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Summary

Background The molecular determinants of the severity and persistence of allergic asthma
remain poorly understood. Suppressor of cytokine signalling 1 (SOCS1) is a negative regulator
of IL-4-dependent pathways in vitro and might therefore control T-helper type 2 (Th2)
immunity associated traits, such as IgE levels, mucin production, IL-5 and IL-13 induction,
and eosinophilic mucosal inflammation, which are implicated in allergic asthma.
Objective To investigate the role of SOCS1 in regulating Th2-associated disease traits in a
murine sub-chronic aeroallergen-driven asthma model.
Methods Following sensitization and challenge with ovalbumin (OVA), bronchoalveolar
lavage and serum were collected from mice lacking the Socs1 gene on an IFN-g null
background (Socs1�/�Ifng�/�). The composition of infiltrating cells in the lung, serum IgE
and IgG1 levels and cytokine levels were analysed.
Results Serum IgE levels and infiltrating eosinophils were considerably increased in the lungs
of OVA-treated Socs1�/�Ifng�/� mice compared with Ifng�/� and C57BL/6 controls.
Expression of the Th2 cytokines, IL-4, IL-5 and IL-13 was increased in CD41 cells and lung
tissue from OVA-treated Socs1�/�Ifng�/� mice. IgE, IL-5 levels and infiltrating eosinophils
were also elevated in saline-treated Socs1�/�Ifng�/� mice, suggesting that in the absence of
SOCS1, mice are already biased towards a Th2 response. It is at present unclear whether the
elevated cytokine levels are sufficient to result in the exacerbated Th2 response to OVA
challenge or whether enhanced intra-cellular signalling also contributes. Surprisingly, of the
various IL-4/IL-13 responsive genes tested, only Arginase I appeared to be modestly up-
regulated in the lungs of OVA-treated Socs1�/�Ifng�/� mice, suggesting that regulation by
SOCS1 occurs primarily in haematopoietic cells and not in the airway epithelium.
Conclusions Together these results indicate that SOCS1 is an important regulator of the Th2
response.
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Introduction

Allergic asthma is the most common and most widely
studied of the known asthma endotypes (allergic, neutro-
phil variant and paucigranulocytic) [1, 2]. It is classically
characterized by eosinophil inflammation, elevated serum
IgE levels and mucin production associated with T-helper
type 2 (Th2) immune deviation [3]. It poses an increasing
health and economic problem and is prevalent in the

developed nations, affecting millions of children and
adults world-wide [4]. Although the aetiology of all
asthma subtypes remains unclear, short-term sub-chronic
animal models of allergic asthma have been instrumental
in demonstrating that inappropriate activation of CD41

Th2 cells and elevated quantities of Th2 cytokines are
responsible for much of the associated asthma pathology
[5, 6]. Consistent with this, increased numbers of Th2-
producing cells or their cytokines have been found in
airway biopsies and bronchoalveolar lavage (BAL) fluid
from asthmatic patients [7].1These authors contributed equally to the manuscript.
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The term ‘Th2 cell’, used here, is convenient but
notional as it reflects net properties of a population of
cells that may be individually heterogeneous with respect
to absolute cytokine profile. Accepting this caveat, Th2
cells are defined by their ability to secrete the cytokines
IL-4, IL-5, IL-9 and IL-13, and the initial polarization from
naive CD41 T-helper cells is very strongly influenced by
IL-4 and its signalling intermediate, the transcription
factor, STAT6 [8, 9]. Depletion of CD41 cells or deletion
of the IL-4 and Stat6 genes protects mice from asthma-
like symptoms [6, 10, 11]. While IL-4 is critical for
initiating the early events leading to Th2-mediated lung
inflammation, it is dispensable for the effector phase [12].
In contrast, IL-13 as an effector molecule, induces the
local transcription of mucin, protease and chemokine
genes, and is required for induction of airway hyperre-
sponsiveness (AHR), mucin production and pulmonary
fibrosis [5, 13–15]. IL-5 is essential for eosinophil prolif-
eration and migration to the lungs [16].

