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Abstract

Mastitis caused bi£scherichia coli andStaphylococcus aureus is a major pathology of daify
cows. To better understand the differential response of the mangiaard to these two
pathogens, we stimulated bovine mammary epithelial cells (bME®G)erherE. coli crude
lipopolysaccharide (LPS) or witls. aureus culture supernatant (SaS) to compare|the
transcriptomic profiles of the initial bBMEC response. By usirEKH293 reporter cells fq
pattern recognition receptors, the LPS preparation was foundrolae TLR2 and TLR4
but not TLR5, Nod1 or Nod2, whereas SaS stimulated TLR2. Biochemidgb@navealed
that lipoteichoic acid, protein A antthemolysin were all present in SaS, and bMEC were
found to be responsive to each of these molecules. Transcriptomengrodliealed a core
innate immune response partly shared by LPS and SaS. Howe@emdired expression pf
a significant higher number of genes and the fold changes wepeater magnitude than
those induced by SaS. Microarray data analysis suggests tlatitreion pathways and the
early chemokine and cytokine production preceded the defense andestpesses. A major
differential response was the activation of the type | IFN pathwalPS but not by Sa§.
The higher upregulation of chemokine€x¢l10, Ccl2, Ccl5 and Ccl20) that target
mononuclear leucocytes by LPS than by SaS is likely to béedel the differentia
activation of the type | IFN pathway, and could induce a differeatil@rof the initial
recruitment of leucocytes. The MEC responses to the two stimend different, as LPS was
associated with NikB and Fas signaling pathways, whereas SaS was associdtedRwit
and IL-17A signaling pathways. It is noteworthy that at thagin level secretion of TNE-

-

and IL-13 was not induced by either stimulus. These results suggest that the response|of MEC

to diffusible stimuli fromE. coli andS. aureus contributes to the onset of the response with
differential leucocyte recruitment and distinct inflammatang &nnate immune reactions |of
the mammary gland to infection.

Introduction

Mastitis is ranked as the top disease for dairy cattle on #is baincurred economic losses
[1,2]. Escherichia coli and Saphylococcus aureus are two major pathogens causing
mammary infections of dairy ruminants. Most case&.ofoli mastitis are clinical and of
short duration, in general less than 10 days, because the inflammestction is usually able
to clear the infection [3]. In contras, aureus mastitis may manifest very diverse degrees of
severity, from fulminating gangrenous mastitis with nervous systeigns to mild local
infection with only local signs [4]. In the cow, most strainsassociated with infection that
often leads to chronic mastitis lasting several months [4]. xpetally inducedE. coli
mastitis is characterized by high concentrations of chemokameks cytokines in milk,
whereas these inflammatory mediators, and in particular the cheen@XCL8 and the
cytokine TNFe, are undetectable or in low concentrations in case adreus mastitis [5,6].
Once they have entered the lumen of the mammary gland througieatheanal, these
bacteria are able to replicate rapidly in milk. A rapid and robestonse of the mammary
gland is needed for the control of these fast-growing micramwaders. Consequently, the
prompt detection of pathogens by the innate immune system is of prnipzetance, and
because mammary epithelial cells (MEC) are in the frowt, lihey could play an important
role as sentinels. Several studies have showed that MEC are pwisespond quickly to
bacterial intrusion through the activation of several Pattern RétoyReceptors (PRR) by
the so-called Microbe-Associated Molecular Patterns (MAMP).CM&e equipped with
several sensors of bacteria, and they are able to react mcprganediators of inflammation



and local defense [7-9]. Thus, an important research issue is te defiv MEC play their
role of sentinel of the mammary gland.

The main objective of our study was to characterize the diffeseimcthe response of MEC
to E. coli versus S. aureus at the onset of infection, which could impact the triggerindgnef t
inflammatory and immune responses of the mammary gland.

A number of studies have shown that bovine MEC in culture are alslense bacteria or
bacterial products, and to react by up-regulating several sgenet involved in the innate
immune response [10-13]. Although a great deal of information has bewregh the innate
immune sensing o8. aureus or E. coli in the mammary gland and the induced immune
responses are not completely understood. These processes areabiropartance because
they can lead to either effective antibacterial responses onfila side-effects of
inflammation. We set out to study the response of bovine MEC to comigoofé. coli and

S aureus with a view to uncovering some of the reasons that could accouhefeontrasted
responses of the udder to these two pathogens.

Most of the studies that have shown that bMEC respond differenBydali andS. aureus
were based on in vitro exposure of isolated bMEC to killed baoterjurified bacterial
MAMP [10,11,14,15]. It is known that the nature of the stimulus, i.e. livelled bacteria or
purified MAMP, elicits somewhat different responses from tacgdls [16,17]. These may
reflect the sequential host-pathogen dialogue that occurs as ddegm to multiply in milk
following intrusion into the lumen of the mammary gland. Bacteria are probadtiyiéitected
by host sensors through the release of soluble and particatatesf which increase during
bacterial stress, as it might be expected in the earjestaf bacterial colonization of the
mammary gland. These complex interactions which occur prior tdetteetable onset of the
inflammatory response are likely to determine the ultimateoougcin terms of pathogenic
sequelae leading to acute or chronic mastitis. However, rejalittéd is known about the
initial host response to these factors.

We chose to tackle the issue by using complex mixtures of atemponents rather than
live bacteria. In the mammary gland at the onset of infectioningt cells are confronted by
bacterial bodies (mostly live bacteria), and by products seclstduhcteria. Turnover of
peptidoglycan in the course of replication, active secretion of ex@psoftoxins, proteases)
or shedding of surface proteins released by proteases (adhekerssutface proteins) or
other mechanisms such as extrusion of membrane particles are thwoltiee release of
bacterial products [18,19]. Thus, the response of sentinel cells protesoilys from the
combination of bacterial bodies and released diffusible products. Howelkien bacterial
density remains low in the lumen of the mammary gland, the balctenmponents shed
precociously during bacterial proliferation, are likely to intenath more MEC than the
bacterial bodies themselves. Therefore in this study we focusethtewest on the early
response of MEC to these bacterial factors. The objective tavasimic the onset of
intramammary infection (IMI) when the epithelium lining inilyalmakes contact with
components of bacterial origin. During growkh,coli bacteria do not shed great amounts of
proteins or other soluble compounds, but they release many outer mewdsentes (omv)
[19]. These omv are complexes of LPS with proteins including lipopsotée usedE. coli
crude LPS as a commercial substitute for omv. In contra& wli, S aureus bacteria
secrete a lot of proteins along with insoluble particles durnogvilp. Culture supernatant
from a mastitis-causing. aureus (SaS) was taken in this study as a source of staphylococcal
released bacterial products. To further our understanding of the patimvalved in these



early events, we compared the responses of bMEC to crude LPS aa8 tuy $nicroarray
analysis. We found that more genes were differentially expreasddhat the magnitude of
expression was higher, after stimulation with LPS than with 8a8ajor difference in the
nature of the induced response was the activation of the typepd&#iway by LPS, but not
by SaS, with a concomitant overexpression of several genes involved in eitrearthiEnent
of mononuclear leucocytes or local defenses. The most affectedtiact and functional
pathways also differed. Overall, these results strongly sugjugsE. coli induces a more
intense response associated with strongkRFstimulation and the recruitment of a wider
repertoire of immune cells, where8saureus interferes with cell DNA integrity and may
induce a more restricted immune response involving the IL-17A pathway.

Materials and methods

Bacterial agonists of bMEC

Four S aureus strains were initially selected to prepare SaS. Thrabesh (169.32, 628.24
and 644.15) were from our mastitis strain collection, and were ofigirsdlated from
subclinical cases of mastitis. Some characteristics ahsté28.24 and 644.15 are described
elsewhere [20]. The fourth strain, Newbould 305 (N305), was originadhatesd from a
clinical case of bovine mastitis and subsequently used as a mgdelson to experimentally
induce mastitis and study the inflammatory response of the manyizend or the response
of bMEC [5,21,22]. On sheep blood agar plates, this strain is strongha and beta
hemolytic. A few features of the four shortlisted bacteriaistr are given in Table 1. To
prepare culture supernatants, bacteria stored lyophilized or atC-8@ere cultivated
overnight in Brain Heart Infusion broth, then were grown overnighB7atC in RPMI
1640/DMEM (1:1) (Gibco, Invitrogen, Carlsbad, CA, USA). Finally, 50 mL RPMI
1640/DMEM was seeded with 0.5 mL of the overnight culture, and incubaitesstain a
165 mL flask for 8 h at 37 °C, or for different durations as indicatelarResults section.
Protein content of 8-h SaS was #§mL for strains N305 and 169.32, and @fimL for
strains 628.24 and 644.15, as measured with a micro-BCA assay (PleeomoTScientific,
Rockford, IL, USA).

Crude LPS (phenol extradEscherichia coli O55:B5, catalog reference L-2880) was from
Sigma-Aldrich (St-Louis, MO, USA). Purified LPS frob coli 0111:B4 (ULPS), purified
staphylococcal lipoteichoic acid (LTA), synthetic muramyl g@ige (MDP), purified
flagellin from Salmonella enterica serovar Typhimurium and C12-iE-DAP were from
InvivoGen (Toulouse, France). Staphylococcal protein A (SpA) was fGamtaur
(GENTAUR Europe BVBA, Brussels, Belgium) and recombinant Prdieiiom MBL (JM-
6500B) (Clinisciences, Nanterre, France). The staphylocacbamolysin was purified as
previously described [23,24].

