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Abstract

Signaling through Toll-like receptors (TLRs), crucial mole-
cules in the induction of host defense responses, requires
adaptor proteins that contain a Toll/interleukin-1 receptor
(TIR) domain. The pathogen Staphylococcus aureus produces
several innate immune-evasion molecules that interfere
with the host’s innate immune response. A database search
analysis suggested the presence of a gene encoding a ho-
mologue of the human TIR domain in S. aureus MSSA476
which was named staphylococcal TIR domain protein (TirS).
Ectopic expression of TirS in human embryonic kidney, mac-
rophage and keratinocyte cell lines interfered with signaling
through TLR2, including MyD88 and TIRAP, NF-kB and/or mi-
togen-activated protein kinase pathways. Moreover, the
presence of TirS reduced the levels of cytokines MCP-1 and

G-CSF secreted in response to S. aureus. The effects on NF-«kB
pathway were confirmed using S. aureus MSSA476 wild type,
an isogenic mutant MSSA476AtirS, and complemented
MSSA476AtirS +pTirS in a Transwell system where bacteria
and host cells were physically separated. Finally, in a system-
atic mouse infection model, TirS promoted bacterial accu-
mulation in several organs 4 days postinfection. The results
of this study reveal a new S. aureus virulence factor that can
interfere with PAMP-induced innate immune signaling in
vitro and bacterial survival in vivo. ©2014 S. Karger AG, Basel

Introduction

The human Toll-like receptors (TLRs) TLR1-TLR10
play important roles in the induction of host innate im-
mune responses [1, 2]. They recognize a wide range of
conserved bacterial structures [2, 3], collectively called
pathogen-associated molecular patterns, PAMPs [1].
TLRs and interleukin-1 receptors (IL-1Rs) all have a con-
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served cytoplasmic region of approximately 200 amino
acids known as the Toll/IL-1 receptor (TIR) domain [1,
4]. The intracellular TIR domain can recruit a variety of
TIR-containing adaptor protein(s) including myeloid
differentiation factor 88 (MyD88), MyD88 adaptor-like
protein (Mal, also known as TIR-associated protein or
TIRAP), TIR domain-containing adaptor protein includ-
ing interferon-P (TRIF), TRIF-related adaptor molecule,
TRAM, and sterile adaptor a- and armadillo-motif-con-
taining protein (SARM). TIRAP in particular acts as a
bridging molecule for MyD88 in the context of TLR2 and
TLR4 activation [1, 2]. The ligand-receptor-induced re-
cruitment of TIR-containing adaptors attracts IL-1R-as-
sociated kinases, IRAKs, which then transmit the signal
via a downstream signaling pathway. A critical outcome
of this process is activation of mitogen-activated protein
kinase (MAPK) cascades and the transcription factor NF-
kB, resulting in induction of a pro-inflammatory host re-
sponse [1].

The importance of TLR signaling in human immune
defense is implicated by the impact of naturally occurring
genetic mutations or polymorphisms in innate immune
genes. Pediatric patients and mice with MyD88 or IRAK4
deficiencies are predisposed to bacterial infections caused
by Gram-positive pathogens [5-7]. Also, more subtle
changes such as certain polymorphisms in human genes
that encode TLRs or TLR-intracellular signaling compo-
nents affect susceptibility to infection. For example, hu-
mans with TLR2 Arg753GIn show increased susceptibil-
ity to infection with Mycobacterium tuberculosis and
Gram-positive bacteria, while individuals with TLR4
Asp299Gly or Thr3991le are hyporesponsive to lipopoly-
saccharide resulting in increased susceptibility to Gram-
negative bacterial infections [8].

Many bacteria use molecular mimicry of host proteins
to perturb the host immune system and establish a critical
population size in vivo [9]. An initial report on Escherich-
ia colidescribed a TIR-containing protein that suppressed
innate immunity by interfering with TLR signaling [10].
This inhibition is based on structural mimicry with the
TIR domains of the host receptors and their adaptors [11,
12]. Subsequently, TIR-containing proteins have been re-
ported in a wide range of human non-pathogenic and
pathogenic bacteria [10, 12-18], as well as fungi, archaea,
viruses and eukaryotes [17, 19]. Molecular studies on bac-
terial TIR-containing proteins have been conducted for
several Gram-negative bacteria including Salmonella
enterica (TIR-like protein A, TlpA) [13], Brucella spp.
(TIR domain-containing protein B, TcpB, also called Bru-
cella TIR-protein 1, Btp1) [10, 16], uropathogenic E. coli
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(TIR-containing protein C, TcpC) [10, 20], Yersinia pestis
(Y. pestis TIR domain protein, YpTdp) [18] and Paracoc-
cus dentrificans (P. dentrificans TIR-like protein, PATLP)
[14]. As a common theme, these studies show that bacte-
rial TIR-containing proteins can negatively interfere with
TLR signaling [10, 13, 15, 16].

Comparison of amino acid sequences of TIR domains
in eukaryotic TIR-containing proteins reveal some com-
mon amino acid sequence motifs, called box 1, box 2 and
box 3, where boxes 1 and 2 are of special importance in
mediating signaling [21]. The structure of the TIR domain
ofhuman TLRI1 consists of a five-stranded parallel p-sheet
(BA-BE) surrounded by five helices (aA-aE) connected
by loops. The functionally relevant BB loop connects
strand B and aB, and is located within box 2. Most amino
acid sequence variations among TIR domains are found
in helices aB and aD and loops BB, CD and DD. The di-
versity is suggested to be crucial for the specificity of signal
transduction [22]. The BB-loop of bacterial TIR proteins
was found to be of particular importance in the suppres-
sive effect on host signaling [16, 23].

