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Abstract
Escherichia coli is a frequent cause of clinical mastitis in dairy cows. It has been shown that a prompt response
of the mammary gland after E. coli entry into the lumen of the gland is required to control the infection, which
means that the early detection of bacteria is of prime importance. Yet, apart from lipopolysaccharide (LPS), little
is known of the bacterial components which are detected by the mammary innate immune system. We
investigated the repertoire of potential bacterial agonists sensed by the udder and bovine mammary epithelial
cells (bMEC) during E. coli mastitis by using purified or synthetic molecular surrogates of bacterial agonists of
identified pattern-recognition receptors (PRRs). The production of CXCL8 and the influx of leucocytes in milk
were the readouts of reactivity of stimulated cultured bMEC and challenged udders, respectively. Quantitative
PCR revealed that bMEC in culture expressed the nucleotide oligomerization domain receptors NOD1 and
NOD2, along with the Toll-like receptors TLR1, TLR2, TLR4, and TLR6, but hardly TLR5. In line with expression
data, bMEC proved to react to the cognate agonists C12-iE-DAP (NOD1), Pam3CSK4 (TLR1/2), Pam2CSK4 (TLR2/
6), pure LPS (TLR4), but not to flagellin (TLR5). As the udder reactivity to NOD1 and TLR5 agonists has never
been reported, we tested whether the mammary gland reacted to intramammary infusion of C12-iE-DAP or
flagellin. The udder reacted to C12-iE-DAP, but not to flagellin, in line with the reactivity of bMEC. These results
extend our knowledge of the reactivity of the bovine mammary gland to bacterial agonists of the innate
immune system, and suggest that E. coli can be recognized by several PRRs including NOD1, but unexpectedly
not by TLR5. The way the mammary gland senses E. coli is likely to shape the innate immune response and
finally the outcome of E. coli mastitis.
Introduction
Mastitis is an important pathology in the dairy industry,
both in terms of economic impact and animal health.
Escherichia coli is among the major mastitis pathogens
responsible for clinical mastitis in cows [1-4]. The infection is initiated by the entry of the bacteria through the
teat canal and, after a short incubation period, is characterized by an important inflammatory response and an
important influx of neutrophils into the udder [1,5].
Initiation of the inflammation is accompanied by the
production in milk of several molecules in the early stages
of infection such as the neutrophil chemo-attractants
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CXCL8 and C5a and the proinflammatory cytokines
IL-1ß, IL-6 and TNFa [6,7].
A contribution of Mammary Epithelial Cells (MEC) to
the production of these different mediators has been
suggested by different authors [8-11]. Indeed, the incubation of primary cell cultures of bovine Mammary
Epithelial Cells (bMEC) obtained from healthy animals
with bacteria, either E. coli or S. aureus, induces a
strong response [11-13].
Recognition of bacteria by host cells, for example
macrophages, dendritic cells or epithelial cells, relies
upon so called Pattern Recognition Receptors (PRR)
[14]. Such receptors belong to three different families
namely the Toll-like (TLR), NOD-like (NLR) and RIG1-like (RLR) receptors. Each of these receptors
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recognizes a set of bacterial motifs or Microbe Associated Molecular Patterns (MAMPs). For example,
TLR4, TLR2 and TLR5 are respectively involved in
sensing lipopolysaccharide (LPS), lipoteichoic acid
(LTA) (and lipoproteins) and flagellin [14].
Homologues of human TLR receptors 1-10 have been
identified in bovine and were shown to be expressed at
different levels in the skin [15,16]. In the udder, the
expression of TLR2, TLR4 and NOD2 has been demonstrated by several laboratories [17,18]. In agreement
with the expression of these receptors, infusion of purified bacterial compounds recognized by these PRR lead
to an inflammation of the udder mimicking the initial
response to experimental infections with live bacteria.
For example, infusion of LTA, muramyl-dipeptide
(MDP) and LPS have already been shown to induce a
neutrophil recruitment and to provoke symptoms similar, yet not identical, to those caused by live bacteria
[1,18]. Most importantly, it seems that these bacterial
agonists can act synergistically and increase the response
of the udder [18].
Of these agonists that trigger inflammation of the udder,
only LPS and MDP can be produced by E. coli strains and
contribute to the inflammation observed during bovine
mastitis. Yet, E. coli can also produce other agonists that
can contribute to this inflammation by triggering TLR2 or
other PRR such as TLR5 or NOD1. Actually, lipoproteins
from the E. coli envelope can be detected by the TLR2
receptor in combination with either TLR1 (for tri-acylated
lipoproteins) or TLR6 (for di-acylated lipoproteins) [14]. In
addition, TLR5 was shown to recognize flagellin, the major
constituent of flagella [19]. In human, NOD1 recognizes
peptidoglycan fragments composed of gamma-D-glutamyl-meso-diaminopimelic acid (iE-DAP) or N-acetylmuramyl-L-alanyl-g-D-glutamyl- meso-diaminopimelic acid
(mur-TriDAP) [20].
Recognition of both flagellin and peptidoglycan fragments is an important issue given the role these MAMPs
can play during an infection. Indeed, flagellin is a major
player in the recognition of mucosal pathogens [19].
NOD1 has also been demonstrated as an important mediator in controlling infections by, for example, Listeria
monocytogenes, Helicobacter pylori or entero-invasive
E. coli [21-23]. Furthermore, it was recently shown that
NOD1 could play a role in the maturation of the immune
system and that its stimulation could modify the response
of the host in a case of neutrophilic inflammation [24,25].
In order to better characterize how E. coli is recognized by bMEC, we investigated the repertoire of E. coli
MAMPs that could be recognized by bMEC. MAMPs
tested are known agonists of different innate immune
receptors such as TLR2/TLR1 or TLR2/TLR6 heterodimers, TLR4, TLR5, NOD1 and NOD2.
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Materials and methods
Reagents

