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Summary
TGF-b is a multi-functional cytokine with a huge array of effects on a variety of cell types.
It is rapidly emerging as a key major player in the way the airway epithelium behaves and its
ability to repair itself. This is not only of relevance to allergic airway diseases such as asthma
and allergic rhinitis, which are increasing in prevalence worldwide, but in many other
diseases. The full impact any disruption of TGF-b signalling may have in the development and
persistence of allergic inflammatory airway diseases is yet to be fully realized and remains the
subject of ongoing research. There has been a recent revival of interest in the role of
regulatory T cells in controlling allergic inflammation. Evidence is emerging of a significant
contribution by TGF-b to this regulatory process. This review aims to summarize current
knowledge relating to TGF-b in relation to allergic inflammatory upper airways disease, and
attempts to clarify some of the discrepancies and inconsistencies in this area. It also considers
the therapeutic implications of novel TGF-b therapy, including potential future applications
in the treatment of nasal polyposis and reduction of post-operative scar tissue formation
following endoscopic sinus surgery.

Introduction

TGF-b was first identified as a protein secreted from
sarcoma cells that promoted normal rat kidney cells to
grow in soft agar [1, 2]. It was named transforming growth
factor because of its ability to induce a transformed or
tumour cell characteristic in normal cells. Subsequently, it
was shown that TGF-b inhibits epithelial cell proliferation
and regulates a diverse array of cellular functions unre-
lated to cellular transformation. Nevertheless, the name
transforming growth factor has persisted to the present
day. Today, the TGF-b superfamily is recognized as one of
the largest families of secreted multi-functional peptides
exerting an array of biological effects in a large variety of
cell types. The superfamily includes TGF-b isoforms,
activins and inhibins, growth and differentiation factors,
and bone morphogenic proteins.

TGF-b family members are produced as large precursor
dimeric protein, with a signal sequence and a large pro-
domain, that are processed proteolytically into mature
proteins [3]. They are involved in the regulation of

processes crucial to the initiation, maintenance, and
resolution of inflammatory responses [4–6]. Their effects
include inhibition of proliferation of many cell types [7],
regulation of immune responses, stimulation of extracel-
lular matrix formation [8], and chemotaxis for inflamma-
tory cells [9–12]. The Smad proteins have been identified
as the main family of intracellular mediators whose
function is the regulation of TGF-b signalling from the
cell surface to the nucleus [13, 14]. Up to date reviews
have been published regarding TGF-b activation, receptor
signalling, and signal transduction [15–17].

Dysfunction of the TGF-b signalling pathway appears
to be intimately linked to many human disorders. Elucida-
tion of the TGF-b superfamily signal transduction path-
ways has certainly provided further helpful insight into
the aetiopathogenesis of certain human diseases with
mutations in the TGF-b signalling pathway having been
implicated in such conditions. These include mutations in
receptors which can cause hereditary haemorrhagic tel-
angiectasia, primary pulmonary hypertension, persistent
mullerian duct syndrome, hereditary non-polyposis colon
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cancer, and juvenile polyposis syndrome, to name but a
few [18]. Smad mutations have also been linked with
cancers, particularly those of the colon and gastrointest-
inal tract [19, 20]. As such, one of the main challenges
faced in molecular medicine will be to further our under-
standing of the TGF-b signalling pathway to the stage
where molecular strategies can be devised in order to
improve disease control [18].

TGF-b is an important fibrogenic and immunomodula-
tory factor that may play a role in the structural changes
observed in the asthmatic airways. Inconsistent, and at
times contradictory, evidence has emerged regarding the
role and nature of TGF-b expression in the lower airways,
and in particular asthma. This subject has, however, been
comprehensively reviewed in the literature [21–24] and
will not be addressed any further in this article. In
comparison, the equivalent picture in upper airway aller-
gic disease, and in particular allergic rhinitis and nasal
polyposis, has received less attention in the literature and
as such will constitute the primary focus of this review.

