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Abstract

Neurotrophins (NTs) are a family of growth factors that are well-known in the nervous system. There
is increasing recognition that NTs (nerve growth factor, brain-derived neurotrophic factor and NT3)
and their receptors (high-affinity TrkA, TrkB and TrkC, and low-affinity p75NTR) are expressed in
lung components including the nasal and bronchial epithelium, smooth muscle, nerves and immune
cells. NT signaling may be important in normal lung development, developmental lung disease,
allergy and inflammation (e.g., rhinitis, asthma), lung fibrosis and even lung cancer. In this review,
we describe the current status of our understanding of NT signaling in the lung, with hopes of using
aspects of the NT signaling pathway in the diagnosis and therapy of lung diseases.
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Normal lung development and continued lung health is key to prolong life expectancy. Lung
diseases worldwide stem from a number of factors, such as developmental abnormalities,
environmental exposures (e.g., tobacco smoke, chronic obstructive pulmonary disease,
emphysema, cancers), industrial and workplace exposures (asbestosis, silicosis, lung fibrosis,
cancers), allergies and inflammation (asthma, rhinitis, bronchitis, fibrosis) and genetic causes
(a-1 antitrypsin deficiency, cancers). Given the wide range of lung diseases, the level of global
healthcare and associated financial burden is simply massive. Accordingly, from both clinical
and research perspectives, there is tremendous interest in understanding the mechanisms that
contribute to normal lung development and lung health, and to the pathogenesis of different
lung diseases. In this regard, based on the heterogeneity of lung components (airways,
vasculature, interstitium, alveoli) and cell types, it is very likely that a number of complex and
interactive mechanisms are involved. Nonetheless, certain mechanisms involved in regulating
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lung structure and function may be common to different lung diseases. Recent and ongoing
studies indicate that neurotrophic growth factors (neurotrophins [NTs]) may play such a role.
In this article, we review the current understanding of NT physiology and its contribution to
the structure and function of both the normal lung and a variety of lung diseases. The purpose
of this review is to emphasize to the reader the potential of NTs in improving our understanding
of the pathophysiology of lung health and disease, and their use as diagnostic markers and,
perhaps, therapeutic targets.

What are neurotrophins?

The preponderance of scientific knowledge about NTs is based on studies in the nervous
system, owing to their initial recognition in nerve outgrowth over 50 years ago [1,2-6].
Originating from the Greek (trophe) meaning nourishment, neurotrophism in the context of
the nervous system refers to a nutritive, target-derived factor that promotes growth and survival
of neurons. Indeed, since their initial description, NTs have been found to regulate
neurogenesis, neuronal differentiation/survival, neuronal plasticity and neuronal conduction
[6-9]. NTs are now thought to be involved in neurodegenerative disorders (e.g., Alzheimer’s
disease) [10,11], brain tumors [12], spinal cord injury repair [13] and other important clinical
conditions [14].

While a number of pleotropic signaling molecules can regulate neuronal structure and function
(and could thus be considered neurotrophic factors), classically, the NT family consists of just
four polypeptides of similar structure and function: nerve growth factor (NGF), the first and
best characterized NT, brain-derived neurotrophic factor (BDNF), NT3 and NT4 [3,7,15].

Neurotrophins are synthesized as prepro-protein precursors (~27 kDa) and are intracellularly
cleaved into pro-NTs that are further processed to generate mature NTs of approximately 13
kDa[16,17]. This final cleavage can occur intracellularly, or alternatively, NTs may be secreted
in the pro-form and undergo extracellular cleavage into the smaller active peptides (mediated
by factors such as plasmin and matrix metalloproteinases [MMPs]). The mature forms of the
four mammalian NTs are 13-15 kDa polypeptides, all with extensive homology and structural
similarities [18-20]. The mature forms of BDNF, NT4 and NT3 have approximately 50%
amino acid identity to NGF. Mature forms of all NTs are highly homologous (90-100%) across
species, which has greatly facilitated the use of animal models with exogenous administration
of NTs and/or the use of transgenic animals lacking specific aspects of NT signaling pathways.

Basics of neurotrophin signaling

Neurotrophins exert their effects by binding to cell surface receptors (FIGURE 1). Two
different receptors are involved. All NTs bind a low-affinity, 75 kDa ‘pan-NT’ receptor
p75NTR (dissociation constant [K4] 10~ M for NGF) that belongs to the TNF receptor family
[21-23]. The family of high-affinity tropomyosin-related kinase (Trk) receptors (~140 kDa)
consists of TrkA (which preferentially binds to NGF; K4 10711 M), TrkB (which preferentially
binds to BDNF and NT4), and TrkC (which preferentially binds to NT3) [3,4,6]. Additionally,
pro-NTs can also bind to p75NTR; however, their signaling mechanisms are still under
investigation. Nonetheless, the extracellular environment where NT cleavage occurs may
determine whether it is the pro or the mature form that has biological activity on a cell.