C12-iE-DAP (C12-D-g-Glu-mDAP), Tri-DAP (L-Ala-gD-Glu-mDAP), synthetic diacylated (Pam2CSK4) and
triacylated (Pam3CSK4) lipopeptide, ultra pure LPS
from E. coli K-12, bacterial flagellin from S. enterica serovar Typhimurium were obtained lyophilized from InvivoGen (Invivogen, France).
Agonists were made soluble in sterile pyrogen-free
water and then diluted in cell culture medium.
Experimentally induced mastitis

Healthy mid-lactating Holstein cows of the experimental
herd of the Institute at Nouzilly were selected on the
basis of an absence of detectable bacterial growth from
two weekly consecutive aseptically collected milk samples in their four mammary quarters and less than
100 000 cells/mL in milk. The cows were in their second or third lactation and between 2 and 6 months in
lactation; they were milked twice a day, at 0800 and
1600 h. The use and care of the cows in this study were
approved by the Regional Committee of Ethics for Animal Experimentation (CREEA) (approval CL2007-47).
At time zero, five cows received in the lumen of quarters through the teat canal either 0.5 mL RPMI 1640
medium (Gibco), C12-iE-DAP (10 μg), Tri-DAP (50 μg).
The fourth quarter was left untreated. A second group
of five cows received, at time zero, either 0.5 mL RPMI
1640 medium (Gibco) or purified flagellin (5, 1 or
0.1 μg). The infused quarters and the control quarter
were aseptically sampled just before the morning milking, and infusion was carried out within 30 min post
milking. The quarters were then sampled at 4, 8, 12, 24,
32, 48 and, in the case of NOD1 agonists, 72 h post
infusion (hpi). Cells in milk were counted with an automated cell counter (Fossomatic model90; Foss Food
Technology, Hillerod, Denmark) as described previously
[26]. The occurrence of new infections in the quarters
under experiment was verified by plating milk samples
onto blood agar plates. Results from quarters infected
during the experiment were discarded leading to the
removal of results from one quarter in the control
group of the each experiment, one quarter infused with
C12-iE-DAP and one infused with flagellin (1 μg).
Reverse transcription and qPCR analysis

Total RNA was extracted from bMEC by using the
NucleoSpin RNA II extraction kit (Macherey-Nagel,
Düren, Germany), and the residual genomic DNA was
removed by using DNase digestion with RNase-free
DNase (Macherey-Nagel). The total RNA quantity and
quality were assessed by using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE,
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USA). Total RNA (1 μg) was then reverse transcribed to
cDNA using random hexamers and SuperScript RT III
(Invitrogen) according to the manufacturer’s instructions.
Diluted cDNA samples were stored at 4°C until use. Primers used in this study are listed in Table 1. Relative
quantities of gene transcripts were measured as described
previously [27].
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out 16-24 h later. The medium was removed, and agonists
(uLPS, C12-iE-DAP, Pam2CSK4, Pam3CSK4, flagellin)
were added at the desired concentration in 1 mL of stimulation medium. Control wells were treated with stimulation
medium only. 5 h after exposure to the MAMP, culture
medium was aspirated and stored at -20°C.
Statistical analysis

Quantification of CXCL8 by ELISA

CXCL8 concentrations were measured in skim milk by
ELISA as described [11,28]. The lowest limit of detection and level of quantification in milk were 0.01 and
0.03 ng/mL for CXCL8, respectively.
Culture and stimulation of bMEC

bMEC were isolated from five lactating cows as previously
described and cryopreserved in liquid nitrogen [10]. Cells
were used at their third passage and cultivated as described
[27]. Briefly, cells were seeded into 24-well tissue culture
plates at a density of 105 cells/well and cultured until confluence in a growth medium made up of D-MEM-F12
advanced medium with 2 mM L-glutamine, 20 mM
HEPES, 50 μg/mL IGF-1, 10 μg/mL FGF, 10 μg/mL EGF
and 1 μg/mL hydrocortisone as additives. The growth
medium was then replaced with stimulation medium made
up of Advanced D-MEM-F12 medium with 2 mM L-glutamine, 20 mM HEPES, and 4 ng/mL hydrocortisone as
additives. Stimulations with bacterial agonists were carried

Statistical analyses of the concentrations of CXCL8 or
SCC in milk were performed with the nonparametric
Friedman test. Comparisons of CXCL8 concentrations
in bMEC supernatants were done using the Kruskal and
Wallis test followed by multiple comparisons with a
Bonferoni correction. A P value < 0.05 was considered
significant.