Transforming growth factor-b in inflammatory cell
chemotaxis

The attraction of leucocytes to tissues represents a key step
in the genesis and maintenance of the inflammatory
response. This process is mediated through an increas-
ingly appreciated number of chemotactic cytokines,
otherwise known as chemokines. Allergic rhinitis, an
inflammatory mucosal disorder of the nose, is character-
ized by the epithelial cell accumulation of mast cells [25].
This phenomenon can be linked to the local generation
and release of chemotactic factors. TGF-b is recognized as
a potent mast cell chemoattractant, with maximum che-
motaxis in vitro being evident at the femtomolar level,
which is several log orders less than the picomolar
concentrations of eotaxin, regulated upon activation
normal T cell expressed and secreted, and stem cell factor
that are required to induce mast cell chemotaxis under the
same circumstances [26]. Human gastrointestinal mast
cells have been shown to express TGF-b receptors, and
the ability of TGF-b to promote mast cell chemotaxis has
previously been demonstrated in vitro with both a human
mast cell line and cultured primary gut mast cells [26].
This chemotactic response has been considered to be
mediated by the TGF-b serine/threonine type I and type II
receptors [26]. The findings of a recent study of enhanced
epithelial TGF-b immunoreactivity in rhinitis which cor-
related with intraepithelial mast cell numbers, and the co-
localization of TGF-b receptors to mast cells, suggest that
the epithelial expression of TGF-b may represent an
important biological process involved in either the re-
cruitment or retention of mast cells within the epithelium
in naturally occurring allergic rhinitis [27]. In femtomolar
concentrations, TGF-b1 has also been shown to be

strongly chemotactic for neutrophils, T cells, monocytes,
and fibroblasts [11, 12, 26, 28].

Immunomodulatory role of transforming growth factor-b

The TGF-b family members play an important role in the
regulation of the immune system [29]. This is clearly
evident in TGF-b1 null mice, which develop extensive
multi-organ inflammation and die shortly after birth [30].
Furthermore, mutations of TGF-b2 or TGF-b3 in a similar
model have also been reported to result in embryonic
lethality [31, 32]. In vitro, all three TGF-b isoforms appear
to exert similar immunoregulatory effects [33]. These
include an inhibitory effect on T cell proliferation [34],
and differentiation [35]. With the prevalence of allergic
diseases such as asthma, atopic dermatitis, and rhinitis on
the increase worldwide, interest has been recently revived
in the role of CD241CD251 regulatory T cells (Tregs) in
allergic disease. Regulatory T cells have been shown to be
critical in maintaining the balance between tolerance and
immunity, a process crucial to immune homoeostasis and
prevention of autoimmune diseases. There are two popu-
lations of Tregs: natural (constitutive) and inducible
(adaptive). The inducible Tregs include type I regulatory
cells (Tr-1) and T helper (Th)3 with the latter secreting
high levels of TGF-b resulting in suppression of Th1 and
Th2 responses. In addition, there are CD81 T cells with
regulatory activity, which exert their function through IL-
10 or TGF-b [36].

While the role of Tregs in allergic disease is not well
understood, there is compelling evidence emerging that
Tregs can regulate Th2 immune responses, which char-
acterize allergic disorders, by attenuation of allergic
senitization and prevention in progression of allergic
diseases [36]. The immunosuppressive effects of Tregs are
thought to be mediated through cell-contact-dependent
mechanisms involving membrane-bound TGF-b interact-
ing with CD41CD25� responder cells through TGF-b
receptor II [37]. Not only can TGF-b mediate cell–cell
suppression between Tregs and CD41, CD25�, or CD81

cells, but it is thought to play a role in the conversion of
CD41CD25� T cells, in the presence of T cell receptor
antigenic stimulation, into the regulatory phenotype. In
its role as an immunoregulatory cytokine, TGF-b can also
directly suppress T cell proliferation and macrophage
activation [37]. Factors which contribute to the regulation
of TGF-b in Tregs include CD28, cytotoxic T lymphocyte
antigen-4, glucocorticoid-induced TNF receptor, and
forkhead/winged helix or forkhead box P3 encoded by
Foxp3 [37].