Detection of MAMP with HEK293 cell lines

HEK-Blue™ reporter cells, which are stably transfected witltiple human genes from the
TLR2 (HEK-Blue-2) or the TLR4 (HEK-Blue-4) pathways and withreporter gene
monitoring NF«B activation, were purchased from InvivoGen. These cells wepertigd in
96-well plates (2 x 10per well) and cultured for 48 h. Then they were incubated withreithe
LPS or SaS and HEK-Blue detection medium for 16 h. The presence & ®LRLR4
agonists induced the reduction of the medium which turned blue. The blue vwador



guantified by measuring absorption at 650 nm. HEK293 cells stably dca@gdfwith either

the humanTLR5 gene,CARD4 gene (encoding the PRR NOD1) ©ARD9 gene (encoding
NOD2) were from InvivoGen. They were used as HEK-Blue repoetlts, @xcept that at the
end of incubation with LPS or SaS (without HEK-Blue detection meditime) cell culture

supernatant was collected and the CXCL8 content measured by Bkl&Aeadout. Purified
agonists of PRR (InvivoGen) were used in parallel with LPS and SaS as pasdinegative

controls.

Characterization of SaS

Staphylococcal cultures were centrifuged and supernatants aseqgically filtered on
0.2um filters and stored at —80 °C. Aliquots were saved for SaS charation. For each
strain supernatant, protein concentration was determined with thhe-BHZA protein assay.

The protein content was analyzed by SDS-PAGE on 12.5% polyacrylageideand
ammoniacal silver staining. The presence of specific componentstaphykcoccal
supernatants, such as LTA, SpA amtiemolysin were revealed by immunoblotting using
relevant antibodies, i.e. mouse monoclonal antibody abl12248 to LTA from Abcam
(Cambridge, UK), chicken polyclonal antibody ab18598 to SpA from Abcamraimdl@use
rabbit polyclonal antibody ta-toxin.

Pilot experiments were carried out f8r aureus strain selection and SaS production. As
staphylococcal strains can vary greatly in their abibtgtimulate cellular responses [25], we
compared the response of MEC t&4ureus mastitis isolates, selected on the basis of their
use in previous studies [5,20]. In order to use early culture supais)atgee determined the
minimum culture duration necessary to obtain a sizeable quantityaaiedy of proteins. It
appeared that for the 4 isolates 7 to 8 h of culture were neceesgisid a reproducible
pattern of proteins as visualized by SDS-PAGE analysis (Additideal and results not
shown). The 8-h culture corresponded to the early stationary phatbe férstrains (results
not shown). The 30-40 kDa zone was patrticularly rich in bands which correspahe t
range of molecular masses of hemolysins and other toxins. Thejteatality of proteins in
the 8-h SaS was 4@®/mL for strains N305 and 169.32, andZflImL for strains 628.24 and
644.15. To partially compensate for this difference in concentrationbié&re stimulated
with 25% 8-h N305 or 169.32 SaS and 33% 8-h 628.24 or 644.15 SaS. After 8 h of exposure
to SaS, CXCL8 concentrations were determined in cell culture rsatpet and transcripts of
TNF-o were measured in MEC extracts. Although MEC responded to alS#® the
response to N305 SaS was the greatest for the two indicators (Additionalrfderdsalts not
shown). Consequently, the 8-h N305 SaS was selected for the study.

Depletion of LTA from SaS

In order to investigate whether LTA contributed to the activatioMiBC, SaS LTA content
was reduced by affinity adsorption by using Protein G Sepharods beated with the anti-
LTA mAb (Abcam) as described [26]. Briefly, to deplete LTA fr&aS bead pellet (50.)
was incubated for 3 h at room temperature under slight agitatioril@ithg of monoclonal
ab12248. After centrifugation at 150gxand five washing steps with HBSS, the activated
beads were incubated with SaS (pQ) for 6 h at 4 °C under continuous shaking. Then the
beads were removed by centrifugation. Control SaS was preparedubating SaS with
uncoated beads.



MEC culture conditions and stimulation

Mammary tissue samples were collected from healthytlagtazows of the INRA dairy
facility (INRA, Nouzilly) at culling. Cows were slaughest according to procedures
approved by our Institutional Animal Care and Use Committee (CREEMIté Régional
d’Ethique et d’Experimentation Animale). Bovine MEC were isolatexinf five cows as
previously described and cryopreserved in liquid nitrogen [22]. Wheathedeéhe cells were
thawed and cultured in RPMI 1640/DMEM (1:1) (Gibco) supplemented with héét-
treated FCS (Gibco), hydrocortisonepud/mL), 40 mM HEPES (Cambrex Biowhittaker,
East Rutherford, NJ, USA), insulin (/mL), 1 mM sodium pyruvate, 2 mM glutamin, 100
U penicillin, streptomycin (0.1 mg/mL), and amphotericin B (QugbnL). For the
microarray experiment, the cells from one cow were seeded tm23lasks (5 x 18
cells/flask) and cultured until confluence in 5 mL of growth meditime response of this
cell batch in terms of CXCL8 production and TMNFeverexpression had proved to be
representative of the other MEC prepared in our laboratory {sesol shown). Cells were
used at their third passage. Twenty-four hours before stimulatiomgromgh medium was
replaced by a stimulation medium of the same composition exwEphe FCS concentration
was lowered to 5% to reduce its influence on MEC response, and basttfoce was
omitted. For stimulation of MEC with bacterial agonists, the medwams removed, and
20 pg/mL crude LPS (O55:B5) or 25% (v/v) SaS N305 in stimulation mediene wdded at
concentrations that were supposed to induce robust responses on the NMBE.oAfter
incubation for 3 h and 6 h, cell culture supernatant was removed and ME®Qaveested for
RNA extraction.

For confirmation of the results of microarray analysis byd®CR, cells from 5 cows were
seeded in 6-well tissue culture plates (2 X ddlis/well) and cultured until confluence. MEC
were incubated with 20g/mL crude LPS or 25% SaS N305 in 2 mL of stimulation medium
for 3 h and 6 h. At the end of incubation, the cell culture medium wastespand stored at
—20 °C and total RNA was extracted from the MEC layer.

To check whether the differential response of MEC to crude LPS ecethpa SasS involved
the contribution of type | interferon, MEC were incubated with recoaridi human IFN3
(produced in CHO cells; PeproTech, Rocky Hill, NJ, USA). The respohBt=C to IFNf
was evaluated by RT-gPCR through the up-regulation of the IFN-indupgmedsgl5 and
Ccxl10, and appropriate concentration and exposure time were determined. Thefieche
of the exposure to 10 ng/mL IFpifor 3 h before addition of SaS was determined by RT-
gPCR after a further 3-h incubation.

Assessment of viability of MEC

In the presence of 5% FCS, 8-h SaS N305 exerted moderate cytdtegicoa bMEC after
overnight incubation, whereas crude LPS did not cause any visual ratdifiovhen
compared to control culture conditions. The short term effect ofdrfeiSSaS on the viability
of MEC was evaluated using the alamarBlue® (Biosource International @lap@A, USA)
assay. MEC from 5 cows were cultured to confluence in 24-welireuftlates and incubated
for 3 h or 6 h with 10% alamarBlue in 1 mL of culture medium with oheut 5% FCS.
Fluorescence of the oxidation-reduction indicator was measured amnrB3@xcitation
wavelength and 590 emission wavelength (Cytofluor 2300 System)e$uksrare expressed
as means of the 5 cultures.



Quantification of CXCL8, TNF-a and IL-1

Enzyme-linked immunosorbent assays (ELISA) were used to measyhakine
concentrations in culture supernatants of MEC stimulated with LFS&a®r The ELISA for
bovine TNFe and CXCL8 were performed as previously described [27,28]. Comnhgrcial
available kits were used according to the manufacturer’s instructions tanméasine IL-B
(Thermo scientific, Rockford, IL, USA) and human CXCL8 (DevelopmentRaprotech).
Quantifications of proteins by ELISA were performed on celluralsupernatants after 6 or
16 h of incubation with the agonists.

RNA extraction and quality assessment

Total RNA was extracted by a double extraction method finsigusrizol (InvitroGen) and
then RNeasy (Qiagen, Valencia, CA, USA) column purification. RiN@ntification was
performed using a spectrophotometer (NanoDrop Technologies) and iRBigrity was
assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies,Santa Clara, CA,
USA) with a RNA Integrity Number (RIN) value > 7.0. The residganomic DNA was
removed by DNA digestion with RNase-free DNase (Qiagen).

Microarray experiment and analysis

Sixteen microarrays (2 stimuli * 2 times * quadruplicate) weybridized using the ARK-
Genomics 17 K slide (ArrayExpress accession number A-MEXP-159a)two-color dye
swap experimental design (Additional file 2). RNA labeling wasried out with the
fluorescent cyanine dyes Cy3 or Cy5 and hybridizations performadseneTac automated
hybridization station (Genomic Solutions) as described previously [R®e data were
extracted using BlueFuse [30]. Raw data were imported in Rlitienirfg and normalization.
Data were first filtered according to spot quality (uniformaétiyd saturation) provided by
BlueFuse. Spots with the worst quality (flag = E and quality wéle excluded, resulting in
a removal rate of 33% to 45% per slide. Lowess normalizatiomooy used to correct the
dye bias effect was not applied since MA-plots did not show amyfisiant deviation from
linearity. The log-intensity of each dye was analyzed separately, sinceeBo®t al. [31]
showed that this method enhances the reproducibility and the séysifithe detection of
differentially expressed genes. Data were then reduced emeéred within slide (mean
intensity equal to zero and variance equal to one on average fgodtseas one slide) to
allow comparison across slides. Differences of expressiorebateonditions were analyzed
probe by probe by analysis of variance (ANOVA) using the SA%BW procedure. Probes
with less than 16 observations were excluded from the analysidtimg in an average of
28.5 observations per probe (x 9). Finally, 9559 probes and 272 770 observations per dye
were retained. The ANOVA model included the fixed effect of calwd the effect of the
combination between stimulation (LPS, SaS and reference) and3imes (h). The p-values
of the tests were corrected with a 1% false discovery(FidR) with Benjamini-Hochberg
correction [32]. Fold-changes (FC) were computed as the exponendis¢é (2) of the
ANOVA-estimated-log-intensity-ratio of samples from two conditions. The data discussed
in this publication have been deposited in NCBI's Gene Expression Omiaitlisare
accessible through GEO series accession number GSE47599.

