTCACCCTTC-3′; 
CXCL10/IP-10 reverse, 5′-GGAACCTCCAGTCTCAGCACCA-3′; 
CCL5 forward, 5′-CAGTGGCAAGTGCTCCAACC-3′; CCL5 reverse, 
5′-CCATCCTAGCTCATCTCCAAAGAGT-3′; RPL forward, 5′-AGG-
TATGCTGCCCCACAAAAC-3′; RPL reverse, 5′-TGTAGGCTTCAGAC-
GCACGAC-3′; GAPDH forward, 5′-CAAATTCCATGGCACCGTCA-3′; 
and GAPDH reverse, 5′-TCGCCCCACTTGATTTTGG-3′.

The following primers were used for murine PCR analy-
sis: TNF-α forward, 5′-AGAAACACAAGATGCTGGGACAGT-3′; 
TNF-α reverse, 5′-CCTTTGCAGAACTCAGGAATGG-3′; IL-1β 
forward, 5′-TGGGCTGGACTGTTTCTAATGC-3′; IL-1β reverse, 
5′-TGTCTTGGCCGAGGACTAAGG-3′; IL-6 forward, 5′-TGAGATC-
TACTCGGCAAACCTAGTG-3′; IL-6 reverse, 5′-CTTCGTAGAGAA-
CAACATAAGTCAGATACC-3′; IL-17A forward, 5′-CAGAAGGCCCT-
CAGACTACC-3′; IL-17A reverse, 5′-TCTCGACCCTGAAAGTGAAG-3′; 
IL-22 forward, 5′-ACCTTTCCTGACCAAACTCA-3′; IL-22 reverse, 
5′-AGCTTCTTCTCGCTCAGACG-3′; IL-23 forward, 5′-ATCCAGT-
GTGAAGATGGTTGTGA-3′; IL-23 reverse, 5′-CTGGAGGAGTTG-
GCTGAGTC-3′; IL-36 forward 5′-TACATGGGAGTGCAAAGGCC-3′; 
IL-36 reverse 5′-AGTGGGCAGCTCCCTTTAGAGC-3′; IFN-γ 
forward 5′-TGCTGATGGGAGGAGATGTCTAC-3′; IFN-γ 
reverse 5′-TTTCTTTCAGGGACAGCCTGTTAC-3′; RPL for-
ward, 5′-TGGTCCCTGCTGCTCTCAAG-3′; RPL reverse, 
5′-GGCCTTTTCCTTCCGTTTCTC-3′; GAPDH forward, 
5′-CCCACTCTTCCACCTTCGATG-3′; GAPDH reverse, 5′-GTC-
CACCACCCTGTTGCTGTAG-3′; β-actin forward, 5′-AAGGAGA-
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rabbit IgG antibody coupled to HRP (1 μg/ml, Cell Signalling  
Technology). Tetramethylbenzidine (TMB) was used as substrate 
to quantify binding efficiency by absorbance readings at 450 nm 
(Anthos Mikrosysteme).

Computer-assisted ligand/receptor interaction studies. PDB files of an 
S100A8/S100A9 tetramer (PDB ID: 1XK4, chains E,F,G,H), S100A9 
tetramer (PDB ID: 1IRJ), and TLR4/MD2 dimer (PDB ID: 3FXI) were 
retrieved from the RSCB PDB website. The S100A8/S100A9 PDB file 
was modified so that it contained only the E and G chains resembling 
the heterodimer. The S100A9 PDB file was modified so that it con-
tained only the G and H chains resembling 1 homodimer. The TLR4/
MD2 PDB file was modified so that it contained only the A chain of 
TLR4 and C chain of MD2. The modified PDB files of S100 proteins 
were then docked against TLR4/MD2 using Cluspro (http://cluspro.
bu.edu/login.php) (53). PyMOL (https://pymol.org/2/) and Swiss-
Pdb viewer (https://spdbv.vital-it.ch/) software packages were used to 
visualize the docking interactions. We concentrated our analyses on 
the identification of aa that are not involved in Ca2+ binding and are 
sterically free for binding to TLR4. The aa in S100A9 (positions 64, 65, 
72, 73, 77, and 85) were chosen for mutation studies.

SEC. SEC experiments were performed using a Superdex 75 loaded 
column connected with an Äktapurifier 900 FPLC (GE Healthcare) 
controlled by UNICORN software. The SEC separation runs were per-
formed on a 5.0 × 640 mm column, and UV detection was conducted 
at a wavelength of 280 nm by running a linear flow rate of 0.25 ml/
min. The column was calibrated with 8.56 kDa ubiquitin, 12.4 kDa 
cytochrome c, 23.3 kDa trypsin, 43 kDa ovalbumin, and 66 kDa serum  
albumin, and the running buffer was either HBS, 1 mM EDTA, 1 mM 
DTT, pH 7.4. or HBS, 5 mM Ca2+, 1 mM DTT, pH 7.4.

Statistics. Values are shown as mean ± SD unless otherwise stated. 
P values are given in the figure legends, and values of P > 0.05 were 
considered not to be significant. Statistical analyses were performed 
by parametric tests (2 tailed t test or 1-way ANOVA) and the Mann-
Whitney U test.

Study approval. Experimental procedures were approved by the local 
ethics committee in accordance with German regulations of the Society 
for Laboratory Animal Science, the European Health Law of the Federa-
tion of Laboratory Animal Science Associations, and the Landesamt für 
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen.

Data availability. All original microarray data were deposited in 
the NCBI’s Gene Expression Omnibus database (GEO GSE109646). 
Further information about the data and about the reagents used is 
available upon request to the corresponding author.
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human S100A9 at 37°C for different time points, as indicated in Fig-
ure 5F. Subsequently, samples were centrifuged (5 minutes, 400 g) 
using a resin separator to remove trypsin-loaded beads. Aliquots of 
the supernatants were taken either for analyses by SDS-PAGE/West-
ern blotting or for stimulation of human monocytes for 4 hours. TNF-α 
concentrations in supernatants of stimulated monocytes were then 
determined by ELISA (OptEIA, BD Biosciences). The fragments gen-
erated by tryptic digestion of hS100A9 were incubated with TLR4/
MD2-coupled protein A/G agarose beads in the presence of 100 μM 
Ca2+ ions. Bound fragments were eluted at pH 2.0 and analyzed via  
MALDI-TOF and LC-coupled tandem mass spectrometry.

Immunoprecipitation studies to identify TLR4/MD2-binding pep-
tides. Anti-His antibody (catalog 37-2900, Invitrogen) and His-tagged 
TLR4/MD2 (R&D Systems) were mixed and coupled to protein A/G 
agarose (Pierce, Thermo Scientific). Tryptic peptides of S100A9 were 
added in the presence of 1 mM calcium. Bound peptidic fragments 
were eluted at pH 2.0 and analyzed by nano-ESI-Q-TOF and MALDI- 
TOF mass spectrometry. Identical experiments were performed to 
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(aa 63–79, MEDLDTNADKQLSFEEF), corresponding control  
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S100A9 (aa DSLEMTEENLADQFKDF).
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ing of S100A9 to TLR4/MD2 was analyzed by a modified S100 ELISA.  
Briefly, TLR4/MD2 (R&D Systems) was coupled to the wells of 
a plate and served as a capturing molecule. S100A9 or mutant 
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