S. aureus is an important nosocomial and community-
acquired pathogen. Increased antibiotic resistance among
hospital-acquired strains is a global concern and continu-
ing challenge for public health [24]. MSSA476 belongs to
a main global lineage associated with invasive communi-
ty-acquired disease and contains a new type of staphylo-
coccal cassette chromosome (SCC) element, SCCyy,
which is merged at the same site on the chromosome as
SCCmec elements in methicillin-resistant S. aureus,
MRSA [25]. The presence of a microbial TIR domain in
the methicillin-susceptible S. aureus strain MSSA476 has
been suggested [10] but never pursued experimentally.
The aim of this study was to confirm the presence of a pu-
tative TIR domain-containing protein in S. aureus strain
MSSA476, and to investigate its possible interference with
TLR signaling and influence on bacterial virulence.

Methods and Materials

Bacterial Strains, Mammalian Cell Lines and Plasmids

S. aureus subsp. aureus Rosenbach MSSA476 was purchased
from LGC standard AB (ATCC-BAA-1721; Boras, Sweden). S. au-
reus 61010305 (not containing tirS), spa type t186, was obtained
from the Tromse Staph and Skin Study, Norway [26]. HEK293
cells, a human embryonic kidney cell line, were purchased from
the European Collection of Cell Cultures (Porton Down, UK)
while HaCaT cells, a human keratinocyte cell line, were purchased
from PromoCell (Heidelberg, Germany). RAW264.7 cells,a mouse
macrophage cell line, were a kind gift from N. Seredkina. The plas-
mids and primers are described in table 1.
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Table 1. Plasmids and primers

Plasmids/primers Properties/sequence Use Origin
pCMV-Myc-TLR2  Eukaryotic expression plasmid encoding TLR2 Transfection [43]
AU1-MyD88 full Eukaryotic expression plasmid encoding the full-length human MyD88  Transfection [44]
DN-AU1-MyD88 Eukaryotic expression plasmid encoding TIR domain (152-296 aa) of Transfection [44]
human MyD88; acts as dominant negative on MyD88 signaling
NEF-«kB-luc Reporter of the activity of transcription factor NF-«kB Transfection Stratagene
Myc-DDK-TIRAP  Eukaryotic expression plasmid encoding the adaptor protein TIRAP Transfection OriGene
pEGFP-TirS Eukaryotic expression plasmid encoding TirS Transfection This work
pEGFP-C2 Eukaryotic expression vector Transfection BD Biosciences
pCMV Eukaryotic expression vector Transfection Clontech
pcDNA3 Eukaryotic expression vector Transfection Invitrogen
PKORI1 S. aureus shuttle vector Making isogenic mutant [45]
pCM29 GFP fluorescence expression vector Reporter [46]
tirS prev For 5'-CAGTCTTACCTGCTCGATTC-3' RT-PCR This work
tirS prev Rev 5-CTTACGCACATCAATAACGA-3' RT-PCR This work
gyrA prev For 5'-GTCAAAATCTGCAAAAATAGCTAG-3' RT-PCR This work
gyrA prev Rev 5-GTCAAAATCTGCAAAAATAGCTAG-3' RT-PCR This work
tirS EcoRI For 5'-AATCTAGAATTCGAGGTATTATATGTCAG-3' Cloning This work
tirS BamHI Rev 5-ATTGTTCTCGGATCCTTCCCTCTTTGCTTTTAAAG-3' Cloning This work
Up For tirS + attBl ~ 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTCGCTAGGTTG Generating fusion construct ~ This work
GGCTTTTCCACAT-3'
Up Rev tirS 5-AAAGTAGATAACCAATACTATTAATAATACCTCGCTTTTT Generating and sequencing ~ This work
ATAATC-3' fusion construct
Down For tir§ 5-GATTATAAAAAGCGAGGTATTATTAATAGTATTGGTTATC Generating and sequencing  This work
TACTTT-3' fusion construct
Down Rev tir§ + 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCAGTTACTCC Generating fusion construct ~ This work
attB2 CGCTTCTGTTAATG-3'
pKOR1 For 5'-AGCTCCAGATCCATATCCTTC-3' Sequencing fusion construct  This work
pKORI1 Rev 5-CACACAGGAAACAGCTATGAC-3' Sequencing fusion construct ~ This work
tirS KO confirm For  5'-GCTTCGAGAGTGGTTAGAC-3’ Isogenic mutant confirm This work
tirS-CL-For 5-GCGGAATTCATGTCAGTATTAGAAACTAAATTAAAAAGTC-3" Complementation This work
tirS-CL-Rev 5'-GCGAAGCTTCTAATTCTTAGAATTAACGATTACTTG-3’ Complementation This work
pDC123 5-GCGGAATTCATGTCAGTATTAGAAACTAAATTAAAAAGTC-3" Shuttle vector used for [45]
complementation
tirS KO confirm Rev  5'-GGTTATCATCAAATGAGCTACCTG-3’ Isogenic mutant confirm This work
tirS Int For 5" TTAATCTTCAAAAAGAGCAGTCTAGG-3' Isogenic mutant confirm This work
tirS Int Rev 5'-GGGTTGTATGCACGTACATCTTCAAC-3’ Isogenic mutant confirm This work

tirS-prom For

5'-CGCCTGCAGGCTCCACAGTTTGTTCATCCTGAT-3'

Generating reporter construct This work

tirS-prom Rev 5'-CGCGGTACCCGTTTGTTCCCTTTTATATTGTATATCTTATC-3" Generating reporter construct This work
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Cloning of tirS in a Eukaryotic Expression Vector

Bacterial genomic DNA was extracted as previously described
[26]. The tirS gene was amplified by PCR of S. aureus MSSA476
using the tirS EcoRI For + tirS BamHI Rev primers (table 1). The
PCR product was digested with EcoRI and BamHI (New England
Biolabs, Hitchin, UK), and ligated to the corresponding sites of
pPEGFP-C2. The presence of tirS in the pEGFP-C2 vector was con-
firmed by sequencing.

