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Abstract – Bovine mammary epithelial cells contribute to the innate immune response to intramammary
infections by recognizing pathogens through specialized pattern recognition receptors. Toll-like receptor 4
(TLR4) is one such receptor that binds and is activated by lipopolysaccharide (LPS), a component of the
outer envelope of Gram-negative bacteria. In this study, MAC-T cells (a bovine mammary epithelial cell
line) were incubated in the presence or absence of increasing concentrations of LPS for 24 h. Expression
of TLR2 and TLR4 were analyzed at both mRNA and protein levels by quantitative real-time PCR (qPCR)
and flow cytometry, respectively. The mRNA of both receptors were up-regulated by all concentrations of
LPS used (P < 0.01). Similarly, flow cytometry with specific antibodies against TLR2 and TLR4 detected
increased surface expression of these proteins. Furthermore, expression of downstream TLR4 signaling
molecules was examined by qPCR following varying exposure times to 1 μg/mL of LPS. Results demon-
strate that the required adaptor molecules and transcription factors were up-regulated in a time-dependent
manner. Both the MyD88 dependent and independent pathways in TLR4 signaling were activated in MAC-
T cells. Expression of TOLLIP increased in response to LPS as did the pro-apoptotic protease, CASP8.
These results suggest that the bovine mammary epithelium possesses the necessary immune repertoires re-
quired to achieve a robust defense against E. coli. The current findings, coupled with previous findings that
S. aureus ligands induce up-regulation of TLR4, may indicate a positive adaptation by mammary epithelial
cells to effectively respond to different types of mastitis pathogens.

lipopolysaccharide / TLR4 and TLR2 / signal transduction / bovine mammary epithelial cells /
mastitis

1. INTRODUCTION

Mammary epithelial cells mount defense
against invading pathogens by detecting their
respective danger signals or ligands and ini-
tiating appropriate immune responses. Toll-
like receptors (TLRs) are expressed by the
epithelia and other immune cells, such as

* Corresponding author: xin.zhao@mcgill.ca

macrophages, neutrophils and dentritic cells,
which are responsible for recognizing micro-
bial products ranging from bacterial cell com-
ponents to viral genomes [39]. To date, about
13 mammalian TLRs have been described
(reviews by [1, 2, 39]) and more recently,
10 bovine TLRs have been mapped [31]. Al-
though each of these TLRs recognizes spe-
cific ligands or pathogen associated molecular
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patterns, some pathogens are known to trig-
ger more than one TLR [28, 38]. TLR4 is one
of the best characterized TLRs and is mainly
activated by lipopolysaccharide (LPS), a com-
ponent of Gram-negative bacteria. TLR2 rec-
ognizes other cell wall components including
those found on Gram-positive bacteria (e.g.
peptidoglycan, lipoteichoic acid, lipoproteins)
and also LPS from Leptospira interrogans and
Porphyromonas gingivalis.

Activation of TLR4 by LPS induces two
signaling pathways known as the MyD88 de-
pendent and independent pathways. Circulat-
ing LPS is detected by the lipopolysaccha-
ride binding protein (LBP), which transfers it
to the receptor complex CD14/MD-2/TLR4.
Upon LPS binding TLR4 recruits, through
its short intracellular toll-interleukin-1 recep-
tor (TIR) domain, adaptor molecules and ki-
nases, thus initiating a downstream signaling
cascade that culminates in the secretion of
pro-inflammatory cytokines and chemokines
[39, 40]. With the exception of TLR3, sig-
nal transduction by most TLRs requires the
adapter molecule, myeloid differentiation fac-
tor 88 (MyD88) [1, 2, 39]. The MyD88 de-
pendent pathway in TLR4 signaling requires
the adaptor proteins TIRAP (TIR domain-
containing adaptor protein) and MyD88 to ini-
tiate a downstream cascade leading to nuclear
translocation of nuclear factor (NF)-κB and
production of pro-inflammatory cyctokines
[26]. On the other hand, the independent sig-
naling pathway is controlled by the adaptors
TICAM (toll-like receptor adaptor molecule)
1 or TRIF (TIR-domain-containing adaptor in-
ducing interferon-β) and TICAM 2 or TRAM
(TRIF-related adaptor molecule) which acti-
vates the transcription factor IRF3 (IFN reg-
ulatory factor 3) and the production of IFN-
β [46, 47]. TIRAP is also involved in TLR2
signal transduction through the MyD88 de-
pendent pathway [22, 45]. Thus while both
TLR4 and TLR2 signaling activates NF-κB
through the MyD88 dependent pathway, only
TLR4 and not TLR2 activates IRF3. Exces-
sive production of pro-inflammatory cytokines
may lead to cellular injury and hence harm-
ful to cells. Therefore, cytokine production
and excessive pathogen growth must be con-

