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Abstract30

31

Staphylococcus aureus is a prolific mastitis-causing bacterium that resides naturally in the 32

environment of the dairy cow. The aim of this study was to profile immune gene expression in 33

tissue from the alveolar, ductal, gland cistern and teat canal regions of the bovine mammary 34

gland following intra-mammary infection with S. aureus. Quantitative real-time PCR (qPCR) 35

was used to profile expression of innate immune genes including pattern recognition receptors 36

(PRRs), cytokines, chemokine, antimicrobial peptides (AMPs) and acute phase proteins (APPs). 37

Consistent expression of Toll-like receptors (TLRs) 1-10 and NOD-like receptors (NODs) 1-2 38

was detected in all four tissue regions. Pro-inflammatory cytokines (IL6, IL17A and IL8) and 39

anti-inflammatory cytokine (IL10) were induced in all 4 tissues. APP (SAA3 and HP) and AMP 40

(DEFB4 and DEFB5) genes showed the greatest induction throughout the mammary gland in 41

response to S. aureus, with particularly high expression in alveolar tissue (SAA3 and HP >133-42

and >80-fold respectively, P <0.05; DEFB4 and DEFB5 >9- and >27-fold respectively, P 43

<0.05). Collectively, our data show both sentinel and effector immune functions throughout the 44

mammary gland in response to S. aureus challenge.45

46

47

48

Keywords: Dairy cow; Mastitis; Staphylococcus aureus; qPCR; Pattern recognition receptors; 49

Acute phase proteins; β-defensins50
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1. Introduction51

52

Bovine mastitis, characterised by inflammation of the mammary gland, is a major disease 53

affecting dairy cattle worldwide. The severity of the inflammation is dependent on the causative 54

agent and the host response to it (Bannerman et al., 2004; Barkema et al., 2006; Burvenich et al., 55

2003; Petzl et al., 2008). Resident and recruited cells together play important roles in immediate 56

defence against local infection (Rainard and Riollet, 2006). Extensive neutrophil recruitment 57

from the circulation to the lumen of the mammary gland is a hallmark of the early immune 58

response to mammary infection (Thomas et al., 1994). Intramammary infections with S. aureus59

predominantly cause subclinical mastitis resulting in chronic infection that can persist for the life 60

of the animal (Bannerman et al., 2004; Riollet et al., 2000; Yang et al., 2008). Chronic, 61

subclinical infections account for approximately 80% of mastitis related costs, due to reduced 62

milk yield and product quality (Shim et al., 2004). Further understanding of the immune 63

response throughout the mammary gland is a prerequisite to developing alternative strategies to 64

combat this costly disease.65

Once a pathogen enters the mammary gland, recognition through activation of pattern 66

recognition receptors (PRRs) is essential for initiation of the immune response in the mammary 67

gland (Elazar et al., 2010). For example, Toll-like receptor 2 is a PRR receptor that is activated 68

by lipoteichoic acid (LTA), a cell wall pathogen-associated molecular pattern (PAMP) of gram-69

positive bacteria (Akira et al., 2006), including S. aureus. Ten TLRs have been identified in70

cattle to date and their expression profile determined in selected tissues and in subsets of antigen 71

presenting cells (Menzies and Ingham, 2006; Werling et al., 2006). Increased expression of 72

TLRs in mammary tissue and in mammary epithelia in response to bacterial challenge have been 73

reported (Goldammer et al., 2004; Juliane et al., 2009; Petzl et al., 2008). Activation of the PRRs 74

initiates signal transduction pathways that culminate in the transcription of a wide range of 75
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immune genes including cytokines, which are synthesised by infiltrating cells (Lee et al., 2006)76

as well as resident cells in response to S. aureus infection (Lahouassa et al., 2007) and have been 77

shown to orchestrate both the local and the systemic immune response (Elazar et al., 2010; 78

Fitzgerald et al., 2007; Mitterhuemer et al., 2010).79

Pathogen triggering of PRRs results in the expression of effector molecules of the innate 80

immune response, these include host defense peptides (HDPs) and acute phase proteins (APPs). 81

HDPs are a large family of innate immune effector molecules that are conserved across a wide 82

range of species (Linde et al., 2008). Predominantly synthesised in neutrophils and epithelial 83

cells, they have been shown to be important in the resolution of local infection through both 84

antimicrobial and immune-regulatory properties (Lai and Gallo, 2009). Defensins are an85

important family of HDPs in cattle (Cormican et al., 2008). Several β-defensins, including 86

lingual antimicrobial peptide (LAP), tracheal antimicrobial peptide (TAP) and β-defensin 5 87

