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Summary

Background Atopic dermatitis is a common inflammatory skin disease of humans and dogs.
Human atopic dermatitis is associated with Th2-type responses, although Thl cytokines can be
identified in chronic lesions. In contrast, tolerance to environmental allergens in healthy individuals
is mediated by regulatory T cells.

Objective This study examined the expression of the immunosuppressive cytokines TGF-B and
IL-10, the Th2-type cytokines IL-4 and IL-6, and the Thl-type cytokines IFN-y, TNF-ao, IL-2, IL-
12p35 and IL-12p40, in canine atopic dermatitis.

Materials and methods RNA was isolated from lesional atopic, non-lesional atopic and healthy
canine skin samples. Semi-quantitative reverse transcriptase polymerase chain reactions (RT-PCRs)
were carried out using specific primers and one-way analyses of variance used to compare cytokine
expression in each group.

Results Canine atopic dermatitis was associated with over-expression of IL-4 mRNA and reduced
transcription of TGF-B compared with healthy skin (P <0.05). Higher levels of IFN-y, TNF-o and
IL-2 mRNA were seen in lesional compared with non-lesional and healthy skin (P <0.05). There
were no significant differences in IL-10, IL-6, IL-12p35 or IL-12p40 transcription between the three
groups.

Conclusions This is the first report to demonstrate that canine atopic dermatitis is associated
with over-production of IL-4. Clinical tolerance in healthy individuals appears to be associated with
TGF-B, although it is unclear if this reflects an active mechanism or simply non-responsiveness of the
immune system. Th1 cytokines may be induced by subsequent self-trauma and secondary infections
in atopic skin. We believe that these results better characterize spontaneously occurring canine
atopic dermatitis. We further propose that this should be investigated as a possible animal model

of human atopic dermatitis.
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Introduction

Atopic dermatitis is a universally recognized, chronic inflamma-
tory skin disease of humans [1] and dogs [2]. The incidence of
atopic dermatitis in humans has increased dramatically in the
last 30 years [1]. It is difficult to assess whether the incidence of
canine atopic dermatitis has increased to the same extent, as the
development of diagnostic techniques in veterinary dermatol-
ogy may have increased recognition of the condition, but some
authors estimate that up to 10% of all dogs are now affected [2].

Recent interest has focused on the role of CD4" T helper (Th)
cells in human atopic dermatitis [3]. Thl cells were first differ-
entiated from Th2 cells in rats and mice [4, 5]. Unlike rodent Th
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cells, human Th cells secrete a complex variety of cytokines [6],
although Thl- and Th2-type populations can be distinguished
[7]. Thl-type cytokines, including IFN-y), IL-2, IL-12 and
TNF-a, promote cell-mediated immunity, whereas the Th2-
type cytokines IL-4, IL-5, IL-6, and IL-13, promote humoral
immunity, including IgE production [6, §].

Several studies have detected Th2 polarization in peripheral
blood mononuclear cells and skin of atopic humans [9-13] and
mouse models of atopic dermatitis [14,15]. Th2 and Thl re-
sponses are regarded as mutually exclusive [16], but Thl-type
cytokines have been detected in chronic lesions [17] and domin-
ate atopy patch test sites after 48 h [18], suggesting they also
participate in pathogenesis of chronic atopic dermatitis.
Furthermore, healthy individuals do not develop Thl-induced
cell-mediated inflammatory reactions to environmental aller-
gens [19]. Their lack of responsiveness may be mediated by
the immunosuppressive cytokines IL-10 and TGF-f [20, 21],
although clinical tolerance could also result from immune
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non-responsiveness or a failure of environmental allergens to
penetrate healthy skin.

Studies of cytokine expression in canine atopic dermatitis are
limited. IL-4 has been detected in lesional atopic skin by im-
munohistochemistry [22]. Another study using non-quantita-
tive reverse transcriptase polymerase chain reaction (RT-PCR)
demonstrated a Th2-like cytokine pattern in 25% of atopic and
a Thl-like pattern in 25% of healthy skin samples [23].