trolled. TOLLIP (toll interacting protein) and
CASP8 (caspase 8) are two molecules that are
involved in these processes. TOLLIP serves as
a negative regulator of TLR-signaling through
modulating production of pro-inflammatory
cytokines and the effects associated with over
production [49]. Another defensive mecha-
nism of the host against pathogen invasion
is initiation of apoptosis, which is of spe-
cial benefit against bacterial and viral infec-
tions because it could prevent multiplication
of pathogens and spread of infection. Apopto-
sis can be initiated by members of the caspase
family of cysteine proteases [11] and triggered
by TLR ligands such as LPS, dsRNA, and
lipoproteins [5, 24].

An array of studies conducted in the last
decade with knockout mice and human cell
lines has largely enabled our understanding of
host immune responses, through the MyD88
dependent and independent pathways, to the
presence of LPS [39]. However, specific events
involving these pathways by immune cells
of cattle, particularly the mammary epithelial
cells, are less known. In addition, mRNA se-
quences and chromosomal location of most
genes of TLR4 signaling molecules in cat-
tle were not available until recently [10]. The
role of mammary epithelial signaling of the
immune system in response to LPS has been
proven by several investigations in cattle [4,
7, 30, 32, 38]. Persson Waller et al. [32] ob-
served a marked increase in milk and lymph
interleukin (IL)-8 concentrations and milk so-
matic cell counts in mammary epithelial cells
challenged with LPS. Similarly, Boudjellab
et al. [7] observed that MAC-T cells produce
IL (interleukin)-8 in response to Escherichia
coli derived LPS. Furthermore, Goldammer
et al. [17] noted a coordinated up-regulation
of TLR4 and TLR2 mRNAs during intramam-
mary infection induced by Staphylococcus au-
reus, a Gram-positive bacterium. However, lit-
tle is known about the roles of TLR4 or TLR2
signaling adaptors in the translocation of NF-
κB and IRF3 transcription factors which are
crucial initiators of the expression of the nec-
essary pro-inflammatory cytokines required by
the mammary epithelial cells of cattle to fight
invading pathogens.
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Gram-negative bacteria cause some of
the most economically important diseases
of cattle such as brucellosis, metritis, en-
teric colibacillosis, salmonelossis, coliform
septicemia, mastitis, pneumonia, and campy-
lobacteriosis [12] leading to heavy losses in
the dairy and beef industries. Mastitis is the
most prevalent disease in dairy herds and de-
velops in response to intramammary bacterial
infections. Efforts at controlling most of these
diseases have focused on the improvement
of vaccines, antibiotic therapy, and general
management practices. Attention is also being
focused at strengthening the innate immune
response of the host to invading pathogens
[29, 37]. A better understanding of the sig-
naling mechanisms involved in innate immune
responses to bacterial products by the bovine
mammary gland is fundamental to facilitate
the development of strategies aimed at control-
ling these infections.

Our aim, therefore, was to determine the re-
sponse pattern of TLR4 signaling molecules
in a bovine mammary epithelial cell line (i.e.,
MAC-T cells), following exposure to LPS de-
rived from Escherichia coli and also to de-
termine the expression profiles of the adaptor
proteins involved in the activation of NF-
κB and IRF3. We also examined the role of
TLR2 owing to available lines of evidence that
both TLR2 and TLR4 were up-regulated in
the mammary gland after infection by Gram-
positive bacteria.

