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Abstract — Sheep intelectinl and sheep intelectin3 (SITLN1 and sITLN3) were cloned and sequenced. The
amino acid sequences of sITLN1 and sITLN3 shared 86% and 91% homology with the previously cloned
sheep intelectin2 (SITLN2), respectively. Expression of sSITLN1 and sITLN3 transcript was demonstrated in
abomasum, lung, colon and gastric lymph node, terminal rectum, skin, jejunum, mesenteric lymph node,
ileal peyer’s patches, brain, kidney, liver, spleen, skin, ear pinna, heart and ovary in normal sheep tissues.
sITLN2 transcript expression was restricted to the abomasal mucosa in normal sheep tissues. Using a non
selective chicken anti-intelectin antibody, tissue intelectin protein was demonstrated in mucus neck cells in
the abomasum, mucus cells in the colon, free mucus in ileum, goblet cells in the lung, small intestinal
epithelium and brush border, epidermal layer of the skin and skin sebaceous glands. The expression of the
three SITLN transcripts was examined in two nematode infections in sheep known to induce a Th2 response;
a Teladorsagia circumcincta challenge infection model and a Dictyocaulus filaria natural infection. The
three sITLN were absent in unchallenged naive lambs and present in the abomasal mucosa of both naive and
immune lambs following 7. circumcincta challenge infection. Upregulation of sSITLN2 and sITLN3 was
shown in sheep lung following D. filaria natural infection. Intelectins may play an important role in the
mucosal response to nematode infections in ruminants.
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1. INTRODUCTION

Nematode infections play an important role
in economics of the livestock industry world-
wide and in the health of humans in third world
countries [6, 10, 16]. Allergic conditions have
an increasing morbidity worldwide. The identi-
fication of novel molecules upregulated in a
Th2 environment may have relevance for new
treatment strategies [1]. Intelectins (ITLN) are
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novel molecules that have been shown to
upregulate in a Th2 environment. Two ITLN
homologues have been described in man [14,
22, 25], mice [12, 17] and sheep [7, 8]. Upreg-
ulation has been demonstrated associated with a
Th2 environment in both the gastrointestinal
and respiratory tract of all three species. The
full sequence of sheep intelectin2 (sITLN2)
has been published previously. We now present
the full sequence of sheep intelectinl (sITLN1)
and a novel sheep intelectin3 (sITLN3). We
demonstrate the differential tissue distribution
of sITLN transcripts in normal sheep tissues
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and the expression of the three sITLN tran-
scripts in response to nematode infections
affecting the gastrointestinal tract and respira-
tory tract of sheep. Finally we have determined
the distribution of SITLN protein in normal
sheep tissues by means of a specific antibody.

2. MATERIALS AND METHODS
2.1. Animals and parasites
2.1.1. Sheep

Lambs (Scottish Blackface x Leicester, 4-5
months old) for Teladorsagia circumcincta infection
experiments and worm free yearling sheep (10-12
months old) for D. filaria controls (Dorset X Suffolk)
and for demonstration of tissue distribution of sITLN
transcript and protein (Scottish Blackface x Leices-
ter) were born and maintained at the Moredun
Research Institute (Midlothian, UK) under conditions
designed to exclude accidental infection with nema-
tode parasites. All experiments were approved by
the Institute’s ethical review committee and were per-
formed under licence, as required by the United
Kingdom’s Animals (Scientific Procedures) Act of
1986. Experiments were undertaken in 2005-2006.
D. filaria infected yearling sheep (Scottish Blackface)
were from a commercial flock with a naturally
acquired infection.

2.1.2. Infective larvae

Larvae from an anthelmintic susceptible isolate of
T circumcincta (Moredun Research Institute) were
cultured as previously described [21] and stored at
4 °C for up to one month before use. All challenge
doses were from the same batch of larvae.

2.2. T. circumcincta parasite infections

Lambs were divided into three groups: unchal-
lenged naive (unv), challenged naive (cnv) and
challenged previously-infected (cpi). The previ-
ously-infected lambs were given 2 000 L3 three
times per week for 8 weeks, a protocol which has
previously been shown to confer some immunity
[11, 21]. All lambs were treated with anthelminthic
prior to challenge to clear any residual worms in
the previously-infected group, and as a control treat-
ment in the other groups (Tab. I).
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2.3. Post-mortem procedure

All sheep were stunned with a captive bolt and
exsanguinated. For 7. circumcincta infection experi-
ments the abomasum was removed, opened longitu-
dinally and the contents collected. One half was
retained for worm counting along with the contents
as described previously [11]. Abomasal folds from
the fundic region of the other half were used for tis-
sue sample collection.

