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Abstract

Members of the Toll-like receptor (TLR) family are vital to immune function through the sensing of pathogenic agents and
initiation of an appropriate immune response. More specifically, tissue and cell specific TLR expression patterns have been
correlated with the ability to respond to various pathogenic challenges. Bovine sequence exists for 4 of the 10 human TLR
Reference Sequences and no ovine TLR sequence has been reported. The main goal of this study was to determine if homologues
of human TLRs 1-10 exist within the cattle and sheep. Subsequent to this, quantitative real time PCR assays were to be
developed to produce transcript expression profiles in cattle skin and sheep gut-associated lymphoid tissue, as these epithelial
tissues are the primary sites of host/pathogen interactions for numerous pathogens. Our findings show that homologues of human
TLRs 1-10 do indeed exist within both cattle and sheep, with respective bovine and ovine homologues sharing at least 95%
nucleotide sequence identity and 83-90% identity to the corresponding human Reference Sequences. Conservation of the amino
acid sequence between homologous ruminant and human TLRs ranged between 84 and 97%. Quantitative real time PCR (qPCR)
assays confirmed expression of all 10 TLRs within ovine jejunum, Peyer’s patch and mesenteric lymph nodes. While in bovine
skin all TLRs apart from TLR6 were detected. The most abundant TLR transcripts within the ovine jejunum were TLRs 3, 5 and
6, while TLRs 6, 7 and 10 were abundant in both ovine Peyer’s patch and mesenteric lymph node. In bovine skin TLRs 2 and 7
were most abundant. In all tissues tested TLR4 expression was at the lower limit of detection.
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1. Introduction

Abbreviations: TLR, Toll-like receptor; PAMP, pathogen asso-

ciated molecular pattern; EST, expressed sequence tag; PP, Peyer’s Toll-like receptors (TLRs) are a highly conserved
patch; MLN, mesenteric lymph node; LPS, lipopolysaccharide; group of proteins that have been identified in
CpG DNA, unmethylate(% dinu.cleotides;.LRR, leucine rich repeats; organisms as diverse as insects (Lemaitre et al.,
R ol ;‘;ijf;;“;fh;‘f‘}fl‘fz"f e 6 1996) and mammals (Medzhitov et al., 1997). Within
fax: +61 7 3214 2900. mammals, the TLR family is proposed to contain at
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the host with a means of discriminating foreign from
self and, as such, they function at the earliest stages of
immune development (Kopp and Medzhitov, 1999). In
addition, the TLRs are able to specifically identify
pathogenic agents from commensals. Factors such as
the location and abundance of each TLR are intimately
involved in this process (Cario et al., 2002; Abreu,
2003; Kelly and Conway, 2005). Recognition of
foreign molecules is based on the detection of
molecular patterns that are indicative of entities likely
to cause the host harm. These pathogen associated
molecular patterns (PAMPs) comprise molecules such
as lipopolysaccahride (LPS), flagellin, dsSRNA and
(unmethylated dinucleotides) CpG DNA.

Variations in TLR abundance have been associated
with altered immune responsiveness. For example,
TLR4 knockout mice (producing no TLR4) have been
shown to resist chronic nematode infection whereas
mice producing functional TLR4 routinely develop
chronic infections (Helmby and Grencis, 2003). In
order to gain an understanding of how responsive
tissues and cells are likely to be at detecting pathogens
TLR mRNA expression patterns have been deter-
mined in humans (Zarember and Godowski, 2002;
Hornung et al., 2002), mice (Pruett et al., 2004; Kurt-
Jones et al., 2004; Kokkinopoulos et al., 2005), fish
(Jault et al., 2004; Meijer et al., 2004) and chickens
(Igbal et al., 2005).

