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Toll-like receptors (TLRs) are a group of highly conserved molecules that initiate the innate immune
response to pathogens by recognizing structural motifs expressed by microbes. We have identified a novel TLR,
TLR15, by bioinformatic analysis of the chicken genome, which is distinct from any known vertebrate TLR and
thus appears to be avian specific. The gene for TLR15 was sequenced and is found on chromosome 3, and it
has archetypal TIR and transmembrane domains and a distinctive arrangement of extracellular leucine-rich
regions. mRNA for TLR15 was detected in the spleen, bursa, and bone marrow of healthy chickens, suggesting
a role for this novel receptor in constitutive host defense. Following in vivo Salmonella enterica serovar
Typhimurium infection, quantitative real-time PCR demonstrated significant upregulation of TLR15 in the
cecum of infected chickens. Interestingly, similar induction of TLR2 expression following infection was also
observed. In vitro studies revealed TLR15 upregulation in chicken embryonic fibroblasts stimulated with
heat-killed S. enterica serovar Typhimurium. Collectively, these results suggest a role for the TLR in avian
defense against bacterial infection. We hypothesize that TLR15 may represent an avian-specific TLR that has
been either retained in chicken and lost in other taxa or gained in the chicken.
Salmonella enterica serovar Typhimurium infections in humans cause typhoid fever and enteritis (24, 27, 35), with the
latter constituting the second most common cause of foodborne disease in the United States (19). Animal models for
typhoid fever and enteritis have largely been conducted in mice
and calves, respectively (24). Although the host immune response to Salmonella infection in chickens is not well characterized, recent work examining the production of proinflammatory
cytokines and chemokines following serovar Typhimurium infection in young chickens revealed that many elements of the avian
host response are similar to those in mammalian models (29).
Toll-like receptors (TLRs) are pathogen recognition receptors, which initiate the pathways controlling expression of cytokines and chemokines and represent a link between innate
and acquired immunity (28). TLRs were initially identified in
vertebrates by homology to the transmembrane Toll protein in
Drosophila melanogaster which regulates early embryonic development as well as mediating innate immune mechanisms.
TLRs are widely expressed by many cell types, including leukocytes and epithelial cells, and function through recognition
and interaction with conserved motifs expressed on the surface of invading pathogens, known as pathogen-associated
molecular patterns (PAMPs). PAMPs, such as lipopolysaccharides (LPS) and peptidoglycan, are essential structural
components of the bacterial cell wall, and mutations within

them are deleterious to microbes, hence PAMPs are relatively
resistant to mutation and are ideal pathogen recognition receptor ligands.
The carboxy-terminal, cytoplasmic tail of the Toll receptors
and all TLRs shares striking homology with the type 1 mammalian interleukin-1 (IL-1) receptor, and this motif is known as
the Toll/IL-1 receptor (TIR) domain (21). Activation of each
TLR by a relevant PAMP results in the TIR domain initiating
a signaling cascade that shares many similarities with the Toll
signaling pathway in Drosophila (8). This ultimately results in
the translocation of NF-B to the nucleus and the initiation of
appropriate gene transcription leading to the production of
many proinflammatory cytokines, gamma/beta interferon, and
antimicrobial peptides.
In the chicken, prior to the genome release, in silico clustering
of expressed sequence tags revealed homologues of the TLR
pathway including two TLRs, one homologous to human TLR3
and the other similar to human and mouse TLR1, TLR6, and
TLR10 (16). Other chicken TLR pathway genes identified include those encoding Toll interacting protein (TOLLIP), interleukin-1 receptor-associated kinase 4 (IRAK4), myeloid differentiation factor 88 (MyD88), MyD88-adapter-like protein (Mal or
TIRAP), Tak1-binding proteins 1 and 2 (TAB1 and TAB2),
tumor necrosis factor receptor (TNFR)-associated factor 6
(TRAF6), transforming growth factor beta (TGF␤)-activated
kinase (TAK1), and IB kinases ␣ and ␤ (IKK␣ and IKK␤)
(16). Chicken TLR1 (types 1 and 2), TLR2 (types 1 and 2),
TLR3, TLR4, TLR5, and TLR7 have previously been described (2, 7, 10, 14, 16, 22, 33) and recently shown to be
expressed in chicken heterophils (11). Both forms of chicken
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TABLE 1. PCR primer sequences and predicted product lengths
Target mRNA

