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Summary

Activin A, a member of the TGF-[3 superfamily of cytokines, was originally identified as an inducer of
follicle hormone release, but has since been ascribed roles in normal physiological processes, as an
immunoregulatory cytokine and as a driver of fibrosis. In the last 10-15 years it has also become
abundantly clear that activin A plays an important role in the regulation of asthmatic inflammation
and airway remodelling. This review provides a brief introduction to the activin A/TGF-3
superfamily, focussing on the regulation of receptors and signalling pathways. We examine the
contradictory evidence for generalised pro- versus anti-inflammatory effects of activin A in
inflammation, before appraising its role in asthmatic inflammation and airway remodelling
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specifically by evaluating data from both murine models and clinical studies. We identify key issues
to be addressed, paving the way for safe exploitation of modulation of activin A function for
treatment of allergic asthma and other inflammatory lung diseases.
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Introduction

Asthma is a chronic inflammatory lung disease characterised by variable airflow obstruction resulting
in wheeze, chest tightness and shortness of breath. One of the main features of asthma is
constriction of the airway smooth muscle [bronchoconstriction or airway hyperresponsivenesss
(AHR)], that can be induced or exacerbated by exposure to a wide range of environmental triggers
including cold air, allergens, infections (eg viruses), airborne particulates and pollutants and certain
drugs (1, 2). The disease occurs in genetically susceptible individuals and commonly begins in
childhood. The increased prevalence and severity of allergic asthma in developed countries over the
last few decades has led to the concept of an asthma ‘epidemic’ (3). Asthma can be categorised as
allergic or non-allergic, the former being experienced by approximately 80% of asthma sufferers and
the latter commonly developing later in life (4). Allergic asthma can be further divided into ‘Th2
high’ and ‘Th2 low’ subtypes, the Th2 high subtype distinguished by increased IL-13 production and
induction of related genes (2). A subset of asthmatics with severe asthma has been identified,
characterised by glucocorticoid non-responsiveness, predominantly neutrophilic inflammation and
increased Th17 cells and production of the associated cytokine IL-17 (5). Asthma is characterised by
tissue structural changes including sub-basement membrane collagen deposition, angiogenesis,
goblet cell metaplasia and increased smooth muscle mass, collectively termed airway remodelling (2,
6). The relationship between airway remodelling and AHR remains contentious, although
remodelling is generally thought to lead to increased AHR and decreased lung function. Airway
remodelling is present in young children at or before the onset of clinical asthma symptoms (7), and
may precede or occur in parallel with inflammation (6).

Evidence suggests that asthmatic airway epithelium is structurally and functionally abnormal, with
increased susceptibility to injury and defective repair responses (2). The airway epithelium can
secrete a multitude of cytokines, chemokines and growth factors which regulate and drive
inflammation and remodelling, including IL-10,, I1L-25, IL-33, GM-CSF and TGF-B (1, 8). TGF-B is
strongly implicated in asthma pathogenesis via its ability to inhibit AHR and promote airway
remodelling (9-17). Activin A has structural and functional homology to TGF-B. Studies by our group
have shown altered compartmentalisation of activin A in asthmatic airway epithelium and
bronchoalveolar lavage (BAL) in the mouse (18, 19). Nevertheless, there have been divergent
findings regarding the pro- versus anti-inflammatory effects of activin A, both generally and in

This article is protected by copyright. All rights reserved.



allergic asthma specifically. This review critically appraises the evidence for these apparently
contradictory findings, and discusses the growing body of data implicating activin A as an important
regulator of asthmatic inflammation and airway remodelling. Comparison between activin A and
TGF-B will be made throughout this review, given their many overlapping roles in physiological and
pathological processes.

The TGF-B superfamily

The TGF-B superfamily is divided into the TGF-B/activin/inhibin/nodal subfamily, and the BMP (bone
morphogenic protein)/GDF (growth and differentiation factor)/MIS (Muellerian inhibiting substance)
subfamily, grouped by similarities in sequence and signalling pathways. While the BMP subfamily
signals by binding initially to transmembrane serine threonine kinase type | (BMP) receptors, the
TGF-B and activin A family ligands signal by binding to type Il receptors, but do not bind directly to
type | receptors (20). TGF-f isoforms (TGF-B1, TGF-B2 and TGF-B3), myostatin (GDF8, a regulator of
skeletal muscle mass) and GDF11 are secreted as latent complexes (ligand, prodomain and latent
binding protein) which are sequestered to the extracellular matrix (21). In contrast, the other
members of the TGF-f3 superfamily are secreted in an ‘active’ state, although there is evidence that
they are still associated with their prodomain, and that this interaction facilitates binding to the
extracellular matrix (21). Activin signalling is regulated by various extracellular binding proteins,
discussed further below.