IL-4 and IL-13 share many overlapping functions,
including up-regulating the expression of MHC II mole-
cules, the eosinophil-specific chemokine eotaxin-1, and
the vascular adhesion molecule VCAM-1 [17]. This func-
tional overlap is explained by the use of shared receptor
subunits, with IL-4 capable of signalling through two
receptor complexes both of which converge upon STAT6.
The IL-4 receptor complex I consists of the IL-4Ra subunit
and the IL-2 receptor gc chain, whereas the IL-4 receptor
complex II is composed of the IL-4Ra and IL-13Ra1 and is
also utilized by IL-13 [17, 18]. A third subunit, the soluble
IL-13Ra2 acts as a decoy receptor, sequestering IL-13,
while the membrane-bound form is thought to signal
through AP-1 proteins [19, 20]. Whereas the roles of IL-4
and IL-13 in allergic asthma are well established, the role
of IFN-g remains controversial. Mouse models have de-
monstrated that IFN-g is likely to be involved in the
termination of allergic airway inflammation, but IFN-g is
also found to be expressed in mouse models of severe
asthma and human asthma where it may contribute to
more aggressive forms of the disease, perhaps via macro-
phage activation [21].

SOCS proteins are capable of inhibiting the JAK-STAT
pathway in response to a wide range of cytokines [22–24].
Suppressor of cytokine signalling 1 (SOCS1) directly
inhibits JAK enzymatic activity and is a critical regulator
of the Th1 cytokine IFN-g and gc-cytokine-dependent T
cell homeostasis [25–27]. Mice lacking SOCS1 die within
3 weeks of age from a complex inflammatory condition
with haematopoietic infiltration into multiple organs.
When Socs1�/� mice are crossed onto either an IFN-g or
a STAT6 null background, survival is prolonged [26, 28]
indicating that both IFN-g-driven Th1 and IL-4-driven
Th2 responses contribute to the observed lethality. In
support of this, Socs1�/� CD41 T cells spontaneously
differentiate into Th1 and Th2 cells with enhanced

production of IFN-g and IL-4, and enhanced signalling in
response to both cytokines [28, 29]. SOCS1 expression is
rapidly induced in response to many cytokines, including
IFN-g and IL-4 and thus inhibits signalling both via cross
talk and in a classic negative feedback manner [22, 23,
30]. However, the in vivo consequences of SOCS1 defi-
ciency on allergic asthma remain unknown.

SOCS3 and SOCS5 have also been implicated in regula-
tion of the Th1/Th2 balance. SOCS3 is preferentially
expressed in Th2 cells, and levels are increased in patients
suffering from asthma and atopic dermatitis [31, 32].
Conditional deletion of the Socs3 gene in T cells results
in Th3-like differentiation with enhanced production of
IL-10 and TGFb, and a corresponding decrease in the Th2
response [33]. SOCS5 is preferentially expressed in Th1
cells and when over-expressed can inhibit IL-4 signalling
and Th2 differentiation [34]. T cell-specific expression of a
SOCS5 transgene results in an augmented Th1 response in
an allergic conjunctivitis model and during bacterial
sepsis [35, 36]. In contrast, enhanced Th2 responses were
observed when mice expressing a global SOCS5 transgene
were subjected to antigen sensitization and challenge [37].
Paradoxically, SOCS5 knockout mice display normal Th1/
Th2 differentiation and mount a similar immune response
to control mice when infected with Leishmania [38].
Definitive physiological evidence for SOCS5 regulation
of IL-4 signalling is still lacking. In this study, we used the
ovalbumin (OVA)-induced asthma model to investigate
the role of SOCS1 in regulating the asthma response. On
an IFN-g null background, Th2 responses including IgE
levels and lung eosinophilia were enhanced in SOCS1
knockout mice. This is in contrast to two human studies,
which suggest that increased SOCS1 expression is linked
to asthma susceptibility through reduction of the IFN-g-
mediated Th1 response [39, 40]. Our results indicate that
SOCS1 is a physiological negative regulator of one or
more Th2 cytokines, and given the importance of these
cytokines in asthma pathology, suggest that augmenta-
tion of SOCS1 function may prove a useful therapeutic
approach.

Materials and methods

Mice

Mice with a homozygous deletion of both the Socs1 and
Ifn-g genes (Socs1�/�Ifng�/�) have been described pre-
viously [26] and were maintained on a C57BL/6 back-
ground. Mice with a homozygous deletion of the Ifn-g
gene (Ifng�/�) were obtained from The Jackson Labora-
tory. All mice were bred at the animal facilities of The
Walter and Eliza Hall Institute of Medical Research. Ethics
approval was obtained from the Animal Ethics Committee
at the Walter and Eliza Hall Institute of Medical Research.
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Antigen sensitization and challenge

Six to 8-week-old female mice were treated with either
OVA (Grade V, Sigma-Aldrich, St Louis, MO, USA) or
saline. OVA-treated mice were sensitized with 20 mg OVA/
1.3 mg aluminium hydroxide (Alum, Sigma-Aldrich) in
200 mL saline on days 0 and 14 via intra-peritoneal
injection. On days 26, 27, 28, mice were challenged with
20 mL of OVA in saline (50 mg/mL) via an ultrasonic
nebulizer (DeVilbiss, Sunrise Medical Pty. Ltd., NSW,
Australia) for 20 min/day. Saline-treated mice received
1.3 mg Alum in 200 mL saline on days 0 and 14, and on
days 26, 27, 28 received 20 mL of nebulized saline for
20 min/day. All procedures were performed aseptically.