2. MATERIALS AND METHODS

2.1. Reagents and antibodies

LPS from Escherichia coli J5 (Rc mutant)
and Dulbecco’s Modified Eagle’s Medium
(DMEM)/Nutrient Mixture F-12 Ham were from
Sigma-Aldrich (St Louis, Mo, USA). RPMI
Medium 1640, Fetal Bovine Serum, Dulbecco’s
phosphate buffered saline (DPBS), trypsin,
TRIzol� Plus RNA Purification System and
SYBR� GreenER™ qPCR SuperMix Universal
were from Invitrogen Corporation. Antibiotic-
Antimycotic solution-100x was from Biosource
(Rockville, MD, USA). Phycoerythrin (PE)-
labelled anti-mouse/human TLR2 (clone T2.5)
antibody was purchased from eBioscience (San
Diego, CA, USA) and fluorescein isothiocyanate

(FITC)-labelled mouse anti-human TLR4 antibody
(clone HTA125) was from Serotec (Raleigh, NC,
USA).

2.2. Cell line and culture conditions

MAC-T, a transformed bovine mammary ep-
ithelial cell line developed by Huynh et al. [25]
was used. Cells were grown to 95% confluence
in the medium containing 1% each of antibiotic-
antimycotic solution (100X) and fetal bovine
serum, and 44% each of DMEM/nutrient mixture
F-12 HAM and RPMI medium 1640 at 37 ◦C in 5%
CO2 humidified incubator.

2.3. LPS induction of MAC-T cells

Confluent cells were treated with 0.00, 0.01,
1.00, 5.00, and 10.00 μg/mL LPS in replicates of
3 each to determine their response to different con-
centrations of LPS. Treated cells were grown for
24 h after which total RNA was isolated and the
mRNA of TLR4 and TLR2 quantified by real-time
PCR. In other studies, cells were seeded, grown to
about 95% confluence and treated with 1.00 μg/mL
LPS in replicates of 3 each. Total RNA was isolated
at 0, 2, 6, 12, 24, 48, and 72 h following LPS expo-
sure to determine the effect of LPS on the response
pattern of molecules involved in TLR4 mediated
signal transduction in mammary epithelial cells.

2.4. RNA isolation and reverse transcription

Total RNA was isolated from cells with the
TRIzol� Plus RNA Purification System (Invitro-
gen) according to Invitrogen’s instructions. The
quality of extracted RNA was determined by
agarose gel electrophoresis through staining with
ethidium bromide and visualization under UV light.
The OD260/OD280 ratio of samples was mea-
sured with NanoDrop� ND-1000 Spectrophotome-
ter (NanoDrop Technologies Inc., Wilmington, DE,
USA) and ranged from 2.05 to 2.29. Residual DNA
was removed from extracted total RNA by treat-
ment with DNase 1 (Invitrogen). RNA was then
reversed transcribed into cDNA with SuperScript�

III SuperMix for qRT-PCR (Invitrogen). The RT re-
action mixture, which contained 2 × RT reaction
mix (includes SuperScript� III RT and RNase-
OUT™), 2 μL Enzyme Mix (2.5 μM oligo (dT)20,
5 ng random hexamers, 10 mM MgCl2 and dNTPS),
and 1 μg total RNA, was incubated at 25 ◦C for
10 min and the temperature increased to 50 ◦C
for 50 min. The reaction was terminated at 85 ◦C
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Table I. Quantitative real-time PCR primers of TLR4 signaling molecules

Molecule Primer sequences (5’ to 3’) Size (bp) Reference sequence
*TLR4 TLR4 forward: ACTGCAGCTTCAACCGTATC

TLR4 reverse: TAAAGGCTCTGCACACATCA
190 AY634630

TLR2 TLR2 forward: CAGTTTAACCCAGTGCCTTC
TLR2 reverse: CTCCAACGTCTTCAGTTGCT

241 AF368419

β−actin β−actin forward: CAAGGAGAAGCTCTGCTACG
β−actin reverse: GATGTCGACGTCACACTTCA