(DEFB5) have been found to be expressed in mammary tissue in both a constitutive and in an 88

inducible manner in response to bacterial challenge (Goldammer et al., 2004; Petzl et al., 2008; 89

Swanson et al., 2004; Tetens et al., 2010). A broad spectrum of antimicrobial activity has been 90

demonstrated for several bovine β-defensins, in particular, LAP and TAP have been shown to 91

demonstrate high activity against S. aureus and Escherichia coli (Diamond et al., 1991; Isobe et 92

al., 2009). Induction of the acute phase response (APR) is also prominent during intra-mammary 93

infection with S. aureus (Bannerman et al., 2004; Eckersall et al., 2006). Orchestrated through 94

hepatic and local synthesis of acute phase proteins (APPs; (Eckersall et al., 2006), it provides the 95

animal with an early defence mechanism until specific immunity is achieved. Serum amyloid A 96

(SAA) and haptoglobin (HP) are two important acute phase proteins in cattle whose expression 97

in milk is elevated in response to experimentally induced mastitis (Eckersall et al., 2001; 98

Eckersall et al., 2006). Of the bovine SAA family of proteins (Uhlar et al., 1994), SAA3 has 99

been shown to be the main SAA protein present in bovine colostrum (McDonald et al., 2001).100
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Several studies have quantified changes in concentrations of cytokines, APP, and AMPs101

in bovine milk following experimentally induced intramammary infections with E. coli102

(Bannerman et al., 2004; Chockalingam et al., 2005; Shuster et al., 1997). Furthermore, recent 103

studies have outlined transcriptome-wide changes in gene expression within mammary tissue104

during intramammary E. coli infection (Rinaldi et al., 2010). However, limited information is 105

available on the local immune response to intramammary infection with S. aureus. To address106

this, the aim of this study was to examine the regional variation in the expression of genes 107

encoding PRRs, pro- and anti-inflammatory cytokines, acute phase proteins and antimicrobial 108

peptides in tissue from the alveolar, ductal, gland cistern and teat canal regions of control and S.109

aureus challenged mammary quarters.110

111
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2. Materials and methods111

112

2.1  Animal infection model and tissue collection113

The details of the infection model used in this study have been previously published 114

(Eckersall et al., 2006). Briefly, 10 healthy, Holstein-Friesian cows had their udders sequentially 115

inoculated with a low-virulence strain of S. aureus (strain NCTC13047) previously isolated from116

a case of subclinical mastitis (Young et al., 2001). On day zero, both the right fore (RF) and the 117

right hind (RH) quarters were infused with 5 x 104 cfu of S. aureus in 10 ml Ringers solution. On 118

day 28, the RH quarter was re-infused and the left hind (LH) quarter was infused with the same 119

bacterium. The left-fore (LF) quarter, which had no exposure to the bacterial inoculum, acted as 120

a control and is referred to as the non-challenged quarter. Eight healthy Holstein-Friesian cows121

from the same herd were also used as non-challenged controls and were infused with 10 ml 122

Ringers solution (Fig. 1). All cows were euthanized on day 30. For each quarter, tissue was taken 123

aseptically from four different tissue regions (alveolar, ductal, gland cistern and teat canal), snap 124

frozen in liquid nitrogen then stored at -80ºC. The study was performed under a Home Office 125

Project Licence and with approval of the Ethics Committee of the Hannah Research Institute.126

In this study, tissue samples from the LH quarter of the S. aureus challenged cows127

(alveolar, n=6; ductal, n=6; gland cistern, n=5 and teat canal, n=6) and tissue from the LH 128

quarter of the non-challenged control (n=3 for all four regions) cows were used (Fig. 1). These 129

tissue samples, both control and S. aureus challenged quarters, were categorised as 48 h post 130

challenge. Tissue samples from the control quarter of challenged cows (LF) and tissue from the 131

LF quarter of non-challenged controls were also used in this study.132

133

134

135
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2.2 RNA isolation and quality control136

Tissue samples were removed from the -80ºC and kept in liquid nitrogen to prevent 137

thawing. Tissues were then sliced to a suitable volume (approximately 3 mm) and placed in a 2 138

ml microcentrifuge tube. RNA was extracted from the mammary tissue using the RNeasy® Mini 139

Kit protocol (Qiagen Ltd., Crawley, UK), and DNAse digested according to the manufacturer’s 140

instructions. RNA yield and quality were assessed using the ND-1000 NanoDrop®141

spectrophotometer (Labtech International Ltd., Sussex, UK) and Agilent 2100 Bioanalyzer 142