To reveal functional connections between the regulated trarssaiptetwork and pathway
analysis of the differentially expressed genes was perfotoyedsing Genomatix GePS
(Genomatix Software GmbH, Munich, Germany). Lists of differdgtiaxpressed genes



were input into the system with human ortholog gene names, alongheit fold changes.
Signal transduction pathways such as canonical and proprietarpr{@sx), molecular
functions (Gene Ontology) and biological processes (GO) were pstetled the associated
p value was > 10 (the threshold was lowered to1@henever none were > %)) and the
number of genes in the list falling in the pathway > 5.

Reverse transcription and PCR analysis (RT-qPCR)

From the samples used in the microarray analysis, total RE# neverse transcribed to
cDNA: 1ug of RNA was incubated with dg of random primers (Promega, Madison, WI,
USA) for 10 min at 65 °C and then for 5 min on ice in a final volume qgil1(Reverse
transcription was carried out by adding avian myeloblastosis VAMYV) reverse
transcriptase buffer (Promega), 4 mM deoxynucleoside triphosphai®jdRromega), 15 U
of AMV reverse transcriptase (Promega), and 40 U of RNasom{@ga) to the mixture. The
mixture was incubated for 1.5 h at 42 °C and 5 min at 95 °C. Diluted cDNA sawglre
stored at 4 °C until use. The same cDNA samples were used ¢ooamay and gPCR
determinations.

All primers (Table 2) used in this study were designed byguSione Manager 9 (Scientific
& Educational Software, Cary, NC, USA) using publicly availabte/ine sequences and
were purchased from Eurogentec (Liege, Belgium). Primers designed to span an intron-
exon boundary to prevent the amplification of genomic DNA. Relative ijieanof gene
transcripts were measured by gPCR using the SYBR Greeruotofihore (Roche
Diagnostics, Mannheim, Germany) as described previously [33].

Statistical analyses

Statistical analyses were performed with the StatXactwaoét (Cytel software Corp.,
Cambridge, MA, USA) or the Prism software (version 5.0; GraphPagdjobability level of

< 0.05 was considered significant. Comparisons of paired samples deee with the
Friedman test followed by Bonferroni post-test comparison and the csompaf unpaired
samples with the Kruskal-Wallis test.

Results

Detection of PRR agonists in the LPS and SaS prepations

Because. coli is sensed by sentinel cells of the immune system througlaati of several
PRR [34], we used a crude LPS preparation to stimulate bMEC. W&tigated the presence
of agonists of TLR2, TLR4, TLR5, Nodl, and Nod2 in the LPS preparation bpatiog
HEK293 cells transfected with the corresponding human PRR. We founithéhatude LPS
preparation activated HEK293 cells transfected with TLR2 and TIERgu(e 1la), but not
TLR5, Nod1, and Nod2 (Figure 1b).3

By using the same HEK 293 reporter cells, we found that 8-h SaSirwemhtactivators of
TLR2 but not TLR4 or TLR5, and did not activate Nod1 or Nod2 (Figurentlaby AsS
aureus N305 produces several toxins, including alpha hemolysin which is known to be
cytotoxic, we determined whether SaS altered the metabolismMiEGF under our culture
conditions by using an indicator of chemical reduction of growth medalemarBlue).



Neither 25% (v/v) 8-h SaS nor LPS (2§/mL) induced a significant effect on the activity of
MEC after 3h and 6 h of incubation, indicating that MEC were neithgained nor
activated (Additional file 3).

Anticipating that SaS contains multiple bacterial components imgudixoproteins,
lipoproteins and PGN derivatives that are susceptible to stimMB&@, we verified the
presence of some of these components and determined their capactyate MEC. We
used the secretion of CXCL8 as a readout for MEC stimulation iexgats. Since the
response of HEK293 -TLR2 cells indicated that SaS contains atoeasagonist of TLR2,
we looked for the presence of LTA, which is supposed to be senseEdR#/in association
with CD36 [35] and is able to activate bMEC [10,33]. SaS was submitts®S-PAGE and
immunoblotted with a mAb against LTA, along with purified staphyloabdcTA. The
immunoblotting revealed a smear comparable to that of purified kwidch by comparison
with known LTA concentration was estimated to be 1 igg/nL (Figure 2a). Depletion
experiments were carried out to investigate whether LTA itortéd to the response of MEC
to SaS. Incubation of SaS with beads coated with the anti-LTA mad eificient in
depleting SaS of LTA, and this depletion correlated with a redudedlating activity of
SaS on bMEC (Figure 2a and b). This showed that LTA is likely toribate to the
activation of MEC, but suggests that other staphylococcal producysaplpart in the
stimulation.

Since staphylococcal protein A (SpA) is able to induce a proamflatory response in
human epithelial cells [36], we looked for the presence of SpA# SBS-PAGE followed
by immunoblotting revealed the presence of SpA in 8-h SaS r@igae). We then
investigated whether bMEC responded to SpA, because we did not findystg\published
evidence of recognition of SpA by these cells. Incubation of bME@ wicreasing
concentrations of either recombinant or native purified SpA inducedasitiy secretion of
CXCLS8, indicating that bMEC reacted to SpA (Figure 2d).

It has been shown that epithelial cells detect the presenoactdrial pore-forming toxins
such as staphylococcal hemolysin alpha [37].SAaureus N305 produces high amounts of
a-hemolysin and as we did not find published evidenceShaireus a-hemolysin induced a
pro-inflammatory response in bMEC on its own, we investigateddbpacity of purifieco-
hemolysin to induce the secretion of CXCL8 by MEC. We found that bk#s@onded to-
hemolysin by secreting CXCL8 in a dose—response manner (R2giirelhis activity was
heat-labile, which suggests that it was not the result of the movaaon of the toxin
preparation with MAMP (Figure 2e).

Overall, these experiments indicate that N305 SaS contains Iseaeterial compounds that
are able to stimulate bMEC, and identified LTA, SpA artemolysin, as three of its active
components which interact with different sensors which activate downstrelawayat

Transcriptome profiling of the response of bMEC toLPS preparation and
SaS

The reaction of MEC to LPS and SaS was investigated through geressw®n profiling at a
rather early time post-exposure in order to gain insight intoetsigonse of the cells likely to
contribute to the triggering of the inflammatory response.



Data were validated for 9559 probes on the basis of the Reml viddnjamini-Hochberg
correction of 1%. Microarray analysis of bBMEC RNA obtained 3 h angb@shexposure to
LPS or SaS revealed differential expression of hundreds of dsne®mparison with
unstimulated cells (Additional file 4). More genes were difiéiedly expressed at 6 h than at
3 h post-exposure, and following exposure to LPS than to SaS (Table®)th&proportion
of down-regulated genes was higher with SaS than with LPS at 6 expusure (Table 3).
There was a marked time effect on the expression of gegasdeeonly 44 out of 382 and
182 out of 849 differentially expressed genes (DEG) belonged to thef ggires expressed
3 h and 6 h after exposure to SaS or LPS, respectively (Figure 3).oMibe up-regulated
genes differed also as a function of the stimulus at both 3 h and 6 éxpostire (Figure 3).
The shared up-regulated genes coded mainly for chemokines, cytokmesolecules
associated with the inflammatory and immune response (Figure 3).

On the basis of annotation to human or mouse orthologs and information dbiging
NCBI and InnateDB [39], the most differentially expressed gene® westributed in
categories related to different biological processes (Tables 4 an@®) it lists of the most
highly up-regulated genes at 3 h and 6 h of incubation with either LPSa®r a few
indications can be drawn: i) Fold changes were higher with LPS than with Sa8,reftects

a stronger response to LPS than to SaS; ii) chemokines werg heginbsented among the
most up-regulated genes. Chemokines with the ELR motif precedifgghevo cysteines
(ELRCXC chemokines), which target mainly neutrophils, were strongdyregulated
(CXCL1, CXCL2, CXCL3, CXCL8). Notably, several chemokines which targenocytes
and lymphocytes, namely CCL2, CCL5 and CCL20, were also up-regul@téddistinctive
feature of the response of bMEC to LPS was the involvement ofdflied genes and IFpI-
itself, which were not up-regulated by SaS. iv) a charatiteasthe bMEC response to SaS
was the up-regulation of genes implicated in the regulation n§drgtion and activation
pathways, and in particular the MB- pathway, among the most up-regulated genes (Table
4). A further difference between responses to LPS and SaS wagsetter occurrence of
down-regulated genes in response to SaS (Table 4). Another differeaxscéhat genes
encoding proteins of the activator protein-1 (AP-1) complex wereegplated by SaS, but
not by LPS. In contrasgos was down-regulated at 6 h by LPS.