Targeted Mutagenesis and Complementation Vector

Construction

Markerless precise allelic replacement of tirS was performed
in S. aureus MSSA476 using previously described methods [27]
with minor changes. Briefly, DNA fragments 1,029 bp upstream
and 1,016 bp downstream of tirS were amplified using Up For
tirS + attB1, Up Rev tirS, Down For tirS and Down Rev tirS +
attB2 primers (table 1). The Up Rev TirS and Down For TirS
primers were constructed with ~25 bp 5" overhangs for the op-
posite flanking region. The upstream and downstream PCR
products were fused in a second round of PCR using primers Up
For tirS + attB1 and Down Rev tirS + attB2. The fusion construct
was subcloned into the temperature-sensitive pKOR1 (table 1)
using Gateway BP Clonase II Enzyme mix (Invitrogen, Carlsbad,
Calif., USA). The BP reaction product was transformed into
DC10b ultracompetent cells. The resulting plasmid pKOR1AtirS
was confirmed by fusion construct sequencing primers (table 1)
and transformed into S. aureus MSSA476 through electropora-
tion (100 Q resistance, 25 pF capacitance and 2.5 kV voltage).
Precise allelic replacement of ¢irS was established by temperature
shifting and antisense counter selection. Deletion of tirS was con-
firmed by PCR using tirS KO confirm For + tir§ KO confirm Rev
and tirS Int For + tirS Int Rev primers (table 1). For complemen-
tation analysis, tirS was PCR-amplified from S. aureus MSSA476
genome using tirS-CL-F and tirS-CL-R primers (table 1) and
cloned into shuttle expression vector pDC123, yielding plasmid
pTirS. The resulting construct was transformed into S. aureus
MSSA476AtirS through electroporation as described previously,
yielding S. aureus MSSA476AtirS +pTirS.

tirS Expression Profile

Expression of TirS in S. aureus MSSA476 was assessed by three
independent methods: semiquantitative reverse transcriptase PCR
(RT-PCR), use of a tirS-GFP reporter construct and by immunob-
lot analysis using TirS antibodies (see below).

To assess expression of TirS in broth cultures, an overnight
culture of S. aureus MSSA476 was diluted 1:100 in brain-heart
infusion broth (BHI; Sigma Aldrich, Munich, Germany) and in-
cubated at 37°C under shaking conditions. Samples were har-
vested at an optical density at 600 nm (ODgg) 0f 0.3, 0.6, 0.9 and
1.2, and resuspended in RNA protect solution (Qiagen, Hilden,
Germany). RNA extraction was carried out using the RNeasy mini
kit (Qiagen) with a prolonged initial lysis step in TE-buffer con-
taining 50 pg/ml lysostaphin (Sigma Aldrich). On-column DNase
treatment (Qiagen) and HL-dsDNase digestion (ArcticZymes,
Tromso, Norway) was performed according to the manufactur-
er’s instructions. RNA integrity and quantity was determined by
checking the 260/280 ratio by Nanodrop and 16S/23S by Experion
Automated Electrophoresis Station (Bio-Rad, Hercules, Calif.,
USA). Reverse transcription of the total RNA was performed on
100 ng of RNA using High Capacity cDNA Reverse Transcription
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kit (Applied Biosystems, Foster City, Calif., USA) according to the
manufacturer’s recommendations. PCR was conducted using tirS
detection primers tirS prev For and tirS prev Rev and housekeep-
ing gene gyrA primers (table 1). In each assay, a no template con-
trol and a no reverse transcriptase control were included. PCR
cycling conditions were 25 cycles of 95°C for 1 min, 55°C for
1 min and 72°C for 1 min. PCR products were visualized on 1%
agarose gel.

To assess expression of £ir§ in the presence of eukaryotic cells,
we first generated a tirS-GFP reporter construct. The tirS pro-
moter region was amplified by PCR from genomic DNA of S. au-
reus MSSA476 using tirS prom For and tirS prom Rev primers
(table 1). The PCR product (333 bp) was digested with PstI and
Kpnl (Roche, Indianapolis, Ind., USA), ligated to the correspond-
ing sites of pCM29 (table 1) upstream of GFP and transformed
into DC10b ultracompetent cells. The presence of the tirS pro-
moter in pCM29 was confirmed by sequencing. The construct was
transformed into S. aureus MSSA476 by electroporation (100 Q
resistance, 25 pF capacitance and 2.5 kV voltage). Visual assess-
ment of GFP was carried out by using a blue LED for excitation of
GFP. The generated S. aureus tirS-GFP reporter strain was subse-
quently used to assess tirS expression in the presence of HaCaT
cells. 2 x 10* HaCaT or HEK293 cells/well were seeded into a 96-
well microtiter plate (Corning Inc., Corning, N.Y., USA) in
DMEM 10% FBS and infected with S. aureus tirS-GFP reporter
strain. For this purpose, an overnight culture of S. aureus MSSA476
harboring tirS-reporter construct was diluted 1:100 into pre-
warmed TSB medium, incubated at 37°C under shaking condi-
tions, and harvested at an ODgg of 1.2. The bacteria were pelleted,
washed in phosphate-buffered saline (PBS), and diluted to the ap-
propriate CFU/ml in DMEM 10% FBS. Fluorescence was mea-
sured using a Synergy H1 Hybrid Reader (BioTek, Winooski, Vt.,
USA) with excitation/emission of 488/520 nm. A control sample
of non-transformed S. aureus MSSA476 was included for back-
ground correction. Cell viability was examined by Trypan blue
staining.

To assess whether release of TirS requires physical contact with
host cells, Transwell chambers with a 0.4-pm pore size polyester
membrane (Corning) were used. 1 x 10> HEK cells/well were seed-
ed in the upper compartment of a 12-well Transwell plate. Twenty-
four hours later, cells were washed and fresh antibiotic-free DMEM
10% FBS was added to each well. 3 x 107 S. aureus MSSA476 or
S. aureus MSSA476AtirS or just DMEM were added to the lower
compartment. The media from the lower and upper compart-
ments were harvested 5.5 h later, and concentrated using Amicon®
Ultra 30K centrifugal filter device (Millipore Corp., Billerica,
Mass., USA). The expression of TirS and gyrase A in the superna-
tants was evaluated by immunoblot using antibodies against the
indicated proteins.