Serum collection

Two hundred microlitres of blood was collected by retro-
orbital bleeding before the first injection and immediately
before mice were killed on day 29. Bloods were allowed to
clot at 4 1C overnight and blood-free serum collected.
Blood from Socs1Lck-Cre and littermate control mice was
provided by Professor T. Kay (St Vincent’s Research
Institute, Melbourne, Australia).

Bronchoalveolar lavage

Mice were anaesthetized with a lethal intra-peritoneal
injection of Xylazine/Ketamine or sodium pentobarbitone
(Xylazine, Troy Laboratories, Smithfield; Ketamine, Par-
nell Laboratories, Alexandra, NSW, Australia). Once the
mice ceased breathing the trachea was cannulated with a
shortened and blunt-ended 21-G needle held in placed by
a 5 mm artery clamp, and the lungs lavaged with 1�0.4 mL,
and then 3� 0.3 mL saline (recovery volume approximately
85%). Samples were centrifuged, and the supernatant stored
at �70 1C for cytokine analysis by ELISA. The cell pellet
was resuspended in FACS buffer (buffered saline solution
containing 5% fetal calf serum), and cell number and
viability determined by vital dye exclusion (trypan blue,
Sigma-Aldrich) using a Neubauer haemocytometer (Tiefe
Depth Profondeur, Marienfeld, Germany).

Cytospin preparations

5�104 BAL recovered cells/200 mL FACS buffer were
centrifuged onto slides (Shandon Cytospin 3, Life sciences
Intl., Astmoor, Runcorn, UK) and stained with May–-
Grunswald and Giemsa. BAL cell composition was deter-
mined by differential cell counts (Nikon Microscope E600,
�200, at least 100 cells/slide).

Pulmonary infusion fixation and histology

Tracheas were cannulated as in BAL. The lungs were then
infused with freshly prepared 4% paraformaldehyde (w/v)

with MTPBS and 0.5% gluteraldehyde. Inflation-fixed,
3 mm paraffin-embedded transverse sections of the lungs
were stained with haematoxylin and eosin to examine
peri-bronchial, peri-vascular and alveolar inflammation.
Slides were observed using a Zeiss Axioplan 2 microscope
and images were obtained using a Zeiss Axiocam digital
camera (Carl Zeiss Microimaging, GmbH, Germany).

CD41 T cell cultures

CD41 T cells were purified from pooled, draining bronchio-
lar lymph nodes using a T cell isolation kit (MACS, Miltenyi
Biotec, Auburn, CA, USA) according to the manufacturer’s
instructions. CD41 purification was confirmed by flow
cytometry. 2�106 cells were cultured with plate-bound
anti-CD3 (16mg/mL) in 500mL RPMI supplemented with
10% heat-inactivated fetal calf serum (Bovagen Biologicals,
Melbourne, Australia) and 50mM 2-mercaptoethanol (Sig-
ma-Aldrich) at 37 1C in a humidified incubator containing
5% CO2 for 24 h. Culture supernatants were then collected
for determination of cytokine levels by ELISA and cells were
lysed in RLT buffer (QIAGEN, Valencia, CA, USA) and total
cellular RNA isolated for quantitative PCR (Q-PCR) analysis.

ELISA

IL-4, IL-5, IL-13 produced by CD41 cells and serum IgE and
IgG1 levels were quantified by OptEIA ELISA kits (BD
Biosciences Pharmingen, San Diego, CA, USA). OVA-spe-
cific Ig was assayed by coating plates with 10mg/mL OVA,
and anti-OVA Ig antibodies detected by ELISA as described
previously [41]. Briefly, total OVA-specific IgG was de-
tected using donkey anti-mouse IgG conjugated to horse-
radish peroxidase (HRP, Chemicon International, Temecula,
CA, USA), while OVA-specific IgE was detected using anti-
IgE-biotin and streptavidin-HRP (BD Biosciences Pharmin-
gen, San Diego, CA, USA) as per the manufacturer’s
instructions. Titres were considered positive when the
optical density was over 0.1, or 3 SD above background.

