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Summary

Asthma is a heterogeneous disease that has been increasing in incidence
throughout western societies and cytokines, including proinflammatory
tumour necrosis factor alpha (TNF-a), have been implicated in the pathogen-
esis of asthma. Anti-TNF-a therapies have been established successfully in the
clinic for diseases such as rheumatoid arthritis and Crohn’s disease. TNF-a-
blocking strategies are now being trialled in asthma; however, their mode of
action is poorly understood. Based on the observation that TNF-a induces
lymph node hypertrophy we have attempted to investigate this as a mecha-
nism of action of TNF-a in airway inflammation by employing two models of
murine airway inflammation, that we have termed short and long models,
representing severe and mild/moderate asthma, respectively. The models
differ by their immunization schedules. In the short model, characterized
by eosinophilic and neutrophilic airway inflammation the effect of TNF-a
blockade was a reduction in draining lymph node (DLN) hypertrophy,
eosinophilia, interleukin (IL)-5 production and immunoglobulin E (IgE)
production. In the long model, characterized by eosinophilic inflammation,
TNF-a blockade produced a reduction in DLN hypertrophy and IL-5 produc-
tion but had limited effects on eosinophilia and IgE production. These results
indicate that anti-TNF-a can suppress DLN hypertrophy and decrease airway
inflammation. Further investigations showed that anti-TNF-a-induced inhi-
bition of DLN hypertrophy cannot be explained by preventing l-selectin-
dependent capture of lymphocytes into the DLN. Given that overall TNF
blockade was able to suppress the short model (severe) more effectively than
the long model (mild/moderate), the results suggest that TNF-a blocking
therapies may be more effective in the treatment of severe asthma.
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Introduction

Asthma is a major global disease, whose pathophysiology
remains poorly understood, despite its high prevalence. Over
the last two decades its prevalence has doubled in Western
countries and the associated health-care costs are escalating,
emphasizing the need for effective treatment of the disease
[1]. Asthma is a T helper 2 (Th2)-mediated disease, charac-
terized by increased airway eosinophilia, goblet cell hyper-
plasia with associated mucus production, neutrophilia and
increased numbers of lung macrophages and activated mast
cells [2].

Cytokines play an important role in airway inflammation
in asthma by promoting the development, differentiation,

recruitment, activation and survival of inflammatory cells.
Although Th2 cytokines including interleukin (IL)-4, IL-5
and IL-13 are important in asthma [3], tumour necrosis
factor (TNF)-a, a cytokine usually associated with Th1
responses, has also been implicated in the inflammatory
response seen in asthma [4]. TNF-a is a potent proinflam-
matory cytokine with immunoregulatory activities, and is
produced by many cell types including monocytes, macro-
phages, lymphocytes, neutrophils, eosinophils and mast cells
[5–7]. In the lung, TNF-a is synthesized and stored mainly in
mast cells and alveolar macrophages [8]. It functions as a
chemoattractant for neutrophils and monocytes, increasing
microvascular permeability, and activating T cells, eosino-
phils and mast cells.
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Furthermore, there is increased expression of TNF-a in the
airway of asthmatic patients compared to normal subjects
[8,9]. Mast cells are unique in being the only tissue-resident
cells with granules containing preformed TNF-a, and conse-
quently during the early stages of inflammation or infection
they may be the sole source of this cytokine [10]. TNF-a is
able to stimulate the production of IL-8, regulated upon
activation normal T cell expressed and secreted (RANTES)
and granulocyte–macrophage colony-stimulating factor
(GM-CSF) by airway epithelial cells, which increase the
expression of vascular adhesion molecules such as intercellu-
lar adhesion molecule-1 (ICAM-1) and vascular adhesion
molecule-1 (VCAM-1), which are involved in the recruitment
of inflammatory cells to the airways [11]. TNF-a is also
thought to be involved in airway remodelling through its
effects on fibroblasts and by inducing eosinophils to release
matrix metalloproteinase-9 [12]. These data have initiated a
number of small trials with anti-TNF-a therapy in human
asthmatics. Two recent trials looking at severe asthmatics
showed improvement in lung function [13,14], while others
have shown no benefit [13,15,16]. These have been small
studies and large-scale double-blind randomized controlled
trials are awaited.