All three Trk receptors are expressed in both full-length and truncated isoforms [3]. Biological
activity requires the full-length receptor; however, the role of truncated isoforms is unclear. In
this article, we will focus on data relating to the full-length receptor. Knockout mice data on

neuronal survival suggest that Trk receptors are key to the biological activity of NTs. Lack of
NT signaling can prevent full development and maturation of neuronal pools [24], and for some
NT receptors, can result in early mortality (e.g., transgenic animals lacking TrkB die at a very
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early embryonic age). p75NTR also appears to be involved in neuronal survival, with mice
lacking p75NTR showing a less severe phenotype. However, the exact role of p75NTR in
vivo remains a puzzle [4,21-23,25,26].

Both Trk and p75NTR receptors activate multiple, distinct signaling pathways [3,15,22]. Trks
are tyrosine kinase receptors that dimerize and are autophosphorylated on intracellular tyrosine
residues following NT binding, resulting in rapid (seconds to minutes) activation of
downstream signaling cascades, including extracellular-regulated kinase, phosphoinositide-3
kinase/Akt (protein kinase B), and phospholipase Cy pathways. These important cascades can
then activate cell-specific transcription factors involved in differentiation and survival,
apoptosis and growth: events that occur over hours to days. Similar to other members of the
TNF receptor family, p75NTR contains a death domain that docks with intracellular adapter
proteins (following NT binding to p75NTR), which initiates downstream signaling events, for
example those involving NF«B, that can inhibit apoptosis and/or promote cell survival [4,
22]. Overall, NTs can alter the balance between cell survival/growth and cell death [4,22,23,
26]. It is beyond the scope of this article to explore the diverse intra-cellular signaling
mechanisms by which NTs produce their effects, which depend on cell type and environmental
context. The reader is referred to excellent reviews on NT signaling included in the
bibliography.

In addition to the now well-known ‘genomic’ effects of NTs (i.e., events occurring over hours
to days and involving altered gene and protein expression triggered by NT stimulation), there
is increasing recognition that NTs have relatively rapid, and probably ‘non-genomic’ effects
that occur within seconds to minutes, and probably involve the high-affinity Trk receptors
[5,27-29]. In this regard, the term ‘non-genomic’ refers to effects noted within these short time
frames, and necessarily excludes subsequent genomic effects that may occur in response even
to a brief stimulation with NTs. For example, at neuronal synapses, NTs are released in a
Ca?*-dependent fashion akin to neurotransmitters (such as acetylcholine [ACh] and
norepinephrine) and neuromodulators (such as serotonin, vasoactive intestinal peptide and
substance P [SP]). NTs (especially BDNF) can modulate the efficacy of synaptic transmission
by enhancing presynaptic neurotransmitter release [5]. Furthermore, NTs can directly modulate
plasma membrane receptors (e.g., N-methyl-c-aspartate receptors), cationic channels (e.g.,
Ca?* influx and voltage-gated Na* channels) and other mechanisms key to neuronal function
[5,27-29].

These data demonstrate that NTs act on a diverse set of mechanisms and pathways that are not
only important in the nervous system, but are common to almost all cell types in non-neuronal
systems. By acting in a genomic (slow) versus non-genomic (rapid) fashion, NTs can regulate
cell growth and survival, as well as more rapid signaling events such as ionic fluxes.

Neurotrophins in non-neuronal tissues

A diverse, heterogeneous distribution of Trk and p75NTR receptors along with NT production
by different cell types of the CNS has been recognized. Since NTs are classically thought to
arise from the targets of the nervous system (subserving a nutritive role for neurons), it is not
surprising that organs such as skin, skeletal muscle, smooth muscle and other structural cells
also secrete different NTs [30,31], with the assumption being that targets release such factors
to regulate their own innervation in a positive or negative fashion. In support of this, Trk
receptors have been found in the peripheral nervous system [32,33], where they may modulate
synaptic transmission or induce long-term synaptic plasticity. For example, sensory neurons
express TrkA (especially sympathetic and nociceptive neurons), TrkB and TrkC (other
neurons), while p75NTR expression is more ubiquitous in sensory neurons. In addition to
modulating neuronal survival, NTs may also regulate neuropeptides such as SP in nociceptive
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neurons. Recent studies show that presynaptic Trk receptors are expressed at the neuromuscular
junctions of skeletal muscle such as the diaphragm, and NTs can acutely modulate
neuromuscular transmission [34]. NTs can thus play a role in modulating nerve—target
interactions outside the CNS. The overall effect of such interactions would be to structurally
and functionally match the size and neuronal demand of target tissues with the extent or supply
of innervation. Disruptions in nerve supply (e.g., denervation or nerve injury) would then
trigger target-derived NTs to stimulate regeneration or plasticity of the remaining innervation.