Clinical improvement following allergen immunother-
apy is associated with induction of TGF-b-producing Tr-1
cells with resultant suppression of the Th2 cytokine profile
[38]. As we improve our understanding of regulatory
mechanisms involved in the development of allergic
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senitization, the targeting of natural and TGF-b-produ-
cing Tregs holds promise as the basis for development of
future immunotherapies for more effective control and
prevention of allergic inflammatory diseases [36, 38–40].

Transforming growth factor-b and tissue repair

Advances in molecular and cell biology have led to an
expansion in our knowledge and understanding of the
processes involved in wound healing. The actual process
of wound healing involves a coordinated sequence of
biological events, beginning with platelet-induced hae-
mostasis, followed by an influx of inflammatory cells
including fibroblasts, the formation of new extracellular
matrix and blood vessels (granulation tissue), and finally
the proliferation of cells to reconstitute the tissue. TGF-b
plays an important role in the coordination of these
events. Inactive TGF-b1, bound locally to the extracellular
matrix, is activated following injury, and thereafter acts as
a potent stimulus for the deposition of extracellular
matrix, in addition to regulating cell migration to sites of
inflammation. TGF-b exhibits a bell-shaped concentra-
tion–response curve, inducing proliferation at low con-
centrations while inhibiting it at higher concentrations.
TGF-b is also a potent stimulus for fibroblast proliferation
and extracellular matrix deposition [2]. The extracellular
matrix is a dynamic superstructure of self-aggregating
macromolecules including fibronectin, collagen, and pro-
teoglycans, to which cells attach by means of surface
receptors known as integrins [41]. TGF-b1 induces the
deposition of extracellular matrix by simultaneously
stimulating cells to increase the production of matrix
proteins, decrease the production of matrix-degrading
proteases, increase the production of inhibitors of these
proteases, as well as modulating the expression of integ-
rins so as to make cells adhere more to the matrix [4].

The sustained production of TGF-b can, however, lead
to an unbalanced deposition of extracellular matrix,
which underlies the development of tissue fibrosis. The
fibrogenic potential of TGF-b has been realized following
repeated injections of higher doses. Two weeks of intrave-
nous injections of TGF-b1 produced marked fibrosis in the
kidneys and liver of rats [42]. Severe cachexia and gen-
eralized tissue fibrosis developed in mice given TGF-b1
intraperitoneally for 10 days [43]. TGF-b has also been
implicated in the pathogenesis of fibrosis in kidney, liver,
and lung diseases. In normal tissue repair, the production
of TGF-b and extracellular matrix is terminated by as yet
unknown mechanisms, as the tissue repairs itself. In
chronic disease states, either repeated tissue injury, or a
defect in TGF-b regulation, or both could potentially lead
to the uncontrolled activation/production of TGF-b with
corresponding deposition of extracellular matrix, leading
eventually to tissue fibrosis [5].

Upper airways and paranasal sinuses

Nasal polyposis

Our current understanding of the role of TGF-b in the
pathogenesis of chronic inflammatory conditions of the
upper airway and sinuses remains in its infancy. The vast
majority of conducted research has so far focused on the
involvement of TGF-b in nasal polyposis, with allergic
rhinitis receiving less attention in this respect.

Nasal polyposis is a chronic inflammatory disease of the
paranasal sinuses, characterized by a benign growth of the
nasal and paranasal sinus mucosa in the region of the
middle/superior meati and sphenoethmoidal recesses.
Histopathologically, nasal polyps consist of oedematous
connective tissue covered with respiratory epithelium. The
subepithelial area is characterized by eosinophilic infil-
tration in 480% of cases; however, non-eosinophilic
nasal polyposis also exists and should be differentiated
[44]. The pathogenesis of nasal polyposis remains unclear
with the eosinophil thought to be the major orchestrator
of the inflammatory response in nasal polyps. How this
eosinophilic inflammation leads to polyp formation re-
mains largely unclear. Furthermore, there is little agree-
ment as to whether increased fibrosis and basement
membrane thickening are consistent histological features
of nasal polyps. Studies investigating the histological
features specific to nasal polyps have reported varying
degrees of fibrosis, basement membrane and epithelial
thickening associated with these conditions [45, 46].
However, these findings have been readily contested in
other studies [47, 48].