5⬘ Primer

3⬘ Primer

Product
size (bp)

TLR2
TLR4
TLR15
IL-1␤
18S RNA

5⬘-GATTGTGGACAACATCATTGACTC-3⬘
5⬘-AGTCTGAAATTGCTGAGCTCAAAT-3⬘
5⬘-GTTCTCTCTCCCAGTTTTGTAAATAGC-3⬘
5⬘-CGCTCACAGTCCTTCGACATC-3⬘
5⬘-GCTGAAACTTAAAGGAATTGACG-3⬘

5⬘-AGAGCTGCTTTCAAGTTTTCCC-3⬘
5⬘-GCGACGTTAAGCCATGGAAG-3⬘
5⬘-GTGGTTCATTGGTTGTTTTTAGGAC-3⬘
5⬘-CCGCTCATCACACACGACATGT-3⬘
5⬘-CTGTTATTGCTCAATCTCGGG-3⬘

294
190
262
230
304

TLR2, with identical TIR domains, have been mapped to the
same region of chromosome 4 and are thought to have arisen
from recent gene duplication (2, 7). Furthermore, TLR2 type
2 was shown to act as a receptor for lipoprotein and, similar to
studies of human TLR2 (5), was demonstrated to recognize
LPS in the presence of MD-2 (7). Chicken TLR4 has been
shown to play a role in resistance to Salmonella infection, with
susceptible chickens bearing certain allelic variations in their
TLR4 sequence (14). Exposure of cells expressing chicken
TLR5 to flagellin induced chicken IL-1␤ upregulation, and the
receptor is thought to be involved in restricting the entry of
flagellated Salmonella into systemic sites (10). Exposure of the
TLR7-expressing chicken HD11 cell line and splenocytes to
TLR7 agonists R848 and loxoribine resulted in increased production of IL-1␤, which could be abrogated by addition of 100
M chloroquine, indicating that chicken TLR7 may be endosomal, as with mammalian TLR7 (22).
During the course of an extensive bioinformatic and functional
analysis of immune response genes in the chicken genome, we
characterized a new TLR, which we designate chicken TLR15.
Here we show the phylogenetic relationship of TLR15 with
known TLRs and the tissue distribution of TLR15 mRNA
expression in comparison with established chicken TLRs. Furthermore, we report the upregulation of the novel TLR15
mRNA in the cecum of chickens following Salmonella enterica
serovar Typhimurium infection and in chicken embryonic fibroblasts following stimulation with heat-killed S. enterica serovar Typhimurium.
MATERIALS AND METHODS
Bioinformatics. Publicly available protein sequences corresponding to the 10
known human TLRs were retrieved from GenBank (http://www.ncbi.nlm.nih.gov
/GenBank). Following its March 2004 release, the DNA sequences of the initial
assembled chromosomes of the sequenced chicken genome were searched using
the human TLR peptide sequences with the TBLASTN program (1). The subsequent release of the Ensembl dataset of 28,416 predicted chicken genes was
also searched for sequences displaying a high degree of similarity to human
TLRs. Chromosomal location and strand orientation of the TLRs were determined using the BLAST Like Alignment Tool (BLAT) at the University of
California—Santa Cruz genome browser (http://genome.ucsc.edu). Genomic
DNA corresponding to putative TLRs was retrieved using BLAT and used for
prediction of intron-exon boundaries using the GenScan program (http://genes
.mit.edu/GENSCAN.html) (3). Domain predictions for the novel TLR15 were
carried out using the SMART programs (25). The proposed chicken homologues
of known mammalian TLRs were further analyzed by aligning them with homologous sequences from other vertebrate species using the T-COFFEE multiple
sequence alignment program (20), while phylogenetic analysis of the proteins
was carried out using Mega v.2.1 (12).
Salmonella infection: 5-week-old challenge model. Broiler chickens were obtained from a commercial hatchery in Saskatchewan, Canada, at 1 day of age.
They were reared in an isolation room until 5 weeks of age. The challenged birds
had 0.5 ml of Salmonella enterica serovar Typhimurium strain SL1344 suspended
in 0.85% NaCl administered orally. S. enterica serovar Typhimurium was grown