Results
Multiple PRRs are expressed by bMEC

In a first attempt to characterize the repertoire of bacterial agonists recognized by the bovine udder, we investigated the expression of different Pattern Recognition
Receptors (PRR) by RT-qPCR. PRR investigated are those
homologous to mammalian receptors involved in recognition of LPS (TLR4), peptidoglycan (NOD1 and NOD2),
lipoproteins (TLR2, TLR1 and TLR6) and flagellin
(TLR5). Expression of all these PRRs was observed in the
bMEC preparations isolated from the five different cows
(Figure 1). Yet, expression of TLR5 was found to be

Table 1 List of primers used in this study
Gene

Primer ID

Primer sequence

Size of amplicon

Annealing temperature (°C)

18S

18sF

CGGGGAGGTAGTGACGAAA

196 bp

62

18sR

CCGCTCCCAAGATCCAACTA

ACTB f

ACGGGCAGGTCATCACCATC

166 bp

64

ACTB r

AGCACCGTGTTGGCGTAGAG

PPIA Fq

TCCGGGATTTATGTGCCAGGG

206 bp

66

PPIA Rq

GCTTGCCATCCAACCACTCAG

TLR1 Fq

ACCCTACTCTGAACCTCAAG

142 bp

62

TLR1 Rq

GACTGCACACTGGATTTCTG

TLR2 Fq

ACTGGGTGGAGAACCTCATGGTCC

307 bp

62

TLR2 Rq

ATCTTCCGCAGCTTACAGAAGC

TLR4 F2q

GCATGGAGCTGAATCTCTAC

238 bp

62

TLR4 R2q

CAGGCTAAACTCTGGATAGG

TLR5 Fq

TTCCTGCAACCTCACCCAAG

192 bp

62

TLR5 Rq

CTGAGATTGGGCAGGTTTCG

TLR6 Fq

CTCCGGGAGATAGTCACTTC

297 bp

62

TLR6 Rq

GGCCCTGGATTCTATTATGG

NOD1 F2q

TGGTCACTCACATCCGAAAC

218 bp

62

NOD1 F2q

AGGCCTGAGATCCACATAAG

NOD2-f

CCCAGGGGCTCAGAACTAACA

238 bp

62

NOD2-r

CCTTCATCCTGGACGTGGTTC

ACTB
PPIA
TLR1
TLR2
TLR4
TLR5
TLR6
NOD1
NOD2
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Figure 1 Expression of PRR by bMEC. Quantitative RT-PCR was
performed on RNA obtained from bMEC isolated from 5 different
cows. ΔCt values (Ct target–Ct for ß-actin gene) for each bMEC are
represented on the graph. PCR efficiency was above 90% for all
genes and Ct were obtained for an identical fluorescence threshold
for all genes.

much lower than that for other TLRs: indeed, although
the PCR efficiencies were similar for all genes analyzed
(above 90%), the ΔCt value for TLR5 was on average
between 3 and 9 cycles above that of other genes. On the
contrary, TLR4 and NOD1 were the most highly
expressed receptors.
bMEC respond to stimulation by LPS, peptidoglycan
fragments but not flagellin

To investigate whether these transcription results translated into functional differences we investigated the
response of bMEC to the different agonists recognized
by these PRRs. Results obtained confirmed previous studies showing that bMEC respond to stimulation by agonists such as LPS, MDP or LTA by the production of
CXCL8 (Figure 2 and data not shown) [18]. As all
bMEC used in this study also express receptors for