In this study we used semiquantitative RT-PCR to compare
mRNA expression of Thl-type (IFN-y, TNF-a, IL-2 and IL-
12), Th2-type (IL-4 and IL-6), and immunosuppressive cyto-
kines (IL-10 and TGF-) in atopic and healthy canine skin. Our
aim was to determine if canine atopic dermatitis was associated
with polarized Th1/Th2 responses similar to those observed in
human diseases. This information would greatly increase our
understanding of the pathogenesis of the canine disease, and
would help characterize this spontaneously occurring condition
as well as being informative about its applicability to human
atopic dermatitis.

Materials and methods

Study population

Dogs with atopic dermatitis (n=26) were recruited from the
dermatology clinic at the University of Edinburgh Hospital for
Small Animals. Diagnosis was based on compatible history and
clinical signs, and exclusion of other causes of pruritus [24, 25].
Coat brushings, skin scrapings and trial therapy were used to
eliminate the possibility of an ectoparasite infestation. All dogs
underwent a 6-week home-cooked diet trial to eliminate the
possibility of food intolerance. Seborrhoea, staphylococcal
pyoderma and Malassezia infections were managed appropri-
ately. No anti-inflammatory medication was given for at least 3
weeks prior to examination.

All dogs with a clinical diagnosis of atopic dermatitis were
intradermally skin tested with 57 allergens, including Dermato-
phagoides farinae and D. pteronyssinus (Greer Laboratories, Le-
noir, NC, USA), as follows. Dogs were sedated with 0.15 mg/kg
xylazine injected intramuscularly. Hair was clipped from the
lateral flank and 0.05mL of each allergen extract, 0.1 mg/mL
histamine (positive control) and saline with phenol diluent (nega-
tive control) were injected intradermally. Test sites were assessed
after 20 min according to standard criteria and subjectively
scored from 0 to 4 compared with the controls. By convention,
reactions greater than 2 were considered positive [25].

Control samples were taken from healthy dogs (n = 12) pre-
sented for euthanasia at the University of Edinburgh Hospital
for Small Animals with no history and clinical signs of pruritus
or conditions likely to alter immune function.

Sample collection

Skin samples were taken whilst the dogs were sedated as
follows: 0.5-1.0mL of 1% lignocaine was infiltrated into the
subcutis under the sites marked for biopsy. Non-lesional
samples (n =26) were taken from the flank. Lesional samples
(n=12) were taken from areas of erythema and macular-
papular dermatitis, where present. Grossly evident excoriation,
staphylococcal pyoderma and Malassezia dermatitis were
avoided. Six-millimetre diameter skin biopsies were taken and
placed immediately into RNA-later® (Ambion Inc., Austin,

TX, USA). Skin (n = 12) and positive control samples (popliteal
lymph node and tonsil) from healthy dogs were collected into
RNA-later® immediately after euthanasia. Samples in RNA-
later® were kept at 4 °C for 24 h, before storage at —20°C.

Primer design

Primers (Table 1) were designed from published canine se-
quences (Genbank®; National Center for Biotechnology
Information; URL, http://www.ncbi.nlm.nih.gov/Genbank/)
using Oligo6® software (Molecular Biology Insights, Cascade,
CO, USA). Cross-reactive oligonucleotides were eliminated by
screening against known sequences (BLAST®; National Centre
for Biotechnology Information; URL, http://www.ncbi.nlm.
nih.gov/BLASTY/).

RNA extraction

Total RNA was extracted from the skin biopsies and control
material by homogenization (Ultra-turrax 125; Janke and
Kunkel IKA, Staufen, Germany) in TRI-reagent® (Sigma,
Poole, UK) [26,27]. Genomic deoxyribonucleic acid was
removed by incubating with 4IU DNAse I per 50 uL. RNA
solution according to the manufacturers instructions (DNA-
free®, Ambion Inc.). The RNA concentration was quantified
by ultra-violet absorbance at 260 nm with a 260-nm : 280 nm
ratio greater than 1.5 (DU650 spectrophotometer; Beckman-
Coulter, Fullerton, CA, USA). Heparin was removed by incu-
bating 4pg RNA with 4IU heparinase I (Sigma) [28].
Heparinazed RNA was stored at — 70 °C.