231 BC102948

GAPDH GAPDH forward: TCAAGAAGGTGGTGAAGCAG
GAPDH reverse: TGTCGTACCAGG AAATGAGC

173 NM_001034034

IRF3 IRF3 forward: CAGAGTCCCGACTCAGACAT
IRF3 reverse: ACCTCGAACTCCCAATCTTC

103 BC102119

MyD88 MyD88 forward: ACTATCGGCTGAAGTTGTGC
MyD88 reverse: TCCTTGCTTTGCAGGTATTC

138 NM_001014382

TOLLIP TOLLIP forward: GGCGTGGACTCTTTCTACCT
TOLLIP reverse: GTGTAGGACAGCACCAGGTT

186 BT021785

TICAM2 TICAM2 forward: TGGCAGACAGCATTTACAGA
TICAM2 reverse: ACAGAGTTCATGAGGGACGA

131 DQ319071

CASP8 CASP8 forward: CCAGATCTCTGCCTACAGGA
CASP8 reverse: CTCTTCTCCATCTCCACGAA

158 DQ319070

NF-κB NF-κB forward: ATACGTCGGCCGTGTCTAT
NF-κB reverse: GGAACTGTGATCCGTGTAGG

186 XM_587432

* TLR4: toll-like receptor 4; TLR2: toll-like receptor 2; β-actin: beta actin; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; IRF3: IFN regulatory factor 3; MyD88: myeloid differentiation factor 88; TOLLIP: toll interacting
protein; TICAM2: toll-like receptor adaptor molecule 2; CASP8: caspase 8; NF-κB: nuclear factor κB.

for 5 min and immediately chilled on ice. Two units
of E. coli RNase H was added to the RT mixture
and incubated at 37 ◦C for 20 min. cDNA was fur-
ther diluted with DEPC treated water and stored at
–70 ◦C until used.

2.5. Real-time quantization of the mRNAs of
TLR4 signaling molecules in MAC-T cells
after LPS induction

Messenger RNA of selected molecules includ-
ing TLR4 and TLR2 (Table I) involved in the in-
duction of cellular pro-inflammatory and apoptotic
responses following LPS binding to the tripartite
complex TLR4/MD-2 or LY96/CD14, as demon-
strated in human and mouse studies [39], were
quantified by real-time qPCR. Primers for qPCR
were designed to have the same annealing tempera-
ture and in most cases span exon boundaries with
Invitrogen’s OligoPerfectTM software and synthe-
sized by Invitrogen. The SYBR� GreenER™ qPCR
SuperMix Universal (Invitrogen) and the ABI 7500
Real-Time PCR System (Applied Biosystem, Fos-
ter City, CA, USA) were used in the qPCR analysis.
The qPCR mix was in a final volume of 10 μL and

contained 1 × SYBR� GreenER™ qPCR Super-
Mix Universal, 200 nM each primer, 50 nM Rox
dye, and 40% diluted cDNA. The thermal profile
included an initial uracil DNA glycosylase (UDG)
incubation for 2 min at 50 ◦C followed by UDG
inactivation and DNA polymerase activation for
10 min at 95 ◦C. This was followed by 40 cycles
of 95 ◦C for 15 s, 56 ◦C for 35 s and 60 ◦C for 60 s.
The integrity of amplification indicated by a single
melt peak for each product was verified by a disso-
ciation curve analysis at 95 ◦C for 15 s, 60 ◦C for
1 min and 95 ◦C for 15 s and further confirmed by
the detection of a single (and expected) product af-
ter agarose gel analysis.

2.6. Experimental considerations and statistical
analysis

In the qPCR run, each target was again
replicated three times. The relative quantifica-
tion method and the ABI 7500 System SDS Se-
quence Detection Software version 1.3.1 (Applied
Biosystems) were used in mRNA quantification.
Results were expressed as fold changes relative
to the zero time point. Two endogenous genes,
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Figure 1. Relative expression ratios of TLR4 and TLR2 mRNA in MAC-T cells induced with different con-
centrations of LPS after 24 h. Fold expression and significance is relative to 0.0 μg/mL LPS concentration.
** P < 0.01, *** P < 0.001.

β-actin and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were initially tested for their
stability in expression under the experimental con-
ditions and found to be both stable. However, only
β-actin was further used as an endogenous control.
Pair-wise significance in mRNA abundance of treat-
ments (different time points) vs. zero time point
was analyzed using randomization and bootstrap-
ping test (50 000 iterations) implemented in REST
2005 BETA version 1.9.121 [33]. An efficiency cor-
rection ratio for each target was used in calculating
pair-wise significance.