Cell Stimulation Practices

Overnight cultures of S. aureus 61010305, S. aureus MSSA476
and S. aureus MSSA476AtirS (depending on the experimental
plan) were diluted 1:100 in BHI (Sigma Aldrich) and incubated at
37°C under shaking conditions. Bacterial growth was monitored
by ODgg. The bacteria were pelleted, washed in PBS and diluted
to the appropriate CFU/ml in DMEM (Sigma Aldrich) supple-
mented with 10% (v/v) heat-inactivated FBS (Invitrogen).

The mammalian cells were stimulated for the indicated time
periods by addition of an appropriate number of S. aureus cells/
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well in DMEM media, 100 ng/ml of synthetic triacylated lipopro-
tein Pam3CSK4 (Invitrogen) or 30 ng/ml of human tumor necro-
sis factor (TNF)-a (Bionordika, Lysaker, Norway). When indi-
cated, the mammalian cells were incubated with 2 pg/well staphy-
lococcal superantigen-like protein 3 (SSL3) [28] for 1 h at 37°C
before stimulation with the TLR2 ligand Pam3CSK4.

Transfection and Luciferase Assay

HEK293, HaCaT and RAW264.7 cells were maintained in
DMEM 10% (v/v) FBS (Invitrogen), penicillin (100 units/ml)
and streptomycin (100 pg/ml; Sigma Aldrich) at 37°C with 5%
CO,. 2 x 10° cells/well or 1 x 10° cells/well were seeded in 6-well
plates or in the upper compartment of a 12-well transwell plate,
respectively. After 24 h, transfection was carried out using
METAFECTENE® PRO (Biontex, San Diego, Calif., USA) for
HEK293 and RAW264.7, and Attractene (Qiagen) for HaCaT cells
according to the manufacturer’s instructions. The total amount of
DNA used in transfection was kept constant by adding CT-DNA
(Calf thymus DNA; Invitrogen). After stimulation, the cells were
washed twice with PBS (Biochrom, Berlin, Germany) and harvest-
ed in 100 pl of Tropix® solution (Applied Biosystems) containing
0.05% 1 M dithiothreitol (Invitrogen). Cell lysates were cleared by
centrifugation at 14,000 g for 7 min at 4°C and luciferase activity
was measured in 20 pl lysate using Promega E4550 kit (Promega
Corp., Madison, Wisc., USA) on a Luminoscan RT luminometer
(Labsystems, Helsinki, Finland) according to the manufacturer’s
instructions. Co-expression of Renilla luciferase or f-galactosidase
was avoided as our stimuli influenced the reporters [unpubl. data].
When required, cells were starved overnight by replacing standard
culture medium. Transfection with pPEGFP-C2 was done for mon-
itoring transfection efficiency in each experiment. Transfection ef-
ficiency was >80% for HEK cells and 40-50% for RAW264.7 and
HaCaT cells.

Immunoblot Analysis

Immunoblot analysis was carried out on cell lysates as de-
scribed previously [29], using antibodies against EGFP (Roche,
Basel, Switzerland), phospho-SAPK/JNK (Thr183/Tyr 185; Cell
Signaling Technology Inc., Danvers, Mass., USA), DNA gyrase A
(Abcam, Cambridge, UK) and TirS. The affinity purified TirS
antibody was generated (Eurogentec, Seraing, Belgium) by immu-
nizing rabbits with the peptides RINKKRKPTSSNIRD and
NQKKLSSMLDKNTKG.

To confirm equal protein loading, membranes were washed in
0.2 M NaOH for 5 min, rinsed with PBST (PBS containing 0.1%
Tween 20; Sigma Aldrich), blocked with blocking buffer contain-
ing 5% non-fat dry milk (Nestl¢, Frankfurt, Germany) and 0.1%
Tween 20, and reprobed with ERK2 (C-14): sc-154 (Santa Cruz
Biotechnology, Santa Cruz, Calif., USA). Densitometric analysis
was performed using Image].

Cytokine Assay

2 x 10° HEK293 cells/well were seeded into 12-well plates in
DMEM 10% FBS. The next day, cells were transfected with TLR2
(500 ng/ml) and pEGFP-TirS (100 ng/ml) or pEGFP-C2 (100 ng/
ml) as described previously. Twenty-four hours post-transfection,
the cells were washed and new antibiotic-free DMEM 10% FBS was
added. Cells were stimulated with 1.5 x 107 S. aureus 61010305
cells/well and culture supernatants were collected 8 h postinfection
and cleared by centrifugation. MCP-1 (monocyte chemoattractant
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protein) and G-CSF (granulocyte colony-stimulating factor) were
measured in the culture supernatants using MILLIPLEX® MAP kit
(Millipore Corp.) based on Luminex technology and according to
the manufacturer’s instructions.

Growth Curves of S. aureus MSSA476 Wild-Type and

MSSA476AtirS

S. aureus MSSA476 wild-type and MSSA476AtirS bacteria were
grown overnight in Todd-Hewitt broth (THB). The next day, bac-
teria were diluted and grown to ODg = 0.6 in THB, washed, and
resuspended in different media, including RPMI 1640 medium
supplemented with 1% casamino acids, RPMI-CA, DMEM me-
dium supplemented with 1% casamino acids, DMEM-CA, DMEM
supplemented with 10% FCS, DMEM-FCS, THB, or BHL. 1 x 10°
CFU were added to 100-well Bioscreen Honeycomb plates (Growth
Curves, Piscataway, N.J., USA) in a total volume of 200 pl. Growth
was monitored by measuring ODgg every 30 min for 20 h under
shaking conditions using a Bioscreen C MBR machine (Growth
Curves).