Real-time quantitative PCR

Mice used for Q-PCR analysis were separate from mice
perfused for histology. Following BAL, the lower lobe of
the right lung and thoracic-draining lymph nodes
were collected into TRIzol Reagent. Total cellular RNA
from lung, lymph nodes and cultured CD41 cells was
isolated using the RNeasy kit (QIAGEN) and first strand
cDNA synthesis performed using Superscript II RNASE
H� reverse transcriptase (Invitrogen) according to the
manufacturer’s instructions. RT-PCR was performed on
an ABI Prism 7900HT sequence detection system (Applied
Biosystems, Foster City, CA, USA). PCR conditions were
as follows: 95 1C for 10 min, followed by 40 cycles of
95 1C for 15 s, 60 1C (SOCS1, SOCS3), 50 1C (SOCS5,
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glyceraldehyde-3-phosphate dehydrogenase [GAPDH])
and 54 1C (all remaining primers) for 25 s and 72 1C for
10 s, with a transition rate of 20 1C/s and a single fluores-
cence measurement, melting curve programme
(601–95 1C, with a heating rate of 0.1 1C/s and continuous
fluorescence measurement) and a final cooling step to
40 1C. All PCR reactions were performed using the Quan-
tiTect SYBR Green PCR Kit (QIAGEN) in 10 mL reactions
containing 0.5 pmol of forward and reverse primers, 5 mL
of QuantiTect Master Mix and 4 mL of cDNA (diluted 1 in
5). Primer sequences are shown in Table 1.

SOCS3 forward and reverse primers used are as de-
scribed by Wormald et al [42]. The specificity of the SYBR
green reaction was assessed by melting point analysis and
gel electrophoresis. mRNA levels were quantified from
standard curves generated using dilutions of an oligonu-
cleotide corresponding to the amplified fragment and
using SDS 2.2 software (Applied Biosytems). For eotaxin-
1/CCL11, Muc5ac, Arginase I, AMCase and CLCA3/Gob5,
PCR fragments were generated from cDNA derived from
OVA-treated lungs and used as a standard amplicon.
Relative expression was determined by normalizing the
quantity of the gene of interest to the quantity of GAPDH.
Each measurement was carried out in duplicate.

Statistical analysis

Data were normally distributed and were therefore ana-
lysed using the two-tailed student’s t-test where Po0.05
was designated as significant.

Results

To investigate the role of SOCS1 in regulating the asthma
response, mice lacking the Socs1 gene on an IFN-g
null background (Socs1�/�Ifng�/�), mice lacking IFN-g

(Ifng�/�) and C57BL/6 control mice were subjected to OVA
sensitization and challenge.

Serum IgE levels are elevated in the absence of SOCS1

Elevation of serum IgE is a common trait in animal asthma
models as well as in human asthma [3]. OVA-treated
Socs1�/�Ifng�/�, Ifng�/� and C57BL/6 mice all responded
with an increase in serum IgE levels; however the
increase was most dramatic in the Socs1�/�Ifng�/� mice
when compared with Ifng�/� and C57BL/6 mice (7.8 cf.
o1.1 mg/mL). Saline-treated Socs1�/�Ifng�/� mice also
presented with elevated serum IgE levels in comparison
with controls (0.79 cf. o0.1 mg/mL). Saline treatment
consisted of systemic exposure to alum, which can pro-
mote IgE production [43]; however, IgE levels were also
elevated in untreated Socs1�/�Ifng�/� mice, indicating
that this effect is independent of Alum (Fig. 1a).

In contrast, while serum IgG1 levels were elevated in all
genotypes following OVA treatment, IgG1 levels were
unaltered in Socs1�/�Ifng�/� mice relative to controls
(Fig. 1b), indicating that SOCS1 may be differentially
regulating IgE and IgG1 homeostasis. Consistent with the
lack of change in IgG1, antigen-specific Ig levels were not
differentially regulated in Socs1�/�Ifng�/�mice, but were
modestly reduced in comparison with controls (Fig. 1c).
Antigen-specific IgE production was undetectable in
OVA-treated C57BL/6 and Ifng�/� control mice. In con-
trast, BALB/c, which have a propensity to Th2-type
responses and have been reported to produce 10-fold
higher OVA-specific IgE levels than C57BL/6 mice [44],
produced low but detectable levels of antigen-specific IgE
in response to OVA. Socs1�/�Ifng�/� mice produced vari-
able responses, where three mice developed low anti-OVA
IgE titres comparable to BALB/c titres, while two mice
did not develop detectable levels of anti-OVA IgE (n = 5;
data not shown). Given that total serum IgE levels were