Activins

Activins are produced by a wide variety of immune and non-immune cell types at nearly all stages of
development including in adult tissue. Activins have a wide range of physiological actions and roles
during development, and have both overlapping and unique functions. Activin proteins exist as
either homo- or hetero-dimers of B-subunits linked by disulphide bonds. Activin BA, BB, BC, BD and
BE subunits have been identified (22), although the BD subunit has only been found in Xenopus. BA
and BB transcripts are found in most tissues, while expression of BC and BE subunits is largely
restricted to the liver (23). Homodimers of BA and BB subunits (activin A and activin B, respectively),
are the most widely studied of the activins. Activin A is highly conserved across species, with 100%
conservation of the amino acid sequence between mouse and man (24). Activin BA knock-out mice
are neonatal lethal, demonstrating the importance of activin A during development, whereas activin
BB knockouts have developmental defects but are viable (25, 26). Activin A localises to heparan
sulphated proteoglycans in the extracellular matrix via its prodomain, and this interaction is
important for its localisation within tissues (27).

Activin receptors and signalling

Activins signal by binding to one of two type Il receptors on the cell surface (ActRIIA or ActRIIB)
which leads to exposure of the type | receptor binding site on activin. Subsequently, the type |
receptors ActRIB (ALK4) or ActRIC (ALK?) (for activin A and activin B, respectively) are recruited to
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the ligand/ActRIl complex and phosphorylated and activated by the type Il receptor kinase (20, 23).
The activated type | receptor phosphorylates and activates the receptor-regulated Smad (R-Smad)
proteins Smad2 and Smad3 which recruit the co-mediator Smad4, and this complex translocates into
the nucleus to activate gene transcription (23, 28). Although TGF-B binds to distinct type | and type
Il receptors (TRR-1 and TBR-I/ALK-5) it signals via a Smad2/3 and Smad4 pathway shared with activin
A, suggesting overlap in biological function. In addition to the classical Smad pathway, activin and
TGF-B can also signal via alternative pathways involving the MAP kinases (ERK1/2, JNK and p38
MAPK) (23, 24). These Smad-independent signalling pathways highlight the complexity of the
activin/TGF-B signalling cascade.

Regulation of activin receptors

TGF-B superfamily receptor activation is tightly regulated by two classes of molecules. One group of
molecules act as ligand binding traps to sequester the ligand, examples of which include o2
macroglobulin, which binds TGF-3, and follistatin, which binds activin A. The other group of
molecules are membrane-bound co-receptors which promote ligand binding to the receptors. An
example is betaglycan, which does not bind activin but binds to inhibin A and facilitates inhibin
access to activin receptors, essentially outcompeting activin binding (20). Other co-receptors include
BAMBI (BMP and activin receptor membrane bound inhibitor), a pseudo-receptor with sequence
similarity to type | receptors that cannot induce protein phosphorylation and inhibits BMP, activin
and TGF-P signalling (29), and Cripto, which binds to the activin-ActRll complex and inhibits the
recruitment of the type | receptor thereby preventing activin signalling (30).

Regulation of activin signalling via Smads

The signalling activity of activins is also modified by regulatory proteins. The Smad anchor for
receptor activation protein (SARA) recruits Smad2 to the TGF-B receptors for phosphorylation (31,
32). Arecently identified protein ERBIN, interacts with SARA, Smad2 and Smad3, and competes for
binding with SARA and Smad2/Smad3, differentially regulating TGF-f/activin A signalling (33).
Additional control is exerted by activin receptor interacting proteins (ARIPS) which regulate
localisation of activin receptors and positively or negatively regulate activin signalling (23). The
inherent DNA-binding activity of Smads is further regulated by various transcriptional activators or
repressors which regulate gene transcription (28). Following activation, TGF-P receptors are subject
to negative regulation by the inhibitory Smads (I-Smad) Smad 6 and Smad7, which act by competing
for binding to the receptor with the activating Smads (eg Smad2, Smad3), and promoting receptor
ubiquitination and degradation of type | receptors (34). I-Smads can also inhibit signalling by
interaction with various transcriptional repressors, or by disrupting formation of functional Smad-
DNA complexes (34). In addition to inhibiting formation of functional type | and type Il receptor
complexes, as described above, BAMBI cooperates with Smad7 to inhibit TGF-P signalling (35).
Overall, these numerous regulatory mechanisms operating at multiple levels offer fine control of
signalling via the TGF-f/activin signalling pathway necessary to maintain good health.
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Regulation of activin signalling by extracellular binding factors