There is increasing evidence that both low- and high-affinity NT receptors are widely
distributed in non-neuronal tissues that are not necessarily associated with innervation, thus
raising the issue of whether NTs released by peripheral tissues can have autocrine or paracrine
effects on nearby structures other than nerves. In this regard, there appears to be tremendous
heterogeneity in NT receptor expression by specific tissues, which is altered by age, disease
and a number of conditions that cannot be adequately reviewed here. Most importantly, NTs
and their receptors are widely expressed in the lung, and are consequently the focus of this
article (see individual sections later). Apart from the lung, NTs and their receptors are also
expressed in the nasal mucosa, skin, gastrointestinal and genitourinary systems, cardiac muscle,
skeletal muscle and a variety of smooth muscles. Several clinically relevant conditions such
as allergic skin disease [35], chronic constipation [36], coronary artery disease [37] and a
number of cancers [12] are thought to involve dysregulation in NT signaling either through
Trk receptors or through p75NTR.

Neurotrophins in the lung

A key issue in understanding the functions of NTs in the lung is the expression of the ligand
protein versus cognate receptors in different cell types. Immunocytochemistry and other
evidence suggests that both NTs and their receptors are expressed by a wide variety of
component lung cells including nerves, immune cells, epithelium, smooth muscle, fibroblasts
and vascular endothelium (see TABLE 1 and FIGURE 2) [38,39]. Accordingly, NTs have the
potential to affect all aspects of lung structure and function. However, given the relatively
recent (but increasing) recognition of NT signaling in the lung, information is limited to certain
lung components and disease states. In the following sections, NT expression and signaling in
various lung components is reviewed in the context of the clinically important diseases that
they are involved in.

Neurotrophins in immune cells

A major stimulus for exploring NT signaling in the lung came from initial findings of enhanced
serum NGF and BDNF levels in patients with allergic diseases, with very high levels in
asthmatics [40] (recently reviewed in [41]). More recent studies have found elevated levels of
NGF and BDNF in the peripheral blood of patients with allergic rhinitis [42]. Bronchoalveolar
lavage with elevated levels of NGF and BDNF was reported in asthmatic patients as well as
in mouse models of allergen challenge [41]. Nasal lavage of patients with allergic rhinitis shows
elevated NGF levels (both at baseline and following allergic stimulation) compared with non-
atopic controls [42]. While these data clearly show an association between NTs and allergic
airway diseases, a topic of ongoing research is the source versus target of NTs. In this regard,
there has been considerable work carried out on the expression of NTs and their receptors in
immune cells. Within the lung, several types of immune cells can produce different NTs at
baseline, or with stimulation (TABLE 1) [41,43,44]. Furthermore, some cell types also express
NT receptors, either under normal conditions or with stimulation. Accordingly, NT signaling
may be important in modulating and mediating allergic diseases.

Mast cells can produce NGF, BDNF and NT3, with triggered release of NGF upon IgE cross-
linking, suggesting that allergens induce NT release in diseases such as asthma or rhinitis.
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Whether such triggered release occurs in the early-phase response (involving mast-cell
degranulation) and, more importantly, modulates this response, is not clear. Nonetheless, the
fact that NT levels remain sufficiently elevated to appear in lavages suggests that they may
additionally influence the late-phase response (involving migration and infiltration by other
immune cells, and increased airway reactivity).

Eosinophils have been shown to produce NTs both at baseline (NGF, BDNF, NT3) and
following stimulation with NGF [45,46]. In patients with atopic dermatitis and allergic asthma,
NT levels in blood eosinophils are elevated (e.g., NGF levels correlate with major basic protein
levels) [47]. In vitro, stimulation of eosinophils with factors such as GM-CSF increases NGF
and BDNF levels [46,48]. Conversely, NGF enhances IL-4 release from eosinophils [48], while
NGF, NT3 and NT4 all promote eosinophil survival, especially in patients with allergic rhinitis
[49]. NT receptors including p75NTR, TrkA, TrkB and TrkC have now been shown to be
expressed on eosinophils [50]. TrkA receptor expression is increased in pediatric patients with
allergic asthma or rhinitis [51].