Despite the apparent efficacy observed, the mechanism of
action of anti-TNF-a therapy remains unclear. McLachlan
and colleagues have postulated an association between mast
cells, TNF-a and the regulation of inflammation and immu-
nity [17,18]. They demonstrated in a murine model that
injection of Escherichia coli into the footpad led to hypertro-
phy of the draining popliteal lymph node. This was attributed
to an influx of T and B lymphocytes, and associated with mast
cell degranulation in the footpad. Mast cell-deficient mice
(W/W v) mice showed significantly reduced lymph node
swelling which was reversed by reconstitution of the mice
with wild-type mast cells, but not with TNF-deficient mast
cells. As lymph nodes are the central inductive site of the
adaptive immune response, facilitating the T cell–antigen-
presenting cell (APC) synapse, such effects could be signifi-
cant in a wide range of conditions including infection, auto-
immunity and allergies where there is immune activation.

This study set out to investigate the mechanism of action
of TNF-a blockade in airway inflammation. We investigated
whether the mechanism of action of TNF-a blockade could
be explained by modulating lymphocyte trafficking in the
draining lymph nodes using murine models of airway
inflammation in which ovalbumin (OVA)-specific T cell
receptor (TCR) Tg (transgenic) T cells (KJ1·26 + T cells)
have been transferred adoptively into naive mice, allowing us
to track the movement of antigen-specific T cells. Two
models have been employed: a short model, with both eosi-
nophils and neutrophils driving the inflammatory pathology
that is considered representative of the pathology seen in
severe asthma; and a long model, where eosinophils are asso-
ciated with the inflammatory response, that is considered
more representative of mild to moderate asthma.

Materials and methods

Animals

BALB/c (H-2d/d) mice were purchased from Harlan-Olac
(Oxon, Bicester, UK). Mice homozygous for the cOVA
peptide323-339/I-Ad specific DO11·10 TCR transgenes
[detected using the clonotypic monoclonal antibody (mAb)
KJ1·26] on the BALB/c background [19] were used as
donors. All animals were specified pathogen-free and were
maintained under standard animal holding with water and
chow ad libitum at the University of Glasgow Central
Research Facilities in accordance with local and UK Home
Office regulations.

Preparation of cell suspensions for adoptive transfer

Peripheral lymph nodes (PLN) (axillary, brachial, inguinal,
cervical), mesenteric lymph nodes and spleens from
DO11·10 BALB/c mice were pooled and prepared as single
cell suspensions, by passing through a Nitex sieve (Cadisch
Precision Meshes, London, UK) using a syringe plunger, and
washed in sterile RPMI-1640 (Invitrogen Life Technologies,
Paisley, UK). The percentages of KJ1·26+ CD4+ DO11·10
T cells were determined by flow cytometric analysis as
described below and made up to required cell volume in
phosphate-buffered saline (PBS).

OVA model of airway inflammation

Tg T cells, 3 ¥ 106, in 200 ml were injected intravenously
(i.v.) into age-matched naive BALB/c recipients on day -1.
The mice were then immunized with an intraperitoneal
(i.p.) injection of 100 mg chicken OVA (OVA, Fraction V;
Sigma-Aldrich, Poole, UK) in a 1% alum suspension
(Brenntag Biosector, Frederikssund, Denmark) made up to
a volume of 200 ml. The short model was injected on day 0
only while the long model was injected on days 0, 7 and 14.
Mice were anaesthetized i.p. with 250 ml avertin (1 : 1 w/v
solution of 2,2,2-tribromoethanol in tert-amyl alcohol;
Sigma-Aldrich) and challenged intranasally (i.n.) in
30 ml PBS with 50 mg OVA plus 2·5 mg lipopolysaccharide
(LPS) or 50 mg OVA alone on days 10 or 21 for the short
and long models, respectively. Mice were euthanased at
various time-points by administration of a lethal dose of
avertin.

Anti-TNF-a treatment

Mice were treated with 0·5 mg/kg recombinant human TNF
receptor p80 Fc fusion protein (sTNFR:Fc) [20] (Etanercept,
Wyeth Pharmaceuticals, Taplow, UK), as described in
Results. Control mice were given 0·5 mg/kg human immu-
noglobulin (IgG).