Follistatin

Follistatin is a high-affinity activin-binding protein which neutralises the bioactivity of activin and
several other members of the TGF-B superfamily. Two follistatin molecules surround activin,
blocking both the type | and type Il receptor binding sites, thereby preventing receptor binding and
the initiation of the signalling cascade (36, 37). Follistatin also binds with lower affinity to other TGF-
B superfamily members including growth and differentiation factor 9 (GDF9), myostatin, and BMP2,
5,7 and 8 (24). Follistatin does not bind TGF-B1 or TGF-B2, but binds TGF-B3 and antagonises its
function (38). Follistatin is highly conserved between all species studied and 97% conserved
between humans and mice (39). The follistatin gene is approximately 6 kb and made up of 6 exons,
producing 2 major species through alternative splicing (39), being follistatin 288 and follistatin 315
(FS288 and FS315, respectively). FS288 exists as a COOH-terminal truncated isoform and binds
heparin sulphate proteoglycans in the extracellular matrix and is therefore cell-surface associated
(40). In contrast, the FS315 isoform is secreted but does not bind heparin (40), and binds activin A
with approximately 10-fold lower affinity than FS288 (41). The high affinity interaction between
activin and FS288 suggests that the ECM matrix could be a major store of activin A. Indeed, heparin
injected during surgical procedures causes the release of activin A and follistatin into the circulation
(42). The binding of activin to FS288 in pituitary cells leads to internalisation and degradation,
providing an additional mechanism to control activin availability (43).

Follistatin-related gene

Follistatin-related gene (FLRG), also known as follistatin-related protein or follistatin-like 3, is a
recently identified member of the follistatin family (23). FLRG binds to activin with lower affinity
than follistatin. Like follistatin, FLRG also binds myostatin and BMP2 but with lower affinity than for
activin (44, 45). FLRG only has two follistatin domains instead of the three present in follistatin, and
it also lacks a heparin binding domain (44). This lack of ability to bind heparin sulphated
proteoglycans in the ECM may be the reason why FLRG is less effective than follistatin at inhibiting
activin A bioactivity in several cell culture systems (24).

Inhibin

The inhibins are structural homologues of activin A, existing as heterodimers constituting an inhibin
a subunit dimerised with an activin BA or BB subunit, forming inhibin A and inhibin B, respectively
(o/BA or 0/BB, respectively) (46). Inhibin acts as a negative regulator of activin activity by binding
the activin type Il receptor (ActRll), sharing the same binding site as activin A, although the affinity of
this interaction is quite low. However, in the presence of the inhibin co-receptor betaglycan, inhibin
forms a high affinity interaction with the activin type Il receptor, inhibiting the ability of activin to
bind and blocking activin-induced signalling (46)
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Activin A in inflammation

Activin A plays a role in development of the immune system and is produced by and/or modulates
the function of numerous immune cells including B cells, T cells, macrophages, mast cells,
neutrophils and dendritic cells (DC), and this topic has been comprehensively reviewed elsewhere
(24, 47). Activin Ais implicated in the regulation of inflammation in a wide variety of diseases
including skin injury, inflammatory bowel disease, arteriosclerosis, inflammatory arthropathies and
brain injury (24, 47). However, a major unresolved issue is whether activin A promotes or inhibits
inflammation (24, 48).