As reported by Werling and Jungi (2003) in their
review of TLR analysis in production species, there is
only limited information published on expression levels
of bovine TLRs, and nothing reported for ovine TLRs.
The majority of work on bovine TLRs concentrates on
TLRs 2 and 4. Of the mammalian TLR family these are
the best studied and have been implicated in the
recognition of Gram positive and Gram negative
bacteria, with components of the bacterial cell wall
or membrane serving as PAMPs (Takeuchi and Akira,
2002). Bovine TLRs 2 and 4 have been mapped to
chromosomes 17 and 8, respectively (White et al.,
2003a) and TLRY to chromosome 22 (Goldammer
et al., 2004). TLR4 has also been haplotype mapped in
order to identify potential areas of variation that might
affect an individual’s disease resistance ability (White
et al., 2003b). More recently, real time PCR tests have
been developed for TLRs 2, 4 and 9 allowing transcript
abundance to be measured (Eicher et al., 2004;
Goldammer et al., 2004; Werling et al., 2004). Such

tests are vital for gaining an insight into immune
function and the acquisition of immunity.

In this study we planned to determine if homo-
logues of the 10 TLRs identified in humans existed in
cattle and sheep, as only 4 TLRs had been previously
identified in cattle. Partial fragments of putative TLRs
were amplified from cDNA, cloned and sequenced.
Using the newly obtained sequence further primers
were designed, for use in real time PCR assays, in
order to confirm transcription of each TLR and
produce tissue specific mRNA abundance profiles. We
have focussed on tissues of the ovine gut and bovine
skin as these epithelial surfaces are involved in the
primary interactions between host and pathogen in
numerous situations.

2. Materials and methods
2.1. Identification of bovine TLR orthologs

The MegaBlast, blastn (nucleotide query versus
nucleotide database) or blastx (translated query versus
protein database) programs, with default settings,
(Altschul et al., 1990) were used to identify bovine
sequences, contained within the GenBank database
(http://www.ncbi.nlm.nih.gov/), showing identity to
each of the 10 human TLR Reference Sequences. The
GenBank database contains genomic and transcribed
sequences of bovine origin. Accession numbers for
input human Reference Sequences are listed in
Table 1.

Table 1
GenBank accession numbers for human Reference Sequences
(RefSeq) and bovine TLRs and region of identity

TLR  Input human  Bovine Region of identity

RefSeq Blast hit to human RefSeq

Nucleotide Protein
1 NM_003263  BF230168 665-1079 130-268
2 NM_003264  NM_174197 1840-2261  537-704
3 NM_003265 AY 124007 2494-2799  797-906
4 NM_138554  ABO056444 374-781 69-205
5 NM_003268  BE753283 2804-3064  720-820
6 NM_006068  AB020807 15222202  486-711
7 NM_016562  BM255019 2506-2900  790-921
8 NM_016610  AY642125 2729-3118  830-959
9 NM_017442  AJ509825 1013-1325 123-228

10 NM_030956  ti510876751 551-758 23-90
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2.2. RNA extraction and cDNA synthesis

Skin snips (8 mm diameter) were removed from the
neck of three 12-month-old Hereford heifers with
biopsy punches (Kai Medical, Japan). Following
euthanasia and necropsy, 1 cm square sections of
ovine jejunum, Peyer’s patch and mesenteric lymph
node gut tissues were removed from three 6-month-
old Romney Merino sheep. All work was performed in
accordance with guidelines set out by the CSIRO
Livestock Industries Animal Ethics Committee. All
tissues were snap frozen in liquid nitrogen immedi-
ately following removal. Animals were not housed in
pathogen-free surroundings.

For each RNA preparation, 250 mg of frozen tissue
was removed and wrapped in aluminium foil and
stored at —80 °C until required. The wrapped tissue
was then dipped into liquid nitrogen and hammered in
order to disrupt the tissue. This material was scraped
into QIAGEN RNeasy lysis buffer (Qiagen, German-
town, MD) and immediately homogenised with
3 x 5s bursts of an Ultra Turrax (Labortechnik,
Staufen, Germany) mini probe. RNA was extracted
from this homogenised material following the
manufacturer’s instructions using the RNAeasy midi
kit (Qiagen). To determine quantity and ensure
integrity of extracted RNA, absorbance was deter-
mined at 260 and 280 nm and samples were analysed
via agarose gel electrophoresis. Samples were treated
with DNase I (Qiagen), twice, during the extraction
procedure and again using Turbo DNA-free DNase |
(Ambion, Austin, TX) following completion of the
RNAeasy protocol, in order to remove genomic DNA.

cDNA was prepared in a 20 pl reaction volume
using 2 pg of total RNA per reaction. Random

Table 2

hexamers (Promega, Annandale, Australia) were used
to prime the complementary strand and Invitrogen
(Carlsbad, CA) Superscript III was used to manu-
facturer’s specifications in the reverse transcription
reaction. At the completion of the reaction cDNA was
diluted 1/5 in water and stored frozen at —80 °C until
required.