Similarly variable results have been reported relating to
the distribution and likely actions of TGF-b in nasal
polyposis. Some studies have suggested an up-regulation
of TGF-b levels in nasal polyps compared with normal
tissue [49]. This is particularly the case for TGF-b1
[50–55]. Using Northern blot analysis, in situ hybridiza-
tion and immunohistochemistry, a study found TGF-b1 to
be present only in inflamed nasal polyp and not in normal
mucosa [56]. The TGF-b1 was further localized specifi-
cally to eosinophils, the extracellular matrix, and the
basement membrane. Similar findings have been reported
for TGF-a in nasal polyposis [48]. This is significant as
TGF-a must be present along with TGF-b in order to
transform fibroblasts [57]. Other studies, however, have
suggested the opposite trend with lower levels of TGF-b
activity in nasal polyps compared with normal tissue [44,
58–61]. It is thought that the resultant loss of the anti-
inflammatory action of TGF-b is partly responsible for the
propagation of the inflammatory response resulting ulti-
mately in the formation and growth of the polyps [60].

TGF-b is thought to contribute to some of the pathologi-
cal features observed in nasal polyps such as thickening of
the epithelial basement membrane and stromal fibrosis [54,
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55, 62]. One study has suggested a dual effect for TGF-b1
expression in nasal polyps with an anti-inflammatory role
through its ability to inhibit pro-inflammatory mRNA and
protein production, as well as a pro-fibrotic effect promot-
ing remodelling and cell growth [63]. TGF-b-induced fibro-
blast proliferation and myofibroblast differentiation in
nasal polyps has been shown to be inhibited in vitro by
the corticosteroid fluticasone propionate [64]. Budesonide,
another corticosteroid, has also been shown to reduce
TGF-b1 expression levels in nasal polyps [65]. Other
evidence, however, has suggested that corticosteroids used
in the treatment of nasal polyps may exert their beneficial
effect through the up-regulation of anti-inflammatory
genes including TGF-b [66].

These opposing findings have thus led to different
theories regarding the possible roles of TGF-b in nasal
polyposis and the effects of corticsteroids on its expres-
sion.

Allergic rhinitis

While there has been a sizeable body of work focusing on
the involvement of TGF-b in nasal polyposis, allergic
rhinitis has received scant attention in this respect. Simi-
larly conflicting findings, as in nasal polyposis, exist
regarding the nature and extent of the remodelling
response in the upper airway in allergic rhinitis [67–69].
Some observers believe that remodelling changes, and in
turn TGF-b expression levels, may fluctuate in the nasal
mucosa depending on the degree of inflammatory cellular
infiltration, with respect to whether the tissue was ex-
tracted during seasonal exacerbations or periods of remis-
sion (e.g. in and out of the pollen season) [70]. This might
at least partly account for some of the discrepant findings
in various studies. It is fair to state, however, that the
overall balance of evidence available seems to suggest
that there is usually some discernible evidence of remo-
delling in the rhinitic nasal mucosa [69].

Evidence has been provided of enhanced epithelial
TGF-b immunoreactivity in allergic rhinitis, including
correlation with intraepithelial mast cell numbers, and
the co-localization of TGF-b receptors to mast cells [27],
suggesting that the epithelial expression of TGF-b may
represent an important biological process involved in
either the recruitment or retention of mast cells within
the epithelium in naturally occurring allergic rhinitis.
Furthermore, use of the RPMI 2650 nasal epithelial cell
line as an in vitro model to evaluate the regulation of TGF-
b biology has demonstrated the ability of TNF-a and
house dust mite to up-regulate both TGF-b gene expres-
sion and protein release. It is presumed, therefore, that
house dust mite-activated mast cells in suitably sensitized
individuals can, possibly through TNF-a release, up-
regulate TGF-b expression in epithelial cells. With the
presence of TGF-b receptor expression on mast cells, this

would suggest the possibility of bi-directional interaction,
which may be fundamental to the process of epithelial
immunoregulation.