Neurotrophin signaling also appear to be relevant to lung monocytes and macrophages,
although this aspect is probably complex and is not completely understood (reviewed in [41]).
Human monocyte-derived dendritic cells express both mMRNA and protein for NGF and BDNF,
and demonstrate increased BDNF generation and secretion (but not NGF) in response to
lipopolysaccharide stimulation [52,53]. Alveolar macrophages constitutively express NT3, but
produce NGF and BDNF in response to allergen challenge, while interstitial macrophages
constitutively express BDNF [54]. One study reported NGF production by both CD4* and
CD8* T lymphocytes [55], while another study showed NGF production by only CD4* cells
[56]. Increased NGF secretion by Th2 cells has been observed, which may be relevant to
allergic asthma [55]. Constitutive BDNF expression by T lymphocytes appears to be enhanced
after antigen challenge [57]. B cells are also known to produce NTs (NGF, BDNF and NT3),
especially following antigen stimulation.

While these data clearly identify immune cells as a major source of NTs during inflammation,
the targets of such NTs are still under investigation. It is likely that certain NTs modulate the
activity of specific immune cells, and such interactions may be further affected by the cellular
milieu. Rapid, non-genomic NT signaling (which has not been examined in these cell types)
may acutely enhance or inhibit secretion of pro- vs anti-inflammatory cytokines, promote cell
migration and further modulate the immune response. On a slower (probably genomic) scale,
NTs may modulate the expression of cytokines and receptors in immune cells, even shifting
the pattern of inflammation. Evidence for such NT effects has indeed been reported. For
example, eosinophils can release IL-4 following NGF stimulation [48]. Human dendritic cells
(which express TrkA and TrkB), are activated by NGF and BDNF (albeit via different signaling
mechanisms), resulting in increased IL-6 production in allergic patients but IL-10 production
in healthy patients [53]. While such complex roles and time courses for NT signaling remain
to be more clearly delineated, the diverse data so far identify NTs and their receptors in immune
cells as central components of inflammation and immune modulation in the lung and, thus,
important aspects for a range of respiratory and lung diseases including rhinitis, bronchitis,
asthma, lung injury and even cancer.

Neurotrophins in the airway epithelium

Given that the airway epithelium subserves a number of functions including acting as a barrier
to allergens and infectious agents, a promoter and modulator of airway inflammation, and a
source for bronchoconstrictive and bronchodilatory molecules [58], establishment of NT
signaling in these resident cells would highlight the role of these molecules in airway function.
Although there are very few studies on NTs in the airway epithelium [39,59,60],
immunocytochemical studies now show that the epithelium constitutively expresses NGF,
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BDNF and NT3. In mouse models of asthma, increased levels of epithelial BDNF have been
reported [60,61]. Inflammatory Th1 cytokines such as TNF-o and IL-1p enhance epithelial NT
production, at least in vitro [62].

While the limited data available support epithelial production of NTs, whether NTs modulate
epithelial structure and function is not clear. In situ hybridization of mouse lung epithelia as
well as immunocytochemistry of surgical samples from human lungs show NT expression, but
not their receptors, suggesting that the airway epithelia may produce NTs but may not be the
target [39]. However, recent studies have found that TrkA is expressed by human bronchial
epithelial cells [60], and that epithelial cell death due to infection by respiratory syncytial virus
(RSV) is enhanced in the absence of NGF [59], suggesting that NGF is a crucial survival factor
for airway epithelia. More importantly, this study suggests that epithelia are a target of NTs.
In lung alveoli, following injury, NGF enhances Clara cell proliferation and helps with repair
of the lung [63]. In human nasal mucosa (which constitutively express NT receptors), BDNF
and NGF are upregulated (but p75NTR expression may be downregulated) by allergen
challenge [42].

In addition to regulating epithelial cell proliferation or survival, NTs may also have rapid (i.e.,
non-genomic) effects on the epithelium. In recently completed studies using isolated human
bronchial epithelial cells, our group has discovered that BDNF and NT3, acting via TrkB and
TrkC, respectively, can rapidly (i.e., within minutes) induce nitric oxide (NO) production, thus
facilitating bronchodilation [64]. Such NO production is dependent on NT-induced elevation
of intracellular Ca2* concentration ([Ca2*];) and increased endothelial NO synthase (eNOS)
phosphorylation. Prolonged exposure to NTs increases eNOS expression, thus priming the
airway epithelium for enhanced NO production. Overall, these limited data at least suggest that
NTs produced by airway epithelia (or other proximate sources such as airway innervation or
immune cells) may have effects on both epithelial structure and function. Future studies should
address how NT signaling (or its disruption) contributes to altered epithelial structure and
function, particularly as it relates to barrier function (important in infection and environmental
exposures) and airway remodeling (important in asthma).