In the cytokine and chemokine category, more genes were up-reguldt&stpan by SasS.
The difference was most striking in the cytokine category, which wassesyiesl only byL 6

with SaS stimulation. The case of IFNs of particular interest, because a number of genes
related to the type | IFN-pathway were upregulated following exo® LPS, but not to
SaS.

A number of genes associated with the immune defense response padidgular with
innate immunity, were up-regulated by both LPS and SaS. Again, geores were up-
regulated after exposure of bMEC to LPS than to SaS. Genes assodilategellvgrowth, cell
cycle, apoptosis or stress response were also involved in the respdfs® or SaS (Tables
4 and 5).

We had anticipated that the response of bMEC would differ substantighl the duration of
incubation with bacterial agonists. Indeed, higher numbers of genes difégrentially

regulated with the 6-h incubation than with the 3-h incubation, with igteest differences
for up-regulated genes for LPS and down-regulated genes for 8al® ¢l). On the contrary,
many of the genes most regulated by exposure to LPS at 3-lalserteighly regulated at 6-h
(Table 4). This was not true after exposure to SaS, becausetansiabgproportion of the
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differentially expressed genes (DEG) at 3-h differed from ehats 6-h (Table 5). After

exposure to both LPS and SaS, genes coding transcription factoldney or chemokines
tended to be more up-regulated at 3-h than at 6-h, whereas geo@atadswith immune

defense response, type | IFN (for LPS), stress response amyateltended to be more up-
regulated at 6-h than at 3-h (Tables 4 and 5). Overall, this sughestshe activation

pathways and the early chemokine and cytokine production preceded thee defdnstress

responses, which was not unexpected.

A functional analysis of the genes up-regulated after stinounlatvas performed with

Genomatix GePS to display canonical pathways and to createrkst In response to LPS,
most of the highest ranking signal transduction pathways, moleculetidns and biological

processes were connected to inflammatory and immune responses g).dbl contrast, the

signal transduction pathways associated with the response of BIESaS at 6 h post-

exposure were connected with cell cycle and DNA repair (T@blevertheless, at 3 h post-
exposure to SaS, the AP-1 transcription factor network was idehtdilong with the pro-

inflammatory IL-17A pathway (Table 7). This analysis confirmeddistinct nature of the

responses of MEC to the two stimuli.

Validation of microarray results and quantification by RT-qPCR or ELISA

RT-gPCR or ELISA validation confirmed the microarray resultliinary experiments
indicate that TNFe transcript levels increased following stimulation of bMEC witSLand
SaS (results not shown). Up-regulation of the gene encodingaT(WRFa or TNFSF2) was
not detected in the microarray analysis, because the numbelids#ted observations was
insufficient (< 16 validated spots). Quantification by RT-qPCR ofekgression offNFa
shows that it increased significantly at 3 h and 6 h post-exposureScahé at 3 h post-
exposure to SaS (Figure 4). Expression tended to be higher at 3 h thapnand with LPS
than with SaS. The same pattern was obtained Wit transcripts (Figure 4). It is
noteworthy that the cytokines TNEF-and IL-13 were not detectable by ELISA in the
supernatants of bMEC stimulated with LPS or with SaS.

Stimulated bMEC secreted CXCLS8, with LPS inducing a higher resp{median value
7846 pg/mL; range 3915 — 9323 pg/mL), than SaS (median 1721; range 1181 — 3090 pg/mL
(p<0.01,n=7, Wilcoxon test), after 8 h of incubation with the agonists, again inticat
that LPS was a stronger inflammatory stimulus than SaS. Tiaissof 3 other chemokines
were quantified by RT-qPCR, including CCL2 and CCL20 which werengnthe most up-
regulated in the microarray analysis (Figure 4 and Tables 8)diotlowing stimulation with
LPS and SaS. The results of RT-gPCR confirmed this observatiompnghihat the response
was significantly higher with LPS than with SaS (Figure 4)hdughCcl2 up-regulation had
not been detected in the microarray analysis following 3-h exposWBS, it was by RT-
gPCR. Also, increases ifcl2 expression following exposure to SaS were of limited
magnitude and not statistically significant. The chemokine CCldp (ahown as RANTES)
appeared in the list of genes up-regulated by LPS but not byTahis 4 and 5). This result
was confirmed by RT-qPCR, which showed a marked upregulati€@Chbb transcription
with LPS but not with SaS (Figure 4).

The expression dNos2a, a gene associated with the innate immune response encoding the
inducible nitric oxide synthase, was up-regulated by LPS andrSdi® microarray analysis
(Tables 4 and 5). Quantification by RT-gPCR confirmed the inesegstranscript numbers
and showed that LPS induced a significantly higher incrgased(05) at both 3 h and 6 h
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post-exposure than did SaS (Figure 4). Since the up-regulat@n8¥ (Tables 4 and 5) was
somewhat unexpected as this gene is mainly expressed by gmigemting cells [40], its
expression was checked by RT-gPCR. The results indicate rémestctipt numbers were
significantly increased only by LPS, at both 3 h and 6 h post-exposure (Figure 4).

Putative contribution of type | IFN to the LPS-induced response of bMEC

The increased expression of type | IFN-related genes bym®&s likely resulted from the
activation of the MyD88-independent IFN regulatory factor 3 (IR$t8haling pathway of

TLRA4. This pathway leads to the nuclear translocation of IRF3hafiieds to IRF-binding

sites in the regulatory region of a number of so-called IFN-a¢gdilgenes, although IFN is
not involved at this primary stage. Among the primary response geties gene encoding
IFN-B, present as multiple copies iBos Taurus [41], which creates a positive
autocrine/paracrine feedback loop through the secretion offJFtgagement of the IFN
type | receptor (IFNAR) and binding of transcription factors to -Hfihulated response
elements (ISRE) or more generally IFN regulatory factadibig sites (IRFBS) [42]. As a
result, secondary response genes are overexpressed [43]. Wearrhedk whether bMEC
respond to type | IFN by overexpressing IFN-related primary and secamrdgignse genes.

Preliminary experiments were carried out to determine the mgroncentration of 1IFN;
genes suitable as readouts, and the window time of response. Amangl sources of
ovine, bovine and human type | IFN, recombinant human iRMas the most active on
bMEC (results not shown). The IFN-inducible gernsgl5 and Cxcl10 proved to be
appropriate readouts for response to IFMielding marked increased expression at 3 h of
incubation with 10 ng/mL IFNs- or more (Figure 5a). The response to IfFMecreased by

6 h of incubation (Figure 5a). Subsequently, the concentration of 10 ng/mi3 Mv&ls
preferred because it is more in the physiological range. Twarthe effect of a postulated
secretion of type | IFN in response to LPS stimulation, 540 ng/mL) was added to MEC
after 3 h of incubation with SaS, and the cells were incubatedftotheer 3 h. Control cells
were incubated with medium alone or with medium plus LPS. IncubaiibnL®S induced

an overexpression @xcl10 andlsgl5, whereas incubation with SaS did not (Figure 5b). The
addition of IFN$ during the incubation increased the expression of these two gea&s 5 t
fold (Figure 5b), indicating that IFI§-was active under these conditions. Nevertheless, the
expression ofCcl5, Ccl2 and Nos2a was not increased by the addition of IBNe SaS
(Figure 5c¢). This suggests either that the expression of ¢feess is less dependent on type |
IFN than areCxcl10 or 1sgl5, or that SaS inhibited the effect of IFNen bMEC. It also
suggests that the overexpressiorCoi2, Ccl5 andNos2a induced by LPS did not depend on
an induced secretion of type | IFN, but rather that these genegeldeaa primary response
genes, presumably responding to LPS stimulation through the TLR4-relatg@gaRiway.

Discussion

Mastitis caused b¥. coli is usually clinical and short-lived due to self-cure wherg&as
aureus commonly elicits mild clinical chronic mastitis. We and othemes aiming to improve
our knowledge of mammary gland immunity by contrasting the respaindee mammary
gland or mammary cells to these two pathogens [5,6,10,13,14,22,44,45]. In thisvgtudy
compared the response of bMEC to bacterial products releasedilbglying E. coli or S
aureus.

12



The mastitis-causing pathogdascoli andS. aureus which have penetrated into the lumen of
the mammary gland are able to grow and multiply in milk with garable generation time
and concentration plateau [46]. Consequently the difference in sevedtywcome of
infections depends at least in part on the way the two pathogepsraeived and dealt with
by the mammary gland. Following experimental infusion of small bersy of bacteria
through the teat canal, several hours elapse before the @gnst gi inflammation manifest
themselves [47]. During this lag phase, bacteria are likelyaduge immunomodulins such
as MAMP and virulence factors. We decided to investigate the respbitise most abundant
sentry cells in the mammary gland, i.e. MEC, to bacterial compagpdssentative of these
released molecules. A crude LPS preparation was choséncal stimulus, and an early
culture supernatant & aureus stimulus. Since we were interested in the early response of
bMEC to S aureus, we speculated that the supernatant from exponential or post-exponential
culture phase would be more representative of the initial phaseeationf rather than the
supernatant of the stationary phase. Among MAMP detected in gteseli, TLR4 and
TLR2 agonists were present in the crude LPS preparation, and dddrizsts in the SaS. We
identified LTA as one potential TLR2 agonist, but it is likelytthpoproteins were also
major agonists in SaS [48]. Staphylococci are known to produce a noimdgonists of the
innate immune system [18]. We investigated the presence and postanivitly of two of
them, SpA andr-hemolysin. These two virulence factors were present in the 8-ha®dS
both were sensed by bMEC as shown by induction of CXCL8 secretgur¢fR2). Although
these responses were not documented with MEC before, they are mxpeceted. For
example, SpA has been shown to induce CXCL8 production by activatinB I signaling
[49], and bMEC respond to TNé{50,51]. Alpha-hemolysin has been reported to induce
CXCL8 in bMEC when used in association with heat-kil&dwureus [52]. Stimulation of
epithelial cells bya-hemolysin could result from its pore-forming activity and the @tsm
stress that ensues [37,53].