in modified N-minimal medium containing 5 mM KCl, 7.5 mM (NH4)2SO4, 0.5
mM K2SO4, 100 mM Tris-HCl (pH 7.0), 38 mM glycerol, 0.1% Casamino Acids,
24 mM MgCl2, 337 M PO34 at 37°C with shaking at 200 rpm until an optical
density at 600 nm of 0.7 was reached. The cells were harvested by centrifugation
and resuspended in 0.85% NaCl to one-tenth the original volume. The number
of viable bacteria present in the challenge was determined by viable cell counts
on Luria-Bertani (LB) agar plates and calculated to be 3.5 ⫻ 109/ml. At 48 h
after challenge, birds were euthanized by cervical dislocation. To determine
if colonization of the gut by Salmonella had occurred, swabs of the cecal
contents were cultured on Brilliant Green Agar. Tissue samples from the
tongue, liver, spleen, small intestine, cecum, bursa, and bone marrow were
quickly dissected, rinsed in saline, and stored in RNAlater (QIAGEN Ltd.,
West Sussex, United Kingdom). All animal experiments were conducted
according to the guidelines provided by the Canadian Council on Animal
Care.
Expression of TLRs in chicken tissues. Following pulverization of the tissues
using a PRO200 Homogenizer (PRO Scientific Inc.), total cellular RNA was
purified using the RNeasy Kit (QIAGEN Ltd.) according to the manufacturer’s
recommendations. The quantity and quality of total RNA was assessed using the
Agilent Bioanalyser and UV spectrophotometric analysis. Single-stranded cDNA
was synthesized from 1 g of total RNA using oligo(dT) primer (Promega,
Madison, WI) and Omniscript (QIAGEN Ltd.) in a 20-l reaction mixture
following recommendations of the manufacturers. The gene-specific cDNAs
were PCR amplified using Taq polymerase (QIAGEN Ltd.) and primers designed internally from the coding sequence of TLR2, TLR4, TLR15, IL-1␤, and
18S RNA (intron spanning wherever possible). An initial 94°C step for 8 min was
followed by 30 cycles (94°C, 55°C, and 72°C, each for 30 s for denaturation,
annealing, and extension, respectively) for all PCR amplifications with the exception of TLR4, which required an annealing temperature of 65°C for 30 s. PCR
products were separated by electrophoresis on ethidium bromide containing 2%
agarose gels and visualized using an AutoChemi System (Ultra Violet Products
Ltd.). Relevant PCR products were sequenced to ensure their correct identity. A
list of the PCR primer sequences and their PCR product lengths are shown in
Table 1. The TLR15 coding sequence was fully sequenced using a combination
of specific forward and reverse primers (F1, 5⬘-ATGAGGATCCTTATTGGG
AG-3⬘; F2, 5⬘-TGACTTGTGTGGAGCACCGAT-3⬘; F3, 5⬘-TACACCCATCGA
AAGCCT-3⬘; F4, 5⬘-ATCAGGGAATAAGATCTC-3⬘; R1, 5⬘-GCTGTCAGC
TCTTCATTAGA-3⬘; R2, 5⬘-TGGAGCAGTTGGACACTT-3⬘; R3, 5⬘-GAT
GGCGTTGTCGCTAATGT-3⬘; and R4, 5⬘-TACAGTTCATACTGACACCA-3⬘)
and submitted to GenBank (accession number DQ267901).
Cell culture. Chicken embryonic fibroblasts were grown in Dulbecco’s modified Eagle medium supplemented with 10% (wt/vol) heat-inactivated fetal calf
serum (Gibco BRL) and maintained in a CO2-free environment at 37°C. The day
before stimulation, cells were seeded at a density of 5 ⫻ 105 cells/ml in 25-cm3
cell culture flasks. Cells were treated with 107 heat-killed Salmonella enterica
serovar Typhimurium cells (KPL Europe)/ml and incubated for 6, 24, and 48 h
in antibiotic-free medium. Total cellular RNA was purified using the RNeasy kit
(QIAGEN Ltd.) according to the manufacturer’s recommendations.
Real-time PCR. In order to quantify TLR and IL-1␤ mRNA expression,
quantitative real-time PCR was performed using SYBR Green Taq ReadyMix
(Sigma Chemical Co., Poole, United Kingdom) according to the manufacturer’s
recommendations. Briefly, 10 l of ReadyMix was added to 2.5 mM MgCl2, 0.2
M forward and reverse primer, 0.1-g equivalent of reverse-transcribed RNA
in a cDNA reaction mix and made to 20 l with H2O. Thirty-five cycles of
amplification were performed in duplicate on a LightCycler real-time PCR
machine (Roche Molecular Biochemicals) at annealing temperatures of 56°C for
IL-1␤ and TLR15 and 58°C for TLR2 and TLR4.
Real-time PCR data were analyzed using the 2⫺⌬⌬Ct method (15) to calculate
the relative level of each mRNA in each sample and expressed as a ratio relative
to 18S rRNA housekeeper genes. The relative abundance of the mRNAs was
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FIG. 1. Comparative genomic synteny in chicken, human, and
mouse for flanking genes of chicken TLR15. GPR75, G-protein coupled receptor 75. ENSGALT0000013286, C2ORF30, and RIK4933407
are homologous sequences in chicken, human, and mouse, respectively, for which functionality has not yet been assigned. The figure is
not to scale. Syntenic region span lengths are indicated.