Figure 2 CXCL8 secretion by bMEC after stimulation with
different bacterial agonists. bMEC from five different cows were
seeded in 24-well plates at a concentration of 105 cells/well.
Twenty-four hours prior to stimulation, the culture medium was
replaced by stimulation medium. Cells were incubated in the
presence of different purified agonists at the indicated
concentrations. CXCL8 concentration in the supernatant was
measured by ELISA 5 h after initiation of the stimulation. Data are
median values and interquartile ranges. *statistical significance (P <
0.05) of values from stimulated versus unstimulated bMEC.
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peptidoglycan fragments and lipoproteins, we investigated whether this was correlated to response to these
compounds. Our results demonstrate that the NOD1
agonist C12-iE-DAP induces the production of CXCL8
in a dose dependent manner starting at 100 ng/mL
C12-iE-DAP (Figure 2). bMEC also responded to
Pam3CSK4 and Pam2CSK4, two lipoprotein analogs
respectively agonists of the heterodimer receptors
TLR1/2 and TLR2/6 (Figure 2). Interestingly, a strong
response was observed with as little as 10 ng/mL of
Pam2CSK4 and this response was not increased when
using 100 ng/mL or 1000 ng/mL concentrations. Consistent with the low transcription of TLR5 by bMEC,
these cells failed to respond to flagellin in a significant
manner: indeed, even at a high concentration (1000 ng/
mL), a very low production of CXCL8 was observed
(Figure 2).
Altogether, these results indicate that, in addition to
LPS, bMEC are able to sense and respond to TLR2,
NOD1 and NOD 2 agonists but not to TLR5 agonists.
The response of the udder to bacterial agonists mimics
that of bMEC

Among the above tested agonists, Pam2CSK4 and
Pam3CSK4 are supposed to act through stimulation of
TLR2, a receptor that is known to be both expressed in
vivo at the surface of mammary epithelial cells and
functional as demonstrated by intramammary infusion
of LTA [11,17]. We therefore focused our in ubero studies on receptors whose activation had never been studied previously in the cow.
We therefore tested the capacity of TLR5 and NOD1
agonists to induce inflammation when infused in the udder.
C12-iE-DAP was infused in the mammary gland of 5 cows
and we monitored the somatic cell count (Figure 3a) as
well as the CXCL8 production in milk (Figure 3b). Our
results clearly establish that this agonist induced cellular
recruitment and CXCL8 production. Increased SCC compared to the control quarter was observed as early as
12 hpi. On the contrary, the use of another NOD1 agonist,
Tri-DAP, failed to induce both a significant cellular recruitment and CXCL8 production in milk.
Flagellin was infused in the udder of 5 cows at three
different doses, up to 5 μg: in all cases, no significant
cellular recruitment was observed, consistent with the
lack of TLR5 expression and response of bMEC to flagellin (Figure 4).

Discussion
This study was undertaken in order to understand how
E. coli can be sensed by the mammary gland and to better characterize the potential contribution of bMEC to
the inflammation of the udder. The role of bMEC in
initiating the inflammation has been suggested by
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Figure 4 Somatic cell counts (SCC) in quarters infused with
flagellin 0.1 μg (☐), flagellin 1 μg (△); flagellin 5 μg (×) or
control quarter (◊). Purified agonists were infused into the udder
of five different cows. SCC and CXCL8 were quantified in milk 4, 8,
12, 24, 32, 48 h post-infusion. Data are median values and
interquartile ranges. *statistical significance (P < 0.05) of values
before and after treatment.

Figure 3 A–Somatic cell counts (SCC) in quarters infused with
C12-iE-DAP 10 μg (☐), Tri-DAP 50 μg (△) or control quarter (◊).
B–CXCL8 concentration in milk from quarters infused with C12-iEDAP 10 μg (☐), Tri-DAP 50 μg (△) or control quarter (◊). Purified
agonists were infused into the udder of five different cows. SCC and
CXCL8 were quantified in milk 4, 8, 12, 24, 32, 48 h post-infusion.
Data are median values and interquartile ranges. *statistical
significance (P < 0.05) of values before and after treatment.

several studies that showed that these cells were able to
respond to different bacterial stimuli. In this study we
investigated in more details the bacterial compounds
that could be recognized by bMEC and whether these
compounds were able to induce inflammation when
infused into the udder. By a combination of transcription data, in vitro stimulation of bMEC and in ubero
experiments we confirmed previous studies and showed
for the first time that NOD1 could play a role in bovine
mastitis while, on the contrary, TLR5 is not likely to be
an important contributor to the inflammation of the
udder.
More precisely, our results show for the first time that
peptidoglycan fragments known to activate the NOD1
receptor in other mammals could be recognized by
bMEC and are able to induce inflammation in ubero.
This result is all the more important given the multiple
activities that the NOD1 receptor is likely to play. Apart