(Agilent Technologies Ireland Ltd., Cork, Ireland), respectively. The ratio of absorbance at 260 143

nm and 280 nm averaged >1.8 and the RNA Integrity Number (RIN) averaged >7.0 for all tissue 144

samples.145

146

2.3 Quantitative real-time PCR (qPCR)147

One μg of total RNA from each sample was reverse transcribed into cDNA using a 148

OmniScript™ III first strand synthesis kit with oligo (dT) primers according to the 149

manufacturer’s instructions (Invitrogen Ltd., Paisley, UK). The cDNA was quantified using the 150

ND-1000 NanoDrop® spectrophotometer and then diluted to a 20 ng/µl working concentration. 151

Gene specific primers for quantitative real-time PCR were designed using Primer3 express 152

software. These were designed, where possible, to traverse introns and then commercially 153

synthesized (Invitrogen Ltd.). Details of these primer pairs are presented in supplementary files 154

(Supplementary table 1). qPCR was performed using the Sybr Green-based fluorescent method155

(Roche Diagnostics Ltd., Sussex, UK) and the MX3000P® quantitative PCR system (Stratagene 156

Corp., La Jolla, CA), as follows: 95 ºC for 10 min, followed by 40 cycles of 95ºC for 30 sec, 157

60ºC for 1 min and 72ºC for 30 sec, and finally amplicon dissociation at 95ºC for 1 min, 55ºC for 158

30 sec and 95ºC for 30 sec. Each reaction had a total volume of 25 µl – 12.5 µl of 2 X master 159

mix (Stratagene Corp.), 10.5 µl of the primer-H2O and 2 µl of cDNA. Optimal primer 160
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concentrations were determined by titrating 300, 600 and 900 nM final concentrations and 161

dissociation curves were examined for the presence of a single product. Amplicons were also 162

assessed on 1.5 % native agarose gels. To determine PCR primer efficiencies, qPCR was 163

performed for each primer set using a dilution series (two-fold over 3 orders of magnitude, 164

including working concentration) of pooled cDNA from all S. aureus challenged and non-165

challenged control samples as template. Standard curves were generated and efficiency 166

determined with the formula 10(-1/slope)-1. Primer efficiency for H3F3A and all significantly 167

differentially expressed genes were considered comparable and within the recommended range 168

for using the 2-ΔΔCq method (90 to 100% efficiency).169

170

2.4 Data analysis171

qPCR data (Cq values) was converted to gene expression fold changes for each sample 172

after normalisation to a reference gene, using the 2-ΔΔCq (Cq/Ct represents the quantification173

cycle) method (Schmittgen and Livak, 2008), and recorded relative to control samples.174

Determination of a stable reference gene was determined using the geNorm version 3.4 175

Microsoft Excel add-in software package (Vandesompele et al., 2002). For each tissue region 176

(alveolar, ductal, gland cistern and teat canal) from both S. aureus challenged and non-177

challenged quarters (n=6), and from the LH quarter of non-challenged controls (n=3), seven 178

putative normaliser genes peptidylprolyl isomerase A (PPIA), glyceraldehyde-3-phosphate179

dehydrogenase (GAPDH), β-actin (ACTB), h3 histone, family 3A (H3F3A), ribosomal protein 180

S6, S9 and S15 (RPS6, RPS9 and RPS15) were tested. The data was then analysed using the 181

geNorm software to generate M stability values for specific comparison between control and S. 182

aureus challenged regions (i.e. alveolar challenged vs alveolar control, ductal challenged vs183

ductal control, etc). GeNorm generates a gene expression stability measure (“M” value) and then 184

ranks the values in order of decreasing M values which corresponds to increasing mRNA185
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expression stability. The recommended M value cut-off is 0.5 for homogeneous samples and can 186

be higher for tissue samples. The optimal number of reference genes was then estimated by the187

pairwise variation “V” between two sequential normalization factors. Statistical analysis of 188

qPCR results was carried out using the non-parametric Mann-Whitney U test as implemented in 189

version 5.01 of GraphPad Prism. P values of <0.05 were considered statistically significant.190

191

192

193
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3. Results193

194

3.1 Elevated levels of somatic cells in milk in response S. aureus challenge195

Before infusion, a full bacteriological examination was carried out on milk samples from 196

all 4 quarters of infused and control cows at several timepoints, and was found to be negative for 197