Anti-inflammatory effects of activin A

There is considerable evidence for an anti-inflammatory effect of activin A. In vitro, activin A inhibits
proliferation of thymocytes and peripheral blood lymphocytes (49, 50). Activin A also inhibits B cell
generation and survival by antagonising IL-6-induced survival signals (51), and inhibits IL-6 induced
proliferation of B cell hybridomas (52). Inhibition of the activin A signalling pathway with follistatin
enhances CD40L-mediated production of numerous inflammatory mediators by activated monocyte-
derived DC (IL-6, IL-8, IL-12p70, CCL2 (MCP-1), CCL5 (RANTES), CXCL10), consistent with an anti-
inflammatory action of activin A (53). In vitro, activin A inhibits DC maturation and the T cell
stimulatory capacity of DC (54), and increases endocytic activity of lipopolysaccharide (LPS)-matured
monocyte-derived DC, implying maintenance of an immature phenotype (55). Foxp3® regulatory T
cells (Treg) play a central role in maintaining immune tolerance in the steady state and inhibiting
asthma exacerbations (56-58). Activin A promotes TGF-f-dependent development of Foxp3* Treg in
vitro, and induces conversion of naive CD4" T cells into Foxp3" iTreg in vivo (59). Activin A also
promotes development of IL-10-producing Foxp3~ Treg in vitro (60). Furthermore, blockade of the
TGF-B/activin A Smad signalling pathway selectively in mature T cells via transgene-mediated
overexpression of the inhibitory Smad7 exacerbates allergic airway inflammation (14). Mice which
overexpress activin A in the skin have reduced Th2 polarisation and decreased serum OVA-specific
IgE levels following epicutaneous OVA sensitisation (61). Collectively these findings reveal multi-
faceted anti-inflammatory functions of activin A.

Pro-inflammatory effects of activin A

Conversely, numerous studies provide evidence for pro-inflammatory function of activin A. In
contrast to the studies describing inhibitory effects of activin A on DC function (54), activin A was
shown to induce directional migration of immature mouse and human myeloid DC in vitro and ex
vivo (62), and to promote maturation of monocytes into DC in vitro (55). A recent study evaluating
repeated allergen skin challenges in atopic subjects showed that activin A expression was increased
in the skin 24 h after the first allergen challenge and correlated with infiltrating ‘conventional’ BDCA-
1" DC (cDC), suggesting that activin A may be responsible for recruitment or retention of DC. Activin
A increased the CCR10/CCR4 ratio on human cDC in vitro, providing a possible explanation for the
accumulation of DC in the skin (63). Direct evidence for a pro-inflammatory role of activin A was
shown by the finding that activin A overexpression in mouse airways induces severe pulmonary
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inflammation with features of acute respiratory distress syndrome, and this was reversed by activin
A neutralisation (64). Consistent with this, increased serum activin A (or activin B) levels are
associated with increased risk of death in patients with acute respiratory failure (65). In contrast to
the findings of an inhibitory effect of activin A via reduced Th2 responses and IgE levels on skin
allergic sensitisation (61), another study has demonstrated that neutralisation of circulating activin A
decreases serum allergen-specific IgE and IL-4 levels after allergen sensitisation in vivo, indicating a
Th2-promoting effect of activin A (72). Furthermore, it has been shown that mice which overexpress
activin A in the skin have increased pro-inflammatory cytokine (//1b and Tslp) gene expression
following epicutaneous OVA sensitisation (61). Numerous studies have used follistatin to block
activin A bioactivity and inhibit inflammation. Intraperitoneal follistatin injection inhibits colonic
inflammation and increases survival in mouse models of colitis (66), and increases survival after
injection of a lethal dose of LPS (67). Moreover, data from our group show that follistatin treatment
of newborn mice increases survival and reduces lung inflammation and mucus production in a
mouse model of cystic fibrosis (68). These findings establish pro-inflammatory functions for activin
A in vivo, in various organs including the lung, and suggest that activin A neutralisation or blockade
would be therapeutically beneficial in a variety of diseases.