2.7. Flow cytometric analysis

Based on the observed up-regulation of TLR2
by quantitative real-time PCR, flow cytometry was
used to determine the surface expression of the toll
proteins. Cells were grown to 95% confluence and
either treated with 1.0 μg/mL of LPS for 24 h or un-
treated (control). Cells were washed in Dulbecco’s
phosphate-buffered saline (DPBS) (Invitrogen), de-
tached by trypsin enzyme (Invitrogen) digestion and
washed again. The cell suspension (106 cells/mL)
was incubated with or without PE-labeled anti-
mouse/human TLR2 or clone T2.5 (eBiosciences)
or FITC-labeled mouse anti-human TLR4 or clone
HTA125 (Serotec) antibodies for 30 to 35 min in
the dark. Thereafter, cells were washed with 3 mL

1 http://www.gene-quantification.info/

of DPBS and analyzed using BD FACSAria™ (Bec-
ton Dickinson Immunocytochemistry Systems, San
José, CA, USA). The TLRs were selectively gated
for analysis and data were collected from 10 000
events per sample. The percent fluorescence and
the mean channel number of fluorescence were
used as a quantitative index of TLRs response.
The analysis was carried out using BD FACSDiva�

software (Becton Dickinson Immunocytochemistry
Systems).

3. RESULTS

3.1. LPS upregulates both TLR4 and TLR2 in
the bovine mammary epithelial cell line,
MAC-T cells

Stimulation of MAC-T cells with LPS up-
regulated significantly the mRNAs of TLR4
and TLR2 after 24 h, as compared to non
stimulated cells (Fig. 1). The expression levels
of TLR4 mRNA were significantly increased
(1.8-2.2 folds, P < 0.01) by the stimulation
of all the applied concentrations of LPS when
compared to the control. However, a dose-
dependent effect was not observed. On the
other hand, the stimulation of LPS also sig-
nificantly increased the expression of TLR2
mRNA. It is noteworthy that when 10 μg/mL
of LPS was used, the fold of induction
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Figure 2. TLR4 and TLR2 mRNA time dependent response in MAC-T cells induced with 1.0 μg/mL of
Escherichia coli lipopolysaccharide (LPS) or not induced (time 0). * P < 0.05, ** P < 0.01, *** P < 0.001.
Level of significance is as compared to time 0.

increased to 3.8, which was significantly
higher than other concentrations.

A time-dependent response was studied us-
ing 1.0 μg/mL LPS (Fig. 2). Significant up-
regulation of TLR4 or TLR2 mRNA was ob-
served as early as 6 h (P < 0.05) or 24 h
(P < 0.01) respectively, after LPS exposure.
The mRNA levels of both genes increased
steadily with time except for the slight decease
at 48 h time point for TLR4.

To verify LPS-induced up-regulation of
TLR2 and TLR4, specific monoclonal an-
tibodies against these receptors were used
for flow cytometric analysis of LPS-exposed
mammary epithelial cells. Increased surface
expression of the toll proteins was detected
within 24 h of stimulation with 1.0 μg/mL
LPS. The mean channel fluorescence in treated
cells as compared to untreated cells was
1224 vs. 554 for TLR4 and 3394 vs. 1671 for
TLR2, respectively (Fig. 3), which is similar
to the results by real-time qPCR.

3.2. Up-regulation of MyD88 and NF-κB in LPS
stimulated MAC-T cells is time dependent

LPS initiated the up-regulation of the
adaptor molecule, MyD88 (Fig. 4). The
MyD88 molecules increased gradually, as
compared to untreated cells and peaked sig-
nificantly (P < 0.05) at 72 h post induc-
tion. LPS-induced up-regulation of NF-κB

occurred more rapidly than MyD88 up-
regulation. Within 6 h of exposure, the NF-κB
abundance had tripled (P < 0.01) and but for
the slight decrease (0.5 fold) at the 12th hour,
increased steadily up to the 72nd hour (Fig. 4).