For sequencing of sITLN1 and sITLN3 and for
demonstration of distribution of sSITLN, the following
tissues were collected from worm free yearling sheep;
abomasum, jejunum, colon, rectum, gastric lymph
node, mesenteric lymph node, ileal Peyer’s patches,
brain, kidney, liver, lung, pancreas, spleen, skin, ear
pinna, ovary, uterus, heart and mesenteric fat. For lung-
worm infected sheep and worm free controls, lung
tissue was collected from the left caudal lobe ventrally.
Tissue samples were stored in RNA later (Qiagen,
Hilden, Germany) for RNA isolation, or fixed in 4%
paraformaldehyde for immunohistochemistry.

2.4. RNA extraction and reverse transcription
for semi-quantitative RT-PCR

Tissues were homogenised using a Stratech Bead-
beater-B  (Stratech Scientific, Scham, UK) with
1 mm? Zirconia/silica beads (Thistle Scientific, Glas-
gow, Scotland, UK) and filtered through a Qiashred-
der (Qiagen, Crawley, UK). Total RNA was extracted
using the RNeasy kit (Qiagen) according to the
manufacturer’s instructions. For semi-quantitative
RT-PCR RNA was reverse-transcribed using a
Promega RT kit (Promega, Southampton, UK).

2.5. Sequencing of sITLN1 and sITLN3

For sITLN1, a 220 bp partial sequence of sSITLN1
was amplified from lungs of six normal yearling
sheep (control sheep for D. filaria experiment) using
the SITLN primers; SITLN ext. GSP1 and 2.
Sequences in all sheep were similar and found to
share 94% homology with the SITLN2 sequence
(GenBank accession number EF521881) obtained
previously from 7. circumcincta infected sheep
abomasum and 98% homology with the sheep respi-
ratory tract ITLN partial sequence (GenBank acces-
sion number AM087961).

The 5" end was amplified from sheep respiratory
tissue using the forward primer sITLN F1 with
the reverse primer sheep ext. GSP1 which had
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Table I. Experimental protocol for the 7. circumcincta challenge infection experiment.

Animals Status Treatments (relative to day of challenge)
Trickle® infection Levamisole® Number killed
Unchallenged Challenged®

Day -7 0 5 10 22
Lambs Previously infected + + 6! 54 54

Naive - + 44 6 54 4
#2000 T circumcincta L3 3 X per week for 8 weeks.
® Levamisole 7.5 mg/kg per os.
€1 x50 000 T circumcincta L3.
9 Scottish Blackface x Leicester.
previously been used in sequencing of SITLN2 [8]. For SITLN3, a novel 3’ end ITLN clone

The following conditions were used: 94 °C 2 min
then 40 cycles of 72 °C 40's, 55 °C 40's, 72 °C
2 min and a final extension at 72 °C for 10 min.
Amplification of the 3’ end required preparation of
3’ RACE (rapid amplification of cDNA ends) ready
cDNA using BD SMART II"™ A oligonucleotide
and the BD PowerScript™ Reverse Transcriptase
(RT) according to the manufacturer’s recommenda-
tions. The following 50 pL. PCR reaction was then
set up on ice; 5 pL 10 X BD advantage 2 PCR buf-
fer, 1 uL 10 mM dNTP mix, 1 pL 50 x BD advan-
tage 2 polymerase mix and 34.5 pL nuclease free
water, 2.5 pL 3’ race ready ¢cDNA, 5 pL universal
primer mix, 1 pL sITLN ext. GSP 2 10 pM. The
reaction conditions were as follows: 25 cycles of
94 °C for 30 s, 65 °C for 30 s and 72 °C for 3 min.
This was followed by a nested PCR for which the
following was set up on ice: 5 pL BD advantage
polymerase buffer, 1 uL 10 mM dNTP mix, 1 pL
BD Advantage™ 2 Polymerase (BD Biosciences,
Clontech), 34.5 uL. nuclease free water, 2.5 pL
PCR product, 5 pL nested universal primer mix,
1 pL sITLN int. GSP 2 10 uM. The reaction condi-
tions were as follows: 20 cycles of 94 °C for 30 s,
65 °C for 30 s and 72 °C for 3 min and a final
extension of 72 °C for 7 min. PCR products were
cloned into the TA Cloning vector pCR2.1 (Invitro-
gen, Leek, The Netherlands). Positive clones were
identified by restriction enzyme digestion with
EcoR1 (Roche, Mannheim, Germany) to excise
the insert. All nucleotide sequences were determined
using dideoxy chain termination cycle sequencing
by the Functional Genomics Unit, Moredun
Research Institute. Using the overlapping 5’ and 3'
sequences the full SITLNI1 sequence was deter-
mined. The full sequence was amplified from respi-
ratory tract tissue of five sheep using the primers
SITLN F3 and sITLN R3.