Reconciliation of the pro- versus anti-inflammatory data

Activin A activates genes in a concentration-dependent manner during embryonic development, and
is therefore a morphogen (69). Thus, the conflicting anti- versus pro-inflammatory effects of activin
A (24, 48) may be partially explained by concentration-dependent effects on immune function, with
the activin A concentration in the local tissue microenvironment presumably modulating immune
function in a dose-dependent manner via differential gene induction. It should be noted that much
(but not all) of the data describing anti-inflammatory effects of activin A comes from in vitro studies,
whereas the majority of data showing pro-inflammatory effects of activin A comes from in vivo
studies, and is arguably more physiologically relevant. Furthermore, differences in the in vitro model
system, cell type, dose, route and/or timing of activin A treatment and method of inhibiting/blocking
activin A add further complexity. Overall, it is probably an oversimplification to attempt to argue
that activin A will always be anti- or pro-inflammatory — rather, a spectrum of responses is possible,
and each disease scenario should be investigated carefully taking into consideration the intricacies of
activin A regulation and function. In regard to the potential overlap in activin A and TGF-[3 function,
we hypothesise that activin A and TGF-3 can exert distinct effects on immune responses due to the
fact that they (1) are secreted in different states (latent versus active), (2) signal via distinct
receptors, and (3) are regulated by different ligand binding traps, as outlined earlier in this review.

The role of activin A in allergic asthma

A role for activin A in human asthma

A number of reports suggest a role for activin A in the pathogenesis of allergic asthma. Activin A is
increased in the serum of severe asthmatics (11), expression of activin BA and activin receptor genes
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is increased in CD4" T cells from allergic asthmatics (70), and signalling by activin and TGF-f is rapidly
initiated in asthmatics following allergen challenge (12). Activin A is expressed by mast cells and
macrophages in asthmatic human lung (71), and is secreted by human mast cells and lung fibroblasts
stimulated with PMA/Ca* ionophore or IgE receptor cross-linking, (71) and Th2 cytokines (11),
respectively. Recent findings show that pre-stored mature activin A is rapidly released from
neutrophils in response to TNF, suggesting a possible involvement in severe/neutrophilic asthma
(72). Involvement of activin A in asthma pathogenesis is perhaps not surprising since activin A and
TGF-B reciprocally induce the expression of each other (11, 73, 74).

A role for activin A in experimental allergic asthma

Asthma can be modelled in mice, and despite recognised limitations (75) mouse models have been
useful in shedding light on asthma pathogenesis and immunoregulation. The regulation and function
of activin A has been extensively studied in experimental models of allergic asthma. Acute allergic
airway inflammation induced by short-term (3-4 times) challenge with the model allergen ovalbumin
(OVA) induces a rapid increase in BAL fluid activin A concentrations (19, 71, 76), and activin A
MRNA expression is increased in mouse mast cells and monocytes following IgE receptor cross-
linking in vitro (71, 77) and in whole lung following allergen challenge (11). Similarly, we have
observed increased BAL fluid activin A levels in a mouse model of chronic allergic asthma (18).
Analogously, BAL fluid TGF-B levels are increased in models of acute and chronic allergic asthma (9,
78). In normal unmanipulated mice we observe strong uniform activin A and TGF-§ immunostaining
in the airway epithelium. However, following acute and chronic allergen challenge activin A and
TGF-B immunolocalisation in airway epithelium is decreased (18, 19).

Regulation of activin A and TGF-8 localisation in allergic asthma

Analogous to the above changes in the mouse, there is a loss of TGF-3 from airway epithelium in
asthmatics relative to non-asthmatics (79), and an increase in BAL fluid TGF-B levels in atopic
asthmatics following segmental allergen challenge (10, 16). Furthermore, our preliminary data show
decreased activin A immunoreactivity in airway epithelium from severe asthmatics compared to
normal lung (Figure 1). These findings suggest that activin A and TGF-J is pre-stored in airway
epithelium (and possibly other sub-epithelial cells), and liberated into the surrounding tissue
following induction of allergic airway inflammation. In contrast, another study did not find any
significant change in activin A or TGF-B immunoreactivity in airway epithelium of asthmatics at 24 hr
post-allergen challenge relative to baseline (12), while a third study reported increased activin A
immunostaining in airway epithelium from atopic asthmatics relative to healthy controls (60). It is
possible that the inconsistent observations of airway epithelial activin A and TGF-3
immunolocalisation could be due to differences in clinical status, asthma subtype/severity between
patient groups or kinetic differences in intra-epithelial localisation/storage.
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Expression of activin A signalling components in allergic asthma