S. aureus and other major mastitis-causing pathogens. Increased somatic cell count (SCC) from 198

pre-infusion to post-infusion of >2 x 106 cells/ml in the absence of clinical signs (swelling, 199

redness, pain in the udder or clots in the milk) was taken as an indication of subclinical mastitis, 200

and was detected in all S. aureus challenged animals. The mean SCC in milk from the LH 201

quarter of non-challenged controls as well as the milk from the non-challenged quarter of 202

challenged cows did not exceed 2 x 106 cells/ml. In this study, the mean somatic cell count in 203

milk from S. aureus inoculated LH quarters (n=6) increased from pre-infusion levels of 2.3 x 104 204

cells/ml to 6.5 x 106 cells/ml by 12 h post-challenge and remained elevated over the 48 h period.205

The corresponding LH quarters of the non-challenged controls (n=3), did not exceed 2 x 106 206

cells/ml over the 48 h period (pre-infusion level of 1.6 x 104 cells/ml to 3 x 104 cells/ml at 12 h, 207

6.6 x 104 cells/ml at 24 h, 2.1 x 104 cells/ml at 36 h and 4.4 x 104 cells/ml at 48 h post-208

inoculation) (Fig. 2). 209

210

3.2 Selection of stable normaliser gene for qPCR and primer efficiency211

The expression of seven genes, PPIA, GAPDH, ACTB, H3F3A, RPS6, RPS9 and RPS15,212

was examined in cDNA from each animal sample, across all four regions (alveolar, ductal, gland 213

cistern and teat canal) of both control and S. aureus inoculated quarters. H3F3A demonstrated 214

the greatest stability throughout for all four tissue regions of the mammary gland (alveolar, M215

<0.25; ductal, M <0.25; gland cistern, M <0.25 and teat canal, M <0.2) and was therefore 216
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selected as the most suitable gene for normalisation of qPCR data. In contrast to this, the most 217

variable of the putative normaliser genes was ACTB and GAPDH.218

219

3.3 Selection of control animals for qPCR220

In a pilot experiment, expression of candidate cytokine, APP and AMP genes was221

profiled in tissue from S. aureus inoculated quarters (LH) and compared with expression levels222

in tissue from non-challenged quarters (LF) of challenged cows (Fig. 1). Large variation in the 223

magnitude of expression was observed relative to control animals, resulting in no statistical 224

significance between the tested comparisons (data not shown). The expression of these candidate 225

immune genes was then profiled in tissue from control quarters and compared with the 226

expression data from control cows. Expression of SAA3, HP, and DEFB5 was significantly 227

induced (data not shown). These results confirmed previous reports that udder quarters are 228

influenced by infection of neighbouring quarters. As a result, it was decided that samples from 229

non-challenged controls should be used for accurate quantification of relative gene expression 230

changes due to S. aureus challenge (Fig. 1).231

232

3.4 Consistent TLR and NOD gene expression across mammary gland 233

The expression of TLRs 1-10 and NODs 1 and 2 was detected in all four tissue regions 234

from challenged and control quarters (Fig. 3), with TLR 8 having the least expression in 235

comparison to the other PRRs. Differential expression levels of each PRR were further profiled236

in the four tissue regions from challenged quarters relative to non-challenged controls 48 h post 237

challenge with S. aureus. TLR1 gene expression was significantly increased in ductal, gland 238

cistern and teat canal tissue from challenged quarters relative to control quarters (6.1-, 6- and 239

4.2-fold respectively, P <0.05; Fig. 4 B, C and D). TLR3 showed a moderate fold increase in teat 240

canal tissue from challenged quarters (2.5-fold, P <0.05; Fig. 4 D). Similar moderate fold 241
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increases were observed for TLR6 and TLR7 in gland cistern tissue from infected animals (3.7-242

and 3.6-fold respectively, P <0.05; Fig. 4 C). TLR5 and TLR7 was also significantly increased in 243

alveolar tissue from challenged animals (1.8 - and 2.3-fold respectively, P <0.05; Fig. 4 A). In 244

contrast, the genes encoding TLR4, NOD1 and NOD2 were significantly decreased in teat canal 245

tissue (2.8- and 2.7-and 1.2-fold respectively, P <0.05; Fig. 4 D), TLR6 in ductal tissue (1.1-fold,246

P <0.05; Fig. 4 B) and TLR8 in gland cistern tissue (1.9-fold, P <0.05; Fig. 4 C). TLR2, TLR9, 247

and TLR10 showed no significant differential expression across the four tissue regions248

(Supplementary table 2). 249

250

3.5 Regional variation in cytokine gene expression251

Expression of the proinflammatory cytokine IL6 significantly increased in three of the four tissue 252

regions profiled, alveolar, ductal and gland cistern (5.1-, 2.1- and 2.9-fold respectively, P <0.05; 253