calculated by dividing the values for Salmonella-infected samples by those values
from uninfected samples after the necessary housekeeper gene corrections to
give a fold change value (⌬⌬Ct) (for ⌬⌬Ct values ⬍1, ⫺1/⌬⌬Ct ⫽ fold change).
An average of duplicate values gave a more accurate indication of difference.
Values from both experimental groups were compared using a Student’s t test on
logged data to account for the possibility of nonnormal distributions in the
variance of the different treatment groups. The data for Salmonella-infected
samples are expressed relative to the average value of the control samples ⫾
standard errors of the means (see Fig. 4). The correlation between fold change
expression values for each gene was carried out using the CORREL function in
Microsoft Excel.
Nucleotide sequence accession number. The TLR15 coding sequence was
submitted to GenBank under accession number DQ267901.

RESULTS AND DISCUSSION
To date, 13 TLR family members have been identified in
mammals, although not all members of the family are present
in all species; humans have only 10 functional TLRs, for example (34). Sequence information for nonmammalian TLRs
has only begun to accumulate in recent years. The identification of chicken TLR1 (types 1 and 2), TLR3, TLR5, and TLR7
(2, 7, 10, 16, 22, 33) as well as the previously characterized
chicken TLR2 (types 1 and 2) and chicken TLR4 have helped
generate a more complete picture of the chicken TLR catalog.
As well as confirming the presence of all the above chicken
TLRs, initial homology searches identified a further putative
TLR coding sequence, which was named chicken TLR15. The
entire TLR15 coding sequence was sequenced and submitted
to GenBank (accession number DQ267901). The sequence was
in agreement with the bioinformatic prediction, except for a
synonymous change at base positions 168 (A to G) and 450 (C
to T) and a nonsynonymous change at base positions 926 (A to
C) and 1363 (T to G). The nonsynonymous changes result in
amino acid changes from glutamic acid to alanine and from
leucine to valine, respectively. However, both amino acids are
located in the variable extracellular region of the protein and
not in the conserved TIR domain, and thus they do not compromise the status as a novel TLR. It should be noted that
TLR15 was named sequentially, as it appears to have an extracellular domain structure distinctive from that of any of the
known vertebrate TLRs.
TLR15 was bioinformatically mapped to chromosome 3
(chr3:2925041-2927644) in the February 2004 assembly of the
chicken genome. The TLR15 locus and surrounding chromo-

INFECT. IMMUN.