2.3. Amplification and cloning of TLRs

Primers were designed to bovine TLR sequences,
using the Primer3 software (Rozen and Skaletsky,
2000). Resulting primer sequences are shown in
Table 2. These primers were used in a PCR consisting
of 30 cycles of: 94 °C for 1 min, 60 °C for 1 min and
72 °C for 1 min. Reactions were performed in 20 pl
total volume and contained 10 ng of either bovine or
ovine cDNA, 200 pmol of TLR-specific primers and
3 mM MgCl,. Other reagents were added as recom-
mended for use with Invitrogen 7ag DNA polymerase.

Amplified fragments were visualised on an agarose
gel and purified using the QIAquick gel purification
system (Qiagen). Purified fragments were cloned into
pGemT-Easy following the manufacturer’s instruc-
tions (Promega). Plasmid DNA was extracted from
several colonies using a Qiagen Miniprep kit and
sequenced with the ABI (Foster City, CA) BigDye
terminator kit version 3.1. Sequences obtained were
used to generate alignments recorded in Table 3.

2.4. Quantitative real time PCR
Primers were designed for TLRs 1-10, based on

cloned bovine and ovine sequence, as well as for
bovine and ovine GAPDH using Primer Express

Sequence of primers used in PCR and GenBank accession numbers of nucleotide sequences from which they were derived

TLR Primer sequence 5'-3' forward/reverse Size (bp) Bovine sequence Ovine sequence
1 CTGCCCATATGCCAAGAGTT/AAACCAACTGGAGGATCGTG 421 AY957622 AY957612
2 GCTCCTGTGACTTCCTGTCC/CCGAAAGCACAAAGATGGTT 501 AY957623 AY957613
3 GAGGCAGGTGTCCTTGAACT/GCTGAATTTCTGGACCCAAG 327 AY957624 AY957614
4 AGGCAGCCATAACTTCTCCA/GGTTGAGTAGGGGCATTTGA 410 AY957625 AY957615
5 AACGCTTTGCTCAAACACCT/ACCCTCTGATGGACTGATGC 301 AY957626 AY957616
6 ACTGACCTTCCTGGATGTGG/GCACCACTCACTCTGGACAA 679 AY957627 AY957617
7 ACTCCTTGGGGCTAGATGGT/GCTGGAGAGATGCCTGCTAT 180 AY957628 AY957618
8 GTTATGTTGGCTGCCCTGG/GTTCTCATCCATTAGCCTCTGC 393 AY957629 AY957619
9 CTGGAGGAGCTGAACCTGAG/TGGTTGTAGGACAGCAGCAG 320 AY957630 AY957620

10 GGCACAGGGTTAGGAAAACA/GAGATTGTGGTGGGCAAAGT 246 AY957631 AY957621
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Table 3
Identity, expressed as a percentage, of bovine and ovine TLR
sequences to each other and to the human Reference Sequence

TLR Bovine or ovine V human Bovine V ovine
Nucleotide (%) Protein (%) nucleotide
! 83 84 98
2 86 94 95
3 90 96 99
4 85 89 97
5 87 92 %
6 87 93 97
7 87 91 97
8 89 97 99
9 84 85 97
10 88 38 99

(ABI). Primer sequences used in quantitative real time
PCR (qPCR) and the expected size of amplicons are
listed in Table 4. Only final primer pairs are recorded
in the Table. Any primers that did not function under
standard assay conditions to generate a unique product
were eliminated and new primers were designed.