Fig. 4 A, B and C). In contrast, IL1B showed a slight decrease in gene expression in ductal tissue 254

from challenged quarters (2.9-fold, P <0.05; Fig. 4 B). TNF showed no significant differential 255

expression across the four tissue regions (Supplementary table 2). IL8 showed a strong and 256

significant increase in alveolar tissue (13-fold, P <0.05; Fig. 4 A) and a moderate fold increase in 257

gland cistern tissue (2.1-fold, P <0.05; Fig. 4 C). A similar fold increase in teat canal tissue was 258

observed for the gene encoding IFNG (11-fold, P <0.05; Fig. 4 D). The gene encoding 259

proinflammatory cytokine IL17A showed significant increases in all four mammary regions -260

alveolar, 5.7-fold; ductal, 1.5-fold; gland cistern, 1.5-fold; teat canal, 9-fold (P <0.05; Fig. 4 A, 261

B, C and D). Gene expression of the proinflammatory antagonists TGFB and IL10 were also 262

profiled. TGFB showed a moderate increase in ductal tissue and a moderate decrease in teat 263

canal tissue (1.4- and 1.8-fold respectively, P <0.05; Fig. 4 B and D). IL10 showed a strong 264

increase in both ductal and teat canal tissue (8.4- and 6.3-fold respectively, P <0.05; Fig. 4 B and 265

D). 266

267
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3.6 Local mammary expression of acute phase protein genes267

Of the 5 APPs genes profiled in mammary tissue, SAA3 and HP expression was 268

significantly increased in alveolar, ductal and gland cistern tissue of challenged quarters relative 269

to non-challenged controls. SAA3 expression was strongly induced in both alveolar and ductal 270

tissue (133- and 14-fold respectively, P <0.05; Fig. 4 A and B), with a moderate fold increase 271

detected in gland cistern tissue (4.1-fold, P <0.05; Fig. 4 C). Similarly HP expression was 272

strongly induced in both alveolar and ductal tissue (80- and 30-fold respectively, P <0.05; Fig. 4273

A and B), with a moderate fold increase detected in gland cistern tissue (5.6-fold, P <0.05; Fig. 4274

C). Lesser fold increases were detected for LPS-binding protein (alveolar, ductal and gland 275

cistern, 3.3-, 3.3- and 1.7-fold respectively; P <0.05 – Fig. 4 A, B and C) and ceruloplasmin276

(gland cistern and teat canal, 3.2- and 1.9-fold respectively; P <0.05 - Fig. 4 C and D). 277

Expression of alpha-1 acid glycoprotein (AGP) was significantly decreased in alveolar tissue 278

(54-fold, P <0.05; Fig. 4 A) and increased in ductal and gland cistern tissue (7.6- and 7.6-fold279

respectively, P <0.05; Fig. 4 B and C). 280

281

3.7 β-defensins gene expression 282

Expression of the β-defensins, DEFB4 and DEFB5, was strongly induced in both alveolar 283

(9.4- and 27-fold respectively, P <0.05; Fig. 4 A) and gland cistern tissue (10- and 34-fold 284

respectively; P <0.05; Fig. 4 C) from challenged quarters. DEFB5 showed similar strong 285

induction in ductal tissue (22-fold, P <0.05; Fig. 4 B). DEFB1 was moderately induced in the 286

alveolar region (4.9-fold, P <0.05; Fig. 4 A) with no significicant induction detected in the 287

remaining three regions. Similarly the expression of the β-defensins LAP and TAP was not 288

significantly induced in any of the regions profiled (Fig. 4 A, B, C and D). 289

290

291
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4. Discussion 291

292

Understanding the innate immune response to the bacterial causes of mastitis in cattle is a 293

prerequisite to the development of novel and effective diagnostics and therapeutics. Towards this 294

end, recent studies have examined the immune response to S. aureus, E. coli (Bannerman et al., 295

2004; Lee et al., 2006), and S. uberis (Swanson et al., 2009), the predominant causal organisms. 296