Table 1. Quantitative-PCR Primers

Forward Reverse

GAPDH TTGTCAAGCTCATTTCCTGGT TTACTCCTTGGAGGCCATGTA
SOCS1 CTCGTCCTCTCTTCGTCCT GAAGGTGCGGAAGTGAGTGT
SOCS4 GGCGGCAGGCGCTCGGACAG TCTGGGCACTTTCTGGACGG
SOCS5 GACGGCTTAGTATCGAAGAA GCTTATACAATGGGTTGACC
CIS TGCTCCACAGCCAGCAAAG TCCTTTTCTCCTTCCATCCCG
IL-4 GACGCCATGCACGGAGAT AAGCACCTTGGAAGCCCTACAG
IL-5 ATGAAGTGCTGGAGATGGAACC GACCCTGATGCAACGAAG
IL-13 CCACGGCCCCTTCTAATGA GCCTCTCCCCAGCAAAGTCT
Muc5ac TGTCAGGTGGTCAAGAGGGTTAGT CAGTGACAGGTGGCAGTGGTAGA
Eotaxin-1/CCLll CAGTAACTTCCATCTGTCTCC AGGTGAAGGAAGTGACCGTGA
Arginase I CACAGCAAAGCAGACAGAACTAAG AGAAAGGAACTGCTGGGATACATA
AMCase AATGACTTGAAAAACAGGAACAGC AAACCATGGTAGTGAAAGGAGCAG
CLCA3/Gob5 ACTAAGGTGGCCTACCTCCAA GGAGGTGACAGTCAAGGTGAGA

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SOCS, suppressor of cytokine signalling.
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47 mg/ml, this suggests that the increase in serum IgE
observed in OVA-treated Socs1�/�Ifng�/� mice is largely
antigen independent.

To determine if the elevation in basal IgE was due to
either increased IL-4 production and/or signalling in T
cells, we obtained serum from mice with a T cell-specific
deletion of SOCS1 (Socs1Lck-Lox) [27]. Socs1Lck-Lox Cre1/1

had similar serum IgE levels to Socs1Lck-Lox Cre�/�

littermates and C57BL/6 mice (�0.1 mg/mL; data not
shown), suggesting that the elevated IgE in untreated
Socs1�/�Ifng�/�mice is not due to increased Th2 produc-
tion of IL-4.

Severity of lung infiltrates is exacerbated in
Socs1�/�Ifng�/� mice

Following OVA or saline treatment a BAL was performed
to recover infiltrating cells. The number of cells recovered
by lavage was increased in saline-treated Socs1�/�Ifng�/�

mice when compared with Ifng�/� or C57BL/6 mice.
Following OVA treatment the number of cells recovered
from the lungs was increased in all three genotypes, but
was greater in the Socs1�/�Ifng�/� mice (6.7�106 com-
pared with o106 in Ifng�/� or C57BL/6 mice) (Fig. 2a).
The majority of cells recovered from saline-treated
Ifng�/� and C57BL/6 mice were macrophages (80–90%)
with 1–2% eosinophils and the remainder lympho-
cytes and polymorphs. In contrast, saline-treated
Socs1�/�Ifng�/�mice presented with 30–40% eosinophils

(Figs 2a and b). Following OVA-treatment, there was an
increase in the percentage of eosinophils recovered from
Ifng�/� and C57BL/6 mice (up to 30–40%) and a corre-
sponding reduction in the percentage of macrophages.
OVA-treated Socs1�/�Ifng�/� mice presented with
80–90% eosinophils and a reduction in the percentage
(but not total number) of macrophages (Fig. 2b).