The response of bMEC to SaS was not the result of an overwhelmotgxigity, because
the early response was an increase of the reduction activity (Alluegr® keeping with the
early overexpression of the cytochrome gasypdal andcyplbl induced by killedS. aureus

or S. aureus supernatant [14,17]. Nevertheless, toxicity is likely to haeetributed to
shaping the response of bMEC to SaS. Apart from genes linked tatiogidtress, genes
associated with cyclins and the cell cycle were differdptetpressed after exposure to SaS
(Table 7), which is in keeping with the results obtained after expasf sheep MEC t&.
aureus supernatant [17]. This cell response is likely to be a defensenssto the activity of
cytotoxic components secreted &yaureus and is likely to differ among strains according to
their virulence potential.

A previous study based on the use of ovine MEC cultured under conditionsrabiapa
those of the present study allowed the comparison of the trancripfowofies of MEC
exposed to either livE. aureus or S. aureus culture supernatant [17]. This study showed that
almost half (286/646) of the DEG were shared between the twalistidevertheless, the
greater difference in response to the two stimuli was manifested airliee stimulation time

(2 h) and not at 5h of stimulation. The different physical chaiatts of the stimuli
(particulateversus soluble) may play a role in these observed early differences.

Exposure of bMEC to LPS or SaS induced the differential expres$ibandreds of genes
(Table 3). Transcriptional profiling studies have demonstrated ¢bl$ implicated in
immune defenses (including epithelial cells) respond to bactsti@uli with common
transcriptional activation programs, which are interpreted as igefedarm signals” for
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infection [54]. Variations on this common transcriptional theme trésarh cell type-specific
and pathogen-specific responses. The initial common host respoasgely Icharacterized
by features of the innate immune response [55]. The common hostiphosal response
includes genes that mediate inflammation, genes that regulasenmétion, genes that
activate the local innate defenses, genes that activate skesmsy immune response, and
genes that limit the immune response. All of these categeses represented in the set of
differentially expressed genes by bMEC in response to eith8rdr SaS (Tables 4 and 5).
An example is the complement factor B, an important component ofténeadive pathway
of complement activation, which was one of the most up-regulated dpgnieoth LPS and
SaS (Tables 4 and 5). Up-regulation of components of the alternatinveayaof complement
has been reported by others [11], and is in keeping with the capaditysgbathway to
operate in milk [56].

In previous publications reporting the response of bMEE.tcoli or S aureus or TLR
agonists such as LPS or LTA, innate immune genes were among the mostusuamel most
up-regulated genes [10,11,45]. TLR signaling via Myd88 activates two magbhmways
leading to transcriptional activation in the nucleus: thexdSFpathway and the mitogen-
activated protein kinase (MAPK) cascade. The intensity and duattithiis activation has to
be controlled to avoid excessive inflammatory tissue damage, aadge of regulatory
factors are set in motion to restrict activation. It is thus unmxpected thalNFKBIA
transcription was increased by LPS and SaS (Tables 4 and s Ibeen shown that
activation of the NReB protein complex closely correlates with the transcriptionzllef
NFKBIA [57]. NFKBIA, which encodesBa, is involved in the negative regulation of XB-
transcription factors. LPS induces the degradation of the negaguat@ kBa, allowing
NF-«xB to translocate in the nucleus, which in turn triggers a negateeback loop by
promoting the resynthesis afBa [58]. In the same vein, it is noteworthy tHaSP1 was
up-regulated in MEC after stimulation with SaS (Table 5). Thaitation of MAPK activity
largely relies on dual specificity phosphatases (DUSP), whadetypic member, DUSP1,
has been shown to be expressed in several cell types upon stmukath LPS or
peptidoglycan, and to contribute to the control of inflammation [59,60]. Thegation of
fos andjun by SaS (Table 5) at 3 h and 6 h post-stimulation was remarkab$emuch as
LPS down-regulatedios at 6 h post-stimulation (Table 4). Thas gene encodes a leucine
Zipper protein that can dimerize with proteins of the Jun familgreby forming the
transcription factor complex AP-BRaphylococcus aureus virulence factors were shown to
inducec-fos expression [61]. The expression of ELRCXC chemokines by human mgmmar
epithelial cells is mainly correlated to the AP-1 pathway tana lesser extent to the NdB
pathway [62], which is in line with the stimulated expression ofCCX CXCL2, CXCL3,
CXCL5 and CXCL8 by SaS (Table 5). An early activation of d-has been evidenced in
mouse mammary glands after inoculation withcoli, and molecular imaging showed that
this activation occurred first within the mammary epitheliud3][ Induction of NF<B
components and dfIFKBIA was also reported early (4 h) after infusion of LPS into mouse
mammary glands [64]. Thus the results obtained in vitro with bovine BiQorroborated
by data obtained in vivo with mouse mastitis models.

A major finding of the microarray analysis was that seveeakg of the type | IFN cascade
were up-regulated following stimulation with LPS (Table 4), wheneane of these genes
were up-regulated following stimulation with SaS (Table 5). lenm@hages, TLR2 agonists
induce a subset of TLR4-inducible proinflammatory genes, which ssggest use of
differential signaling pathways [65]. TLR2 agonists poorly indudg-B= LTA in particular
did not induce IFN3 expression [66]. By contrast, the LPS-induced TLR4 signaling dasca
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comprises two pathways: a MyD88-pathway with rapid activationFekBl and MAPK, and

a MyD88-independent pathway leading to the induction of IFN-inducible g&Tés A
considerable part of the gene expression signature in LPS-stohutalls depends on
Interferon-stimulated genes (ISG) [43]. IFN induction plays an itapbrrole in activating
the full NF«B transcriptional response because of transcriptional cooperatioedretive
IRF and NFxB [58]. A good example of an IFN-dependent gendas2, because full
transcriptional induction of thé&los2 gene encoding the inducible nitric oxide synthase
(INOS) requires type | IFN signaling and additional signatsamating from pattern
recognition receptors [68,69]. Up-regulationNds2 by staphylococcal LTA occurs, driven
by the stimulation of the receptor for the platelet activatatjor (PAFR) [66], but LTA did
not activate PAFR on bMEC [33]. This is consistent with our observahat Nos2 was
much more differentially expressed by LPS-stimulated thanaS3¢ssimulated MEC (Figure
5c). An increase iNos2 expression in mammary tissue has been reported following infusion
with LPS [70].

A consequence of type | IFN cascade triggering by LPS bubyw&aS was the differential
expression of a number of chemokines encoded by type | IFN respayeies. These
chemokines are dependent on the type | IFN pathway for optimal praclucthe
chemokines CXCL10, CXCL11l, CCL2 and CCL5, which are part of the “typEN
chemokine signature”, mainly attract monocytes, natural killedscand activated
lymphocytes [71,72]. Apart from mononuclear leucocytes, CXCL10, whichhigddy up-
regulated by LPS but not by SaS (Figure 5b), is also impficatethe recruitment and
activation of neutrophils at sites of infections in mice and humans [7&)74jote, CXCL10
has been found among the highest upregulated genes in the marntandrgfgnice 4 h after
infusion with E. coli LPS [64]. The chemokine CCL20, which attracts memory T
lymphocytes and immature DC, depends on «BFand type | IFN pathway for full
expression [75]. Our RT-gPCR experiments indicated @ck2, Ccl5 andCcl20 were more
up-regulated by LPS than by SaS (Figure 4). A higher expressiocléf following
stimulation of bMEC withE. coli than withS. aureus has been reported previously [76]. The
differential expression of these IFN-regulated chemokines mi@y @ stronger recruitment
of monocytes and lymphocytes in the mammary tissue and milkWigh than with SaS.
More generally, Type | IFN signaling is considered cruc@l lost resistance against
different pathogens, including extracellular bacteria suchE.asoli and Streptococcus
agalactiae [77], although the end-result can be favorable or detrimental tohdise,
depending on the circumstances [42].

Several studies have demonstrated $hatireus activates IFN-dependent genes [25,78]. The
capacity to activate the type | IFN pathway may be linkechéoexpression of virulence
genes by liveS aureus [25], because killedS. aureus do not induce an inflammatory
response as strong as do live bacteria [79,80]. Some expressiontgbehlelFN pathway
upon stimulation of MEC with SaS could have been expected, because &pfownd in
SaS, and SpA is able to activate the type | IFN pathwaynwagiepithelial cells [81]. The
SaS used for our experiments was shown to contain SpA and alpha $iemgy there was
no indication that the type | IFN pathway was activated. There eway be inhibition of
IFN-B activity on bMEC by SaS (Figure 5). Activation of IFN-dependemtegemay also
result from the autocrine/paracrine stimulation of MEC by theb land downstream
triggering of the STAT3 signaling pathway as hypothesized hgrst[14]). The lack of
overexpression of IFN-dependent genesShgureus culture supernatant or liv& aureus by
ovine MEC or human respiratory cells has also been reported [16,17]. Istuthe by
Gunther et al. [14] involving bMEC, it is of note that overexpressidridfdependent genes
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was detected after 24 h of exposure to heat-kiBedureus. Another group reported the
overexpression o€cl5 and Cxcl10 only after 24 h of exposure of bMEC to heat-killgd
aureus [44]. Thus, IFN-dependent gene stimulation could be a late evéhtaureus MEC
interaction, on the contrary to tke coli/MEC interaction.