In this study, an experimental infection model of S. aureus was performed and comprehensive 297

quantification of innate immune genes carried out to assess the regional variability in the tissue-298

specific expression of effector molecules and in order to examine the molecular basis for local 299

acute phase protein production detected previously (Eckersall et al., 2006).300

qPCR analysis confirmed expression of TLRs 1-10 and NODs 1-2 in all four tissue 301

regions profiled. Expression of genes encoding extracellular PRRs, TLRs 1, 2, 4, 6, and 302

intracellular PRRs, NODs 1-2  was abundant throughout the mammary gland relative to the 303

normaliser gene H3F3A (data not shown), suggesting that all four regions of the mammary gland 304

profiled are sensitive to bacterial infection through the ability to recognise both gram positive 305

and gram negative bacteria (Akira et al., 2006). Expression of intra-cellular receptors may be 306

important in detection of S. aureus which has the potential to invade epithelial cells (Almeida et 307

al., 1996; Buzzola et al., 2007; Hensen et al., 2000). Expression of the TLR1 gene was 308

significantly increased in three tissue regions from challenged quarters relative to non-challenged 309

controls. TLR1 and TLR6 form heterodimers with TLR2 and can recognise gram-positive cell 310

wall components (Kawai and Akira, 2010). Interestingly, significant increases in the expression 311

of TLRs that recognise viral ligands were also observed (TLR3 and TLR7). Similar results were 312

observed in human moncytes in response to both S. aureus and IL6 treatment (Zarember and 313

Godowski, 2002). Additionally, TLR7 has been shown to recognise gram-positive bacteria 314

(Mancuso et al., 2009) Of the PRRs profiled, TLR8 showed the lowest levels of expression in the 315
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four regions profiled. TLR8 is expressed in various bovine tissues (Menzies and Ingham, 2006), 316

with its highest expression in monocytes (Werling et al., 2006). Immunohistochemistry analysis 317

on tissue from both S. aureus challenged and control animals reported low levels of immune318

cells (data not shown) and this could explain the low levels of expression observed in mammary 319

tissue. Similar low levels of TLR8 expression were observed in bovine endometrial tissue, with 320

no transcript detected in purified stromal and epithelial cells (Davies et al., 2008). In contrast to 321

the increased expression of the PRRs profiled, the expression of NOD1, NOD2 and TLR4 was 322

significantly decreased in teat canal tissue. 323

Although not significantly differentially expressed, TLR2 showed the highest constitutive 324

expression in all four tissue regions compared to other TLRs (data not shown). Unchanged 325

expression of TLR2 has previously been reported in S. aureus inoculated quarters over long 326

periods (72 h and 84 h) (Petzl et al., 2008). However, in contrast, host detection of S. aureus was 327

evident through increased somatic cells from as early as 12 h post inoculation (Fig. 2), and328

through the induction of proinflammatory cytokines (Fig. 4); suggesting that modulation of 329

immune genes is initiated through activation of these baseline expressed PRRs or other receptors.330

The expression of the proinflammatory cytokines IL1B and TNF were not significantly 331

increased across the mammary gland. A similar proinflammatory cytokine response has been 332

observed with S. aureus strains that caused subclinical infections (Bannerman et al., 2004; Lee et 333

al., 2006; Petzl et al., 2008). This is in contrast with results observed following intramammary 334

infection with E. coli where increased expression of TNF has been observed in both mammary 335

tissue and milk (Blum et al., 2000; Petzl et al., 2008). The lack of a TNF or IL1B response 336

throughout the mammary gland may be a factor in the pathogenesis of S. aureus infection which 337

commonly results in chronic infections that can persist for the life of the animal (Petzl et al., 338

2008; Sutra and Poutrel, 1994). Whereas, E. coli infection usually resolves spontaneously within 339

a short period (Blum et al., 2000; Hoeben et al., 2000). 340
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IL6, which regulates the APR through the synthesis of APP (Jensen and Whitehead, 341

1998), was significantly induced in three of the four tissue regions profiled. IFNG, IL17A, and 342

IL8 were also significantly increased. IL8, a major chemokine, was significantly increased in 343

both alveolar and gland cistern tissue, with particularly high induction in alveolar tissue (13-fold)344

at 48 h post-infection. At 48 h post infection there was an extensive increase in somatic cell 345

infiltration into the mammary gland (Fig. 2). These cells, which are predominantly neutrophils, 346

are probably a major contributor to the increased levels of IL8 expression (Rainard and Riollet, 347

2006). Interestingly, in humans IL17A has been shown to be involved in the recruitment of 348

neutrophils through regulating IL8 (Laan et al., 1999). Expression of molecules involved in the 349

resolution of infection was also profiled. While the expression of TGFB1 was similar to that of 350

control animals, the anti-inflammatory gene IL10 was increased in challenged animals, 351

indicating an attempt to prevent tissue damage associated with excessive inflammation.352