Histological evidence for exacerbated eosinophilic
infiltration in OVA-treated Socs1�/�Ifng�/� mice

To confirm that BAL results accurately reflected responses
in the lungs we obtained transverse pulmonary sections
from saline and OVA-treated mice, specifically examining
peri-bronchiole and peri-vascular inflammation in air-
ways of comparable size, and proximal infiltration of the
alveolar spaces in nearby lung parenchyma. Sections from
saline-treated Socs1�/�Ifng�/� mice were comparable to
Ifng�/� and C57BL/6 mice (data not shown). Presumably
the slight increase in BAL cell number observed in saline-

Fig. 1. IgE levels are elevated in Socs1�/�Ifng�/� mice. (a) Serum IgE in
C57BL/6, mice lacking IFN-g (Ifng�/�), and mice lacking both SOCS1 and
IFN-g (Socs1�/�Ifng�/�). Mice were untreated, subjected to antigen
sensitization and challenge (ovalbumin [OVA]) or treated with Alum
alone (saline) (nX7). (b) Serum IgG1 levels in C57BL/6, Ifng�/� and
Socs1�/�Ifng�/� mice. Mice were subjected to antigen sensitization and
challenge (OVA) or treated with alum alone (saline) (n = 4). (c) Antigen-
specific total IgG was detected by ELISA in OVA-challenged C57BL/6,
Ifng�/� and Socs1�/�Ifng�/� mice. Bars represent mean�standard
deviation. ND, not detected. ��Po0.0001.

Fig. 2. Increased eosinophilic lung infiltrates in ovalbumin (OVA)-
challenged Socs1�/�Ifng�/� mice. Differential cell counts in bronchoal-
veolar lavage recovered from OVA-challenged C57BL/6 (BL/6), Ifng�/�

and Socs1�/�Ifng�/� mice (nX3). (a) Absolute cell numbers. (b) Percen-
tage of haemotopoietic subsets. �Po0.05, where p refers to eosinophils.
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treated Socs1�/�Ifng�/� mice (Fig. 2a) was not sufficient
to be observed at a histological level. In contrast, OVA-
treated Socs1�/�Ifng�/� mice exhibited a greater severity
and frequency of peri-bronchiole and peri-vascular in-
flammation in comparison with Ifng�/� and C57BL/6
mice. Higher magnification also revealed increased eosi-
nophil infiltration of the alveolar spaces in OVA-treated
Socs1�/�Ifng�/� mice (Fig. 3). These data confirmed the
BAL results and further suggest enhanced vascular adhe-
sion and diapedesis in OVA-treated Socs1�/�Ifng�/�mice.

T-helper type 2 cytokine levels are elevated in
Socs1�/�Ifng�/� mice

To determine if an increase in Th2 cytokine production
was responsible for the enhanced local Th2 response
observed in Socs1�/�Ifng�/� mice, IL-4, IL-5 and IL-13
levels were measured in OVA-treated Socs1�/�Ifng�/�

mice. CD41 T Cells were purified from draining bronchial
lymph nodes following OVA challenge, cultured overnight

and IL-4, IL-5 and IL-13 production measured by ELISA
and Q-PCR. All three cytokines were significantly elevated
(two to threefold) at both an mRNA and protein level in
cultured CD41 T cells and in lung tissue, in OVA-chal-
lenged Socs1�/�Ifng�/� mice when compared with
C57BL/6 and Ifng�/� controls (Fig. 4). Interestingly, IL-5
mRNA levels were elevated in lung tissue from saline-
treated Socs1�/�Ifng�/� mice, consistent with the in-
creased numbers of eosinophils found in these mice.
However, there was no further increase in IL-5 production
following OVA treatment (Fig. 4c). Cytokine levels in
CD41 cultures from Ifng�/� mice were also elevated
compared with wild-type cultures (Figs 4a and b).

Infiltrating hematopoietic cells express SOCS1

CIS, SOCS1, SOCS3, SOCS4 and SOCS5 mRNAs were
detected by Q-PCR in lungs, bronchoalveolar lymph
nodes, purified CD41 T cells and cells recovered from
BAL in C57BL/6 mice. Surprisingly, with the exception of

Fig. 3. Increased peri-bronchiole, peri-vascular and alveolar infiltrate in ovalbumin (OVA)-treated Ifng�/�Socs1�/� mice. Transverse sections of lungs
taken from OVA-treated C57BL/6 (a and b), Ifng�/� (c and d) and Socs1�/�Ifng�/�mice (e and f). Representative sections are stained with haematoxylin
and eosin.
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CIS in CD41 cells, which increased modestly (Po0.05),
SOCS mRNA levels did not increase in lungs, lymph nodes
or CD41 cells following OVA treatment. In fact, SOCS4
and CIS decreased slightly in OVA-treated lung (Po0.05)
(Figs 5a, b and d). It is likely that changes in SOCS
expression in these tissues are either transient or restricted
to small sub-populations of cells. In contrast, SOCS1

mRNA was highly expressed in infiltrating haematopoie-
tic cells in OVA-treated lungs and was undetectable in
saline-treated BAL cells, while CIS was modestly increased
following OVA treatment (P = 0.059) (Fig. 5c). As the
composition of the BAL changes following OVA treatment
with an influx of 30–40% eosinophils, it is impossible
to know whether existing cells such as macrophages