3.3. The adapter molecule, TICAM2 and
the transcription factor, IRF3 of TLR4
signaling are up-regulated in response to
LPS in MAC-T cells

Up-regulation of TICAM2 was mild in the
first 48 h post induction, with a significant
increase, 1.7 fold, seen at 72 h (P < 0.05)
(Fig. 5). In contrast, increased IRF3 expres-
sion was evident 12–24 h after LPS exposure
(P < 0.05).

3.4. Response patterns of CASP8 and TOLLIP
in the TLR4 signaling pathway in LPS
induced MAC-T cells

TOLLIP, the negative regulator of inflam-
mation was activated in a time dependent man-
ner after LPS stimulation (Fig. 6). As early
as 2 h, the fold increase in the mRNA of
TOLLIP had already doubled that of untreated
cells (time 0), increased steadily with time,
with the highest increase achieved at 24 h and
decreased thereafter. These increases were sig-
nificant from 2 h (P < 0.05) post induction.
LPS-induced up-regulation of CASP8 was
evident from 24 h after exposure (P < 0.05)
(Fig. 6).
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TLR4

TLR2
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MCF=89

MCF=554

MCF=1224

MCF=76

MCF=1671

MCF=3394

Figure 3. Histograms of flow cytometric analysis of MAC-T cells showing fluorescence intensities of un-
stimulated MAC-T cells (a); shift in background fluorescence intensity after unstimulated MAC-T cells have
been labeled with specific antibodies for TLR4 or TLR2 (b); and MAC-T cells stimulated with 1.0 μg/mL
LPS and labeled with specific antibodies for TLR4 or TLR2 (c). Mean channel fluorescence (mcf) of treated
as compared to untreated is 1224 vs. 554 for TLR4, and 3394 vs. 1671 for TLR2.

Figure 4. LPS (1 μg/mL) time dependent up-regulation of myeloid differentiation factor 88 (MyD88) and
nuclear factor-κB (NF-κB) in MAC-T cells. * P < 0.05, ** P < 0.01. Level of significance is as compared
to time 0.
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Figure 5. TICAM2 and IRF3 time dependent up-regulation in LPS (1.0 μg/mL) stimulated MAC-T cells. *
P < 0.05. Level of significance is as compared to time 0.

Figure 6. Response pattern of the regulatory molecules, TOLLIP and CASP8, in MAC-T cells induced
by bacterial lipopolysaccharide (LPS) (1.0 μg/mL). * P < 0.05, ** P < 0.01. Level of significance is as
compared to time 0.

4. DISCUSSION

Available lines of evidence indicate
that bovine mammary epithelial cells re-
spond to bacterial lipopolysaccharide and
other microbial products by producing pro-
inflammatory cytokines required to combat
invading pathogens [4, 7, 17, 30, 32, 38].
Other epithelial cell types (e.g. bronchial
epithelial cells [18], nasopharynx epithelial
cells [48], etc.) have also been shown to
respond to LPS. Since Gram-negative bacteria
are responsible for some of the most costly
diseases of dairy cattle, understanding the
TLR-mediated signaling pathways, particu-

larly the LPS-mediated signaling, in bovine
mammary epithelial cells is necessary.