(C0009264A24) was identified from the DEFRA/
SHEFC Veterinary Training Research Initiative
(VTO0102) cDNA library of sheep lymph node tissue
(KNS511 library data submitted to UniGene). This
clone shared 93% homology with sITLN2 and 85%
with sSITLNI1. Using the specific primers sITLN F10
and sITLN R10, this clone was amplified from lymph
node tissue of normal sheep and the sequence verified.
The reaction conditions were as follows; 94 °C for
2 min, 35 cycles of 94 °C for 40 s, 58 °C for 40 s
and 72 °C for 2 min and a final extension of 72 °C
for 7 min. The 5’ end of SITLN3 was amplified in
lymph node using the forward primer sITLN F1 with
the sITLN3 specific reverse primer, sITLN R9-3.
Specific primers for sITLN1, 2 and 3 had been
designed for a poorly conserved region towards the
3’ end. The full sequence of SITLN3 was obtained from
the overlapping sequences of the 5’ and 3’ ends and
was amplified in jejunum from three sheep using the
full length primers sITLN F7 and sITLN R10. All
primers were designed using the primer 3 programme.

For sITLN1 and sITLN3 the PCR products of the
full sequence were purified (High Pure PCR Product
Purification kit; Roche), the sequences verified, the
predicted open reading frame determined, and the
predicted ORF, N-glycosylation sites, predicted sig-
nal peptide and GPI anchor were identified. PCR
products were visualized on ethidium bromide-
stained 1.2% agarose gels and images recorded using
the Bio-Rad FX imager. All primers used in sequenc-
ing and expected product size are shown in Table II.

2.6. Detection of transcripts by RT-PCR

sITLN 1, 2 and 3 specific primers were designed
over a poorly conserved area at the 3’ end of the
SITLN. The primers were labelled as follows for
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Table II. Details of primers used in sequencing sheep genes and for RT-PCR.

A.T. French et al.

Gene

Primer sequence

Product size (BP)