from a role in triggering the innate immune response,
activation of NOD1 could also contribute to a more efficient reduction of the pathogen load by neutrophils as
was shown in other infections [29]. Yet, we only
observed inflammation of the udder with C12-iE-DAP
and not with Tri-DAP. The major difference between
these two agonists is that C12-iE-DAP is rendered
membrane permeable by a lipophylic moiety which
allows the molecule to better enter the host cell and
activate NOD1 [30]. Indeed, the NOD1 receptor is cytoplasmic and its activation requires that the agonist is
transported into the host cell [31].
The failure to induce inflammation of the udder with
Tri-DAP is therefore likely to result from the lack of
access of this agonist to the cytoplasm of host cells.
Nevertheless, during the course of mastitis, it is possible
that peptidoglycan fragments recognized by NOD1 can
reach the cytoplasm of bovine cells following invasion of
epithelial cells by E. coli. Indeed, invasion of mammary
epithelial cells has been described for some strains of
E. coli involved in recurrent mastitis cases [32]. Furthermore, expression of membrane transporters under particular circumstances like inflammation could transport
peptidoglycan fragments, as was shown for MDP, a
NOD2 agonist [18,33].
Most interestingly, we demonstrated that the TLR5
gene was only weakly transcribed and, consistently, that
bacterial flagellin was not recognized by bMEC and did
not induce inflammation of the udder. The failure of
purified flagellin to induce inflammation of the udder
was not expected since it is considered an important
target of mucosal immunity [34]. Although the flagellin
used in this study was purified from S. enterica serovar
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Typhimurium, it is known to activate most mammalian
TLR5 receptors. Furthermore, the region of flagellin
recognized by TLR5 is located in one of the two conserved regions of flagellin and is present both in Salmonella Typhimurium and E. coli flagellin [19,35]. It is
therefore likely that, as for Salmonella Typhimurium flagellin, E. coli flagellin will not be detected by bMEC and
does not contribute to the inflammation of the udder
during E. coli mastitis.
Still, it is possible that TLR5 contributes to the
response of the host when the infection worsens. In other
pathologies, stimulation of TLR5 in epithelial cells is precluded by the basolateral localization of TLR5 and only
occurs as a consequence of tissue damage whereby flagellin gets in contact with TLR5 receptors [36]. This situation is often the result of invasive pathogens and, in some
instances, could occur in severe E. coli mastitis cases.
One could also speculate that expression of TLR5 could
be induced upon activation of other PRRs. Aside from
detection by TLR5, flagellin, when translocated to the
cytoplasm of the host cell, is also known to activate the
inflammasome through stimulation of NLRC4 (also
called IPAF) [37]. However, the contribution of this pathway to the response of the host to flagellin is still under
debate [34]. The udder unresponsiveness to flagellin also
suggests that milk macrophages were either too few or
not reactive enough to set up inflammation.
Altogether, the above results support the idea that flagellin is not a critical motif for the early detection of E. coli in
the healthy udder, neither through the activation of TLR5
nor that of NLRC4. Interestingly, proteomic analysis of the
mastitis E. coli strain P4 have shown that expression of flagellin is decreased when bacteria are grown in milk compared to conventional laboratory growth medium [38].
Our results also show that bMEC are also able to sense
the presence of lipoproteins through the TLR1/2 and
TLR2/6 heterodimers. Both agonists used in this study
induced a significant response of bMEC, Pam2CSK4
being more potent than Pam3CSK4 at inducing CXCL8
secretion by bMEC. Such results are not surprising since
expression of the TLR2 receptor has already been shown
in bMEC and was increased in infected udders [8,17]. In
addition, infusion of the TLR2 agonist LTA in the udder
of cows was shown to induce inflammation [18]. A new
finding of this study is that bMEC reacted strongly to
much lower concentrations of Pam2CSK4 than to
Pam3CSK4. This higher reactivity is in line with the
higher expression of TLR6 compared to TLR1 by bMEC.
Nevertheless, although di-acyl lipoproteins can be found
in E. coli, most E. coli lipoproteins are tri-acylated proteins [39]. It is therefore likely that the response of
bMEC to Pam3CSK4 resembles most to that induced by
E. coli lipoproteins.
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Regarding the specificity of bovine PRRs, one should
bear in mind that the specificity of these receptors might
not be strictly identical to that of human/mouse PRRs, as
reviewed by Werling et al. [40]. These authors actually
state that bovine TLR1/TLR2 heterodimers could sense
both Pam2CSK4 and Pam3CSK4. Concerning TLR5, studies with Salmonella Typhimurium flagellin indicated that
it could activate bovine TLR5 expressing macrophages
[41]. The specificities of bovine NOD1 and NOD2 receptors have not been characterized so far.
Investigations described in this manuscript were
obtained with purified agonists used alone. Our recent
results with MDP and LTA indicate that agonists can act
synergistically. Because a bacterium expresses several
MAMPs at a time such a synergy is likely to best mimic