In the host system, LPS capture is facili-
tated by LBP and the receptor complex com-
prised of CD14, MD-2 (or LY96), and TLR4,
implying specificity of LPS recognition by
this TLR. Several findings with knockout mice
and human cell lines have established this fact
(review by [39]). Our study however demon-
strates that LPS up-regulates both TLR4 and
TLR2 in bovine mammary epithelia cells. The
up-regulation of TLR2 is supported by find-
ings by Faure et al. [16] and Fan et al. [14]
who demonstrated receptor cross talk in their
studies. Both groups demonstrated that LPS is
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capable of activating TLR2 expression in an
NF-κB dependent manner. They observed that
the up-regulation of TLR2 was secondary to
the activation of TLR4 signaling, rather than
direct LPS activation of TLR2, due to the pres-
ence of NF-κB binding sites on TLR2. Up-
regulation of the transcription factor, NF-κB
was therefore crucial for LPS-TLR4 depen-
dent up-regulation of TLR2 in these studies.
As shown by our data, NF-κB production
tripled by the 6th h post induction while TLR2
mRNA only reached significant levels (dou-
bled) by the 24th hour, and continued to in-
crease as NF-κB increased. Therefore, it can
be postulated that the increase of TLR2 de-
pended on the increases of NF-κB. However,
several studies have shown a lack of human
or murine TLR2 involvement in LPS signaling
[15, 20, 41]. Also, it is possible that the mam-
mary epithelia cells or gland may have its own
specific manner of responding to the presence
of pathogenic products which may be different
from other cell types and organs. In a re-
cent study, Goldammer et al. [17] experimen-
tally induced Staphylococcus aureus mastitis
in bovine mammary gland and observed a co-
ordinated up-regulation of the mRNAs of both
TLR2 and TLR4. Staphylococcus aureus is a
species of Gram-positive bacteria, which is ex-
pected to up-regulate only TLR2. In addition,
TLR4 and TLR2 expression has been observed
in inflammation-induced renal epithelial cells
[44] and in Trichonomas vaginalis (flagellated
protozoan parasite) infected HeLa cells [9].
Taken together, these findings may point to
yet unknown factors in the mammary gland
that would facilitate recognition of microbial
products (whether from Gram-negative or pos-
itive bacteria) by both TLR4 and TLR2. It
may also be an evolutionarily acquired adap-
tive attribute of the mammary gland to help
it fight infections since it is constantly under
attack by invading pathogens. Furthermore,
TLR2 has been shown to recognize LPS prepa-
rations from sources like Leptospira inter-
rogans, Porphyromonas gingivalis, and Heli-
cobacter pyroli, all non-enterobacteria [21, 36,
43]. Another study demonstrated TLR2/CD14
complex as the exogenous mediators of Try-
panosoma cruzi induced inflammation [8].

Therefore, in addition to present established
facts, CD14 may also play a role in TLR2
binding with pathogenic products and might
have enabled the recognition of LPS from
Gram-negative bacteria by this toll.

TLR4 specificity for LPS from Gram-
negative bacteria has been demonstrated with
TLR4 knock-out mice [23]. Furthermore, a
mouse strain possessing a point mutation in
the TLR4 gene was shown to be unrespon-
sive to LPS [34]. Consequently, LPS as a
potent immune activator can activate TLR4
at smaller concentrations than other activa-
tors (e.g. heat shock proteins, fibrinonectins,
oligosaccharides, heparin sulfate, and fibrino-
gen) [39]. This is in good agreement with our
study whereby an LPS concentration as low
as 0.01 μg/mL was enough to significantly
up-regulate TLR mRNA after 24 h. Increas-
ing the concentration of LPS did not result in
any change in TLR4 mRNA abundance, ex-
cept a slight but not significant increase at
10.0 μg/mL (as compared to 0.01 μg/mL) in-
dicating that a very low concentration of LPS
or a very small number of attacking pathogens
is enough to trigger optimal TLR4 signaling
response. TLRs are comprised of a family
of germline-encoded transmembrane recep-
tors whose specificity in mode of action has
been acquired, refined and perfected over time.
Even an increase in the copy number of the
TLR4 gene in an individual does not confer it
too much advantage in its mode of action indi-
cating a fine balance in gene dosage and action
acquired over time. In a recent study, Roy et al.
[35] investigated the response pattern of mice
carrying one, two, or three copies of the TLR4
gene to Salmonella typhimurium infection and,
although found a small difference in survival
and bacterial load clearance in individuals car-
rying three copies of the gene, opined that two
copies of the gene per individual represents the
most optimal dose possible to fight infections.

The commencement of an infection is al-
ways preceded by an attack by a pathogen and
in the case, for example, of mastitis induced
by Escherichia coli usually occur through a 7-
day period. Host response to the initial phases
of Escherichia coli mastitis is evident by
the recruitment of neutrophils and eventually
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the production of pro-inflammatory cytokines.
The progressive up-regulation of the mRNAs
of TLR4 and TLR2 in response to LPS and the
TLR4 signaling molecules in our study con-
curs well with the biological array of events
that follow an infection of the mammary
gland. Considering that the concentration of
pathogenic ligands exposed to the host’s cell
surface increases as pathogens grow and mul-
tiply would give the host enough time to deal
with it. The time-dependent up-regulation of
the TLR4 signaling molecules therefore fol-
lows the biological sequel of events in re-
sponse to increasing presence/concentration of
bacterial ligands.