However, in vivo consequences of TGF-b-induced
effects are difficult to infer from local concentrations,
because TGF-b-induced effects depend on a complex
system of regulatory proteins and receptors. This is best
illustrated by the contrasting results of one study linking
TGF-b to fibrosis in asthmatic airways [71], with another
study failing to show any significant difference in TGF-b
expression between asthmatic and healthy controls [72].
An explanation for this has been put forward by a study
on pulmonary fibrosis in mice. Mice that were deficient in
TGF-b-activating protein (a v b 6 integrin) were protected
from fibrosis, although TGF-b expression remained the
same as in the fibrotic mice [73]. This highlights that TGF-
b effects depend not only on its local concentrations, but
also on regulatory proteins.

A study employing DNA microarray analysis techni-
ques investigated the gene expression levels of transcripts
encoding TGF-b, TGF-b-regulatory proteins and receptors
in patients with symptomatic seasonal allergic rhinitis and
healthy controls [74]. The study also looked at the nasal
lavage fluid levels of TGF-b1 in both groups. No signifi-
cant differences in TGF-b1 protein or mRNA levels were
found between patients and the controls. In contrast, low
expression levels of TGF-b-inducible transcripts were
found in the disease group compared with the controls,
suggestive of potentially reduced TGF-b activity. The
authors went on to suggest that this potentially decreased
activity of this anti-inflammatory cytokine may contri-
bute to the chronicity of the allergic inflammatory reac-
tion. In a mouse model of allergic rhinitis, dexamethasone
has been shown to up-regulate the levels of TGF-b
suggesting a possible mechanism for its anti-inflamma-
tory action [75]. Our group employed a real-time quanti-
tative PCR (TaqMan RT-PCR) to examine whole biopsy
gene expression levels of TGF-b isotypes and receptors in
seasonal and perennial allergic rhinitis in the natural
setting [76]. Increased gene expression levels were found
for TGF-bRI and -bRII in seasonal allergic rhinitis com-
pared with controls. No corresponding significant differ-
ences were found in relation to TGF-b isoform levels.

Potential therapeutic applications and future challenges

As a potent growth factor involved in wound healing in
the body, TGF-b has been used to accelerate wound
healing through topical, subcutaneous, or incisional ap-
plication [77]. Furthermore, TGF-b2 has been used to
repair retinal holes with TGF-b3 appearing to accelerate
wound healing [4, 78–80]. Under certain conditions, TGF-
b1 can also induce angiogenesis in vivo causing endothe-
lial cells to organize into tubular structures [81]. TGF-b
has also been recently targeted in an attempt to decrease
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or inhibit the scarring response. A potentially useful
strategy for modifying the scarring response has been the
use of fully humanized neutralizing monoclonal antibo-
dies to TGF-b. Human neutralizing antibody to TGF-b2
(CAT-152) was found significantly to reduce conjunctival
scarring in a rabbit model of glaucoma filtration surgery
with a resultant improvement in the surgical outcome
both in vitro and in vivo [82]. Similar results were found in
patients 1 year after undergoing primary trabeculectomy
for glaucoma [83].

With the apparent success of this modality, the next
logical step was to test specifically designed antisense
oligonucleotides (OGN) against TGF-b isoforms. OGN
represent a promising therapeutic modality, which has
already been successfully applied in oncological, inflam-
matory and viral infective diseases [84–86]. They repre-
sent a potentially novel and more direct approach to
inhibit the progression of aberrant tissue repair and
regeneration. Antisense technology has as its basis the
selective impairment of protein synthesis in the cytoplasm
through the use of antisense OGN sequences. The use of
novel antisense OGN targeting TGF-b1 in two different
animal models of glaucoma filtration surgery has been
shown to significantly reduce post-operative scarring and
improve surgical outcome [87]. The usefulness of this
approach is further underlined by its apparent long-
lasting effects following only a single administration at
the time of surgery, thus making it particularly attractive
in the clinical context. Promising effects have also been
observed in cataract surgery [88].