Fig. 4. IL-4, IL-5 and IL-13 levels following ovalbumin (OVA) challenge. (a) Cytokine mRNA levels in pooled cultures of CD41 T cells from OVA-treated
C57BL/6, Ifng�/� and Socs1�/�Ifng�/�mice were normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (nX3). (b) Cytokine
production by cultured CD41 T cells as measured by ELISA (nX3). (c) Cytokine mRNA levels in lungs from saline and OVA-treated mice were normalized
against GAPDH mRNA (nX3). Bars represent mean�SEM. *Po0.05, **Po0.01.

Fig. 5. Suppressor of cytokine signalling (SOCS) expression in ovalbumin (OVA)-treated C57BL/6 mice. SOCS mRNA levels in lung (a), draining
bronchial lymph nodes (b), infiltrating lung haematopoietic cells (c) and cultured CD41 T cells (d) from saline and OVA-treated C57BL/6 mice were
normalized against glyceraldehyde-3-phosphate dehydrogenase mRNA (nX3). Bars represent mean�SEM. ND, not detectable.
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up-regulate SOCS1 or whether infiltrating eosinophils are
expressing SOCS1.

Although SOCS levels were unchanged in lung tissue,
mRNA levels for a number of key IL-4 and IL-13 respon-
sive genes were up-regulated in response to OVA chal-
lenge. Expression of the eosinophil chemokine eotaxin-1/
CCL11, the acidic mammalian chitinase AMCase and two
genes associated with goblet cells, Muc5ac and CLCA3/
Gob5, although elevated in response to OVA, were not
differentially regulated in Socs1�/�Ifng�/� mice when
compared with Ifng�/� mice. The exception was Arginase
I, which was increased in lungs from OVA-challenged
Socs1�/�Ifng�/� mice (10-fold compared with Ifng�/�

mice) (Fig. 6). Together these data suggest that, in general,
the IL-4/IL-13 transcriptional response in airway epithe-
lial cells of the lung is not enhanced in mice lacking
SOCS1.

Discussion

SOCS1 is not only an important negative regulator of IFN-
g and IL-12 signalling in Th1 and dendritic cells, but is
also a negative regulator of IL-4 in macrophages and Th2
cells. Allergy and allergic asthma result from an imbal-
ance in Th1/Th2 polarization. The analysis of SOCS1-
deficient mice on the IFN-g null background has allowed
us to examine in isolation, the role of SOCS1 in the Th2-

mediated asthma response. We have shown that following
OVA sensitization and challenge, mice lacking SOCS1
respond with an exaggerated Th2 response characterized
by an increased eosinophil infiltration in the lungs and
elevated serum IgE (but not IgG1) levels. While our results
clearly indicate that in the context of this genetic back-
ground, SOCS1 is an important regulator of Th2-type
responses, in the presence of IFN-g, SOCS1 will be
involved in regulating both Th1 and Th2 cytokines.

Socs1�/�Ifng�/� mice appear to be already skewed
towards a Th2-type response, as treatment with alum
alone resulted in an increased number of infiltrating
eosinophils compared with controls, elevated Th2 cyto-
kine levels and resting mice displayed elevated IgE levels.
The mechanism for the latter is not clear, but may relate to
altered B cell signalling thresholds, consistent with find-
ings in mice deficient for the Src family kinase Lyn, where
abnormally high basal polyclonal IgE is consequent to a B
cell signalling defect [45]. Given that eosinophil differ-
entiation and recruitment to the lungs is coordinated by
IL-4, IL-5 and IL-13 [15, 16, 46], the over-production of
these cytokines in the absence of SOCS1 is likely to be
responsible for the increased eosinophil infiltrate in the
lungs and is in accordance with a previous report that
Socs1�/� CD41 T cells produce more IL-4 than wild-type
cells [29].