Expression of activin receptors is modulated during allergic airway inflammation. In a mouse model
of chronic allergic asthma we showed loss of immunostaining for ALK4 (ActRIB), ActRIIA and ActRIIB
in airway epithelium (18), and follistatin treatment partially prevented the decrease in ALK4
immunostaining. Decreased frequency of ActRIIA-immunostained bronchial epithelial cells and
numbers of ALK4- and ActRIIA-positive subepithelial inflammatory cells were seen in biopsies from
mild atopic asthmatics, although there was no change in the ALK4-staining in bronchial epithelium
(60). In contrast, others have reported increased ALK4 expression in airway epithelium and
subepithelial fibroblasts in a model of acute allergic airway inflammation, with a modest increase in
ActRIIA (80), and increased numbers of ALK4 and ActRIIA positive epithelial cells were seen in atopic
asthmatics 24 hours after allergen challenge (12). The differences in the activin receptor expression
observed may be related to the time-points chosen, with increased expression seen acutely
following allergen challenge which decreases upon sustained challenge, as seen in the chronic
asthma model and biopsies from asthmatic airways. A recent study detected antibodies to activin A
type 1 receptor in the serum of asthmatics compared to controls, correlating with clinical disease.
This finding suggests that epithelial damage from airway inflammation during asthma may result in
the exposure of cryptic self-antigens or their determinants, resulting in immune responses to self-
antigens (activin A included), which may contribute to asthma pathogenesis (81).

There is abundant evidence of altered expression of Smad molecules in clinical and experimental
asthma. In a model of acute allergic asthma, Smad2 was moderately induced in alveolar epithelial
cells, while Smad3 was strongly upregulated in bronchial epithelium and alveolar epithelial cells (80).
In a mouse model of chronic allergic asthma, therapeutic treatment with anti-TGF-3 antibody
decreased phospho Smad2 expression and increased expression of the inhibitory Smad7, together
with inhibition of airway remodelling (13). Analogously, recent findings show that intranasal BMP7
treatment inhibited allergic airway inflammation and collagen production in a model of chronic
allergic asthma, concomitant with decreased phosphorylation of Smad2 and Smad3 (82). Consistent
with the mouse data, TGF-3, and to a lesser extent activin A, activate the Smad2 and Smad3 pathway
in human fibroblasts in vitro (11). Similarly, Smad2 and Smad3 are activated in epithelial and
subepithelial cells of atopic asthmatics 24 hours allergen challenge (12, 83). Others have shown that
Smad7 expression in is decreased in bronchial epithelial cells from asthmatics, with its expression
inversely correlated with basement membrane thickness (84). Overall these findings show that
Smad2 and Smad3 signalling pathways are activated in allergic asthma, while Smad?7 is decreased.
These changes presumably occur as an adaptive response of the asthmatic lung to regulate TGF-j3,
and by extension activin A signalling.

Evidence for an anti-inflammatory role for activin A in allergic asthma

It has recently been proposed that activin A plays a predominantly anti-inflammatory role in allergic
asthma (48). Evidence supporting this argument comes from experiments where blocking activin A
with neutralising antibody exacerbated airway eosinophilia and Th2 cytokine production in the lung-
draining lymph node (LN), with IL-10-producing Treg likely playing an important role (60). Similarly,

This article is protected by copyright. All rights reserved.



systemic (intraperitoneal) administration of recombinant activin A prior to each allergen challenge
suppressed allergic airway inflammation (60). However, other experiments by this group showed
that blocking activin A with neutralising antibody had no effect on inflammation in a HDM allergic
asthma model in which Smad2 overexpression in the airways exacerbated airway remodelling and
AHR (85). The different outcomes could be related to the choice of OVA or HDM as allergen due to
their differential triggering of Toll-like receptors (86).