Murine Model of Subcutaneous and Intravenous Infection

We used established models of bacteremia and skin abscess for-
mation to determine the difference in virulence between S. aureus
MSSA476 wild type and MSSA476AtirS. For systemic infection,
8-week-old female C57BL/6 mice (Charles River, Wilmington,
Mass., USA) were infected intravenously with 5 x 10° CFU early
exponential-phase bacteria (ODgpy = 0.25) by tail vein injection.
Bacterial load (log CFU/g organ) in the kidneys (paired), spleen,
liver, heart, brain and blood was quantified at 4 days postinfection.
Mice that died 3 days postinfection were excluded from the ex-
periment.

For the skin abscess model, 8-week-old female C57BL/6 mice
(Charles River) were infected subcutaneously with 2 x 108 CFU
early exponential-phase bacteria (ODggo = 0.25) on a shaved flank.
Daily area measurements (mm?) of lesions (as dermonecrosis) and
abscess (as dermonecrotic area) were carried out for 3 consecutive
days. On day 3, abscesses were excised and bacterial loads (CFU/
abscess) were quantified.

Ethical Approval, Animal Care and Compliance Statement

The Tromse Staph and Skin Study has been approved by the
Regional Committee for Medical Research Ethics, North Norway
(Ref. 200605174-12/IAY/400), the Norwegian Data Inspectorate
(Ref. 07/00886-2/CAQ), and is in the Biobank Registry (Ref. 2397).
Mouse infection studies were performed under approved protocol
$00227M of the University of California San Diego Institutional
Animal Care and Use Committee.

Statistical Analysis and Data Validation

The data are expressed as mean * standard deviation (SD) of
an individual experiment except for figure 3¢, where the data are
expressed as mean * SD of three independent pooled experiments,
and figure 3d, which presents mean + SD of pooled data of two
independent experiments. Results were validated by performing
most experiments in triplicate and repeating at least three times.
Statistical analysis was carried out on the data of pooled experi-
ments. One-way ANOVA or Student’s t test in Excel was used for
the determination of statistically significant differences between
groups (p < 0.05). Excel or GraphPad Prism was used for generat-
ing graphs.
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Results

Genomic Localization, Similarity to Other
TIR-Containing Proteins and Predicted Tertiary
Protein Structure of TirS

S. aureus was suggested to possess a TIR-containing
coding region with homology to E. coli tcpC [10]. We
identified the putative ORF (annotated as SAS0038) in
the S. aureus MSSA476 genome by BLAST search
(accession number BX571857.1; [25]) and named it tirS.
From the annotation the ORF was located on the 22.8-
kb staphylococcal cassette chromosome SCCy76 element
present in MSSA476 (fig. 1a). Further BLAST searches
revealed the presence of tir§ in nine additional genome-
sequenced S. aureus strains (online suppl. table 1; for
all online suppl. material, see www.karger.com/
doi/10.1159/000357618).

The OREF tirS was predicted to encode a protein of 280
amino acids containing a conserved TIR domain 103
amino acids in length (fig. 1b). Comparison of the full-
length amino acid sequence of TirS and E. coli TcpC re-
vealed that the TIR domain was located at the C-termi-
nal part of both proteins, and shared 62% amino acid
similarity (fig. 1b). The amino acid sequence within box
1, box 2 and box 3 motifs of TirS were compared to eu-
karyotic TIR domains and the prokaryotic TcpC. S. au-
reus TirS showed particular sequence homology to
TcpC, TLR2 and TLR4 in box 1 (fig. 1¢). Comparison of
the secondary structure of TirS with TLR1 TIR domain
using ESPript (Easy Sequencing in Postscript) [30] sug-
gested additional structural homologies in the BB loop
(fig. 1d), which is one of the key residues within the TIR
domain. The predicted TIR domain structure of TirS
suggested that it belongs to the flavodoxin-like fold ac-
cording to the Structural Classifications of Proteins,
SCOP, which is also found for the other TIR structures
[19]. The functionally important BB loop, which is part
of the box 2 motif, is positioned away from the main

Fig. 1. Localization and bioinformatic characterization of TirS in S.
aureus. a MSSA476tirS is located within the mobile genetic element
SCC76 between ORFs encoding hypothetical proteins. The annota-
tion is from KEGG Genome map and Holden et al. [25]. hsdRSM =
Restriction modification system; ccrAB = cassette chromosome re-
combinase A and B; far = fusidic acid resistance protein; attL/attR =
attachment site left/right, respectively. b Comparison of the amino
acid sequences of full-length TirS and E. coli TcpC. The TIR domain
sequences are marked in red. The identical residues are underlined.
¢ Comparison of the amino acid sequence within signature motifs
boxes 1, 2 and 3 of the TIR domains of TirS, TcpC, TLR2, TLR4,
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core. The amino acid sequence and predicted structure
does not support the existence of a box 3 motif in TirS
(fig. 1c, d).

Expression and Release of tirS from S. aureus

We analyzed the expression profile of tirS in regular
growth medium (BHI) by RT-PCR and in DMEM in the
presence or absence of eukaryotic cells using a tirS-spe-
cific GFP reporter construct. The tirS gene was expressed
during different growth phases in BHI (fig. 2a). Further-
more, tirS expression was strongly induced in MSSA476
when the bacteria were grown in the presence of HaCaT
and HEK293 cells compared to growth in DMEM alone
(fig. 2b and data not shown).

To evaluate whether TirS is expressed and released
by the bacteria without physical contact to HEK293 cells,
we employed a Transwell system followed by immunob-
lot of supernatants using a TirS-specific polyclonal anti-
body. TirS was detected in the media of the lower
compartments inoculated with MSSA476, but not
MSSA476AtirS or DMEM media alone (fig. 2¢). Bacte-
rial cells were unable to cross the membrane to the upper
compartment, as verified by plating of the supernatant
for bacterial counts (data not shown). However, TirS
could still be detected in the upper compartment associ-
ated with the host cells (fig. 2c, right section), indicating
passive diffusion of the proteins released by the bacterial
cells localized to the lower compartment. Importantly,
the cytoplasmic marker gyrA was not detected in the su-
pernatant of the lower compartment, indicating that TirS
is released by a mechanism other than bacterial cell death
(fig. 2d).