SITLN ext. GSP 2 Fw GGT GGC GGC TGG ACC CTG GTG 309
SITLN ext. GSP 1 Rv GCT CCG GAA GAA GCC CGT GTT GG

sITLN int. GSP 2 Fw CAC GGT GGG CGA TCG CTG GTC 176
SITLN int. GSP 1 Rv GCA CGT GCC AGA TGC CCA GGT C

sITLN F1 Fw GCT CTG AGA CTG CTC CTG GT 420
SITLN ext. GSP 1 Rv GCT CCG GAA GAA GCC CGT GTT GG

sITLN F1 Fw GCT CTG AGA CTG CTC CTG GT 1182
sITLN R1 Rv TTC TCC TTT GCT TGT TGG AGA

sITLN F3 Fw GCA TCT GTG AGG AAG GAA GG 1112
sITLN R3 Rv TTC CAT TTC TGA GGG TCT GG

sITLN F1 Fw GCT CTG AGA CTG CTC CTG GT 1125
sITLN R9-3 Rv TGG GTT CCA CAT CTC ATA GA

sITLN F10 Fw GCGAGAATTTGTTGCAGGAT 417
sITLN R10 Rv CCAGGGGTCAGTCAGTTTGT

sITLN F7 Fw AGGGGACAGGAGTCAGGTTT 1 000
sITLN R10 Rv CCAGGGGTCAGTCAGTTTGT

sATPase F Fw GCT GAC TTG GTC ATC TGC 167
sATPase R Rv CAG GTA GGT TTG AGG GGA TAC

sITLN F10 Fw GCGAGAATTTGTTGCAGGAT 287
sITLN R9-1 Rv TGG CTT TCT GTC TCA CAC CA

sITLN F10 Fw GCG AGA ATT TGT TGC AGG AT 286
SsITLN R9-2 Rv TGG GTT CAC ATC TCA TAG A

sITLN F10 Fw GCG AGA ATT TGT TGC AGG AT 287
SITLN R9-3 Rv TGG GTT CCA CAT CTC ATA GA

BD Smart 11 A AAGCAGTGGTATCAACGCAGAGTACGCGGG
oligonucleotide

3’-Race CDS primer A
5’-Race CDS primer
10 x universal primer A long

10 X universal primer A short

AAGCAGTGGTATCAACGCAGAGTAC(T)30

(T)25VN

CTAATACGACTCACTATAGGGCAA

GCAGTGGTATCAACGCAGAGT

CTAATACGACTCACTATAGGGC

Forward (Fw), reverse (Rv), intelectin (ITLN), sheep (s), base pair (BP), external (ext.) and internal (int.).

sITLN1 (SITLN F10, sITLN R9-1), for sITLN2
(SITLN F10, SITLN R9-2) and for sITLN3 (SITLN
F10, sITLN R9-3). cDNA (50 ng) was amplified
by PCR with the specific primers for sITLN and
primers for sheep ATPase using equivalent quantities
of non-reversed transcribed RNA as negative con-
trols. For semi-quantitative RT-PCR reaction condi-
tions were optimised to ensure that the number of
thermocycles correlated with the amplification stage
of the PCR. Reaction conditions were as follows:
SITLN 35 cycles of 94 °C for 40 s, 58 °C for 40 s
and 72 °C for 2 min; sheep ATPase 31 cycles of
94 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s.
The expected product sizes and sequences are shown
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in Table II. Resultant PCR products were visualized
on ethidium bromide-stained 1.6% agarose gels and
images recorded using the Bio-Rad FX imager and
analysed using the 1D Analysis software.

2.7. Anti-ITLN immunohistochemistry

Tissues fixed in 4% paraformaldehyde were pro-
cessed into paraffin blocks and sections (4 pm) were
placed onto coated slides (Snowcoat X-tra; Surgipath,
Winnipeg, Manitoba, Canada). Sections were
dewaxed in xylene, rehydrated through graded alco-
hols and endogenous peroxidase activity was blocked
by treatment with methanol containing 3% v/v of
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30% hydrogen peroxide (Sigma). After rehydration,
sections were placed in 10 mM Tris-HCI pH 9.0 in
a pressure cooker, brought to pressure in a micro-
wave and held at pressure for 4 min. Slides were
washed, blocked with PBS containing 10% normal
rabbit serum, 0.5 M NaCl and 0.5% Tween 80, and
incubated with the affinity-purified chicken anti-
ITLN peptide (1 pg/mL in blocking buffer) which
because of shared homology is thought to be non
specific for sheep ITLN or control chicken IgY
(1 pg/mL in blocking buffer) for 1 h at 21 °C. After
treatment with horseradish peroxidase-conjugated
rabbit anti-chicken IgY (Sigma, 1/500), sections were
stained with Nova Red (Vector Laboratories) counter-
stained with hematoxylin, then dehydrated and
mounted.

2.8. Statistical analysis of semi-quantitative,
quantitative PCR transcripts and ITLN
protein

Normality of data distribution was determined
using the Kolmogorov Smirnov test. A Kruskal-
Wallis was used to compare multiple groups and a
Mann—Whitney U test was used as a post hoc test
for pair wise comparisons; p value < 0.05 was con-
sidered significant.

3. RESULTS
3.1. Cloning and sequencing of sSITLN1

The full sequence of SITLN1 was cloned
and sequenced. Its presence was confirmed in
lung and tracheal mucosal samples from two
sheep using the primers sITLN F3 and sITLN
R3 (Fig. 1). Using web based programmes the
predicted open reading frame was identified,
homology ascertained, and predicted signal
peptides and N-glycosylation sites determined.
The full sequence (1 226 bp) thus obtained
had a predicted opening reading frame of
969 bp and a 322 AA deduced amino acid
sequence  (GenBank accession  number
AMO087961, updated October 2007). The full
sequence shares 77% homology with hITLN1
(GenBank accession number NM017625) and
88% homology with SITLN2. The deduced
amino acid sequence of SITLN1 shares 80%
homology with hITLN1 and 86% homology

Vet. Res. (2009) 40:53

with sITLN2. A 24 AA predicted signal peptide
(probability 1.0) with a predicted cleavage site
(probability 0.883) between AA 24 and 25
(GRG-AV) was identified, and a predicted
N-glycosylation site was identified at AA 72.
There was no evidence of a GPI anchor site.
Cysteine residues implicated in oligomer for-
mation are shown in Figure 1.