Neurotrophins in airway smooth muscle

In addition to sources such as airway innervation and epithelium, there is increasing evidence
that airway smooth muscle is also a potential source of NTs. For example,
immunocytochemical studies of lung sections from non-asthmatic humans found that bronchial
smooth muscle constitutively expresses NGF, BDNF and NT3 [39]. While TrkB expression
was detected by immunocytochemistry, p75NTR was not. However, in isolated human
bronchial smooth muscle cells, we found evidence for BDNF, NT4 and NT3, as well as TrkB,
TrkC [65] and, more recently, p75NTR [66]. These data raise the possibility that, akin to
epithelium, airway smooth muscle not only produces NTs, but also responds to them. In this
regard, two aspects would be of relevance to airway contractility: rapid (hon-genomic)
modulation of airway smooth muscle function, and genomic effects such as cellular growth
and proliferation. Indeed, in recent studies, we found that BDNF and NT4 acutely (within 30
min) enhance (while NT3 blunts) [Ca2*]; and force responses of human airway smooth muscle
to agonists such as ACh [65]. These data indicate that NTs, regardless of their source, can
directly alter the contractility of airway smooth muscle, again via nongenomic mechanisms.
Whether NTs also modulate airway smooth muscle proliferation is not known (although
ongoing studies by our group support such an effect, mediated through NF«B). However, in
vascular smooth muscle, NGF induces migration (but not proliferation) [67], while p75NTR
activation induces apoptosis [68].

Inflammatory cytokines generally upregulate NT expression in airway smooth muscle,
although these effects appear to be dependent on the cytokine and the NT. For example, in
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human bronchial smooth muscle cells, IL-1f increases NGF and BDNF and TNF-a. increases
BDNF and NT3, while IFN-y decreases BDNF (but increases NGF) [69]. These cytokines
(especially TNF-a) are now recognized as key players in asthma pathogenesis [70,71].
Accordingly, the effects of these cytokines on airway smooth muscle may be partly mediated
by NTs. Indeed, in a recent study using human bronchial smooth muscle, we reported that TNF-
o increases TrkB and p75NTR expression, and that TNF-a-induced enhancement of [Ca2*];
responses to agonist (contributory to airway hyperresponsiveness following inflammation) is
blunted by siRNA suppression of TrkB expression (but not p75NTR) [66]. An interesting but
unexplored area is the potential synergistic effect of growth factors such as NTs and
proinflammatory cytokines on airway smooth muscle proliferation and survival, since both
NTs and cytokines such as TNF-a share common signaling mechanisms such as MAP kinases
and P13/Akt.

Neurotrophins in airway innervation

Neural control of the airway involves three peripheral autonomic pathways: adrenergically
mediated bronchodilation (adrenal medulla or sympathetic ganglia); cholinergically mediated
bronchoconstriction (involving the vagus); and the non-adrenergic/non-cholinergic (NANC)
pathway with both bronchodilatory and bronchoconstrictive components [72-74].
Bronchodilation by NANC involves parasympathetic efferent neurons, vasoactive intestinal
peptide and NO, while bronchoconstriction via NANC is mediated via subepithelial C-fiber
sensory afferents that release tachykinins (neurokinin A and B, and SP) [75]. SP can contribute
to local inflammation, immunomodulation and edema, thus substantially enhancing airway
reactivity and contributing to diseases such as asthma. By virtue of being growth factors for
neurons, NTs could potentially affect several neural mechanisms relevant to airway control.