Alternatively, induced expression of these anti-inflammatory genes may be a mechanism by 353

which S. aureus can evade the host’s innate immunity.354

Two major classes of APPs have been previously studied in cattle: type I APPs including 355

SAA are regulated by IL-1 and TNF whereas type II APPs such as HP are regulated by IL6356

(Jensen and Whitehead, 1998). The increased cytokine gene expression, in conjunction with the 357

APP expression supports a proinflammatory host response to S. aureus infection. IL6 gene 358

expression has also been demonstrated in milk somatic cells from cows infected with S. aureus359

(Lee et al., 2006). Previous studies indicated that APP detected in the mammary gland resulted 360

from leakage from the serum in times of stress or infection (Salonen et al., 1996). In an earlier 361

analysis of the same animals used in this study, intramammary infection with S. aureus induced 362

both local and a systemic immune responses (Eckersall et al., 2006). In this study, we confirmed 363

the expression of acute phase genes, SAA3 and HP at the mRNA level reaffirming these findings364

of the local production of these two major APPs throughout the mammary gland in response to S. 365
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aureus infection. SAA3 and HP genes were particularly highly induced in alveolar tissue 48 h 366

post challenge (Fig. 3 A), which,  with increases of 133-fold and 80-fold respectively were the 367

largest increases of any of the genes examined. Similar regional variation and marked induction368

of SAA3 and HP in the alveolar region were observed in E. coli infected mammary quarters 369

(Rinaldi et al., 2010). SAA3 has been shown to have antibacterial activity against E. coli, S. 370

uberis and Pseudomonas aeruginosa (Molenaar et al., 2009) and may therefore have an 371

important antibacterial role in the mammary gland. An extramammary protective role has been 372

suggested for SAA3 in neonates, and possibly adults, against gastrointestinal infections by 373

inducing mucin production in the intestine resulting in reduced bacterial adherence (Gillian et al., 374

2009; Larson et al., 2003). The large increase in the expression of the HP gene would suggest 375

that this protein also has an important protective role in response to S. aureus infection. This 376

protective role may be in the form of limiting the availability of iron (Schaer et al., 2002) that is 377

necessary for S. aureus to proliferate (Skaar et al., 2004), or reducing the tissue damage caused 378

by over production of reactive oxygen species as a result of infiltrating neutrophils (Lauzon et 379

al., 2005; Tseng et al., 2004). Additionally, HP has also been shown to modulate neutrophil 380

function through inhibiting neutrophil chemotaxis, phagocytosis and bactericidal activity 381

(Rossbacher et al., 1999).382

The present study also examined the gene expression of the APP molecules, LPS-binding 383

protein, ceruloplasmin and alpha 1 acid glycoprotein throughout the mammary gland. Induction 384

of the gene encoding LPS-binding protein was observed in all four tissues (Fig. 4). Increased 385

concentration of LPS-binding protein has been previously reported in milk and serum after intra-386

mammary infection with S. aureus (Bannerman et al., 2004). Primarily associated with gram-387

negative bacterial infection, LPS-binding protein has been shown to bind to components of 388

gram-positive bacteria cell wall, namely lipoteichoic acid (Schröder et al., 2003). Ceruloplasmin389

gene expression was significantly increased in gland cistern and teat canal tissue (Fig. 3 C and390
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D). Increased concentration of ceruloplasmin has been reported in the milk of cows with 391

subclinical mastitis (Tabrizi et al., 2008). Interestingly, alpha-1 acid glycoproteins expression 392

was significantly decreased in expression in the alveolar region alone (54-fold), whereas 393

expression was induced in both ductal and gland cistern tissue (Fig. 3 A, B and C). Alpha-1 acid 394

glycoproteins has been identified in bovine colostrum and milk and expression of mRNA395

localised to mammary tissue (Ceciliani et al., 2005). Immunomodulatory functions have also396

been demonstrated. In particular, it has been shown to inhibit bovine neutrophil respiratory burst 397

activity while enhancing IL8 production. However, they report that this inhibitory effect did not 398

affect the ability of neutrophils to phagocytosis or kill S. aureus (Rinaldi et al., 2008). Decreased 399

expression in the alveolar region may inhibit the early recruitment of neutrophils to the 400

mammary gland and could be a result of S. aureus modulating the host’s immune response in 401

order to enhance survival.402

β-defensins have also been shown to be bactericidal against mastitis-causing pathogens403