Bovine MEC readily produce chemokines in response to bacterial stiamali apparently
there is a good correlation between mRNA levels and proteiretsmci|22,33]. On the
contrary, increases in TN&mMRNA transcripts do not imply protein production by bMEC, as
shown previously [33,51] and in this study. In addition to being regulatedtheat
transcriptional level, TNFe production is subject to translational control. In particular, the 3
untranslated region (UTR) of TN&-mRNA contains an AU rich sequence that imposes a
translational block on the mRNA, and this block is lifted only in calie to produce TNE-

in response to the appropriate stimuli [82,83]. Production of @dMF-mouse or bovine MEC
has been reported after stimulation with LPS or 8vaureus, but the secretion was modest,
less than 50 pg/mL [15,22,84]. It may be essential for the mammang gb keep the
expression of TNFe under tight control, because one autocrine effect of this cytogite i
inhibit the synthesis of caseins by MEC [85]. Secretion of ALy bMEC has not been
reported to date, although increases in transcript numbers followinglation with LPS or
LTA is documented [10,11,76]. Maturation and secretion offilislkknown to be dependent
on the activation of the inflammasome and of caspase-1 [86], eventhatiatnot been
documented in bMEC.

A functional pathway most affected by SaS was the IL-17A ¢hactgon pathway (Table 7).
This does not mean that IL-17A directly contributed to the respong=Gfto SaS, but that
MEC overexpressed several genes associated with this pathway. Biebantly shown that
bovine MEC respond to bovine IL-17A by producing chemokines and overexpressing
number of genes related to innate immune defenses [51], and upieguwhithe gene
coding IL-17A in milk leukocytes from cows suffering frog aureus mastitis has been
reported [87,88]. These observations prompt further studies to inveshigatae of IL-17A

in the response of the mammary gland to infection.

Inflammatory responses t6. coli and S aureus mastitis differ in several ways. A major
difference is the intensity of the systemic and local resppmggsh is considered to result
from underlying differences in the magnitude of production of key mitamnmatory
cytokines and chemokines [89]. In particular Ig-% found in greater concentration in milk
of E. coli mastitis than in milk o aureus mastitis, and TNF is found in bovine milk in
case ofE. coli but notS. aureus mastitis [5,6]. The inability of bMEC to secrete TNFand
IL-1B in response to crude LPS or SaS suggests that these cells may not be respotisgble for
difference in production of these pro-inflammatory cytokines. Tlegsakines are likely to
be produced by resident or recruited leucocytes rather than by MieCcase of CXCLS8 is
different, because the higher concentrations found in milk. @bli thanS. aureus mastitis
were mirrored by a higher production by bMEC in this study. Gikahmilk concentrations
detected during the course Bf coli intramammary infection are comparable with those
detected in response to intramammary infusion of LPS [89], thisestgghat MEC
contribute to this difference. Several studies suggest that ME@hedatto the production of
chemokines found in milk of mammary tissue in the course of nsagiten though most of
the results are based on mRNA rather than on protein quantificg8idfs12,13,22,33,90].

In this study we found that the chemokine profile induced by the stiolaf bMEC by
LPS and SasS differ in nature and magnitude. This differentiaksgjmn may result in part
from the differential expression of IFN-inducible genes, whiclarbjesets apart the early
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responses of bMEC to LPS and SaS (Figure 6). A consequence atithulation of IFN-
inducible genes is the differential expression of a number of dmanstgenes such as
certain chemokinesCgl2, Ccl5), pro-inflammatory genedl(6) and innate immune defense
genes Nos2a). This in turn is likely to have a strong influence on the inffeatory and
immune responses to the corresponding pathoggrasireus andE. coli. In particular the
wider set of chemokines induced by LPS is likely to recruitidemdiversity of leucocytes
than could d& aureus MAMP. Also, self-defense of the epithelium may be more stiradlat
by E. coli than byS. aureus MAMP. These features could contribute to the different clinical
manifestations and outcome of mastitis caused by these two pathogens.®yirgm vitro
and in vivo approaches and using a variety of models, an improved understahdieg
complex interactions of pathogens with the mammary gland can be anticipated.
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Figure 1 Activity of crude LPS (LPS Sigma) and SaS (SaS N305) on HER93 cells
transfected with human TLR2, TLR4, TLR5, Nodl or Nod2.a) Pure LPS (ULPS) and
purified LTA were used as agonists of TLR4 and TLR2, respeygtiVéle response of HEK
Blue cells (InvivoGen) was measured spectrophotometrically 3@ nm). b) Flagellin,
C12-iE-DAP and MDP were used as agonists of TLR5, Nod1l and Nod2, treslyeclhe
response of HEK 293 cells was evaluated through secretion of CXCL8, measure®By ELI

Figure 2 Detection of MAMP in SaS and effect on MECa) Detection of LTA in SaS. SaS
(50 puL) was submitted to SDS-PAGE and immunoblotted with a mAb to Liack 1). LTA
appeared as a smear owing to its size heterogeneity rasuli of varied number of
glycerolphosphate units. Immunoblotting was also performed with Sa&edr with
proteinase K (track 2) or with purifiedl aureus LTA (250 ng or 150 ng, tracks 3 and 4). SaS
was depleted of LTA with beads coated with mAb to LTA (track 3yhHnolecular weight
bands are the mAb light and heavy chains. SaS treated with cbe&rd$ without mAb is
shown (track 6). b) MEC were incubated for 16 h with SaS (25%te®ith control beads
or with mAb-coated beads, and concentrations of CXCL8 in cell cukupernatants
measured by ELISA. Purified LTA (250 ng/mL) was added to theetlesgplSaS to restore
activity. ¢) Staphylococcal protein A (SpA) was detected i§ 8ad was able to stimulate
bMEC. Immunoblot of 8-h N305 SaS revealed with a peroxidase-conjugdiied antiserum
reacting with SpA; d) bMEC were incubated for 6 h with eitlkeombinant SpA or purified
SpA, and CXCL8 concentrations measured in the cell culture superigtadbBLISA. €)
Dose—response of bMEC to decreasing concentrations of staphyloedutalhemolysin.
Bovine MEC were incubated with purified alpha hemolysin for 16 h, and GX®as
measured in cell culture supernatant by ELISA. To investigegeheat-resistance of the
stimulus, alpha hemolysin was heated at 95 °C for 10 min.

Figure 3 Venn diagrams showing differentially expressed genes as a fuion of time
and stimulus. Upper row: all DEG. Lower row: up-regulated annotated genes ohéyligts
of the sets of genes up-regulated on exposure to both SaS andeLgt®ar Venn diagrams
composed with VENNY [38]. List of the 16 upregulated annotated gdregedsin LPS 3 h
and SaS 3 h: CCL20, CXCLS8, IL6, CD83, CXCL1, NFKBIA, CXCL3, BIRC3, 81441,
PLAUR, IER3, ARRDC4, CEBPD, SGK1, BTG3, GABARAPLL. List of the 22aguiated
annotated genes shared in LPS 6 h and SaS 6 h: CCL20, CXCL8, CXCL5, NOSR3, C
CXCL2, CFB, SGK1, NFKBIA, CD83, ARRDC4, SLC25A28, SAT1, IKBKAP,
GABARAPL1, CALCOCOZ2, PLAUR, LEPROT, DUSP1, TLR4, CEBPD, SNRNP27.

Figure 4 Analysis by RT-qPCR of the expression of a set of genes showidifferential
expression in the microarray analysis.Relative quantification of th&NFa, IL6, Ccl2,
Ccl5, Ccl20, Nos2 andCD83 transcripts by RT-qPCR 3 h or 6 h after stimulation of bMEpC
with LPS or SaS. Median values (Q1 and Q3) from bMEpC of five cakesshown.
*Statistical significance relative to Control. § Statistical sigatfice, LPSversus SasS.

Figure 5 Effect of IFN-p alone or in combination with SaS on the expression of IFN-
inducible genes by bMEC. a) Response of bMEC to increasing concentrations of
recombinant human IFI§- After 3 or 6 h of incubation with IFI§; the relative expression of
the Cxcl10 andIsgl5 genes was determined by RT-gPCR. b) Effect of addingfIKAO
ng/mL) to SaS after 3 h of exposure to SaS, and comparison witffdct onCxcl10 and
Isgl5 expression of SaS and LPs alone, measured 3 h after addition @f tyNeffect of
adding IFNP as in b) on the expression Gtl5, Ccl2 andNos2a. * P < 0.05, relative to
Medium; $P < 0.05, LPS versus SaS.
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Figure 6 Main signaling pathways supposed to be activated in MEC expas$¢o either E.

coli crude LPS (A) or S. aureus culture supernatant (B). Crude LPS (a simplified
substitute of outer membrane vesicles, omv) is sensed by both ThdRZ l&R4, which
activates the NkB pathway by the MyD88-dependent pathway. In addition, the TRAM-
TRIF-IRF3 pathway leads to the activation of genes that have aitiRlfhg site in their
promoter sequenceS. aureus culture supernatant (SaS) is sensed by TLR2 and other
unidentified receptors that activate the NB-and AP-1 pathways. As a resul, coli
stimulation induces a higher number of genes (IFN-stimulatedspe¢han doesS. aureus
stimulation. This is exemplified by the overexpression of a pahehemokine genes that
have the potential to recruit a greater variety of leukocytestéset). LTA: lipoteichoic acid;
MyD88: myeloid differentiation primary-response gene 88; TRIR-@ibmain-containing
adaptor protein inducing IFR: TRAM: TRIF related adaptor molecule; IFR3: IFN
regulatory factor 3; IRFBS: IRF-binding site; JNK: Janus lenasP-1: activator protein 1,
composed of the Jun and Fos proteins.
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Table 1Features ofS. aureus bacterial strains shortlisted for stimulation of bMEC.