Each qPCR was performed in a total volume of
5 pl and contained 900 nM of each primer and 10 ng
of cDNA in addition to the commercially available
SYBR Green Master Mix (ABI). To ensure cDNA
samples were not contaminated with genomic DNA,
reactions were set up using 10 ng of non-reverse
transcribed RNA in place of cDNA. Failure to
generate a detectable signal signified the sample as
DNA free.

Each qPCR was performed in quadruplicate, using
standard conditions in an ABI Prism 7900HT
Sequence Detection System. Reaction efficiency
was determined for each gene using 10-fold dilutions
of plasmid containing the cloned amplicon (Table 4).
Dissociation curves were generated to ensure a single
amplicon had been produced.

For each of the three biological samples gene
expression was quantified by normalizing each target
TLR against the reference gene, GAPDH, through the
Q-GENE statistical analysis package (Simon, 2003).
Independent tests have shown GAPDH to be

Table 4

Sequence of primers used in quantitative real time PCR

TLR Primer name Sequence Size (bp) Efficiency (E)

1 TLR1-2F CCCACAGGAAAGAAATTCCA 208 1.80
TLRI1-2R GGAGGATCGTGATGAAGGAA

2 TLR2-2F ACGACGCCTTTGTGTCCTAC 192 1.95
TLR2-R CCGAAAGCACAAAGATGGTT

3 TLR3-2F GAGGCAGGTGTCCTTGAACT 329 1.96
TLR3-2R GCTGAATTTCTGGACCCAAG

4 TLR4-2F ACTGACGGGAAACCCTATCC 208 1.98
TLR4-2R CAGGTTGGGAAGGTCAGAAA

5 TLRS5-3F AAAACCACATCGCCAACATC 191 1.98
TLR5-3R CATCAGATGGAACTGGGACA

6 TLR6-2F CAAAGCAGGGAACAATCCAT 206 1.95
TLR6-2R CCACAATGGTGACAATCAGC

7 TLR7-3F ACTCCTTGGGGCTAGATGGT 180 1.92
TLR7-3R GCTGGAGAGATGCCTGCTAT

8 TLRS8-3F TCCACATCCCAGACTTTCTACGA 150 1.80
TLR8-3R GGTCCCAATCCCTTTCCTCTA

9 TLR9-2F CTCGTATCCCTGTCGCTGAG 210 1.98
TLR9-2R CACCTCCGTGAGGTTGTTGT

10 TLR10-4F TCTGCCTGGGTGAAGTATGA 190 1.87
TLR10-4R AATGGCACCATTCAGTCTGG

GAPDH GAPDH-F CCTGGAGAAACCTGCCAAGT 200 1.93

GAPDH-R

GCCAAATTCATTGTCGTACCA
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constantly expressed in all samples. Four technical
replicates were performed on each biological sample.
The mean of the three values was determined and the
mean result is expressed in the form of mean
normalised expression (MNE) = standard error (S.E.).

3. Results

3.1. Identification of bovine and ovine TLR
sequences

Bovine orthologs of human TLRs 1-10 were
identified within the GenBank database through Blast
searches. Accession numbers for all sequences and the
region of nucleotide identity shared between each
human Reference Sequence and its corresponding
bovine Blast hit are listed in Table 1 (ti510876751 can
be found through the GenBank Trace archive link).
Bovine sequence obtained through Blast analysis was
then used to design primers targeting each of the 10
TLRs genes. Primer sequences are listed in Table 2.
These primers successfully amplified the 10 TLRs
genes from both bovine and ovine cDNA. Amplified
TLR fragments were cloned and sequenced and
accession numbers obtained for these sequences are
listed in Table 2. The partial nucleotide sequences
obtained for each bovine and ovine TLR were then
aligned to the corresponding region of the relevant
human nucleotide sequence and to each other in order
to determine identity. As shown in Table 3 there is at
least 95% sequence identity between respective
bovine and ovine TLR nucleotide sequences. The
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Fig. 1. Relative transcript abundance of TLRs 1-10 determined in
ovine gut-associated tissues. Data shown is an average of n=3
biological replicates & standard error. There were four technical
replicates performed for each biological sample.

identity of each cloned bovine and ovine TLR to the
relevant human reference sequence ranges between 83
and 90% (Table 3). Translation of the bovine or ovine
nucleotide sequences and alignment to the human
TLR protein shows 84-97% of the amino acid
sequence is conserved (Table 3).