(Diamond et al., 1991; Isobe et al., 2009). We profiled, DEFB1, DEFB4, DEFB5, TAP and LAP404

in all four regions of the mammary gland. Expression of these β-defensins was detected in all 405

four regions of the mammary gland. However, only DEFB4, DEFB5 and DEFB1 were 406

significantly differently expressed across the mammary gland. DEFB5 demonstrated strong 407

induction in the alveolar (27-fold), ductal (22-fold) and gland cistern tissue (34-fold) (Fig. 3 A, B 408

and C). Similarly high differential expression was detected for DEFB4 in alveolar and gland 409

cistern tissue (Fig. 4 A and C). A previous study showed that following intramammary infection 410

with S. aureus, expression of DEFB5 was not detected until 84 h post-inoculation (Petzl et al., 411

2008). S. aureus pathogens have been shown to elicit a much weaker immune defence, in 412

comparison to E. coli (Bannerman et al., 2004; Yang et al., 2008). Although our result may be in 413

part due to the specific strain used, the time kinetics of the experiment (Fig. 1) must be 414

considered when interpreting these results, since the expression of DEFB5, was significantly415
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increased in the control quarter of challenged cows compared to the non-challenged controls. 416

This indicates that the innate immune response being observed is influenced by systemic effects 417

induced as a result of inoculation of neighbouring quarters with the same strain S. aureus 28 days 418

prior. As a result, the innate immune response being observed is influenced by a secondary 419

adaptive immune response.420

Similar results were reported for intramammary infection with E. coli, whereby 421

inoculation in one quarter influenced the transcriptome in neighbouring uninfected quarters 422

(Mitterhuemer et al., 2010). Having previously been shown to be inducible and constitutively 423

expressed in mammary tissue (Petzl et al., 2008; Tetens et al., 2010), and considering the fact 424

that they are in all four regions of the mammary gland profiled, β-defensins may represent an 425

important arm of the local innate immune response to S. aureus infection. Thus, determining the 426

regulation of these defensins, both inducible and constitutively expressed, requires further work.427

Of the regions profiled (Fig. 1), chemokine and effector molecule expression was most 428

significantly stimulated in alveolar tissue, in particular the expression of SAA, HP, DEFB4 and 429

DEFB5. A similar response was seen in response to E. coli infection (Rinaldi et al., 2010). It was 430

suggested that regional differences are a result of the timeframe of the bacterial interaction with 431

the host cells in a particular location, moving from the teat canal into the gland cistern and 432

eventually entering the alveoli. However, in contrast, our experimental model involved the 433

infusion of the pathogen directly into the gland cistern effectively bypassing the teat canal. The 434

fact that the alveolar region appears more sensitive to pathogens in both infection models 435

regardless of the point of entry of the pathogen, may be a result of differences in resident cell 436

populations throughout the mammary gland (Nickerson and Pankey, 1983; Nickerson et al., 437

1984). The contribution of each cell population to the challenge-related changes in gene 438

expression remains to be elucidated.439

440
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5. Conclusion441

The potential of the mammary gland to sense a broad range of microbial products is 442

evident through the expression of TLRs 1-10 and NODs 1-2 throughout the mammary quarter.443

We demonstrate the spatial and inducible expression of a panel of APPs and AMPs throughout 444

the mammary gland in response to S. aureus infection indicating these molecules are important 445

in the pathogenesis of mastitis caused by S. aureus in cattle. Their expression throughout the 446

mammary gland suggests that they are part of the local inflammatory response and their 447

quantification in milk might be suitable for the early detection and diagnosis of subclinical 448

mastitis. 449

450
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Figure legends648

649

Fig. 1 Experimental setup of intra-mammary infection with a low-virulent strain of S. aureus650

isolated from a natural case of subclinical mastitis. qPCR was performed on tissue isolated from 651

the LH quarter of both S. aureus challenged and saline non-challenged controls (both quarters 652

are circled).653

654

Fig. 2 Somatic cell counts in milk from S. aureus inoculated (n=6) LH and saline inoculated655

(n=3) control quarters. Mean values (Error bars = SEM) are presented. Statistical significance is 656

denoted as: * = P <0.05.657

658

Fig. 3 Tissue expression profile of bovine pattern recognition receptors from mammary tissue 48 659

h post infection with S. aureus (a representative result is shown of n = 6).660

661

Fig. 4 A, B, C and D. Differential gene expression profiles from qPCR analysis on bovine 662

mammary tissue isolated from alveolar, ductal, gland cistern and teat canal regions of S. aureus 663

challenged quarters and non-challenged controls. Median fold changes are shown for S. aureus664

challenged animals (n=6) relative to non-challenged controls (n=3). Statistical significance is 665

denoted as: * = P <0.05 and ** P <0.01.666
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Fig. 3 
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