In the human lung, Ricci et al. initially reported an obvious immunoreactivity for NTs
(especially NGF and BDNF) in neurons and to a lesser extent in satellite cells of
parasympathetic ganglia [39]. Surprisingly, ganglionic neurons of the lung did not display
immunoreactivity for Trk receptors: only for p7SNTR. However, nerve fiber-like profiles in
lung sections displayed moderate immunoreactivity for both receptor types, perhaps
representing the sympathetic component of airway innervation. Although these data nicely
demonstrated NT and receptor presence in lung innervation, their functional role has only more
recently been examined (reviewed in [76,77]). In mouse airway epithelium, NGF
overexpression substantially increases SP content of sensory nerves [77]. Inflammation
induced by allergens or virus (RSV in particular) can induce de novo neuropeptide production
in vagal afferents (important for cough and sensing intrapulmonary stretch): changes mimicked
by exogenous NGF administration. Similarly, in mice overexpressing NGF in airway tissue,
increased sensory innervation has been reported [78]. Furthermore, these neurons express both
TrkA and p75NTR and can thus respond to NGF (regardless of its source). Overall, these data
demonstrate an important role for NGF in neural control of the airway.

The relevance of enhanced airway innervation or neurogenic stimulation lies in the increased
sensitivity of the airway to stimuli in diseases, such as asthma, or with environmental exposures
(allergens, cold, cigarette smoke and pollutants). In mice, exogenous NGF treatment results in
airway hyperresponsiveness even in the absence of an asthma phenotype (induced by allergen
sensitization and challenge) [77]. Furthermore, sensory neurons of mice overexpressing NGF
show enhanced responses to capsaicin and hyper-innervation of SP-containing nerves [78]. In
mice lacking p75NTR that were sensitized by allergen, airway hyperresponsiveness induced
by capsaicin was severely blunted. Thus, NGF may be important in neurogenic airway
hyperreactivity. In addition to NGF, BDNF may also play a role, since mice treated with
functional antibodies against BDNF demonstrate reduced airway responsiveness to capsaicin
[79].
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Overall, these diverse data, while exclusively in animals, underline a central role for
tachykinins of sensory nerves in mediating NT-induced hyperreactivity. What has been
examined to a lesser extent is the mechanism by which NTs modulate the function of sensory
neurons. One obvious mechanism is enhanced survival or expansion of receptive fields of
sensory nerve endings, consistent with a growth factor effect of NTs. In addition to enhancing
SP content in sensory neurons, NTs may upregulate neurokinin 1 receptor expression, as
demonstrated by one study using NGF [51]. Airway inflammation in diseases such as asthma
or bronchitis may lead to enhanced NT expression and release within the airway (from other
cellular components), thus potentiating their effects on growth of airway nerves as well as
signaling via neurokinin receptors for example. Such mechanisms have not yet been explored.
Furthermore, the genomic effects of NTs on neuronal remodeling (e.g., expansion of receptive
fields and receptor expression) versus rapid (non-genomic) effects (e.g., neuronal activity and
synaptic transmission) have not been systematically examined.

Neurotrophins in the pulmonary vasculature

There is now some evidence that NT signaling may be important in the control of vascular
structure and function [37,80-84]. In extrapulmonary branches of the human pulmonary artery,
immunocytochemical studies show that NGF, BDNF and NT3 are present at comparable levels,
particularly in the intima as well as the adventitia (with some reactivity in the inner layer of
the smooth muscle media) [84]. Receptors for these NTs appear to be located in both the
adventitial and intimal layers. These initial findings are strongly suggestive of a role for NTs
in control of vascular responses via local autocrine or paracrine effects. The expression of both
ligands and receptors in the intima raises the exciting possibility that NTs produced within the
vascular wall can specifically influence the endothelium. This would be particularly important
for the normal control of pulmonary vascular tone, as well as diseases such as pulmonary
hypertension. While there is currently limited information on this subject, in recently completed
studies using human pulmonary endothelial cells [85], we have found that even picomolar
concentrations of BDNF as well as NT3 can induce NO production within 5 min, effects that
are blunted by inhibition of eNOS, Trk or p75NTR receptors. Furthermore, in human
pulmonary artery rings, these NTs induce acute vasodilation that is blunted by removal of the
endothelium. In mouse pulmonary arteries, the low-affinity p75SNTR receptor is expressed in
both the endothelium and smooth muscle [80]. Furthermore, pulmonary artery rings from
p75NTR knockout mice show significantly elevated contractions in response to endothelin-1
(but not other constrictors, suggesting the involvement of specific CaZ* regulatory
mechanisms). In addition to such acute, non-genomic effects, NGF and BDNF (via TrkA and
TrkB, respectively) can also upregulate eNOS expression, and promote endothelial cell
proliferation and survival [37]. Overall, NT signaling appears to be important in endothelial
cell structure and function. Conversely, alteration in NT signaling may contribute to endothelial
cell dysfunction. The importance of such effects in the pulmonary circulation has not been
examined.