RT-PCR

cDNA generated from 1pg heparinazed RNA (Reverse
Transcriptase System; Promega Corp., Madison, WI, USA)
was diluted to 200 pL in RNAse free water; 1 ug of heparinazed
RNA was diluted to 200 uL without reverse transcription as a
negative control. cDNA and negative control preparations were
stored at —20°C.

PCRs were carried out in 50-pL volumes containing 10 mm
Tris-HCI, 2.51U Taq deoxyribonucleic acid polymerase (Roche
Molecular Biochemicals, Lewes, UK), 200 um deoxynucleotide
triphosphates, 200 nm of each primer pair and 50ng cDNA.
Reaction conditions consisted of initial denaturing at 94°C
for 2 min, then 35 cycles of denaturing at 94°C for 30s,
annealing for 30s and elongation at 72°C for 1 min, before a
final elongation at 72°C for 7 min (GeneAmp PCR System
2400; Perkin-Elmer, Cambridge, UK). Optimum MgCl, con-
centration and annealing temperatures for each primer pair
were established prior to the study (Table 1). PCR products
were run on 1.2% agarose gels containing 0.5 pg/mL ethidium
bromide and imaged under 590 nm ultra-violet light (Image
Station 400CF; Kodak, Rochester, NY, USA). PCR using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) specific
primers was performed for each cDNA and negative control
preparation. Samples with no GAPDH signal or a positive
signal from a negative control preparation were discarded.

Southern blotting and hybridization

PCRs for each primer pair using positive control cDNA (de-
rived from popliteal lymph node and tonsil) were performed as
described previously. Southern blotting and hybridization was
performed using specific digoxigenin-labelled internal oligonu-
cleotides [26].

© 2002 Blackwell Science Ltd, Clinical and Experimental Allergy, 32:789-795
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Table 1. Cytokine primers and optimum conditions for polymerase chain reactions

Cytokine Primer sequence

PCR
cycles

Product
size(bp)

Annealing
temperature(°C)

MgCl,
(mM) pH

GAPDH Forward — CCTTCATTGACCTCAACTACAT
Reverse - CCAAAGTTGTCATGGATGACC
Internal - CCCTCAAGATTGTCAGCAATGCC
Forward - TAAAGGGTCTCACCTCCCAACTG
Reverse —- TAGAACAGGTCTTGTTTGCCATGC
Internal - CACCAGCACCTTTGTCCACGGA
Forward - CCACAAGCGCCTTCTCCCTGG
Reverse —- TCACGCACTCATCCTGCGACTG
Internal - GAATCACTACCGGTCTTGTGGAG
Forward - TCGGACGGTGGGTCTCTTTTCG
Reverse — CACTTTGATGAGTTCATTTATCGCC
Internal - CAGCACCAGTAAGAGGGAGGAC
Forward - CTCACAGTAACCTCAACTCCTGC
Reverse - TTCTGTAATGGTTGCTGTCTCGTC
Internal - ACACGCCCAAGAAGGCCACAGA
Forward — ACTCTTCTGCCTGCTGCACTTTGG
Reverse - GTTGACCTTTGTCTGGTAGGAGACGG
Internal - CACCCACACCATCAGCCGCTTCGCCG
Forward - AGCCTCACCGAGCCCAGGA