3.2. TLR abundance determined in ovine gut
tissues using gPCR

Highly specific primers capable of amplifying the
bovine and ovine versions of each TLR in qPCR were
designed based on the cloned bovine and ovine
sequences. Primer sets are shown in Table 4. Fig. 1
displays the expression level of each TLR determined
by qPCR in ovine jejunum, Peyer’s patches (PP) and
Mesenteric lymph nodes (MLN). Transcriptional
expression of each of thel0 TLRs was detected in
the three ovine gut-associated tissues analysed. TLRs
3 and 6 were the most abundant of the TLRs in the
jejunum, whereas TLRs 6, 7 and 10 were most
abundant in the PP and MLN. Apart from TLRs 3 and
5, that are most abundant in the jejunum, all other
TLRs are more abundant in the PP or MLN.

3.3. TLR abundance determined in bovine skin
using gPCR

Fig. 2 displays the expression level of each TLR
determined in bovine skin using the primer sets in
Table 4. Expression of the TLR6 transcript was not
detected in bovine skin and TLR4 was at the lower
limit of detection. Expression of TLRs 1, 2, 3,5, 7, 8,
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Fig. 2. Relative transcript abundance of TLRs 1-10 determined in
bovine skin. Data shown is an average of n = 3 biological replica-
tes =+ standard error. There were four technical replicates performed
for each biological sample.
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9, and 10 was confirmed, with TLRs 2 and 7 being the
most abundant TLR transcripts found in the skin.

4. Discussion

TLRs are of great interest to the research community
due to their ability to recognize pathogens and initiate
development of an immune response. While at least 10
TLRs have been described in humans only 4 have been
described previously in cattle and none in sheep. This
work has confirmed that homologues of each of the 10
characterised human TLR genes exist within cattle and
sheep. We have also confirmed that the TLR genes are
transcribed as each gene was amplified in PCR using
bovine or ovine cDNA, as template, and also detected
by quantitative real time PCR assays. Alignment of the
corresponding cloned bovine and ovine TLR nucleotide
sequences shows they share atleast 95% identity. Due to
this high sequence identity only bovine sequence is
shown aligned to the human sequence as alignment of
the ovine sequences generates an identical result. These
alignments show the ruminant and human TLRs share
83-90% nucleotide identity and 84-97% amino acid
identity. Previously cloned bovine TLR2 and TLR4
were reported to show 77 and 72% identity to human
TLR amino acid sequence (Werling and Jungi, 2003).
Theses values are much lower than determined here
although, direct alignment of nucleotide sequences for
TLR2 and TLR4 determined here and those determined
previously (AF310951 and AF310952) show only a
single nucleotide difference in either comparison (data
not shown), indicating the difference might be due to
only partial sequences being aligned here.

TLR expression profiles are suggestive of an
individual’s ability to respond to challenge. For this
reason TLR expression profiles were determined in
epithelial tissues that form the interface between host
and pathogen for numerous pathogens.

Transcript expression of each of the 10 TLRs was
confirmed in the three ovine gut-associated tissues
analysed by qPCR. Apart from TLRs 3 and 5, all other
TLRs were more abundant in the Peyer’s patches or
Mesenteric lymph nodes then they were in the jejunum.
This result suggests there are more TLR transcripts per
cell or more cells expressing TLRs in both the PP and
MLN. It is interesting that TLRs 3 and 5 are relatively
more abundant in the jejunum suggesting gut epithelial

cells possibly express these molecules. However, the
expression of TLRs relative to GAPDH is quite low,
ranging from 10 to 100 copies of TLR transcript per
1000 copies of GAPDH, suggesting only a small subset
of cells express the TLRs or that only a few copies are
expressed per cell. Similar expression profiles for TLRs
3 and 5 have been shown previously in the human small
intestine (Zarember and Godowski, 2002) and intest-
inal epithelial cells (Cario and Podolsky, 2000). If the
abundance of these TLRs is indicative of a heightened
ability to respond to the appropriate PAMP it seems
likely that the jejunum or gut epithelium is very
sensitive to potential viral and motile bacterial
infections, through the ability of TLR3 to recognize
dsRNA and TLRS to recognize flagellin. Differences in
relative abundance may also correlate to the sensitivity
with which each TLR recognises its target PAMP.