Strains Hemolysis Agrtype  Capsular type Leucotoxin titer LukS (ng/mL) Hla (ng/mL)
phenotype

Newbould 305hla+++ agrl CP5 20 5 10
hlb+++

169.32 hla+++ agr2 CP8 120 50 5
hlb+++

628.24 hla- hib- agrl CP5 10 0 0.6

644.15 hla- hib- agrl CP5 5 0 0.6

Hla Alpha hemolysinhlb Beta hemolysinCP Capsular polysaccharidieykS Small component of bi-
component leucotoxins. Toxin titers and concentrations were measured ult8ra supernatants.

27



Table 2 Gene-specific oligonucleotide primers used for qPCR.

Gene Symbol Oligonucleotides (3-3') Amplicon Annealing Accession
F: forward ; R: reverse (bp) Temperature (°C) number (GenBank)

18 s rRNA F: CGGGGAGGTAGTGACGAAA 196 69 AF176811
R: CCGCTCCCAAGATCCAACTA

TNFa F:-TCTTCTCAAGCCTCAAGTAACAAGC 104 69 EU276079
R: CCATGAGGGCATTGGCATAC

116 F: TGCTGGTCTTCTGGAGTATC 153 62 EU276071
R: GTGGCTGGAGTGGTTATTAG

Ccl2 F: GCTCGCTCAGCCAGATGCAA 117 62 NM174006
R: GGACACTTGCTGCTGGTGACTC

Ccl5 F: CTGCCTTCGCTGTCCTCCTGATG 217 62 NM175827
R: TTCTCTGGGTTGGCGCACACCTG

Ccl20 F: TTCGACTGCTGTCTCCGATA 172 62 NM174263
R: GCACAACTTGTTTCACCCACT

CD83 F: GAA GGG CAG AGA AAC CTG AC 231 65 °C BC112861
R : AGA GGT GAC TGG GAG GAA AG

Nos2 F: CTT GAG CGA GTG GTG GAT GG 240 64 NM0010987
R: CCT TCA TCC TGG ACG TGG TTC

Isg15 F: CGC-CCA-GAA-GAT-CAA-TGT-GC NM_174366
R: TCC-TCA-CCA-GGA-TGG-AGA-TG 158 62

Cxcl10 F: TTC-AGG-CAG-TCT-GAG-CCT-AC 218 62 NM_0046551
R: ACG-TGG-GCA-GGA-TTG-ACT-TG
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Table 3 Number of differentially expressed genes (DEG) as a funom of stimulus and
duration of exposure.

DEG SasvsRef3h SaSvsRef6h LPSvsRef3h LPSvsRef6h
Up-regulated 103 104 201 541
Down-regulated 7 212 16 273
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Table 4 Genes most significantly differentially expressed by bMEGtimulated by LPS
for 3 and 6 h compared to unstimulated cells, ordered by functional classes.

Gene symbolGene description Fold change
3h 6 h
Transcription and activation pathways
NFKBIA Nuclear factor of kappa light polypeptideme enhancer in B-cells 3.60 4.53
inhibitor, alpha
BIRC3 Baculoviral IAP repeat-containing protein 3 3.10 3.19
ZNFX1  NFX1-type zinc finger-containing protein 1 3.11
ZNHIT3 Zinc finger HIT domain-containing protein 3 2.48 3.08
IKBKAP Inhibitor of kappa light polypeptide genatencer in B-cells, kinase  2.52 2.33
complex-associated protein
TRIM21 Tripartite motif-containing protein 21 1.61 2.26
CEBPD CCAAT/enhancer binding protein (C/EBP), delt 2.02 1.60
NFKB2 Nuclear factor ok light polypeptide gene enhancer in B-cells 2 1.78 1.94
JAK2 Janus kinase 2 1.90 1.85
DUSP1  Dual specificity phosphatase 1 1.85
FOS V-fos -2.01
PLK2 Serum-inducible kinase, transcript variafL1K2 -1.50
Cytokines and chemokines, growth factors
CCL5 RANTES 7.10 20.52
CCL20  Chemokine (C-C maotif) ligand 20 19.42 19.37
CXCL8 Chemokine (C-X-C motif) ligand 8, Interlenk8 8.53 13.96
CXCL5 Chemokine (C-X-C motif) ligand 4.75 7.96
CCL2 Chemokine (C-C motif) ligand 2 6.38
CXCL2 Chemokine (C-X-C motif) ligand 2 5.06
CXCL1 Chemokine (C-X-C motif) ligand 1 4.93
IL6 Interleukin 6 6.64 4.85
CXCL3 Chemokine (C-X-C motif) ligand 3 3.15 3.60
IL1B Interleukin 1, beta 5.01 3.32
IFNB Interferon beta precursor 4.89 3.25
Tumor necrosis factor (ligand) superfamily, memb&(BAFF) 2.96
TNFSF13B
IL2 Interleukin 2 4.30 2.86
CCL16  Chemokine (C-C motif) ligand 16 2.60 2.77
CSF2 Colony stimulating factor 2 (granulocyte-nagtrage) 1.69 2.10
IL23A Interleukin 23, alpha subunit p19 2.06
CTGF Connective tissue growth factor -1.92
TGFB2  Transforming growth factor beta-2 precursor -1.46
Type | IFN-related genes
IFIT3 Interferon-induced protein with tetratricquiele repeats 3 3.02 7.92
MX1 Myxovirus (influenza virus) resistance 1 1.84 2.93
IFIH1 Interferon induced with helicase C domain 1 2.65 4.10
ISG15 ubiquitin-like modifier 2.46 3.69
GBP1 Interferon-induced guanylate-binding protein 2.17 3.56
TNFSF10 Tumor necrosis factor ligand superfamignmber 10 (TRAIL) 2.02 3.13
IF144 Similar to Interferon-induced protein 44 23.
OAS1 2-5'-oligoadenylate synthetase 1 1.61 3.15
IFI27L1 Interferon alpha-inducible protein 27-lipeotein 1 2.88
IRF7 Interferon regulatory factor 7 1.45 2.75
TRIM21 Tripartite motif-containing protein 21 1.61 2.26
GVIN1 GTPase, very large interferon inducible 1 212
STAT2  Signal transducer and activator of trangmip2 2.01
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STAT1  Signal transducer and activator of trangmipl
IRF2 Interferon regulatory factor 2
Immune defense response
NOS2A Nitric oxide synthase 2A (inducible)
S100A8 Calcium-binding protein A8, calgranulin A
CFB Complement factor B
S100A9 Calcium-binding protein A9, calgranulin B
CD83 Cell surface protein HB15
C2 C2 Complement component 2
ICAM1 Intercellular adhesion molecule 1
LTF Lactotransferrin
PLAT Plasminogen activator, tissue type
PLAUR  Urokinase plasminogen activator surface peme
CAMP Cathelicidin antimicrobial peptide
TLR4 Toll-like receptor 4
MMP9 Matrix metallopeptidase 9
CD74 Major histocompatibility complex, class Ivariant chain

BNBD10 Beta-defensin 10
Stress response

SOD2
SGK1

Superoxide dismutase 2
Serum/glucocorticoid regulated kinase 1

PARP14 Poly (ADP-ribose) polymerase family, membér
Cell growth and cycle, apoptosis

IGFBP3
EIF4E
CASP4
CASP8
IER3

Insulin-like growth factor binding proteth-
Translation initiation factor 4E
Caspase-4 Precursor

Caspase-8 precursor

Immediate early response 3

TNFRSF6 TNF receptor superfamily, member 6 (FAS)
CDK2AP1Cyclin-dependent kinase 2 associated protein 1

El24

Etoposide-induced protein 2.4 homolog

5.57
.82
3.39
AQ
5.50
1.79
2.50

1.93
2.11

1.62

1.59

3.19
1.81

2.38
2.32
1.60
1.58
2.09
1.82

1.96
1.84

45,
7.00
5.02
4.59
3.40
2.64

2.47
2.11
1.96
1.89
1.81
1.77
1.75
1.67

5.05
4.79
2.95

5.27
5.20
3.04
2.29

1.86
66-1.
-1.65
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Table 5 Genes most significantly differentially expressed by bMEGtimulated by SaS for 3 and
6 h compared to unstimulated cells, ordered by functional classes.