TNF-a blockade in murine asthma

115© 2007 British Society for Immunology, Clinical and Experimental Immunology, 151: 114–122



Bronchoalveolar lavage (BAL) and blood sampling

Immediately after termination with avertin, blood was col-
lected by cardiac puncture. BAL was harvested in two 0·8 ml
aliquots of fluorescence activated cell sorter (FACS) buffer
[2% fetal calf serum (FCS), 0·05% sodium azide in PBS].
Individual BAL samples were kept on ice before processing
by centrifugation at 400 g for 5 min. The supernatants were
collected and volumes measured before storage at -70°C
until assayed for cytokines. The cell pellets were resuspended
in 1 ml of PBS and counted in a haemocytometer. Cytospin
preparations were prepared in a Cytospin (Thermo
Shandon, Runcorn, UK) and were stained with Rapi-diff II
(Triangle Biomedical Sciences, Durham, NC, USA). Blinded
differential cell counting was performed using standard
morphological criteria.

Lung histology

After BAL sampling, lungs were removed and inflated with
1 ml of 10% neutral-buffered formalin, fixed in 10%
neutral-buffered formalin for 72 h and sections (8 mm) were
stained with haematoxylin and eosin (H&E) and examined
under ¥20–100 magnification. Peribronchial and perivascu-
lar inflammation was assessed.

Lung scoring

Lung scoring was based on a system developed by Howie and
colleagues [21]. H&E-stained sections of whole lungs were
scored over 10 consecutive fields at ¥200 magnification. In
order to be included, each field had to contain a complete
transection of at least one bronchiole less than half a field
width in diameter, a blood vessel and an alveolar airway.
Inflammatory cell infiltrate, i.e. the number of immune cells
present, was evaluated around the blood vessel walls
(perivascular compartment), the bronchiolar epithelium
and the peri-bronchiolar alveolar tissue. Inflammation was
also scored on the basis of increased alveolar wall thickness.

Flow cytometry

PLN, draining lymph node (DLN) and BAL fluid were har-
vested the day before airway challenge and between days 1
and 7 after airway challenge. Cell suspensions were prepared
as described above and analysed by flow cytometry for CD4,
and antigen-specific T cells were detected using the mono-
clonal antibody KJ1·26 as described previously [22]. In some
experiments the transgenic T cells were stained for
l-selectin. Where lungs were analysed, the thoracic cage was
opened and the lungs were separated carefully from sur-
rounding tissue by blunt dissection and removed en bloc with
the heart. For flow cytometry, lungs were processed as
described for lymph nodes.

Enzyme-linked immunosorbent assay (ELISAs)

To detect OVA-specific IgE in serum samples, Immulon 2
plates (Costar; Corning, NY, USA) were coated with OVA
(20 mg/ml) in PBS at 4°C overnight. Plates were then washed
at least three times with PBS/Tween 0·05% (Sigma-Aldrich)
before being blocked with PBS–FCS 10% (v/v) for 1 h at 37°C.
Plates were washed and incubated with diluted serum
samples for 3 h at 37°C before further washing. IgE levels in
serum were determined by incubation with biotinylated anti-
IgE (1/8000; BD Pharmingen, Oxford, UK) for 1 h at 37°C.
Plates were then washed and incubated with extravidin-
horseradish peroxidase (HRP) (1/1000; Sigma-Aldrich) for
1 h at 37°C then washed again and tetramethylbenzidine
(TMB) microwell peroxidase substrate (Kirkegaard & Perry
Laboratories, Gaithersburg, MD, USA) was added to stop the
reaction. Light absorbance was read on a plate reader at
630 nm.

Statistics

Results are expressed as mean � standard error of the mean
(s.e.m.). Significance was tested using Student’s unpaired
t-test. A value of P < 0·05 was regarded as significant.

Results

Effect of sTNFR:Fc in the short model of
airways inflammation

The short adoptive transfer model consists of one immuni-
zation on day 1 and one intranasal airway challenge with
OVA plus LPS on day 10, resulting in airway inflammation
characterized by marked eosinophilia and an accompanying
neutrophil influx (Fig. 1). The resulting inflammatory
pathology is similar to that seen in severe asthmatic patients.