There are currently few data on the effect of NTs on pulmonary artery smooth muscle cells. In
ongoing studies using human pulmonary-artery smooth-muscle cells [MEUCHEL L,
THOMPSON MA, PABELICK CM, PRAKASH YS, UNPUBLISHED DATA], we have
found that BDNF (to a greater extent that NT3) can increase [Ca2*]; and potentiate
vasoconstrictor-induced [Ca?*]; responses. Furthermore, in endothelium-denuded pulmonary
artery rings, BDNF potentiates endothelin-1 induced contractions. These limited data suggest
that NTs (potentially derived from vascular innervation as well as other sources in the vascular
wall) may acutely modulate pulmonary arterial tone. Given the proliferative/apoptotic effects
of NTs in other cell systems, there is also the possibility that NTs may regulate the structure
of the vascular wall. For example, in spontaneously hypertensive rats, expression of NGF,
BDNF and their receptors is increased in the pulmonary vasculature, which displays substantial
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medial thickening [86]. In vascular smooth muscle cells derived from the systemic circulation,
NTs are secreted in a regulated fashion and these cells respond to NTs by increasing
proliferation. Indeed, NGF is now known to induce and enhance angiogenesis, especially
during development [37]. These emerging data highlight a novel regulatory mechanism for
control of vascular tone in the lung. The contrasting effects of NTs on NO production
(vasodilation) versus contraction and proliferation of smooth muscle raises the possibility that
in diseases such as pulmonary hypertension, NTs may be used to reverse the imbalance of
impaired vasodilation versus excessive vasoconstriction.

Neurotrophins in lung development

While NT signaling is now known to be important for embryonic development of both the
central and peripheral nervous systems [3], there are considerably less data on their role in the
development of non-neuronal structures. Mouse studies on developmental changes in NT
expression have found a dynamic pattern of increasing versus decreasing levels of NGF versus
BDNF in whole-lung lysates [87]. However, given the differential expression of NTs and their
receptors in different lung components, it is difficult to determine the functional relevance of
such findings. Unfortunately, more detailed studies on NTs in lung development are severely
limited by the early mortality of transgenic animals lacking NT receptors, especially high-
affinity receptors. However, a single study has examined TrkB during lung development in the
mouse, comparing wild-type animals with those carrying a trkB gene mutation that produces
a nonfunctional protein (resulting in a lifespan of only a few weeks) [88]. In the lungs of wild-
type animals, mRNA for TrkB was higher at 15 days postnatal, and decreased progressively
and substantially with age in all components. Neuroepithelial bodies as well as innervation of
the airway and vasculature were found to have high TrkB expression. TrkB was also found in
bronchial epithelial cells, with variable expression elsewhere. Transgenic animals with
nonfunctional TrkB displayed thinner bronchial epithelium, larger luminar airway diameter,
and larger air spaces, but thickened vascular walls compared with wild-type animals.
Interestingly, another study found that the absence of BDNF does not appear to significantly
affect lung development [89]. However, given the potential redundancy between BDNF and
NT4, this does not necessarily rule out a role for NTs in lung development. Overall, these
limited data suggest that NTs are somehow involved in lung development, potentially by
affecting neuronal regulation of growth and proliferation of different lung elements. However,
the presence of NT receptors in other lung components suggests a more complex physiology
that remains unexplored. In this regard, a potentially elegant technique to examine the role of
NT signaling in lung development is the use of a ‘knock-in” mouse model [90]. Here, small
molecule inhibitors of mutated Trk receptor tyrosine kinase domains allow for normal receptor
function until the kinase activity is transiently and reversibly inhibited by administration of the
inhibitor (e.g., via the animals’ water supply) [90]. Such models have been used to examine
NT signaling in other tissues, and studies in the lung are awaited.