3.2. Cloning and sequencing of sSITLN3

The full sequence of sITLN3 was cloned
and sequenced. Using web based programmes
the predicted open reading frame was identified
(Fig. 1), homology ascertained, and predicted
signal peptides and N-glycosylation sites deter-
mined. The full sequence (1 153 bp) thus
obtained has a predicted opening reading frame
of 972 bp and a deduced amino acid sequence
of 323 AAs (GenBank accession number
AMS888394). The full sequence shares 73%
homology with hITLN1 (GenBank accession
number NMO017625), 86% homology with
SITLN1 and 93% homology with SITLN2.
The deduced amino acid sequence of sITLN3
shares 79% homology with hITLNI1, 85%
homology with SITLN1 and 91% homology
with sITLN2. A 26 AA predicted signal peptide
was identified (probability 0.992), with a
predicted cleavage site (probability 0.509)
between AA 26 and 27 (SAA-GT). No pre-
dicted N-glycosylation sites were identified
using the programme NetNGlyc 1.0. There
was no evidence of a GPI anchor site. Cysteine
residues implicated in oligomer formation are
shown in Figure 1.

3.3. Transcript expression of SITLN1,
2 and 3 in sheep tissues

Expression of these three sITLN transcripts
was examined in multiple tissues from three
normal yearling sheep (numbered 33, 920 and
1 379) though all tissues were not available
from all three.

SITLN1 expression was shown in abomasum,
lung, colon and gastric lymph node of 3/3 sheep,
in terminal rectum of 2/3 sheep and in skin of
1/3 sheep. Weak expression was also shown in
jejunum 1/3, mesenteric lymph node 2/3, ileal
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Alignment of predicted open reading frame of sITLN 1, 2 and 3. Solid underlines delineate the

predicted signal peptides, double underline predicted N-glycosylation sites. The broken underline represents
the peptide to which the affinity purified antibody was raised. The hatch indicates the location of the
cysteine residues that have been implicated in oligomer formation in hITLN1. The asterices, singles dots

and double dots represent homology.

Peyer’s patches 1/3, brain 1/3, kidney 2/3, liver
1/3, spleen 1/3, skin 1/3, ear pinna 1/3, heart
1/2 and ovary 1/1. There was no evidence of
expression in uterus, pancreas or mesenteric fat
of the single sheep tested (Fig. 2).

sITLN2 transcript expression was confined
to the abomasum. Sheep 920 showed only very
weak expression compared to sheep 33 and
1 379 (Fig. 2).

Strong expression of sITLN3 was shown in
the abomasum, jejunum, colon, rectum and ileal
Peyer’s patches of sheep 33 and 1 379 but not
in sheep 920 where no expression was detected
in any tissue. Weak expression was also shown
in gastric and mesenteric lymph nodes, kidney,
lung, spleen, skin and ear pinna of both 33 and
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1 379, but the heart, ovary, liver and mesenteric
fat was positive in only one animal. There was
no evidence of expression in brain, pancreas or
uterus.

There was no expression of pancreatic
ATPase in sheep 33 and 920 and it was pre-
sumed that this tissue had degraded prior to
storage (Fig. 2).

3.4. Localisation of ITLN protein expression
in sheep tissues

Multiple tissues from sheep 1 379 were
immunolabelled using the affinity purified
chicken antibody to ITLN peptide 1 as described
in Materials and methods. Negative controls
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Figure 2. Tissue distribution of sSITLN 1, 2 and 3 transcripts in three sheep (numbered 333, 920 and 1 379).
Expression of the house keeping gene ATPase is shown for comparison. Tongue (T), abomasum (A),
jejunum (J), colon (C), rectum (R), gastric lymph node (GLN), mesenteric lymph node (MLN), intestinal
Peyer’s patches (IPP), brain (B), kidney (K), liver (Li), lung (Lu), pancreas (P), spleen (Sp), skin (Sk), ear
pinna (Ep), ovary (O), uterus (U), heart (H), fat (F).

were immunolabelled with chicken IgY. There
was no staining of negative controls (not shown).
There was positive staining of the mucus neck
cells in the abomasum (Fig. 3A), the mucus cells
in the colon (Fig. 3B), free mucus in ileum
(Fig. 3D) and the goblet cells in the lung
(Fig. 3E). There was also staining of the small
intestinal  epithelium and brush border
(Fig. 3C). There was weak staining of the epider-
mal layer of the skin (Fig. 3F) and skin seba-
ceous glands (Fig. 3H). There was no staining
of heart muscle or kidney (Figs. 3G and 3I).
There was no staining of lymph nodes, liver,
pancreas, spleen or brain (not shown).