Administration of sTNFR:Fc (Etanercept), daily through-
out the short model resulted in: a significant decrease in
eosinophilia (Fig. 1b); a trend towards a decrease in neutro-
phil numbers (Fig. 1c); a significant reduction of IL-5 in BAL
fluid (Fig. 1d) compared to no effect on IFN-g (data not
shown); and a significant reduction in OVA-specific anti-IgE
production at day 4 post-airways challenge (Fig. 1e).

DLN weights in sTNFR:Fc-treated mice remained
unchanged, while weight increase was observed in the
control group (Fig. 2a). There was no difference observed in
non-DLN weights between the two groups (Fig. 2b). The
same trend was seen with cellularity of the DLN, where there
were significantly more cells in the control group (Fig. 2c),
and no difference was observed in the non-DLN (Fig. 2d).
Antigen-specific T cell analysis by flow cytometry showed no
significant difference between treated and control groups at
day 4; however, subsequent data have shown that a transient
peak of antigen-specific cells in control groups occurs
between days 2 and 3 (data not shown).
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Effect of sTNFR:Fc in the long model of
airways inflammation

The long adoptive transfer model consists of immunization
on days 0, 7 and 14 and an intranasal challenge with OVA on
day 21; this results in airways inflammation characterized by

lymphocyte activation and eosinophilia (Fig. 3). This airway
inflammation may be representative of that seen in mild to
moderate asthmatic patients [23–25].

As TNF-a could play a role in the induction and/or effec-
tor mechanisms of asthma, we blocked its action during
either or both of these phases. Our investigations show that

Fig. 1. Ovalbumin (OVA)-specific (3 ¥ 106) T

cells were transferred adoptively into naive

Balb/c recipients, which were then immunized

with 100 mg OVA and 1% alum by

subcutaneous (s.c.) injection. Ten days later,

mice were challenged by intranasal

administration of 50 mg OVA plus 2·5 mg

lipopolysaccharide. Mice were treated

throughout with 50 mg tumour necrosis factor

(TNF) receptor p80 Fc fusion protein

(sTNFR:Fc) (�) by s.c. injection every 2 days.

Control mice were given 50 mg human IgG (�)

instead of sTNFR:Fc (a). Bronchoalveolar lavage

(BAL) fluid was sampled and eosinophil (b)

and neutrophil (c) content was analysed by

cytospin preparation. BAL fluid was sampled

and analysed for interleukin-5 production (d).

Serum from the same mice was analysed for

OVA-specific immunoglobulin E (e). Results are

represented as mean � standard error of the

mean (*P < 0·05), n = 6 per group.
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Fig. 2. Ovalbumin (OVA)-specific (3 ¥ 106) T

cells were transferred adoptively into naive

Balb/c recipients, which were then immunized

with 100 mg OVA and 1% alum by

intraperitoneal injection. Ten days later, mice

were challenged by intranasal administration of

50 mg OVA plus 2·5 mg lipopolysaccharide. Mice

were treated throughout with 50 mg tumour

necrosis factor (TNF) receptor p80 Fc fusion

protein (sTNFR:Fc) (�) by subcutaneous (s.c.)

injection every 2 days. Control mice were given

50 mg human immunoglobulin (�) instead of

sTNFR:Fc. Draining and non-draining lymph

nodes were removed and weighed (a, b), and

cellularity was determined (c, d). Results are

represented as mean � standard error of the

mean (*P < 0·05), n = 6 per group.
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Fig. 3. Ovalbumin (OVA)-specific (3 ¥ 106)

T cells were transferred adoptively into naive

Balb/c recipients, which were then immunized

with 100 mg OVA and 1% alum by

subcutaneous (s.c.) injection on three

occasions, each a week apart. One week after

the final immunization, mice were challenged

by intranasal administration of 50 mg OVA.

Mice were treated throughout with 50 mg

tumour necrosis factor (TNF) receptor p80 Fc

fusion protein (sTNFR:Fc) (� or white bars)

by s.c. injection every 2 days. Control mice

were given 50 mg human immunoglobulin

(� or black bars) instead of sTNFR:Fc (a).