Evidence for a pro-inflammatory role for activin A in allergic asthma

In counterpoint, several lines of evidence argue for a pro-allergic/pro-asthmatic role for activin A.
Activin A induces differentiation of Th9 cells in vitro, and the blockade of activin A and TGF-3 with
neutralising antibodies together, but not alone, inhibited Th9 differentiation, IL-9 and IL-13
production from lung draining LN cells, and recruitment of eosinophils and mast cells to the lungin a
HDM asthma model, while IL-25 levels were reduced by blockade of activin A alone or combined
activin A/TGF- blockade. In contrast, Th2 cell numbers and levels of ‘classical’ pro-allergic cytokines
(IL-4, IL-5) and chemokines were unaffected (87). Blocking activin A via intranasal instillation of
follistatin immediately prior to allergen challenge inhibited mucus production in the lung and
allergen-specific Th2 cytokine production in the lung-draining LN in a model of acute allergic asthma
(19). In a mouse model of chronic allergic asthma, blockade of activin A via intranasal follistatin (5
ug per allergen challenge) significantly inhibited serum allergen-specific IgE and modestly inhibited
allergen-specific Th2 cytokine production in the lung-draining LN (18). Further supporting a pro-
inflammatory role for activin A in allergic asthma, intratracheal instillation of activin A (0.02 ug) 45-
60 minutes prior to allergen challenge in an acute asthma model (4 allergen challenges) significantly
increased IL-4 production in the lung-draining LN (Figure 2; unpublished, Nguyen, Dang, Rolland,
O’Hehir, Hardy), with a similar trend seen for IL-13. Notably, this is opposite to the finding observed
by Semitekolou et al. (60) following intraperitoneal activin A injection, as mentioned above.

Collectively these findings demonstrate the importance of the method of blocking activin A
(follistatin vs neutralising antibody), and the site in which this occurs (ie locally in the lung vs
systemic via intraperitoneal injection). Thus, although the role for activin A in the regulation of
inflammation and asthma is not fully resolved, it is clear that activin A is an important modulator of
allergic inflammation in general, and allergic asthma in particular. However, translation of these
findings into the clinic will require careful validation of potential activin inhibitory therapeutics,
including dose and route of administration.

The role of activin A in asthmatic airway remodelling

Activin A as a driver of asthmatic airway remodelling — murine asthma models

While there is some debate about the role of activin A in regulation of inflammation generally and
allergic asthma in particular, the evidence supporting a role for activin A as a driver of asthmatic
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airway remodelling is much clearer, at least in murine asthma models. A recent study showed that
mice which overexpress Smad2 in the airways have enhanced airway remodelling and increased
activin A and TGF-B in lung homogenates following intranasal HDM exposure, and airway
remodelling was inhibited by injection of activin A neutralising antibody prior to HDM challenge (85).
Similarly, the combination of anti-TGF-} and anti-activin A antibodies decreased mucus
hypersecretion, mast cell numbers, and sub-epithelial collagen deposition in a HDM model of
asthmatic airway remodelling (87). We found increased BAL fluid activin A levels in a mouse model
of chronic asthma together with induction of airway remodelling (airway mucus production,
subepithelial collagen and smooth muscle deposition), and these changes were inhibited by
follistatin instillation into the lung prior to allergen challenge (18). The fact that activin A and TGF-3
reciprocally induce the expression of one another (11, 73, 74, 88) could be taken to suggest that
activin A induces fibrosis via induction of TGF-f. However, receptor blocking experiments have
shown that activin A induction of collagen production occurs even if the effect of TGF-J is blocked
(74), implying a central role for activin A independent of TGF-p.

Activin A in the regulation of human airway remodelling — role of airway epithelium

The data demonstrating a role for activin A as a driver of asthmatic airway remodelling in humans
are more circumstantial, but nevertheless strongly supported by previous studies. In humans,
activin A has been implicated in the development of remodelling in interstitial pulmonary fibrosis
(89), as well as liver cirrhosis, wound repair, and renal disease (24). In vitro, activin A induces
proliferation of human lung fibroblasts (11), human airway smooth muscle cells (71) and normal
human bronchial epithelial cells (12). Moreover, activin A stimulates differentiation of human lung
fibroblasts into precursors of muscle cells known as myofibroblasts (90). Our preliminary data shows
that activin A immunolocalisation in airway epithelium is decreased in asthmatics (Figure 1), akin to
the situation in the mouse asthma model (18). Human rhinovirus infection of human airway
epithelial cells increases activin A production in vitro, providing a plausible explanation for the link
between childhood human rhinovirus infection and increased risk of asthma via early induction of
airway remodelling (91). It was recently shown that the rapid (within 1 hr) increase in serum activin
A levels following LPS injection into mice is regulated at the post-transcriptional level from newly
translated and stored protein (92). Thus, we propose stimulation with a variety of inflammatory
mediators, including TNF (12) and IL-13 (93), induces secretion of pre-stored or rapidly synthesised
activin A from airway epithelium into the surrounding tissue space where it drives fibrotic changes.
This is consistent with the concept that the damage to, or stimulation of airway epithelium by
various mediators including pollutants, allergens, viruses and even mechanical force stimulates
release of inflammatory and pro-fibrotic mediators which drive and sustain asthmatic inflammation
and airway remodelling (Figure 3).