3.5. Expression of sITLN1, 2 and 3
in lamb abomasum after infection
with T. circumcincta

Worm counts are not included in this paper.
In brief, significantly fewer worms were found

in the cpi lambs compared with the cnv lambs
(p <0.01) as has been described previously
[21]. In addition, the previously-infected lambs
contained a significantly higher proportion of
arrested early L4s than the naive sheep after
the challenge infection.

Abomasal mucosal tissue was collected from
the following groups of 4-5 month old lambs;
unv (n = 4), cnv; days 5 (n =6), 10 (n =5),
22 (n=4) and cpi; days 5 (n=6), 10
(n =15),22 (n = 5) in total n = 35. The relative
expression of transcripts of sITLN1, sITLN2
and SITLN3 was determined. Sheep ATPase
was used as the housekeeping gene. Challenged
groups (previously infected and naive) were
compared to the unv group. Full details of
molecular biology techniques used have been
described previously. Data were not normally
distributed and a Kruskal-Wallis test was used
to determine significant difference between
groups. For sITLN1 and sITLN2, groups were
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Figure 3. Immunoperoxidase labelling of sections with affinity purified chicken anti-ITLN peptide 1.
Abomasum (A), colon (B), small intestine (C), Peyer’s patches and ileum (D), large bronchus (E), dermis/
epidermis (F), heart muscle and fat (G), skin sebaceous gland (H), kidney (I). Arrows indicate positive
immunolabelling. Control IgY labelling was negative (not shown). Bars represent 50 um (B, D, E, H, 1),
100 um (A, C, F), 200 um (G).

significantly different and a Mann—Whitney
U test was applied as a post hoc test. There
was no expression of sITLN1, sITLN2 or sIT-
LN3 in unv lambs. There was significantly
higher expression of sITLNI transcript in cpi
lambs compared to unv at all time points (days
5, 10 and 22) whilst significantly higher expres-
sion was only seen at day 22 when cnv were
compared to unv. For sITLN2 significantly
higher transcript expression was seen at day 5
when cpi were compared to cnv and at days
10 and 22 when cnv were compared to unv.
There was significantly higher expression of
transcript in the cpi compared to the cnv sheep
at day 5 for sITLN 1 and 2 and also at day 22
for sSITLN2. For sITLN3 no significant differ-
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ence in expression was shown between groups
and thus no post hoc tests were applied (Fig. 4).

3.6. Expression of sSITLN1, 2 and 3 in sheep
lungs after infection with D. filaria

The relative expression of transcripts for the
three sITLN was determined by RT-PCR in 6
D. filaria infected sheep and 6 control yearling
sheep as described previously. Expression was
determined relative to the house keeping gene
sheep ATPase. sITLNI1, sITLN2 and sITLN3
transcripts were expressed in lung samples from
D. filaria infected sheep whilst only expression
of SITLN1 and sITLN3 was shown in lungs from
control sheep. There was no significant
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Figure 4. (A) Ethidium bromide gel (1.4%) of SITLN 1, 2 and 3 transcripts in lambs; unv, cnv (days 5, 10, 22)
and cpi (days 5, 10 and 22). Expression of the housekeeping gene sheep ATPase is shown for comparison.
Group numbers were as follows: unv, 22 cnv (n = 4), groups 10 cnv, 10 cpi, 22 cpi (n = 5) and groups 5 cnv, 5
cpi (n = 6). (B) Box and whisker plots showing relative transcript expression by RT-PCR in abomasal mucosa
of unv, 7. circumcincta cnv and T. circumcincta cpi lambs. No unchallenged previously infected group was
present in this experiment. The house keeping gene was sheep ATPase. Semi-quantitative RT-PCR was carried
out as described in Materials and methods. The naive groups are shown as clear black boxes, whilst the
previously infected groups as hatched grey boxes. Boxes represent the 25th and 75th quartiles, median is
shown within the box, whiskers represent the range of the data. Asterix represents significant difference
between cnv (*) or cpi (*) and unv group, whilst hatch (#) represents significant difference between cnv and cpi
groups at the same time points post challenge. A Kruskal-Wallis test was used to compare all groups and a
Mann—Whitney U as a post hoc test. p < 0.05 was considered significant.

difference in expression of sITLN1 between
infected and control sheep (p = 0.0649) whilst
there was a significant difference in expres-
sion of sITLN2 (p =0.0022) and sITLN3
(p = 0.0152) between infected and control sheep
with induction of SITLN2 and upregulation of
sITLN3 in the infected sheep (Fig. 5).