Bronchoalveolar lavage (BAL) fluid was

sampled and eosinophil content was analysed

by cytospin preparation (b). Lung sections were

scored for inflammation (c). Solid line

represents baseline pathology. BAL fluid was

sampled and analysed for interleukin-5

production (d). Serum from the same mice

was analysed for OVA-specific immunoglobulin

E (e). Lung sections were stained with

haematoxylin and eosin. Sections show

sTNFR:Fc- (f, g) and IgG (h, i)-treated mice at

day 4 post-airways challenge at 10¥ and 20¥
magnification. Results are represented as

mean � standard error of the mean (*P < 0·05),

n = 3–6 per group.

 Eosinophils

(a)

(b) (c)

(e)
(d)

0

0·1

0·2

0·3
0·4

0·5

0·6

0·7

0·8

0 1 2 3 4

0 1 2 3 4

Days after airways challenge

Lung inflammation

0
1
2
3
4
5
6
7
8
9

10
11
12
13

0 1 4

0 1 4

Days after airway challenge

*
*

 IL-5

0
50

100
150
200
250
300
350
400
450

Days after airways challenge

* IgE

0
50

100
150
200
250
300
350
400

Days after airways challenge

Immunize
OVA/alum

Intranasal
OVA

challenge

Cull at various time-points

d0 d7 d14 d21d-1

Transfer

DO11·10

cells

sTNFR:Fc treatment

(g)(f)

(h) (i)

S. Hutchison et al.

118 © 2007 British Society for Immunology, Clinical and Experimental Immunology, 151: 114–122



TNF-a blockade during either the induction or effector
phases caused no reduction in pathology associated with the
disease (data not shown). However, blockade during the
induction phase only prevented lymph node hypertrophy
(data not shown).

Administration of TNF-a blockade daily throughout the
long model resulted in a trend for reducing BAL eosinophilia
(Fig. 3b); however, the reduction was not statistically signifi-
cant and less marked than seen in the short model. Histo-
logical analysis of inflammation in lung sections showed
that sTNFR:Fc treatment produced a significant reduction
in lung pathology compared with the control group
(Fig. 3c). IL-5 was reduced significantly in the BAL from
sTNFR:Fc-treated mice (Fig. 3d), while IFN-g was undetect-
able in either of the treated or control groups (data not
shown). sTNFR:Fc treatment had no significant effect on
serum OVA-specific IgE production (Fig. 3e). Decreased cell
infiltrate and inflammation in sTNFR:Fc-treated mice can be
seen in H&E-stained sections, compared to the control
group (Fig. 3f–i).

The weight and cellularity of the DLNs in the
sTNFR:Fc-treated group was decreased, while there was no
difference in the non-DLNs. (Fig. 4). Antigen-specific T cell
analysis by flow cytometry, showed no significant difference
between treated and control groups at day 4 (data not
shown); however, this may be the result of late sampling, as
described above.

l-Selectin expression on antigen-specific T cells

Antigen-specific T cells in DLN, non-DLN and lung tissue
were assessed by flow cytometry for the expression of
l-selectin low (effector/memory) and l-selectin high (naive)

cells. There was an increase in the KJ1·26+, l-selectin low cells
post-challenge in the DLN and lungs but not the non-DLN
(Fig. 5). However, there was no effect of sTNFR:Fc treatment
on KJ1·26+, l-selectin low cells. There was no effect post-
challenge on the percentage of l-selectin high KJ1·26+ cells in
any location treated with or without sTNFR:Fc (data not
shown).

Discussion

Based on preclinical studies, anti-TNF-a drugs are now
being investigated as a therapy for asthma and recent clinical
trials have shown beneficial effects in asthmatic patients
[14,26]. In other trials, however, anti-TNF-a treatment did
not show efficacy [15]. Although the reasons for the discrep-
ancies are not established, the different types of anti-TNF-a
inhibitors used and dosing regimens may be important con-
tributory factors. Interestingly, clinical studies using differ-
ing strategies for TNF-a blockade have been shown to have
differential effects in disease types; for example, anti-TNF-a
antibody but not soluble receptor is beneficial in Crohn’s
disease [27,28].