Gene symbol Gene description Fold change
3h 6 h
Transcription and activation pathways
FOS Proto-oncogene protein c-fos 2.09 2.21
NFKBIA Nuclear factor of kappa light polypeptiderge enhancer in B-cells inhibitor, 2.15 2.07
alpha
DUSP1  dual specificity phosphatase 1 1.91 1.71
ETS2 erythroblastosis virus E26 oncogene homol(ayian) 1.72
CEBPD CCAAT/enhancer binding protein (C/EBP), delt 1.65 1.59
SQSTM1 sequestosome 1 1.58
BIRC3 Baculoviral IAP repeat-containing 3 1.56
IKBKAP inhibitor of kappa light polypeptide genaleancer in B-cells, kinase complex- 1.49
associated protein
JUN Jun oncogene 1.57 1.47
NFKB2  nuclear factor of light polypeptide gene enhancer in B-cells 2 -2.05
FUS RNA-binding protein FUS -1.82
SFRS3 Splicing factor, arginine/serine-rich 3 -1.71
SFPQ splicing factor proline/glutamine-rich -1.59
RABL3  RAB, member of RAS oncogene family-like 3 -1.57
U2AF1 Splicing factor U2AF -1.54
CSTF2 cleavage stimulation factofpi®2-RNA, subunit 2 -1.53
RDBP RNA-binding protein RD, Negative elongatiactbr E -1.47
DKC1 dyskeratosis congenita 1, dyskerin -1.47
CRSP9 Cofactor required for Sp1 transcriptiongivation subunit 9 -1.45
Cytokines and chemokines
CXCL8 Chemokine (C-X-C motif) ligand 8, Interlenk8 6.20 4.52
CCL20 chemokine (C-C motif) ligand 20 4.94 4.27
CXCL1 Chemokine (C-X-C motif) ligand 1 3.51
CXCL3  Chemokine (C-X-C motif) ligand 3 2.48
CCL2 chemokine (C-C motif) ligand 2 2.22 2.71
CXCL5 chemokine (C-X-C motif) ligand 5 2.57
CXCL2  chemokine (C-X-C motif) ligand 2 2.47
IL6 Interleukin 6 1.71
VEGFB  Vascular endothelial growth factor B Preours 1.47
Immune defense response
PLAUR urokinase plasminogen activator surfaceptme 1.70 2.46
LBP lipopolysaccharide binding protein 2.26
NOS2A  Nitric oxide synthase 2A (inducible) 2.05
CcD83 Cell surface protein HB15 1.89 1.73
CFB complement factor B 1.70
SQSTM1 sequestosome 1 1.58
TLR4 toll-like receptor 4 1.50
ILRAP interleukin 1 receptor accessory protein 1.44
CD96 Cell surface antigen CD96 1.31
C3 Complement factor 3 -1.35
MMP9 Matrix metallopeptidase 9 -1.33
Stress response
SGK1 serum/glucocorticoid regulated kinase 1 1.73 1.75
Cdl growth and cycle, apoptosis
IER3 immediate early response 3 1.99 1.58
RASSF1 Ras association domain-containing protein 1 1.52
CDKN2B cyclin-dependent kinase inhibitor 2B -1.85
CDC20  cell division cycle 20 homolog (S. cerewédia -1.60
CCNA2 cyclin A2 -1.37
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Table 6 Functional pathways of genes most affected by LPS stimulah, determined by using

the Genomatix Pathway System (GePS).

LPS vs Ref 3 h (List of 147 genes taken into accaiin

p value nb of genes*
Signal transduction pathways (canonical)
Fas signaling pathway 7.58 x 1(F 5/20
Signal transduction pathways (Genomatix) p value nb of genes
NF kappa B 1.52 x 10 41/1542
Signal transducer and activator of transcription 761% 10 36/1184
Toll like receptor 2.49 x 10" 26/593
Apoptosis 7.27 x 10“ 52/2592
Tumor protein p53 8.23 x 10" 34/1108
Interleukin 1 2.05 x 10" 27/706
Janus kinase 2.57 x 10" 26/657
Tumor necrosis factor 5.10 x 10" 34/1182
Interleukin 6 5.57 x 10" 26/680
Inflammatory 8.31 x 10 33/1133
Nuclotide oligodimerization domain/ 9.52 x'¥0 13/131
Caspase recruitment protein family
Molecular functions (GO)
Cytokine receptor binding 2.29 x 10° 12/187
Receptor binding 9.83 x 10° 23/917
Cytokine activity 5.22 x 10° 11/199
Chemokine activity 4.88 x 10/ 6/47
Chemokine receptor binding 9.02 x 10/ 6/52
Biological processes (GO)
Immune system process 2.27 x 101 28/1094
Immune response 2.98 x 10 22/736
Locomotion 2.72 x 10° 19/605
Multi-organism process 8.37 x 10° 21/800
Response to chemical stimulus 1.67 x 16 28/1461
LPS vs Ref th (List of 193 genes taken into account)
Signal transduction pathways (Genomatix)
Signal transducer and activation 8.41 x 10" 44/1184
NF-kB 2.66 x 10" 49/1542
Chemokine (CC motif) ligand 2 8.63 x 10 23/272
Interleukin 6 1.91 x 10© 33/680
Toll like receptor 2.39 x 10" 31/593
Immune 4.25 x 10~ 38/957
Inflammatory 4.85 x 10'* 41/1133
Tumor necrosis factor 2.14 x 10 41/1182
Interleukin 1 2.87 x 10" 31/706
Janus kinase 2.89 x 10" 30/657
Molecular functions (GO)
Cytokine activity 1.21 x 10 14/199
Receptor binding 3.74 x 10° 25/917
Cytokine receptor binding 7.90 x 10° 12/187
Protein binding 5.75 x 10 80/8067
Biological processes (GO)
Immune response 1.59 x 10" 29/736
Immune system process 3.15 x 10" 33/1094
Response to stress 1.53 x 10 42/1880
Defense response 2.45 x 10" 26/708
Response to stimulus 2.98 x 10 58/3713

* Nb of genes: number of genes in the list/numifegemes in the pathway.
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Table 7 Functional pathways of genes most affected by SaS stimulationgtdrmined by

using the Genomatix Pathway System (GePS).

SaS vs Ref 3 h (List of 65 genes taken into accoynt

p value nb of genes
Signal transduction pathways (canonical)
AP-1 transcription factor network 5.05 x 10/ 6/69
Signal transduction pathways (Genomatix)
Interleukin 17A 8.75x10  7/137
Protein kinase B 159 x 10  9/297
Baculoviral IAP repeat containing protein, 1.940¢1  9/304

apoptosis inhibitor

FBJ murine osteosarcoma viral oncogene
homolog B

Cyclin D1

Chemokine (CC motif) ligand 2
Molecular functions (GO)

Too few genesp value > 10

Biological processes (GO)

Too few genesp value > 10

SaS vs Ref 6 {213 genes taken into account)
Signal transduction pathways (canonical)
Too few genesp value > 10

Signal transduction pathways (Genomatix)
Minichromosome maintenance complex
Cyclin B1

Cyclin D1

DNA repair

Cyclin A2

Checkpoint

Interleukin 17A

Nuclear receptor subfamily 3, group C
Cell cycle

Aryl hydrocarbon receptor

Molecular functions (GO)

Protein binding

Protein heterodimerizaton activity
Oxidoreductase activity

Biological processes (GO)

Symbiosis, encompassing mutualism
Viral reproduction

Cell death

Death

Response to organic substance
Oxidation reduction

6.49% 10 4/32

7.69 x 10
8.40 x 10

6.13¥ 10
9.29 x 10/
2.34 x 10
4.43 x 1
4.37 x 10
2.51 x 10
4.07 x 10°

4.08 ¥10
4.94 x 10°
9.93 x 10°

2.95 x 10°
1.23 x 10
2.39 x 10

2.15 x 10
3.84 x 10°
1.05 x 10'
1.10 x 10'
1.24 x 10/
1.98 x 10!

10/461
8/272

7/42
10/112
19/461
23/725
11/167
16/402
10/137
10/171
32/1309
10/190

100/8067
9/202
17/685

6/58
7194
27/1275
27/1279
21/874
17/645
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Additional files

Additional file 1 Selection of culture duration andS. aureus strain for production of
SaS.a) Monitoring of protein secretion & aureus N305 as a function of culture duration
(hours) in DMEM/F12 cell culture medium. Bacteria were grown3@a°C in RPMI
1640/DMEM (1:1) medium for the indicated times, before analysis D$-BAGE. b)
Concentration of CXCL8 in culture supernatant of bMEC exposed to Sa8 Howas
determined by ELISA. Results are means of a duplicate culture of csliofie cow.

Additional file 2 Schematic representation of the microarray experimental desigrGene
expression in bMEpC samples collected at 3 or 6 h after exposaithéo SaS or LPS was
analyzed by comparison with samples collected at 3 or 6 h withoutwerposstimuli. Each
arrow represents one microarray slide with the direction indigdkie cDNA labelling from
Cy5 to Cy3-labelled cDNA.

Additional file 3 Evaluation of the toxic effect of SaS on bMECChemical reduction of
growth medium supplemented with AlamarBlue by bMEC after 3 h and 6epafsure to
25% N305 SaS. Results are means from bMEC of 5 cows.

Additional file 4 List of differentially expressed genesBovine MEC were stimulated with
crude LPS or SaS for 3 h or 6 h, and the reaction of the cells wasigates through gene
expression profiling by microarray analysis. Differential expien relative to unstimulated
cells (Fold changes) are shown after a 3 h-exposure to LPSKLPSREF), 6 h-exposure to
LPS (LPS6h_vsREF), 3 h-exposure to SaS (SA3h_vsREF), and 6 h-exposur& to Sa
(SA6h_VsREF).
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Additional files provided with this submission:

Additional file 1: 7894275258607516_add1.pdf, 103K
http://www.veterinaryresearch.org/imedia/1203192550101545/supp1.pdf
Additional file 2: 7894275258607516_add2.pdf, 29K
http://www.veterinaryresearch.org/imedia/7314521015459510/supp?2.pdf
Additional file 3: 7894275258607516_add3.pdf, 51K
http://www.veterinaryresearch.org/imedia/8663515401015459/supp3.pdf
Additional file 4: 7894275258607516_add4.xls, 182K
http://www.veterinaryresearch.org/imedia/6220108061015459/supp4.xIs
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