what bMEC are exposed to during E. coli mastitis. Synergy
between MAMPs has already been observed in other models: in mice, for example, inoculation of LPS after an MDP
treatment increases the immune response [42]. Synergy
has also been observed with human monocytes and dendritic cells [43]. Our preliminary data indicate that such a
synergy may exist in ubero between LPS and MDP (data
not shown). The relevance of these potential synergies is
important in that it is likely to improve the recognition of
an udder pathogen and lead to an early response of the
host, which impacts the outcome of infection.
A corollary would be to study how different E. coli
strains stimulate each of these different PRRs. Because our
results were obtained with purified generic compounds,
they do not necessarily reflect the full diversity of E. coli
MAMPs that can be recognized. Indeed, the E. coli species
is very diverse: recent genomic studies have shown that of
the 4500-5000 genes that one E. coli strain might contain
only approx. 1800 genes are found in all E. coli strains
[44]. Mastitis E. coli isolates has only been incompletely
characterized. The presence of different genes characterized as virulence factors in other E. coli pathotypes has
been investigated by several authors but none has been
shown to be highly prevalent in mastitis E. coli strains.
Recently, a preliminary study showed that the prototypical
E. coli mastitis strain P4 contains several unique regions
[45]. Although no potential virulence genes have been
identified as specific of mastitis E. coli strains, the way
E. coli stimulates the host cells might play a role in the
inflammation of the udder.
In conclusion, bMEC are equipped with innate immunity receptors that allow them to sense several E. coli
MAMPs. Overall, expression of PRRs as expressed by
qPCR mirrored the reactivity of bMEC as assessed by the
production of CXCL8, and the results obtained in bMEC
in vitro were in good agreement with the in ubero studies.
Such findings are in line with the concept that bMEC are
key players in initiating neutrophil inflammation during
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E. coli mastitis. Recognition of several MAMPs at a time
could contribute to the onset of an early response of the
cow after infection by E. coli. These results pave the way
to a better understanding of the early steps of the inflammation triggered by E. coli entrance into the udder. The
precise contribution of the different PRR to this response
is now necessary and deserves further studies.
Acknowledgements
P. Roussel is recipient of a grant from the « Microbiology and Food Chain »
and « Animal Health » divisions of INRA. This project was funded in part by
Pfizer AH.
Author details
1
INRA, UMR 1282 Infectiologie et Santé Publique, F-37380 Nouzilly, France.
2
Université François Rabelais, UMR 1282, Tours, France.
Authors’ contributions
PRa and FBG conceived the study and participated in its design and
coordination; PRa, FBG, AT and PC carried out collection and analysis of milk
samples. AP, PG and PC performed and analyzed stimulation of bMEC and
expression of PRR data. PG wrote the manuscript. AP, FBG, PRo and PRa
helped writing the final version of the manuscript. All authors read and
approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 5 October 2011 Accepted: 13 February 2012
Published: 13 February 2012
References
1. Burvenich C, Van Merris V, Mehrzad J, Diez-Fraile A, Duchateau L: Severity
of E. col mastitis is mainly determined by cow factors. Vet Res 2003,
34:521-564.
2. Botrel MA, Haenni M, Morignat E, Sulpice P, Madec JY, Calavas D:
Distribution and antimicrobial resistance of clinical and subclinical
mastitis pathogens in dairy cows in Rhone-Alpes, France. Foodborne
Pathog Dis 2010, 7:479-487.
3. Bradley AJ, Leach KA, Breen JE, Green LE, Green MJ: Survey of the
incidence and aetiology of mastitis on dairy farms in England and
Wales. Vet Rec 2007, 160:253-257.
4. Kalmus P, Aasmae B, Karssin A, Orro T, Kask K: Udder pathogens and their
resistance to antimicrobial agents in dairy cows in Estonia. Acta Vet
Scand 2011, 53:4.
5. Vangroenweghe F, Rainard P, Paape M, Duchateau L, Burvenich C: Increase
of Escherichia col inoculum doses induces faster innate immune
response in primiparous cows. J Dairy Sci 2004, 87:4132-4144.
6. Shuster DE, Kehrli ME Jr, Rainard P, Paape M: Complement fragment C5a
and inflammatory cytokines in neutrophil recruitment during
intramammary infection with Escherichia col. Infect Immun 1997,
65:3286-3292.
7. Riollet C, Rainard P, Poutrel B: Differential induction of complement
fragment C5a and inflammatory cytokines during intramammary
infections with Escherichia col and Staphylococcus aureu. Clin Diagn Lab
Immunol 2000, 7:161-167.
8. Goldammer T, Zerbe H, Molenaar A, Schuberth HJ, Brunner RM, Kata SR,
Seyfert HM: Mastitis increases mammary mRNA abundance of betadefensin 5, toll-like-receptor 2 (TLR2), and TLR4 but not TLR9 in cattle.
Clin Diagn Lab Immunol 2004, 11:174-185.
9. Strandberg Y, Gray C, Vuocolo T, Donaldson L, Broadway M, Tellam R:
Lipopolysaccharide and lipoteichoic acid induce different innate
immune responses in bovine mammary epithelial cells. Cytokine 2005,
31:72-86.
10. Lahouassa H, Moussay E, Rainard P, Riollet C: Differential cytokine and
chemokine responses of bovine mammary epithelial cells to
Staphylococcus aureu and Escherichia col. Cytokine 2007, 38:12-21.