The Effect of TirS on TLR2 Signaling

Stimulation of TLRs results in the recruitment and ac-
tivation of TIR-containing adaptor proteins like MyD88
and TIRAP [3]. Given the homology between the TIR do-
mains of TirS and eukaryotic TLRs/adaptor proteins, we

TLR1, MyD88, TIRAP, SARM, TRIF and TRAM. The identical res-
idues are underlined. d The predicted three-dimensional structure
was generated using Phyre server [47] and figures were generated
by PyMol. 100% of the TirS TIR domain (amino acids 142-245) was
modeled with 99.9% confidence by the single highest scoring tem-
plate as TIR domain of TLR1 (PDB FYVA). Box 1 (purple), box 2
(black), box 3 (light grey) and the DD loop (dark pink) are indi-
cated within the TIR domain. The BB loop (bold amino acid se-
quences are part of box 2) and DD loop (bold amino acid sequenc-
es are part of the TIR domain) amino acid sequences in both TLR1
and TirS are shown. (For figure see next page.)
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Fig. 2. Expression profile of tirS. a Expression of MSSA476 tirS in
BHI was evaluated at ODgg 0.3, 0.6, 0.9 and 1.2 by RT-PCR. b Ex-
pression of MSSA476 tirS in DMEM in the absence (x) or presence
(m) of HaCaT cells using S. aureus MSSA476 harboring tirS-GFP
reporter construct. ¢ Presence of TirS in both the lower (bacteria

Fig. 3. TirS inhibits NF-«B activation and MAPK signaling in dif-
ferent cell lines. a Expression of TirS interferes with MyD88 or
TIRAP-induced NF-kB activation in HEK293 cells. pEGFP-C2-
transfected cells were arbitrarily set as 100%, and the luciferase
activity in the pEGFP-TirS is represented as the percentage of
mock transfection. b TirS (pEGFP-TirS) inhibits TLR2-induced
activation of NF-kB-luciferase reporter in HEK293, HaCaT and
RAW264.7 cells, but not TNF-a-induced NF-kB activation in
HEK293. The untreated control cells were arbitrarily set as 1, and
the luciferase activity in the treated cells is represented as fold in-
duction. ¢ Expression of MCP-1 and G-CSF from TLR2-transfect-
ed HEK293 cells is reduced by co-expression TirS (pEGFP-TirS),
but not by control plasmid (pEGFP-C2). Cells were left untreated
or stimulated with TirS-negative S. aureus 61010305 for 8 h. Cyto-
kine secretion in treated cells is represented as fold induction com-
pared to cytokine secretion by untreated control cells, which was
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only) and upper compartment (HEK293 only) of a Transwell sys-
tem as detected by immunoblot. d Presence of the cytoplasmic
protein gyrase A in bacteria but not the supernatant of the lower
compartment as assessed by immunoblot and gyrA-specific anti-

body.

arbitrarily set as 1. d Expression of TirS (pEGFP-TirS) but not
control plasmid (pEGFP-C2) suppresses activation of SAPK/JNK
activation in TLR2-transfected HEK293 as determined by Western
blotting. Cells were left untreated or stimulated with TirS-negative
S. aureus 61010305 for 3 h and cell lysates were used for Western
blot analysis using phospho-SAPK/JNK (Thr183/Tyr185) anti-
body (upper panel). Equal loading was verified by ERK2 (C-14)
antibody (middle panel). The ratio of phospho-JNK/ERK2 was de-
termined by densitometry analysis on two membranes. The ratio
obtained in untreated cells was arbitrarily set to 1, and the values
obtained for the stimulated cells are expressed as fold induction
(lower panel). e Loss of TirS from S. aureus MSSA476 results in
increased activation of NF-kB in TLR2-transfected HEK293 cells
as determined by NF-kB-luciferase activity. Fold induction was
calculated as described in b. ns = Not significant. * p < 0.05; ** p <
0.01; *** p < 0.001. (For figure see next page.)
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hypothesized that TirS could interfere with TLR intracel-
lular signaling. Overexpression of adaptors like MyD88
results in constitutive activation of the TLR pathway [31].
Therefore, HEK293 cells were transfected with expres-
sion plasmids encoding MyD88 or TIRAP in combina-
tion with increasing levels of pEGFP-TirS or pEGFP-C2
to assess the effect of TirS on NF-kB activation. TirS sig-
nificantly suppressed both MyD88- and TIRAP-induced
NF-kB activation in a dose-dependent manner (fig. 3a).

Next, the effect of ectopic TirS expression on stimuli-
induced activation was addressed. HEK293 and HaCaT
cells were transfected with a NF-kB-reporter and expres-
sion plasmid encoding TLR2 in combination with expres-
sion plasmids encoding pEGFP-TirS or pEGFP-C2.
Transfected cells were stimulated with S. aureus 61010305
(not containing tirS) for 6 h (fig. 3b). S. aureus-stimulated
mock-transfected cells induced 10- and 1.5-fold induc-
tion of the luciferase reporter in HEK293 and HaCaT
cells, respectively. In contrast, pEGFP-TirS transfected
cells resulted in reduced NF-kB reporter activation in
both cell lines (fig. 3b). Similarly, presence of TirS sig-
nificantly inhibited the Pam3CSK4-induced NF-«B acti-
vation in the mouse monocyte macrophage cell line
RAW264.7 (p < 0.001; fig. 3b) and in HEK293 cells (data
not shown). Furthermore, the inhibition of Pam3CSK4-
induced NF-kB activation by TirS was similar to inhibi-
tion observed in the presence of DN-hMyD88 or when
TLR2 stimulation was blocked by SSL3 (online suppl.
fig. 1). The presence of TirS was checked by Western blot
in most of these experiments, and its presence was con-
firmed (data not shown). Another stimulus that induces
NF-kB activation is TNF-a, which acts independently of
TLR2 and MyD88 [32]. TirS did not interfere with TNF-
a-induced NF-kB activation (fig. 3b) which demonstrat-
ed that TirS specifically interferes with TLR2-mediated
signaling.