somal portion display a high degree of synteny with conserved
areas on the human 2 and mouse 11 chromosomes (Fig. 1).
The syntenic regions in human and mouse were searched for
the presence of genes corresponding to the chicken TLR15. No
orthologous genes were identified using both the Genscan
gene prediction program (3) and a Hidden Markov Model
search strategy (6) based on the TIR domain.
Phylogenetic analysis was carried out using known human
and mouse TLRs to construct a multiple-sequence alignment
(data not shown) and a phylogenetic tree (Fig. 2A). TLR15
groups with high bootstrap support with the recognized TLR1/
TLR2/TLR6/TLR10 clade but displays no close relationship
to any particular clade member, the best identity being 30.1%
with chicken TLR2. TLR15 is also 29.2% and 29.7% similar to
fugu and zebrafish TLR14, respectively. These identities, and
the pattern in the phylogenetic tree, are not sufficient to assign
a clear 1:1 orthology, thus TLR15 is molecularly distinct from
all known TLRs (23). This contrasts with the majority of previously described chicken TLRs (TLR2, TLR3, TLR4, TLR5,
and TLR7), which are well conserved as orthologues in amniotes (a taxon that includes birds and mammals). Other parts
of the TLR tree show taxon-specific variation, which is in a
process of active evolutionary development; TLR11 in mouse
recognizes profilin from Toxoplasma gondii (32) and uropathogenic Escherichia coli but is a pseudogene in humans (34). One
implication of the phylogenetic tree (Fig. 2A) is that chicken
TLR1 may cover the functional specificity of mammalian
TLR1, TLR6, and TLR10. It is possible that TLR15 may provide avian-specific functionality to compensate for the lack of
variability in TLR1, TLR6, and TLR10, or it may have evolved
to counter avian pathogens for which the preferential host is
the chicken. Homologues of TLR15 were searched for but not
found in any other available avian sequences, but as chicken is
the only completely sequenced species in this taxon, absence of
evidence is not evidence of absence. TLR evolution is dynamic,
because the pathological challenges to vertebrate species do
not stand still. Functional characterization studies to determine the antigenic specificity of the proposed TLR15 could
allow for a more definitive classification.
Analysis of the domain structure of TLR15 revealed an
archetypal TLR structure comprising a cytoplasmic Toll/IL-1
receptor (TIR) region, a short transmembrane domain, and an
extracellular domain with multiple leucine-rich regions of varying length and sequence compositions (Fig. 2B). This evidence
supports the proposal of this sequence as a novel chicken TLR.
Furthermore, the predicted peptide for chicken TLR15 is
coded for by a single exon, a feature common to all the mammalian members of the TLR1/TLR2/TLR6/TLR10 clade.
A panel of seven tissues from broiler chickens (n ⫽ 5 to 7)
was examined for mRNA expression of TLR2, TLR4, and
TLR15 (Fig. 3). In these healthy chickens, expression of TLR2
and TLR15 mRNAs was similar. Interestingly, the transcripts
of these TLRs were abundant in the bone marrow and bursa
of Fabricius, which are not associated with a primary defense
function but with lymphoid development. Slightly lower
mRNA expression levels of these TLRs were observed in the
spleen, which has primary immunological function. However,
the transcript levels of these TLRs were least abundant in the
liver, the small intestine, the tongue, and the cecum. Other
investigators have also shown that TLR2 mRNA is highly ex-
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FIG. 2. (A) Neighbor-joining tree generated from amino acid sequences of human (hs), mouse (mm), and chicken (gg) TLR homologues
reconstructed using Mega v.2.1. The results of 1,000 bootstrap replicates are shown at each node. Bootstrap analysis is based on multiple
resampling of the original data and is the most common method of estimating the degree of confidence in the topology of phylogenetic trees. The
asterisk indicates chicken TLR15. (B) Organization of secondary structural domains of TLR15. A horizontal black bar represents the transmembrane domain, while small black squares represent sequences of low compositional complexity. TIR, Toll/IL-1 receptor domain; LRR, leucine-rich
repeat; LRRT, leucine-rich repeat typical subfamily; LRRCT, leucine-rich repeat C-terminal domain.