Page 7 of 8

11. Rainard P, Fromageau A, Cunha P, Gilbert FB: Staphylococcus aureu
lipoteichoic acid triggers inflammation in the lactating bovine mammary
gland. Vet Res 2008, 39:52.
12. Rinaldi M, Li RW, Capuco AV: Mastitis associated transcriptomic
disruptions in cattle. Vet Immunol Immunopathol 2010, 138:267-279.
13. Gunther J, Koczan D, Yang W, Nurnberg G, Repsilber D, Schuberth HJ,
Park Z, Maqbool N, Molenaar A, Seyfert HM: Assessment of the immune
capacity of mammary epithelial cells: comparison with mammary tissue
after challenge with Escherichia col. Vet Res 2009, 40:31.
14. Kumar H, Kawai T, Akira S: Pathogen recognition by the innate immune
system. Int Rev Immunol 2011, 30:16-34.
15. Jungi TW, Farhat K, Burgener IA, Werling D: Toll-like receptors in domestic
animals. Cell Tissue Res 2011, 343:107-120.
16. Menzies M, Ingham A: Identification and expression of Toll-like receptors
1-10 in selected bovine and ovine tissues. Vet Immunol Immunopathol
2006, 109:23-30.
17. Petzl W, Zerbe H, Gunther J, Yang W, Seyfert HM, Nurnberg G,
Schuberth HJ: Escherichia col, but not Staphylococcus aureu triggers an
early increased expression of factors contributing to the innate immune
defense in the udder of the cow. Vet Res 2008, 39:18.
18. Bougarn S, Cunha P, Harmache A, Fromageau A, Gilbert FB, Rainard P:
Muramyl dipeptide synergizes with Staphylococcus aureu lipoteichoic
acid to recruit neutrophils in the mammary gland and to stimulate
mammary epithelial cells. Clin Vaccine Immunol 2010, 17:1797-1809.
19. Ramos HC, Rumbo M, Sirard JC: Bacterial flagellins: mediators of
pathogenicity and host immune responses in mucosa. Trends Microbiol
2004, 12:509-517.
20. Chaput C, Boneca IG: Peptidoglycan detection by mammals and flies.
Microbes Infect 2007, 9:637-647.
21. Kim JG, Lee SJ, Kagnoff MF: Nod1 is an essential signal transducer in
intestinal epithelial cells infected with bacteria that avoid recognition by
toll-like receptors. Infect Immun 2004, 72:1487-1495.
22. Mosa A, Trumstedt C, Eriksson E, Soehnlein O, Heuts F, Janik K, Klos A,
Dittrich-Breiholz O, Kracht M, Hidmark A, Wigzell H, Rottenberg ME:
Nonhematopoietic cells control the outcome of infection with Listeria
monocytogene in a nucleotide oligomerization domain 1-dependent
manner. Infect Immun 2009, 77:2908-2918.
23. Viala J, Chaput C, Boneca IG, Cardona A, Girardin SE, Moran AP, Athman R,
Memet S, Huerre MR, Coyle AJ, DiStefano PS, Sansonetti PJ, Labigne A,
Bertin J, Philpott DJ, Ferrero RL: Nod1 responds to peptidoglycan
delivered by the Helicobacter pylori ca pathogenicity island. Nat Immunol
2004, 5:1166-1174.
24. Bouskra D, Brezillon C, Berard M, Werts C, Varona R, Boneca IG, Eberl G:
Lymphoid tissue genesis induced by commensals through NOD1
regulates intestinal homeostasis. Nature 2008, 456:507-510.
25. Clarke TB, Davis KM, Lysenko ES, Zhou AY, Yu Y, Weiser JN: Recognition of
peptidoglycan from the microbiota by Nod1 enhances systemic innate
immunity. Nat Med 2010, 16:228-231.
26. Bannerman DD, Paape MJ, Lee JW, Zhao X, Hope JC, Rainard P: Escherichia
col and Staphylococcus aureu elicit differential innate immune responses
following intramammary infection. Clin Diagn Lab Immunol 2004,
11:463-472.
27. Bougarn S, Cunha P, Gilbert FB, Meurens F, Rainard P: Technical note:
validation of candidate reference genes for normalization of quantitative
PCR in bovine mammary epithelial cells responding to inflammatory
stimuli. J Dairy Sci 2011, 94:2425-2430.
28. Rainard P: Consequences of interference of milk with chemoattractants
for enzyme-linked immunosorbent assay quantifications. Clin Vaccine
Immunol 2010, 17:848-852.
29. Lysenko ES, Clarke TB, Shchepetov M, Ratner AJ, Roper DI, Dowson CG,
Weiser JN: Nod1 signaling overcomes resistance of S. pneumoniae to
opsonophagocytic killing. PLoS Pathog 2007, 3:e118.
30. Masumoto J, Yang K, Varambally S, Hasegawa M, Tomlins SA, Qiu S,
Fujimoto Y, Kawasaki A, Foster SJ, Horie Y, Mak TW, Núñez G,
Chinnaiyan AM, Fukase K, Inohara N: Nod1 acts as an intracellular
receptor to stimulate chemokine production and neutrophil recruitment
in vivo. J Exp Med 2006, 203:203-213.
31. Girardin SE, Boneca IG, Carneiro LA, Antignac A, Jehanno M, Viala J, Tedin K,
Taha MK, Labigne A, Zahringer U, Coyle AJ, DiStefano PS, Bertin J,
Sansonetti PJ, Philpott DJ: Nod1 detects a unique muropeptide from
gram-negative bacterial peptidoglycan. Science 2003, 300:1584-1587.