We also assessed whether ectopic TirS expression in-
terfered with S. aureus-induced host cytokine secretion.
HEK293 cells were transfected with expression plasmids
encoding TLR2 and pEGFP-TirS or control pEGFP-C2.
The cells were then left untreated or stimulated with tirS-
negative S. aureus prior to Milliplex analysis of secreted
cytokines. In pEGFP-C2-transfected HEK293, presence
of S. aureus induced 4.1- and 3.6-fold increases of secret-
ed MCP-1 and G-CSF, respectively (fig. 3c). In contrast,
the levels of secreted MCP-1 and G-CSF were significant-
ly reduced in S. aureus-stimulated cells transfected with
pEGFP-TirS (p < 0.05; fig. 3¢).

In addition to NF-xB activation, stimulation of TLRs
can also activate the MAPK pathway [1]. Therefore, we
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tested the effect of TirS on the MAPK signaling pathway.
HEK293 cells were transfected with expression plasmids
encoding TLR2 and pEGFP-TirS or pEGFP-C2 and
starved overnight. Cells were left untreated or stimulated
with tirS-negative S. aureus and cell lysates were harvested
for immunodetection of phospho-SAPK/JNK (Thr183/
Tyr185). Equal loading was verified using the ERK2 anti-
body. Both phospho-p54 and phospho-p46, representing
SAPK/JNK, were phosphorylated upon stimulation with
S. aureus (fig. 3d, compare lanes 2 and 4 with lane 1). Co-
transfection with the TirS-expressing plasmid negatively
interfered with S. aureus-induced phosphorylation of JNK
(fig. 3d, compare lane 6 with lanes 4 and 2), indicating that
TirS interferes with the SAPK/JNK signaling pathway.

Finally, to confirm the results generated by ectopic
expression of TirS, the effect on TLR2-mediated
NF-xB activation was assessed using MSSA476 wild-
type, MSSA476AtirS and the complemented strain
MSSA476AtirS +pTirS in the Transwell system where
the host cells and bacteria are physically separated. The
MSSA476AtirS mutant resulted in an increased activa-
tion of the NF-«B reporter in comparison to the wild
type and complemented strains (fig. 3e).

Taken together, these results indicate that TirS attenu-
ates TLR-induced activation of NF-kB and MAPK signal-
ing pathways as well as induction of the proinflammatory
cytokines G-CSF and MCP-1.

Presence of TirS Increases S. aureus Load in Multiple

Organs in a Murine Intravenous Infection Model

Finally, we evaluated whether the observed effects of
TirS on host immune signaling in vitro could influence
S. aureus pathogenesis in vivo. First, we confirmed that
bacterial growth was not affected by deletion of TirS by
assessing growth in five different media including THB
medium (online suppl. fig. 2). Thereafter, mice were in-
jected intravenously with the two strains. The survival
rates of wild-type and AtirS-infected mice were similar
(fig. 4a); however, percentage weight loss was significant-
ly higher in mice infected with wild-type MSSA476
(fig. 4b). Strikingly, disruption of the tirS gene resulted in
significantly decreased S. aureus loads in the kidneys,
heart, brain, blood and spleen (fig. 4c). In contrast, the
effect of TirS upon S. aureus virulence was not apparent
in a localized abscess/lesion formation skin infection
model. No significant differences in lesion or abscess siz-
es were detected upon infection with MSSA476 wild-type
or MSSA476AtirS over a course of 3 days (fig. 4d). In ad-
dition, bacterial loads in excised abscesses were similar
for both strains on day 3 (fig. 4e).
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Fig. 4. TirS improves bacterial survival in a bacteremia but not in
a skin abscess model in C57BL/6 mice. Percentage survival (a),
percentage weight change (b) and bacterial numbers (c) in the kid-
neys, spleen, liver, heart and brain upon systemic infection with
S. aureus MSSA476 and S. aureus MSSA476AtirS (10 mice per

Discussion

In this study, the expression of a gene encoding a 280
amino acid TIR-containing protein, tirS, within S. aureus
MSSA476 was confirmed. The tirS gene is localized in the
staphylococcal cassette chromosome SCC,; element
(fig. 1a), whichis classified as a mobile genetic element [25].
Several other bacterial TIR-containing genes have been
identified, and these are localized in genomic regions of
phage origins, or close to genes of phage integrase, site-spe-
cific recombinases and transposases. This pattern strongly
suggests that these genes are transmitted by lateral transfer
[19]. tirSis currently identified in other sequenced S. aureus
strains (online suppl. table 1). Whether or how tirSis spread
among S. aureus strains remains to be investigated.

Sequence conservation among TIR domains has been
reported to be in the 20-30% range and the diversity has
been suggested to be crucial for the specificity in signal
transduction [4]. Comparison of the primary sequence of

TirS Is a Virulence Factor That Interferes
with TLR Signaling

group). Skin lesion size (O) and abscess size (O) over the course
of infection (d), and bacterial load per abscess 3 days after subcu-
taneous infection with S. aureus MSSA476 or S. aureus
MSSA476ALirS (e). ** p < 0.01; *** p < 0.001.

several bacterial TIR proteins has revealed that there is
diverse domain architecture in the sequence surrounding
the TIR domain [19]. Also, the N-terminal part of TirS is
highly divergent in comparison to TcpC (fig. 1b) and
TcpB [16]. This suggests that various bacterial TIR-con-
taining proteins may have species-specific function(s) in
addition to the effect on intracellular signaling.