pressed in the bursa and spleen of a White Leghorn chicken,
while it is present at lower levels in the small intestine, cecum,
and liver (9, 22). However, a study using tissues from a White
Leghorn hen detected high expression of TLR2 mRNA in the
liver, small intestine, large intestine, and spleen (33). The evidence from our study and the related studies discussed suggests that regulation of TLR2 mRNA expression is complex
and variable in healthy chickens.
TLR4 mRNA was expressed primarily in the bone marrow,
with very little or no expression in other tissues. This result
suggests that TLR4 expression may be strain specific, as White
Leghorn chickens showed a broader pattern of tissue expression of TLR4 mRNA through Northern blot analysis (14) and

also when primers identical to (9) or different from (33) those
used in this study are used to PCR amplify the transcript.
A Salmonella enterica serovar Typhimurium infection model
examined the levels of certain key TLR mRNAs following
bacterial colonization in the chicken cecum. Cecal swabs were
plated to confirm bacterial colonization 48 h postbacterial challenge (two infected chickens had ⬍10 serovar Typhimurium colonies per plate, two had 51 to 100 colonies per plate, and one had
⬎100 colonies per plate; the five uninfected chickens had 0 colonies per plate). Quantitative real-time PCR was performed to
determine mRNA fold induction following Salmonella enterica
serovar Typhimurium infection. TLR15 was significantly induced fivefold (P ⫽ 0.02) at 48 h postinfection compared to
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FIG. 3. Gene-specific PCR products showing levels of expression of TLR2, TLR4, and TLR15 mRNAs in a panel of tissues from healthy
chickens. Total RNA was extracted from 5 to 7 chickens, and cDNAs were made and amplified as described in the text. 18S RNA was used as an
internal positive control for normalization. Negative controls (NC) contain no cDNA template.

controls (Fig. 4A). Interestingly, TLR2 mRNA was also upregulated 4.5-fold (P ⫽ 0.01) in the cecum compared to control
birds (Fig. 4A). In mammals, TLR2 and TLR4 are known to
mediate the response to LPS in vitro (4, 18, 31), and chicken
TLR2 (type 2) has been shown to recognize both lipoprotein

FIG. 4. (A) Differential expression of TLR2, TLR4, TLR15, and
IL-1␤ mRNAs in the cecum of five 2-day-old Salmonella enterica serovar Typhimurium-infected chickens expressed relative to those of
five uninfected control chickens. Quantitative real-time PCR analysis
was performed with 18S RNA as an internal positive control. TLR2
and TLR15 mRNAs were significantly upregulated, with P values of
less than 0.05 (ⴱ). Error bars indicate the standard error of the means.
(B) Differential expression of TLR2, TLR4, TLR15, and IL-1␤ mRNAs in chicken embryonic fibroblasts stimulated with heat-killed Salmonella enterica serovar Typhimurium for 6, 24, and 48 h expressed
relative to those of unstimulated control cells. The axis on the left
indicates the fold induction of the TLRs, while the axis on the right
indicates the fold induction of IL-1␤. Quantitative real-time PCR
analysis was performed with 18S RNA as an internal positive control.
Asterisks indicate P values of less than 0.05 (ⴱ) and less than 0.01 (ⴱⴱ).
The data are representative of four independent experiments. Error
bars indicate the standard errors of the means.