Overall, the results determined in the gut tissues are
in agreement with those determined elsewhere and
reflect the relative abundance of TLRs determined in
human intestinal myofibroblasts (Otte et al., 2003) and
chicken jejunum (Igbal et al., 2005). More specifically
the low relative abundance of TLRs 1, 2 and 4
determined in the jejunum matches previous reports
that TLRs 2 and 4 are barely detectable in the gut
(Cario and Podolsky, 2000) and TLR1 lowly abundant
in intestinal myofibroblasts and intestinal tissue (Otte
et al., 2003; Zarember and Godowski, 2002). When
compared to the jejunum, TLRs 2, 6, 7 and 10 are more
abundant in the PP and MLN suggesting an abundance
of cells shown previously to express these TLRs
including, monocytes, B cells and T cells (Hornung
et al., 2002; Kokkinopoulos et al., 2005). TLR10
expression has been confirmed in all gut-associated
tissues studied here. In other work TLR10 was not
detected in intestinal myofibroblasts (Otte et al., 2003)
but expression has been confirmed in cells such as
dendritic cells (Hornung et al., 2002).

The bovine skin snips contained the three distinct
regions of skin including the outermost layer or
epidermis, the underlying dermis and a small amount
of subcutaneous tissue. TLR expression has been
confirmed in a number of skin cell types in humans,
mice and chickens. Cell types include keratinocytes
(skin epithelial cells) (Kawai et al., 2002; Mempel
et al., 2003; Baker et al., 2003), Langerhans cells
(dendritic cells unique to the epidermis) (Takeuchi
et al., 2003), dermal dendritic cells (Gilliet et al.,
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2004), skin derived mast cells (Matsushima et al.,
2004), and Schwann cells that are associated with the
peripheral nervous system (Oliveira et al., 2003).
Comprehensive searches for all TLRs were not
performed in every cell type and again most publica-
tions have focussed on TLRs 2 and 4. However, in this
work we have determined expression of TLRs 1-10.
TLR7 was found to be the most abundantly expressed
TLR in bovine skin. Similarly TLR7 has been found to
be abundant in the skin of fish (Jault et al., 2004) but no
expression was detected in human keratinocytes
(Mempel et al., 2003) or chickens (Igbal et al.,
2005). Such variations in the relative abundance of
TLRs may reflect the different pathogenic agents
unrelated species are likely to encounter. TLR2 was
also abundant in bovine skin which is inconsistent with
TLR2 expression profiles in other epithelial tissues but
is consistent with relative abundance seen in LPS
treated mouse liver (Liu et al., 2000) and human
peripheral monocytes (Sabroe et al., 2002; Hornung
et al., 2002). Given TLR2 and TLR7 are abundant in
bovine skin implies this region is armed with receptors
capable of responding to Gram positive bacterial
infection through TLR2 and viral infection through
TLR7, although the association of TLR7 with viral
infectionis less well defined (Crozat and Beutler, 2004).
TLR6 was the only TLR not detected in bovine skin by
gqPCR. Similarly no TLR6 expression was detected in
human keratinocytes (Mempel et al., 2003) and very
low levels, relative to the other TLRs were detected in
chicken skin (Igbal et al., 2005). As was seen in the
ovine gut TLR4 was barely detectable in bovine skin
and this pattern appears to be representative in a range
of epithelial tissues from different animals.

In summary we have confirmed the presence of
TLRs1-10 in both bovine and ovine tissues. Real time
PCR assays were developed for each of the TLRs and
these were used to quantify expression in a range of
epithelial tissues relevant to challenge. Assays such as
these will be vital to improving our understanding of
the early events controlling immunological develop-
ment in livestock.
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