4. DISCUSSION

ITLN homologues are known in sea squirts,
fishes [4, 9], frogs [3] and mammals [2, 12, 14,
15, 17, 22, 25]. Within mammalian species two

homologues have been described in mice [12,
17], man [14], sheep [7, 8] and recently in the
bovine [2]. In the present work the full
sequence of SITLN1 has been determined and
furthermore a novel third SITLN has been
cloned and sequenced. The three sSITLN homo-
logues share 85-91% identity with each other
and 53-81% homology with human and murine
sequences. For the three sITLN the predicted
AA sequences are poorly conserved at the
N-terminus and better conserved towards the
middle and C-terminus end. sITLN1 and
SITLN3 have predicted signal peptides, as
found with sITLN2 suggestive that all three
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Figure 5. Ethidium bromide gel showing relative expression of sITLN 1, 2 and 3 transcripts in lung from
normal and Dictyocaulus filaria infected sheep (A) and corresponding graphs showing relative transcript
expression in control (C) and infected (I) lungs (B). Transcript expression is relative to the house keeping
gene sheep ATPase. Boxes represent 25th and 75th quartile range, lines represents median and whiskers
range of data. * Represents significant difference compared to controls. Groups were compared using a
Mann—Whitney U test. p < 0.05 was considered significant.

sheep ITLN can be secreted. Interestingly
SITLN2 has a predicted GPI anchor site at the
C-terminus however this is not present in
SITLN1 or sITLN3 which might suggest a
difference in function for sITLN2.

Recent studies have shown that recombinant
hITLN1 is a 120 kDa trimer, however despite
84% homology with mITLNI1, recombinant
and intestinal mITLN1 exist as unglycosylated
30 kDa monomers [26]. In the present study,
SITLN1 and sITLN3 possess Cys-39/40 and
Cys-57/58 respectively, which align with
Cys-31 and Cys-48 in hITLNI1, that have been
implicated in oligomer formation. However
sITLN2 differs, and only possesses Cys-58.
Again this may suggest a difference in structure
and possibly function for SITLN2 compared to
SITLN1 and sITLN3. No work has been under-
taken to examine the carbohydrate specificity of

Page 10 of 13 (page number not for citation purpose)

the sSITLN. However it cannot be presumed that
they are identical to other species, as recent
work has shown that hITLN1 and mITLNI1
have different saccharide binding specificities
from each other [26].

The three sheep ITLN differed in number of
predicted N-glycosylation sites with one present
in SITLN1, two in SITLN2 and none in sITLN3.
This is another factor that might suggest differ-
ent functional roles for the three sheep ITLN.

The three sITLN differed in transcript tissue
distribution pattern, as has been reported previ-
ously for the two murine [12, 17, 23, 24] and
two human analogues [14]. Transcripts for
sITLN1 and sITLN3 were present in several tis-
sues whilst the sSITLN2 transcript was restricted
to the abomasum in the normal animal. It is of
interest that transcripts for hITLN2 [14] are also
restricted to the gastrointestinal tract whilst for
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mITLN1b expression is restricted to the respira-
tory tract in the normal animal [27].

The variation in expression of the three
SITLN transcripts between sheep was of
particular interest. It is known that some in-bred
murine strains show genomic variation, with the
relatively poor T spiralis expelling strain,
C57BL10, lacking mITLN1b [17]. It is
unknown if similar variation occurs in sheep
or people and the significance of this finding
regarding expression patterns of disease.