Porcherie et al. Veterinary Research 2012, 43:14
http://www.veterinaryresearch.org/content/43/1/14

Page 8 of 8

32. Dogan B, Klaessig S, Rishniw M, Almeida RA, Oliver SP, Simpson K,
Schukken YH: Adherent and invasive Escherichia col are associated with
persistent bovine mastitis. Vet Microbiol 2006, 116:270-282.
33. Vavricka SR, Musch MW, Chang JE, Nakagawa Y, Phanvijhitsiri K, Waypa TS,
Merlin D, Schneewind O, Chang EB: hPepT1 transports muramyl
dipeptide, activating NF-kappaB and stimulating IL-8 secretion in human
colonic Caco2/bbe cells. Gastroenterology 2004, 127:1401-1409.
34. Vijay-Kumar M, Gewirtz AT: Flagellin: key target of mucosal innate
immunity. Mucosal Immunol 2009, 2:197-205.
35. Jacchieri SG, Torquato R, Brentani RR: Structural study of binding of
flagellin by Toll-like receptor 5. J Bacteriol 2003, 185:4243-4247.
36. Rhee SH, Im E, Riegler M, Kokkotou E, O’Brien M, Pothoulakis C:
Pathophysiological role of Toll-like receptor 5 engagement by bacterial
flagellin in colonic inflammation. Proc Natl Acad Sci USA 2005,
102:13610-13615.
37. Miao EA, Andersen-Nissen E, Warren SE, Aderem A: TLR5 and Ipaf: dual
sensors of bacterial flagellin in the innate immune system. Semin
Immunopathol 2007, 29:275-288.
38. Lippolis JD, Bayles DO, Reinhardt TA: Proteomic changes in Escherichia col
when grown in fresh milk versus laboratory media. J Proteome Res 2009,
8:149-158.
39. Kovacs-Simon A, Titball RW, Michell SL: Lipoproteins of bacterial
pathogens. Infect Immun 2011, 79:548-561.
40. Werling D, Jann OC, Offord V, Glass EJ, Coffey TJ: Variation matters: TLR
structure and species-specific pathogen recognition. Trends Immunol
2009, 30:124-130.
41. Metcalfe HJ, Best A, Kanellos T, La Ragione RM, Werling D: Flagellin
expression enhances Salmonell accumulation in TLR5-positive
macrophages. Dev Comp Immunol 2010, 34:797-804.
42. Shikama Y, Kuroishi T, Nagai Y, Iwakura Y, Shimauchi H, Takada H,
Sugawara S, Endo Y: Muramyldipeptide augments the actions of
lipopolysaccharide in mice by stimulating macrophages to produce proIL-1ß and by down-regulation of suppressor of cytokine signaling 1
(SOCS1). Innate Immun 2011, 17:3-15.
43. Fritz JH, Girardin SE, Fitting C, Werts C, Mengin-Lecreulx D, Caroff M,
Cavaillon JM, Philpott DJ, Adib-Conquy M: Synergistic stimulation of
human monocytes and dendritic cells by Toll-like receptor 4 and NOD1and NOD2-activating agonists. Eur J Immunol 2005, 35:2459-2470.
44. Touchon M, Hoede C, Tenaillon O, Barbe V, Baeriswyl S, Bidet P, Bingen E,
Bonacorsi S, Bouchier C, Bouvet O, Calteau A, Chiapello H, Clermont O,
Cruveiller S, Danchin A, Diard M, Dossat C, Karoui ME, Frapy E, Garry L,
Ghigo JM, Gilles AM, Johnson J, Le Bouguénec C, Lescat M, Mangenot S,
Martinez-Jéhanne V, Matic I, Nassif X, Oztas S, et al: Organised genome
dynamics in the Escherichia col species results in highly diverse adaptive
paths. PLoS Genet 2009, 5:e1000344.
45. Dufour D, Germon P, Brusseaux E, Le Roux Y, Dary A: First evidence of the
presence of genomic islands in Escherichia col P4, a mammary pathogen
frequently used to induce experimental mastitis. J Dairy Sci 2011,
94:2779-2793.
doi:10.1186/1297-9716-43-14
Cite this article as: Porcherie et al.: Repertoire of Escherichia coli agonists
sensed by innate immunity receptors of the bovine udder and
mammary epithelial cells. Veterinary Research 2012 43:14.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