Reverse - TAAGGCACAGGACCGTCATAAAAG
Internal - TGGAGGCCTGCTTACCACTGGA
Forward - GCCCCCGGAGAAATGGTGGTC
Reverse - TTGTGGCACACGACCTTGGCTG
Internal - ACCAGACCCACCCACAAACCTG
Forward - AGTTAAAAGCGGAGCAGCATGTGG
Reverse - GATCCTTGCGGAAGTCAATGTAGAGC
Internal - GTTCAGTTCCAGCCCGCCGAGGT
Forward - GTCCCTGCTGGAGGACTTTAAGA
Reverse - TGGTCGGCTCTCCTACATCTCG
Internal - AAGGCGGTGGAGCAGGTGAAGA

IL-4

IL-6

IFN-y

IL-2

TNF-o

IL-12p35

IL-12p40

TGF-B

IL-10

55 2.0 8.6 35 400

55 1.5 9.2 36

317

60 1.0 8.3 35

532

60 25 8.9 35 281

55 25 8.6 35 461

55 25 8.9 35

366

60 2.0 8.6 34

293

65 1.5 8.3 34

783

55 25 9.2 35

434

55 1.5 8.6 35 443

Semi-quantitative PCR

To determine the optimum number of cycles for semiquantita-
tive PCR, 2644 PCR cycles for each primer pair were
performed wusing positive control ¢cDNA and the gels
imaged as described. Standard curves were generated by plotting
the number of PCR cycles against the log2 net band intensity.
The optimum number of cycles for each cytokine primer pair
was selected from the straight-line portion of the plot (Table 1).

PCRs for each cytokine primer pair were performed with
c¢cDNA from each skin sample for the appropriate number of
cycles. Positive control cDNA and negative controls (water
only) were included in each PCR. PCR products were run on
gels and imaged as before. Gels with no positive control signal
or a negative control signal were discarded. The relative abun-
dance of cytokine gene transcripts was determined by dividing
the cytokine PCR product signal intensity by that of GAPDH
for each skin sample.

Data analysis

After ensuring data were normally distributed, one-way ana-
lyses of variance with Tukey’s post-tests (Instat; Graphpad Inc.,
San Diego, CA, USA) were used to compare the relative abun-
dance of cytokine gene transcripts in healthy, lesional atopic
and non-lesional atopic skin. The level of significance was set at
P<0.05.

© 2002 Blackwell Science Ltd, Clinical and Experimental Allergy, 32:789-795

Results

All the dogs with clinical diagnosis of atopic dermatitis had
positive skin tests to D. farinae and D. pteronyssinus. There
were also a number of individual reactions to a range of other
dust mites, epithelia, pollens and moulds. Single bands of the
expected size for each cytokine were seen on the PCR gel and
hybridization blots using positive control material. This verified
expression of mRNA for each cytokine in the positive control
samples and confirmed primer specificity (Fig. 1).

Expression of Th2-type cytokines

Expression of IL-4 mRNA was largely restricted to atopic skin.
Significantly higher levels of IL-4 mRNA were detected in both
lesional and non-lesional atopic skin compared with healthy
skin (P<0.05) (Fig. 2a), although there was no significant
difference in transcription between lesional and non-lesional
atopic skin. IL-6 mRNA expression was also greatest in atopic
skin (Fig. 2b). However, 1L-6 was also expressed in healthy
skin and differences between the three groups failed to reach
significance.

Expression of Thi-type cytokines

There was a similar pattern of transcription for the Thl-type
cytokines IFN-y (Fig. 2c), IL-2 (Fig. 2d) and TNF-a (Fig. 2e) in
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Fig. 1. Detection of cytokine gene transcription using positive control
cDNA (Image Station 440CF; Kodak). (a) 1.2% agarose gel with 0.5 ng/mL
ethidium bromide. (b) Southern blotting and hybridization to digoxigenin
labelled internal probes. Lane 1 =100 bp DNA markers (Promega Corp.);
lane 2= GAPDH; lane 3 =1IL-4; lane 4 = IL-6; lane 5 =IFN-y; lane 6 = IL-2;
lane 7 = TNF-u; lane 8 = IL-12p35; lane 9 = IL-12p40; lane 10 = TGF-p; lane
11=IL-10.

all three groups of samples. Significantly higher levels of mRNA
for each cytokine were detected in lesional atopic skin com-
pared with either non-lesional atopic or healthy skin
(P<0.05). Variably low levels, which did not significantly
differ, were detected in non-lesional and healthy skin.