Following LPS binding to the receptor com-
plex, CD14, MD-2 (or LY96), and TLR4,
downstream activation of NF-κB is initiated
through the MyD88 dependent pathway and
IRF3 through the adaptors TICAM 1 and 2
also known as the MyD88 independent path-
way [39]. Our finding has shown that MAC-T
cells responded to the presence of LPS by up-
regulating MyD88 and NF-κB. Activation of
NF-κB leads to induction and expression of
inflammatory cytokines such as TNFα, IL-6,
IL-12, which are essential in inhibiting bacte-
rial activity. MyD88 is a very important link
between innate and acquired immunity since
all TLRs, except TLR3, signal through it to
production of inflammatory cytokines. This
essential role was shown clearly in MyD88
deficient mice which failed to produce the
representative inflammatory cytokines in re-
sponse to TLR5 stimulator (flagellin) [19] and
to stimulators for other TLRs [42]. Interest-
ingly, our results indicate that the MyD88
independent path way in TLR4 signaling was
activated in MAC-T cells as shown by the re-
sponse patterns of TICAM2 and IRF3. IRF3
activation is responsible for the expression
of IFN-β and IFN inducible genes (e.g IP10,
glucocorticoid-attenuated response gene 16).
The up-regulation of these two transcription
factors (NF-κB and IRF3) in the TLR4 signal-
ing pathway in MAC-T cells supports the find-
ings of several studies characterizing cytokine
production by the mammary gland following
bacterial infections [4, 30] and thus confirm-
ing the ability of the mammary gland to mount

a robust innate immune response to these in-
fections.

Over production of cytokines following in-
fection however induces serious systemic dis-
orders or septic shock and may lead to high
mortality rates in the host [39]. Interestingly,
the system has evolved its own mechanism
of dealing with such situations. TOLLIP, an
adaptor protein initially identified as an inter-
mediate in IL-1 signaling has been recently
shown to bind directly to TLR2 and TLR4
thus negatively regulating the activity of NF-
κB in TLR signaling [49] and limiting the over
production of inflammatory cytokines. Our
data showed an increased time dependent up-
regulation of NF-κB and TOLLIP after LPS
induction. Our data therefore indicate that an
increased up-regulation of TOLLIP is neces-
sary to counter the effects associated with over
expression of NF-κB, thus confirming the find-
ings of Zhang and Ghosh [49].

To further suppress the multiplication of in-
vading pathogens, the host system has been
shown to initiate the processes of apoptosis
through the binding of FADD (Fas-associated
death domain protein) to the DD (death do-
main) of MyD88 and the recruitment of
CASP8 [3, 13, 27]. The expression of NF-κB
and IRF3 induced genes may cause changes in
surrounding cells that enhance both innate and
acquired responses to pathogenic ligands [27].
The expression pattern of CASP8 in our study
shows a trend that did not necessarily concur
with the expression patterns of both NF-κB
and IRF3 but rather to the length of time cells
were exposed to the presence of LPS. This
shows a mechanism of response by cells to
the presence of a pathogenic ligand and its
attempt to deal with the intruder after the nec-
essary genes have been up-regulated by NF-
κB and IRF3. Impaired phagosome maturation
in the absence of MyD88 or TLR4/TLR2 has
been shown to impair phagocytosis of bacte-
ria e.g. Escherichia coli, Staphylococcus au-
reus, and Salmonella typhimurium due to im-
paired phagosome maturation [6]. Therefore,
the bovine mammary epithelial cells possess
the capability of dealing with excess bacterial
load by up-regulating the necessary mediators
of apoptosis.
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In conclusion, our study demonstrates that
the bovine mammary epithelial cells respond
to the presences of LPS by activating the TLR4
signaling pathway which is necessary to ini-
tiate a robust defensive action against intrud-
ers. Signaling members of both the MyD88
dependent and independent pathways are ac-
tively up-regulated, thereby, ensuring that the
necessary players are available to contribute
to the regulated expression of inflammatory
cytokines and controlled pathogen clearance.
Thus, bovine mammary epithelial cells pos-
sess immune repertoires necessary to control
invading pathogens.
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