and LPS (7), similar to human TLR2 (5). However, it has
previously been shown that TLR2, and not TLR4, is significantly induced in mouse macrophages following stimulation
with LPS and various cytokines (17). We also observed no
upregulation of chicken TLR4 transcript levels following Salmonella infection. TLR4 is thought to be involved in a biphasic
regulation of the expression of TLR2, initially upregulating it
followed by a self-inhibitory effect (26). It has been shown that
mouse TLR2 upregulation in response to Salmonella infection
is reduced in C3H/HeJ mice, which carry mutated TLR4 (26),
supporting a regulatory role for TLR2 of TLR4. Thus, the
observed upregulation of TLR2 may be a direct consequence
of initial TLR4 activation followed by self downregulation.
TLR15, whose transcript level also increases following Salmonella infection, might also be regulated by activation of other
TLRs or the production of proinflammatory cytokines. Furthermore, both TLR2 and TLR15 might be responding to
similar or identical ligands. If this is the case, it supports the
hypothesis that there is redundancy in LPS signaling and that
TLR15 can act as a surrogate for TLR2 (18). The lack of IL-1␤
upregulation was unexpected, as the cecal swabs confirmed
bacterial colonization. However, it may be that at 48 h postinfection IL-1␤ levels have decreased from an initial induction. A
recent study in which chickens were similarly infected with
Salmonella enterica serovar Typhimurium also reported no increase in IL-1␤ in the gastrointestinal tract at 1, 3, or 7 days
postinfection (30).
As TLRs are known to form both homodimers and heterodimers in order to activate intracellular signaling pathways,
TLR2 and TLR15 fold inductions were compared. A high
degree of similarity in gene expression patterns was observed
(correlation coefficient of 0.99) between individual chickens in
the infected group for TLR2 and TLR15 (data not shown).
PCR products were sequenced to confirm that distinct transcripts were being amplified (data not shown). This induction
of highly correlated fold changes for both genes in response to
infection is interesting. Further functional analysis would be
necessary to reveal if the novel TLR15 forms a heterodimer
with TLR2 following Salmonella enterica serovar Typhimurium
infection.
Embryonic fibroblasts have been shown to be suitable model
cell lines to study TLR responses in the mouse (13) and chicken
(10). In addition to the in vivo infection model, chicken embryonic fibroblasts were stimulated with heat-killed Salmonella enterica serovar Typhimurium cells for 6, 24, and 48 h. TLR15
was upregulated 7.5-fold (P ⫽ 0.04) compared to uninfected
controls at 6 h poststimulation, 12.5-fold (P ⫽ 0.04) at 24 h
poststimulation, and 6.5-fold (P ⫽ 0.003) at 48 h poststimulation (Fig. 4B). This level of TLR15 upregulation corresponds
to that seen in the in vivo model. The proinflammatory cytokine IL-1␤ was upregulated 97-fold (P ⫽ 0.02) at 6 h post-
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stimulation, which is indicative of an early vigorous innate
immune response, including activation of TLRs. At subsequent
time points, IL-1␤ upregulation was reduced in a time-dependent manner to a 66-fold increase (P ⫽ 0.04) at 24 h poststimulation and a 22-fold increase (P ⫽ 0.003) at 48 h poststimulation (Fig. 4B). This time-dependent reduction reflects
that observed in the in vivo model, where IL-1␤ levels
in infected chickens were similar to those of controls at 48 h
postinfection. TLR4 was upregulated 4.5-fold (P ⫽ 0.01) at 6 h
poststimulation, corresponding with the large increase in IL1␤, but was not induced at the later time points; TLR2 remained unchanged at all time points. It may be that TLR2 was
not induced in the in vitro model due to the absence of more
physiologically relevant TLR-expressing cells, or perhaps the
use of heat-killed bacteria, in contrast to live bacteria, may
alter the PAMP profile of the pathogen resulting in the lack of
TLR2 stimulation.
In conclusion, we report the discovery of the novel
chicken TLR15 and initial work on the tissue expression and
induction of this and other TLRs. TLR15 was found to be
significantly upregulated in the cecum of Salmonella enterica
serovar Typhimurium-infected chickens. Interestingly, induction of TLR15 correlated significantly with induction of
TLR2. TLR15 was also induced in chicken embryonic fibroblasts following stimulation with heat-killed Salmonella enterica serovar Typhimurium. Further characterization of the
chicken TLR repertoire is under way and will represent a
significant step in tracing the evolutionary history and divergence pattern of this immunologically important gene
family. Furthermore, it is becoming increasingly clear that
analysis of the evolutionary relationships among genes can
offer significant insights into the different functions of the
cognate proteins. TLR15 may represent an avian-specific
TLR that has been either retained in chicken and lost in
other taxa or gained in the chicken. It is likely that similarly
unique TLR genes are present in other genomes that contribute to species- or class-specific immune defense mechanisms tailored to combat particular pathogens.
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