In contrast to the elevated Th2 cytokine levels, mRNA
levels of the IL-4/IL-13-responsive genes, Muc5ac, CCL11,
Gob5 and AMCase were not differentially regulated in
lung tissue from OVA-treated Socs1�/�Ifng�/� mice. This
suggests that the exacerbated local Th2 response observed
in the absence of SOCS1 does not result from enhanced
signalling in lung epithelium in response to IL-4 or IL-13,
but more likely results from increased cytokine produc-
tion by haematopoietic cells infiltrating the lung. To-
gether, IL-5 and CCL11 orchestrate the recruitment of
eosinophils to the site of allergic inflammation [47]. IL-5
and CCL11 mRNA levels were increased in saline-treated
Socs1�/�Ifng�/� mice, but did not change significantly
following OVA treatment. While this is consistent with the
increased eosinophil number found in the lungs of saline-
treated Socs1�/�Ifng�/� mice, the lack of further eleva-
tion suggests that these regulators are unlikely to be
responsible for the dramatic eosinophilia observed in
OVA-treated Socs1�/�Ifng�/� mice, and other mechan-
isms such as changes in eosinophil lifespan or prolifera-
tion may be altered in SOCS1-deficient mice.

Altered L-arginine metabolism is a candidate asthma
severity determinant [48, 49] and while further work is
required to substantiate the SOCS1-specific regulation of
L-arginine metabolism via Arginase 1, it is appealing to
speculate that augmentation of SOCS1 function may
prove useful in severe asthma.

It remains possible that the phenotype in the SOCS null
mice results, at least in part, from enhanced intra-cellular

Fig. 6. Gene expression in ovalbumin (OVA)-treated Socs1�/�Ifng�/�

mice. Muc5ac (a), Arginase I (b), Gob5 (c), eotaxin-1/CCL11 (d) and
AMCase (e) mRNA levels in lungs from saline and OVA-treated C57BL/6,
Ifng�/� and Socs1�/�Ifng�/� mice were normalized against glyceralde-
hyde-3-phosphate dehydrogenase (nX3). Bars represent mean�SEM.
*Po0.05.
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signalling in haematopoietic cells in response to IL-4 (as
has been shown by others [30]), or in response to other
Th2 cytokines such as IL-5 or IL-9. Infiltrating haemato-
poietic cells in the lungs of wild-type C57BL/6 mice
expressed high levels of SOCS1 following OVA treatment
and it will be of interest to further define this population.

An interesting aspect of this study is the apparent
dissociation of IgE and IgG1 regulation. Isotype switching
to IgE and IgG1 is dependent on IL-4 [50, 51], although IL-
13 may also play a role in vivo [52], while STAT6 is critical
for IgE production [9–11]. In most instances when IgE is
elevated in response to parasitic infection, IgG1 is also
elevated. While at this stage we are unable to explain why
IgE, but not IgG1 is elevated in SOCS1-deficient mice, it is
possible that IgE clearance and/or class switching is
selectively regulated by a SOCS1-dependent pathway.
Given the low levels of OVA-specific IgE in the serum of
SOCS1-deficient mice it is likely that the increase in serum
IgE is largely antigen independent.

Little is known regarding the role of SOCS proteins in
human asthma. Harada et al. [39] have identified a
polymorphism in the SOCS1 promoter, which correlates
with asthma severity and, in vitro with enhanced SOCS1
expression. Others have found an association between
increased SOCS1 expression, allergic sensitization and
Th2 polarization [40]. These results can be interpreted in
several ways. Enhanced SOCS1 expression may result in
inhibition of IFN-g signalling, skewing towards Th2
polarization and exacerbating asthma pathology. Con-
versely, the elevated levels of Th2 cytokines found in
asthmatic individuals, may result in cytokine-induced
elevation of SOCS1 as part of the normal transcriptional
response. In the latter, SOCS1 is clearly unable to control
the extent of Th2-cytokine signalling, perhaps due to
deregulation at other points in the cascade. There is
great interest in SOCS proteins as therapeutic candidates
for the treatment of allergy and asthma. It is important
that we fully understand the underlying biology and the
consequences of SOCS intervention. Our results would
predict that treatment with exogenous SOCS1 or a
SOCS1 mimetic would alleviate the Th2-driven symp-
toms of asthma.

While the sub-chronic mouse model of asthma recapi-
tulates some of the classic symptoms of human asthma, it
will also be of interest to determine in the future, if SOCS1
regulates airway remodelling, pulmonary fibrosis or air-
way smooth muscle function [53]. Recent and meticulous
lung physiology data have confirmed the long held
suspicion that AHR is not a consequence of airway
inflammation, but rather a separately regulated trait [54].
It can therefore not be assumed that regulation of inflam-
mation by SOCS1 will also alter lung function.

Despite these caveats, it is clear that at least in mice,
SOCS1 is an important negative regulator of asthma-like
allergic inflammation.
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