Apart from its use in the eye, this novel concept could
have applications virtually anywhere in the body where
modulation of the wound healing response is deemed to
be both desirable and beneficial. These applications in-
clude the potential use of these modalities in allergic
inflammatory lower airway diseases such as in asthma
where remodelling changes including subepithelial fibro-
sis [89–91] have been linked to the pro-fibrotic effect of
TGF-b [92]. Other chronic inflammatory diseases which
could also benefit include chronic obstructive pulmonary
disease and chronic bronchitis, both of which display
histological evidence of extracellular matrix deposition
associated with fibroblast proliferation, as well as pul-
monary fibrosis where TGF-b has been linked to the
dysregulated repair process [93]. However, one potential
problem in utilizing such a therapeutic approach could be
that while attempting to suppress or even reverse these
structural changes in the airway, the resultant loss of TGF-
b’s immunosuppressive effect, may indirectly lead to the
up-regulation of the Th2 inflammatory response.

It would be difficult at this point in time to speculate on
any equivalent potential application and likely benefit of
this novel anti-scarring therapy in the upper airways and
sinuses, particularly as our current knowledge of the
expression, action, and regulation of TGF-b is currently

limited and at best controversial. Nevertheless, one poten-
tial application of antisense OGN which target TGF-b in
the nose could be in the adjunctive treatment of nasal
polyps, particularly those which display histological fea-
tures consistent with increased fibrosis and basement
membrane thickening. Furthermore, and in the surgical
context, the outcome of endoscopic sinus surgery can
often be significantly compromised by the occurrence of
excessive post-operative scarring. TGF-b has been re-
cently implicated in the healing process following such
surgery [94]. Thus the design and use of future therapeutic
modalities capable of modifying TGF-b expression and
activity, particularly those that can be applied at the time
of surgery, could help reduce the degree of post-operative
scar tissue formation, with a consequent improvement in
the surgical outcome.

It can be argued, however, that this represents far too
simplistic an approach in view of the pleiotropic actions of
TGF-b on virtually every cell type in the body. For
example, using TGF-b as an immunosuppressive agent to
treat allergic inflammatory disease would certainly repre-
sent a very attractive therapeutic option, but how can the
unwanted pro-fibrotic effects be avoided? The ideal sce-
nario would entail the ability to harness TGF-b’s desirable
therapeutic effects on a particular cell type, while pre-
venting any unwanted complications or side effects else-
where in the body [77]. This is likely to represent a
formidable, yet rewarding, challenge for the future.

Conclusions

The TGF-b story remains in its infancy and largely
unexplored. TGF-b has many faces and a host of tantaliz-
ing properties. In particular, its wide-ranging effects on
cells of the immune system can be bewildering and even
contradictory. This cytokine can stimulate cellular
growth, differentiation, migration, and cytokine produc-
tion but can also inhibit these very same processes. TGF-b
stimulatory or inhibitory effects can depend on the cell
type and in some cases the level of differentiation of a
particular cell. The role of TGF-b in allergic inflammatory
upper airway disease remains highly controversial and
further research is needed to clarify the many discrepan-
cies and inconsistencies that have emerged to date. Table 1
summarizes some of TGF-b’s effects on a variety of cell
types in allergic inflammatory airway disease. As far as
the answer to the question posed in the title of this review,
we feel on balance that TGF-b in allergic inflammatory
upper airway disease could be both friend and foe. It
might be easiest to think of TGF-b as a double-edged
sword with one facet responsible for persistent epithelial
activation, mast cell chemotaxis, and structural changes,
and the other exerting an immunomodulatory role by
inhibition of T cell activation and down-regulation of the
inflammatory response. It is perhaps the balance between
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these two facets which will ultimately determine the end
result. Evidently, the unravelling of the function of the
TGF-b signalling pathway is likely to require a significant
amount of work and will undoubtedly represent a sig-
nificant challenge for the future. The main obstacle in
translating these findings therapeutically, however, is
likely to stem from the multi-faceted nature of TGF-b’s
regulatory role.
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