Here we demonstrated that TirS attenuates stimuli-in-
duced TLR2-mediated NF-kB activation, JNK phosphor-
ylation and secretion of MCP-1 and G-CSF (fig. 3). More-
over, inhibition of TLR-induced cellular activation was
not only observed upon ectopic expression of TirS in eu-
karyotic cells, but also in infection experiments where
NF-kB activation was significantly increased as a conse-
quence of co-culturing MSSA476AtirS with host cells
in comparison to MSSA476 wild-type bacteria and
MSSA476AtirS +pTirS (fig. 3e). Our results are in line
with previous publications reporting negative interfer-
ence with stimuli-induced TLR signaling in vitro by TIR-
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containing proteins from various Gram-negative bacte-
ria, including S. enterica [13], Brucella spp. [10, 16, 33],
uropathogenic E. coli [10, 20] and Y. pestis [18].

Interference with TLR-dependent NF-kB signaling re-
quires intracellular localization of the bacterial effector.
Effectors from Gram-negative bacteria can be directly in-
jected into the host cell by the type III or type IV secretion
systems (T3SS or T4SS) [34, 35], or secreted into the me-
dium and subsequently taken up by the host cells [10].
Using the Transwell system, where host cells and bacte-
rial cells are separated by a 0.4-pm pore size polyester
membrane, we could demonstrate that TirS is released
from S. aureus through an as yet unidentified mechanism
(fig. 2b, ¢). Furthermore, the TirS effect on signaling does
not require S. aureus invasion into host cells to exert an
effect on the NF-kB reporter (fig. 3e). Production of
membrane-derived vesicles by S. aureus during infection
and their role in the delivery of virulence factors to the
host cells has been reported previously [36]. Alternative-
ly, TirS could be endocytosed by host cells. However, the
mechanism by which TirS§ enters the host cells remains to
be elucidated.

To study whether TirS affects S. aureus virulence, we
compared the pathogenicity of MSSA476 wild-type ver-
sus an isogenic mutant MSSA476AtirS in two different
mouse infection models. Loss of TirS reduced weight
loss and bacterial load in multiple organs upon systemic
infection suggesting that TirS increases bacterial surviv-
al in the host. Similar results have been obtained for
Gram-negative bacteria. The E. coli TIR-containing pro-
tein TcpC, which inhibits the TLR4/MyD88 and TLR2/
MyD88 pathway, has a direct effect on the pathogenesis
of acute pyelonephritis in mouse urinary tract infection
models. Moreover, the prevalence of tcpC among urine
isolates from humans with asymptomatic bacteriuria or
severe kidney or bladder infections suggested that tcpC
is associated with bacterial virulence [10]. A similar as-
sociation with severity of infection was observed when
the prevalence of tcpC was examined among 302 E. coli
isolates from the urinary tract, skin and soft tissue infec-
tions and commensal E. coli strains [37]. Furthermore,
increased virulence was seen for strains containing the
TIR proteins TlpA or TcpB [13, 16], while YpTdp did
not have a role in the virulence of Y. pestis in a mouse
model of bubonic plague [17]. Interestingly, both pa-
tients and mice with genetic defects in TLR signaling
pathways, such as TLR2, CD36, TIRAP, MyD88 or
IRAK4 deficiencies, are highly susceptible to infection
with Gram-positive bacteria [6, 7, 38, 39]. In mouse in-
fection models, the number of S. aureus cells in the
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blood, spleen and kidney were increased in TLR2- and
MyD88-deficient mice compared to the wild type [6, 38,
39]. These findings suggest that the MyD88/IRAK-4
pathway is of particular importance for defense against
Gram-positive organisms including S. aureus. There-
fore, interfering with TLR-mediated cellular activation
is an effective immune evasion strategy of S. aureus to
avoid immune clearance. This is also underlined by a re-
cent paper demonstrating that S. aureus-secreted SSL3
inhibits the TLR2 pathway by blocking the TLR2 ligand-
binding domain [28, 40].

MSSA476AtirS was more attenuated than the wild
type strain in the intravenous infection model (fig. 4a—c),
but exhibited comparable virulence in the skin abscess
model (fig. 4d, e). The discrepancy in the contribution of
TirS in the systemic versus the skin infection model is
probably multifactorial. First of all, the tirS gene belongs
to the S. aureus accessory genome (fig. 1; online suppl.
table 1), and MSSA476 was originally isolated from a se-
vere invasive infection in an immune-competent child
[25], which suggests a capacity for effective bloodstream
dissemination. Mice deficient in TLR2 or MyD88 are
highly susceptible to systemic S. aureus infection [6] and
our in vitro results clearly show that TirS inhibits signal-
ing from TLR2 and MyD88 (fig. 3). Although not direct-
ly proven in vivo, this may explain the increase of viru-
lence in the bacteremia model (fig. 4c). Finally, during
skin abscess formation in mice, IL-1R/MyD88-, but not
TLR2/MyD88-, signaling is of importance [41]. Although
we show that TirS can inhibit signaling downstream of
MyD88 in vitro (fig. 3a), TirS may also target TLR2 di-
rectly. Indeed, many bacterial effectors often exert their
influence at several stages in a signaling pathway [e.g.
YopJ; for a review see 42]. Therefore, if the main contri-
bution of TirS is to block TLR2 and not MyD88 in mice,
this may explain the lack of contribution of TirS in the
abscess model. However, the full natures of the differen-
tial virulence manifestations based on the route of admin-
istration remain to be investigated.

In summary, our study suggests a new intracellular im-
mune evasion mechanism of S. aureus. The TLR-MyD88
signaling pathway, especially through TLR2, is important
for clearance of infection, and tirS increases bacterial sur-
vival in the host. The tirS-gene is located on SCCyz to-
gether with fusidic acid resistance gene and other putative
virulence factors [25], which may enhance bacterial fit-
ness. The localization of these genes on a mobile genetic
element may enable horizontal gene transfer to other
strains, resulting in an increased prevalence of tirS among
S. aureus isolates in the future.
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