In the present study sITLN was immunolo-
calised to epithelial cells and mucus producing
cells with expression shown in the gastrointesti-
nal tract, respiratory tract and skin of normal
sheep. Whilst strong immunolabelling was
present in mucus producing cells of the aboma-
sum and colon, and goblet cells in the respira-
tory tract, protein expression was also present
on the small intestinal brush border as has been
reported for mice and pigs [23, 30]. There was
also faint immunolabelling of the enterocytes as
reported in pigs [30]. These findings are sug-
gestive that ITLN is not only produced by
mucus producing cells. In mice, ITLN has been
immunolocalised to a greater range of tissues
with expression reported in gastrointestinal,
respiratory, reproductive, urinary tract, lympha-
tic, nervous and endocrine tissue (pancreas)
[23] whilst in man protein expression has been
shown in endothelial cells, respiratory epithelial
cells, mesothelial cells, omental fat and serum
[13, 28, 32].

The presence of ITLN transcript and protein
in sheep skin tissue is very interesting as there
are no reports of expression of ITLN in skin
of other mammalian species, however recently
expression has been shown in rainbow trout
skin [19]. In the present work ITLN appeared
to be immunolocalised to skin sebaceous gland
and to the dermis. ITLN has been recognised as
a lactoferrin receptor in several species [15, 22,
23]. Expression of lactoferrin has been shown
in the skin in man [5, 29] and furthermore using
competitive binding assays has been shown to
bind to keratinocyte epithelial cells. This find-
ing supports the presence of lactoferrin recep-
tors in keratinocytes [29]. ITLN may play an
independent role in skin defence or have a role
as a lactoferrin receptor in this tissue.

Vet. Res. (2009) 40:53

ITLNI and 3 transcripts were shown in
lymphoid tissue in the sheep however there
was no convincing evidence of protein expres-
sion on immunohistochemistry. Studies in mice
have shown immunolabelling of small lympho-
cytes in the lymph node and spleen [23]. In
man, whilst hITLNI transcript was shown in
lymph node, spleen and thymus, protein expres-
sion was immunolocalised to endothelial cells
[14]. Interestingly in carp, whilst there was im-
munolabelling of endothelial cells in the spleen,
small lymphocytes were also immunolabelled
as well as clusters of immunoreactive cells
(macrophages/lymphocytes) in the kidney [4].
Thus, there is evidence for a role for ITLN in
lymphoid tissue, further work may clarify this
role.

Omentin, shown to be identical to hITLNI, is
thought to have a link to obesity and type II dia-
betes mellitus and expression has been shown in
mesenteric fat cells [20, 31, 32]. In the present
experiment there was evidence of SITLN3 tran-
script expression in mesenteric fat tissue and
faint immunolabelling of mesenteric fat. Further
work is required to verify these findings. Immu-
nolabelling of neurological tissue has been
shown in mice and in carp [4, 23] however
whilst sITLN1 transcript was shown in brain
from sheep 1379 in the present experiment,
there was no evidence of immunolabelling of
cells. This disparity may reflect a species differ-
ence or difference in immunolabelling tech-
niques or part of the brain examined.

Using non specific primers we have previ-
ously demonstrated the upregulation of sITLN
transcript in the ovine respiratory tract [7] in
response to culture of tracheal explants with the
Th2 cytokine IL-4 and the upregulation of
SITLN2 transcript in the sheep abomasum in
response to challenge infection with 7. circum-
cincta [8]. More recently SITLN2 has also been
shown to be highly upregulated in the abomasum
of sheep following challenge with Haemonchus
contortus [18]. We now demonstrate that
SITLN2 is induced and sITLN3 upregulated in
response to D. filaria infection in sheep. Further-
more, although no sITLN were detected in the
abomasal mucosa of worm free lambs, all three
were upregulated in this tissue following
infection with T circumcincta. Interestingly,

(page number not for citation purpose) Page 11 of 13



Vet. Res. (2009) 40:53

significant upregulation of SITLN1 and sITLN2
transcripts occurred by day 5 in the immune
(cpi) lambs. This was fast enough for ITLN to
be implicated in the mechanisms of worm loss
and arrested development as reported before
[11].

ITLN may play a role in altering the charac-
teristics of mucus leading to worm entrapment,
however the recognition of bacterial specific
carbohydrate residues [25] supports an anti-
bacterial role. Of particular interest is recent
work in rainbow trout where ITLN was found
to be one of the acute phase proteins upregu-
lated in the liver 24 h after intraperitoneal injec-
tion with Listorella anguillarum. 1t was
postulated that ITLN may have been involved
in the sequestration of iron in its role as a lacto-
ferrin receptor.

Further studies are required to elucidate the
exact role of these recently described molecules
and to determine whether they play a protective
role in nematode infections.
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