Levels of IL-12p35 and IL-12p40 mRNA were highly vari-
able in both atopic and healthy skin. IL-12p35 transcription did
not appear to differ between lesional atopic, non-lesional atopic
and healthy skin (Fig. 2f). IL-12p40 transcription was highest in
lesional atopic and healthy skin but there was no significant
difference between the three groups of samples (Fig. 2g).

Immunosuppressive cytokines

Healthy skin was associated with expression of mRNA for
the immunosuppressive cytokine TGF-B. Levels of TGF-$
mRNA were significantly higher in healthy compared with
atopic skin (Fig. 2h). There was no significant difference be-
tween the lower levels of expression in lesional and non-lesional
atopic skin.

Levels of mRNA for IL-10 were highly variable and no
significant difference was detected between any of the three
groups (Fig. 2i).

Discussion

Studies in humans and experimental mouse models suggest that
IL-4 expression is a hallmark of atopic dermatitis [3]. In dogs, a
non-quantitative study detected IL-4 transcripts in both atopic
and healthy skin [23]. However, using semiquantitative RT-
PCR, this study has shown that much higher levels of IL-4
mRNA are expressed in atopic compared with healthy canine
skin. This demonstrates for the first time that IL-4 may contrib-
ute to the pathogenesis of canine atopic dermatitis. The high
levels of IL-4 mRNA expression found in non-lesional as well as

lesional atopic skin in this study are consistent with the pattern
of transcription in human atopic dermatitis [3]. It is not
clear, however, if IL-4 expression in non-lesional skin is consti-
tutive or is a response to specific allergens. The impaired
delayed-type hypersensitivity responses seen in atopic humans
and animals are evidence of a default Th2 response [29].
However, Thl and Th2 responses can also coexist in the same
individual, suggesting that Th1 and Th2 responses are antigen-
specific [30].

In contrast to a previous investigation [23], IL-6 mRNA was
readily detected in this study. However, there was no significant
difference in the level of expression between atopic and healthy
canine skin. Although IL-6 is regarded as a Th2-type cytokine
[7], it is also produced by antigen-presenting cells, fibroblasts,
macrophages, endothelial cells and keratinocytes [31], and its
role may depend on the precise relationship between and state
of activation of these different cell types. Furthermore, 1L-6
may support production of the allergen-specific IgG found in
healthy humans and dogs [32, 33].

Here we report for the first time that much lower levels of
TGF-B mRNA are expressed in canine atopic dermatitis com-
pared with healthy skin. TGF-f, produced by antigen-present-
ing cells, T cells and keratinocytes, is thought to be important in
peripheral and mucosal tolerance to environmental allergens in
humans and rodent models [34,35]. Atopic dermatitis in
humans and dogs is also associated with hyper-reactivity to
irritant stimuli [2, 3], which could be explained in part by low
TGF-p expression. In contrast, constitutive expression of TGF-
B in healthy skin would inhibit inflammatory responses to en-
vironmental allergens. However, TGF-f is secreted in an in-
active form and is subject to post-transcription regulation [36].
Confirmation of its importance awaits demonstration of active
TGF-B in canine skin.

Tolerance may also be mediated by IL-10. Although an
earlier investigation failed to demonstrate its presence in canine
skin [23], IL-10 transcripts were present in all the samples in this
study. There was, however, no difference in the level of expres-
sion between atopic and healthy skin. The role of IL-10 is
unclear in human disease and rodent models. Decreased IL-10
expression has been associated with colitis and cutaneous in-
flammation in mice [37], and atopic dermatitis in children [12].
However, increased IL-10 expression has also been found in Th
cells from patients with atopic dermatitis [38] and in the airways
and skin after allergen challenge in mice and humans [21,39].
IL-10 is constitutively expressed in normal mouse skin, but only
in late phase reactions in a model of atopic dermatitis [40],
which may fail to resolve established Th2 responses and aller-
gen-induced inflammation [20, 37].