Preclinical studies examining the role of TNF-a in airway
inflammation models have mainly shown its deficiency or
inhibition results in suppression of eosinophilia [29–31];
however, in one study using TNF-a receptor-deficient mice
suppression was not observed [32]. The model used, the
strategy of TNF-a inhibition or the dosing regimen
employed may all contribute to discrepancies in results.
Whereas many studies have used TNF receptor-deficient
mice or anti-TNF-a antibodies, we have used Etanercept,
which differs by binding to, and functionally inhibiting,
soluble receptors [29–32].

Fig. 4. Ovalbumin (OVA)-specific (3 ¥ 106) T

cells were transferred adoptively into naive

Balb/c recipients, which were then immunized

with 100 mg OVA and 1% alum by

subcutaneous (s.c.) injection on three

occasions, each a week apart. One week after

the final immunization, mice were challenged

by intranasal administration of 50 mg OVA.

Mice were treated throughout with 50 mg

tumour necrosis factor (TNF) receptor p80 Fc

fusion protein (sTNFR:Fc) (�) by s.c. injection

every 2 days. Control mice were given 50 mg

human IgG (�) instead of sTNFR:Fc. Draining

and non-draining lymph nodes were removed

and weighed (a, b) and cellularity was

determined (c, d). Results are represented as

mean � standard error of the mean (*P < 0·05),

n = 6 per group.
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In the short model employed in the studies reported here
TNF-a blockade resulted in a significant reduction in BAL
eosinophilia, IL-5 and antigen-specific IgE production. This
was accompanied by a decrease in weight and cellularity of
the draining lymph nodes. In the long model, representative
of mild or moderate asthma, TNF-a blockade prevented
lymph node hypertrophy accompanied by a decrease in IL-5
production, a reduction in lung inflammation, but a less
marked reduction of BAL eosinophilia. This correlates with
the recent studies suggesting that anti-TNF-a therapies are
more beneficial in severe asthmatics compared to patients
that exhibit mild or moderate symptoms [23–25].

These results indicate that TNF-a blockade suppresses
immune airway inflammation but suppression of eosino-
philic inflammation is more effective in a neutrophilic
environment. Neutrophilic airway inflammation is found
more often in severe asthma that provides linkage with our
preclinical observations to the two clinical trials showing
effects of TNF-a blockade in severe asthma [33,34]. The
suppression of DLN hypertrophy in both the short and
long models by TNF-a blockade is associated with
decreased cellularity and we postulated that this a result of
modulating lymphocyte trafficking into the draining lymph
nodes.

Lymphocyte trafficking is not a random event, whereas
naive T cells appear to circulate without preference for any
one group of lymph nodes; the memory T cells return
preferentially to the tissues associated with the lymph node
groups in which they became sensitized [35]. l-Selectin
mediates arteriolar and venular rolling on inflamed pulmo-
nary endothelium [36–38], and is important in lymphocyte
migration during an allergic inflammatory response [39].
Many studies demonstrate that in the absence of l-selectin
there is reduced inflammation [40–42]. Some studies in

murine models of asthma have shown that l-selectin is
required for the development of airway hyperresponsive-
ness (AHR) but not airway inflammation [43]. In our
studies we found no effect of TNF-a blockade on l-selectin
expression.

Further studies will be required to establish if TNF-a
blockade may modulate expression of other receptors
involved in lymphocyte trafficking, such as sphingosine 1
phosphate receptors, important in lymphocyte egress from
the lymph nodes [16].

In summary, TNF-a blockade in murine models of airway
inflammation resulted in inhibition of DLN hypertrophy,
reduction of DLN cellularity and an inhibition of airway
inflammation. Inhibition of eosinophilic inflammation was
more marked when the model was associated with a neutro-
philic inflammation element, and this parallels observations
found in the clinic where severe asthmatics with neutrophilic
airway inflammation appear more responsive to anti-TNF-a
therapy [14]. Preliminary studies investigating the mecha-
nism of action of TNF-a blockade have shown that expres-
sion of l-selectin, a key receptor for lymphocyte capture into
the lymph node, was not affected. An understanding of the
mechanisms of TNF-a blockade will facilitate optimal thera-
peutic regimens in the clinic for allergic and autoimmune
disease.
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Fig. 5. Ovalbumin (OVA)-specific (3 ¥ 106) T

cells were transferred adoptively into naive
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error of the mean (*P < 0·05), n = 3 per group.
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