Conclusions and future directions

The cumulative evidence clearly shows an important role for activin A in the regulation of
inflammation in general and allergic asthma in particular. Nevertheless, the above studies highlight
a number of major gaps in our understanding of activin A biology. A key area requiring further
research is the role of activin A dose on inflammation and immune cell function in vivo. A related

This article is protected by copyright. All rights reserved.



question concerns the role of activin A dose on fibrosis eg smooth muscle proliferation and collagen
deposition. Before modulation of the activin A pathway can be utilised clinically a clearer
understanding of the best method of blocking activin A is required. Follistatin has the advantage that
it is an endogenous protein; however, given its potential to bind other members of the TGF-3
superfamily, albeit at lower affinity, this issue requires further investigation. Such comparisons of
different blocking methods (eg antibody vs follistatin) should be performed in parallel in the same
animal model. Furthermore, the route via which activin A is blocked and/or tissue site are additional
variables requiring detailed exploration. Long-term follistatin administration has thus far proved safe
in studies in primates and mice (18, 94). Nevertheless, given the wide range of physiological
processes that activin A is involved in regulating, careful analysis of potential side-effects will be
essential, as for pre-clinical testing of any new pharmaceutical or biological.
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Figure legends

Figure 1. Strong activin A immunolocalisation in normal human airway epithelium is decreased in
asthma. Lung tissue sections were stained immunohistochemically with antibody specific for the
activin BA subunit (E4; 1gG2b) (a, c, e, f) or rabbit anti-mouse 1gG2b isotype control antibody (b, d).
(a-d) Serial sections from normal human lung stained with BA-specific antibody or isotype control
antibody. (e, f) Lung from a patient with severe asthma (e) and a patient with asthma and
hypersensitivity pneumonitis (f). Immunoperoxidase, hematoxylin counterstain, original
maghnification 200 x.
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Figure 2. Activin A instilled into the airways prior to allergen challenge decreases BAL fluid TGF-f3
levels and dose-dependently modulates IL-4 production in the lung-draining lymph node in a
mouse model of acute allergic asthma. BALB/c mice were sensitised with OVA (50 ug) in aluminium
hydroxide on d0, and challenged with OVA (25 pg) in 50 p saline (d10-12). Recombinant human
activin A (0.02, 0.1, 0.5 ug) was instilled intratracheally 45-60 min prior to allergen challenge.
Controls received saline instead of OVA or activin A. Mice were killed 24 hr after the final challenge
for analysis. (a, b) BAL fluid concentrations of activin A and TGF-3 as measured by BA-specific ELISA
(19) and a TGF-B1 ELISA kit (#DY1679, R&D Systems, Minneapolis, MN, USA). (c) Frequency of IL-4-
producing mediastinal lymph node cells as measured by ELISPOT, respectively (19). Mean + SEM,
n=7-9 mice/group (pools of 2-3 mice/group for ELISPOT).

Figure 3. Proposed model of activin A immunoregulatory effects in the lung. Environmental
triggers including infection, pollutants and allergens, as well as certain inflammatory cytokines,
cause secretion of activin A from airway epithelial cells via triggering of TLR ligands, protease effects
on tight junctions, and binding to cytokine receptors, with or without concomitant cell damage. The
secreted activin A exerts immunoregulatory effects on numerous cell types/pathways potentially
applicable in asthma in a dose-dependent manner via differential gene induction. Activin A
promotes maturation of monocytes (and possibly macrophages) into DC, and modulation of DC
functions including migration, chemokine secretion, chemokine receptor expression and
endocytosis. Additionally, activin A can promote conversion of naive CD4" T cells into Foxp3IL-10"
Treg, or Foxp3' iTreg, the latter being TGF-B-dependent, and promotes Th2 responses including IL-4,
IL-9, IL-13 and IL-25 production. Activin A is produced by innate immune cells following cross-linking
of high-affinity IgE receptors or by exposure to TNF or IL-13. Activin A drives progressive airway
remodelling including smooth muscle cell proliferation and collagen deposition.
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Fig. 2
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