The Thl-type cytokines IL-2, IFN-y and TNF-a are associ-
ated with cell-mediated inflammation and inhibition of Th2
differentiation [16]. An earlier non-quantitative investigation
detected IL-2 transcripts more frequently in healthy than atopic
canine skin samples, although there was no difference in the
number of samples that expressed IFN-y and TNF-a [23]. In
contrast, only low levels of IL-2, IFN-y and TNF-o mRNA
were detected in healthy canine skin in this study. These results
are not consistent with Thl polarization in healthy skin, al-
though it would be unusual to find high levels of pro-inflamma-
tory cytokines expressed in healthy skin.

High levels of mRNA for the Th1 cytokines IL-2, IFN-y and
TNF-a were restricted to lesional atopic skin. This suggests that

© 2002 Blackwell Science Ltd, Clinical and Experimental Allergy, 32:789-795
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Fig. 2. Abundance of cytokine gene transcripts in atopic and healthy
canine skin. Results of densitometric analysis (Image station 440CF;
Kodak) of cytokine gene transcription as measured by RT-PCR.

Data are expressed as arbitrary units relative to GAPDH. ll = lesional
atopic dermatitis; [[J=non-lesional atopic dermatitis; ] = healthy skin;
bar = standard error of the mean; *P < 0.05. a =IL-4; b =IL-6; ¢ = IFN-y;
d =IL-2; e = TNF-o; f = IL-12p35; g = IL-12p40; h =TGF-f; | = IL-10.

Th2 skewing in canine atopic dermatitis is not associated with
poor expression of Thl cytokines. Chronic lesions in human
atopic dermatitis also exhibit a mixed pattern of cytokines,
including IL-4, IL-13, IL-5, IL-2, IFN-y and IL-12 [17].
Furthermore, Thl cytokines dominate atopy patch tests
after 48 h [18,41]. Why Thl cytokines are expressed in chronic
atopic dermatitis is not fully understood. Chronic lesions in-
clude papules, scaling, crusting and lichenification [1,2],
which may result from self-trauma and microbial colonization
rather than atopic dermatitis per se. Self-trauma induces inflam-
matory cytokines, including IL-1, TNFa and granulocyte-
macrophage colony-stimulating factor from keratinocytes
[42]. Furthermore, staphylococcal superantigens induce cutane-
ous lymphocyte antigen expression on T-cells and IL-1, TNFa
and IL-12 from mononuclear cells in humans [3, 43].

IL-12 is a critical factor in Th1 differentiation, IFNy produc-
tion and cutaneous lymphocyte antigen expression [44,45].
Down-regulation of IL-12 has been associated with Th2 polar-
ization [20] but there was no significant difference between
IL-12 transcripts in healthy and atopic canine skin in this
study. Whilst this does not preclude post-transcription dysre-
gulation of IL-12, the expression of Th1-type cytokines suggests
that this is not the case, at least in lesional skin. IL-12 can also
support established Th2 responses [46], which may lead to a
vicious circle of ongoing inflammation in atopic skin.

These results allow us to postulate a pathogenic sequence for
canine atopic dermatitis in which early atopic dermatitis is
associated with increased expression of IL-4 and decreased
expression of TGF-B. Lesional skin, in contrast, exhibits a
mixed inflammatory cytokine pattern that may be due to self-
trauma and secondary infection. The mechanisms underlying
Th2 polarization in non-lesional skin are unclear, but do not
appear to involve dysregulation of IL-12. Atopic dermatitis
may also reflect a loss of peripheral tolerance to environmental
allergens, which in healthy skin appears to be associated with
TGF-p rather than Th1 polarization. We further propose that,
as the human and canine diseases share similar characteristics,
canine atopic dermatitis should be developed as a naturally
occurring model of human atopic dermatitis.
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