Neurotrophins in neonatal lung disease

Preterm birth and neonatal lung injury, characterized by bronchopulmonary dysplasia, are
associated with a high incidence of childhood asthma [91]. A well-characterized model for
broncho-pulmonary dysplasia (BPD) is neonatal hyperoxic exposure in rat pups, which is
associated with increased cholinergically mediated airway and lung parenchymal contractile
responses in vitro and in vivo (reviewed in [92]). However, there is no widespread consensus
as to by what mechanisms cholinergic effects are up regulated under these conditions. With
this background, Martin and colleagues have evaluated the effects of hyperoxia on lung
expression of BDNF, NGF and Trk receptors [92,93]. In 5-day old rat pups, 7 days of
continuous hyperoxia (95% oxygen) exposure increases BDNF levels (MRNA and protein)
compared with normoxic, age-matched controls. Distribution of BDNF mRNA by in situ
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hybridization indicated that peribronchial smooth muscle was the major source of increased
BDNF production in response to hyperoxic exposure. Interestingly, hyperoxia-induced
elevation of BDNF was not accompanied by any changes of NGF levels in the lung (in contrast
to findings with RSV infection in neonates [94]). Furthermore, hyperoxic exposure increased
peribronchial smooth muscle TrkB expression (but not TrkA). These findings indicate that
hyperoxic stress not only up regulates BDNF but also enhances TrkB, raising the possibility
that upregulation of NTs may contribute to airway reactivity under certain pathophysiological
states associated with neonatal lung injury, asthma and other inflammatory airway diseases in
children [92]. This hypothesis is also consistent with the prior observation that BDNF is
expressed in airway preganglionic neurons in the brainstem [95], and confirms a role for NTs
in neural control of the airways. Here, hyperoxic exposure of 5-day-old rat pups for 7 days
substantially increases ACh content in the lung (compared with normoxic controls), an effect
inhibited by the tyrosine kinase inhibitor K-252a. These findings suggest that BDNF and TrkB
signaling may participate in a centrally or peripherally induced increase in ACh production
and resultant cholinergic outflow to the airways under conditions of hyperoxic stress [96]. In
a physiologic correlate to these findings and as expected, hyperoxia increased contraction (and
impaired relaxation) of lung strips in vitro; effects blunted by K-252a (with no apparent changes
induced by K-252a in normoxic controls) [96]. In support of this, exogenous BDNF enhances
contractions in lung strips (again blunted by the tyrosine kinase inhibitor or the BDNF chelating
TrkB-Fc chimeric protein). Overall, these data show that hyperoxic exposure in neonatal rats
increases BDNF-TrkB signaling in the lung, and modulates the contractile function of
peripheral airways exposed to hyperoxia in early life. Further studies are needed to characterize
the basic cellular and molecular mechanisms whereby BDNF modulates these responses.
Furthermore, pharmacological modulation of BDNF-TrkB receptor signaling may serve as a
potentially useful line of investigation in the treatment of airway hyperreactivity elicited by
pathophysiological states such as neonatal hyperoxic exposure (i.e., BPD).

Neurotrophins in rhinitis

Although there is currently limited knowledge regarding NTs in nasal mucosal immunity and
function, the data appear to point to these factors being important in the pathophysiology of
rhinitis [42,45,50,97,98]. There were initial reports of increased serum NGF levels in patients
with allergic rhinitis, followed by reports of increased BDNF levels. At a local level, nasal
lavage fluids of patients with rhinitis display higher NGF levels compared with nonatopic
controls. Importantly, allergen challenge of the nasal passageway enhances lavage NGF levels,
especially in patients with rhinitis. More recent data show that NGF is expressed within glands
of the nasal epithelium, innervation of the nasal mucosa and in eosinophils of patients with
allergic rhinitis. Nasal BDNF expression also appears to be increased following allergen
challenge in patients with rhinitis.

As with other conditions, these data raise the question of NT targets in the nasal passageway.
On the other hand, p75NTR is expressed by nasal epithelium, innervation and mucosa in
allergic rhinitis. However, p75SNTR expression in the mucosal innervation is actually decreased
in rhinitis, making the role of NT signaling via this mechanism unclear. On the other hand,
TrkA has been localized to the nasal epithelium, innervation and submucosa, suggesting that
NGF at least may act on all these structures. However, the effects NGF has on the cells of these
structures remains unknown. Regardless, one likely target of NGF (and even BDNF) is
eosinophils, which express and respond to these NTs, displaying enhanced degranulation (e.g.,
of eosinophil protein X) and production of inflammatory molecules (e.g., IL-4) [48].
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Neurotrophins in asthma

Diseases such as asthma involve inflammation, airway obstruction and airway
hyperresponsiveness. In this regard, structural elements of the airway not only respond to
inflammation, but may themselves produce a number of pro- and anti-inflammatory mediators.
Inflammation leads to increased contractility (and impaired relaxation) as well as structural
remodeling of the airway, the latter being characterized by thickening of the basement
membrane, goblet cell hyperplasia, hypertrophy and proliferation of airway smooth muscle
and enhanced innervation.

With evidence for NT signaling in airway innervation, epithelium and smooth muscle, and in
immune cells, there is currently significant interest in the potential role of NTs in asthma
[41,43,66,76,77,99-103]. Allergen challenge has been found to increase NGF, BDNF and NT3
levels in bronchoalveolar lavage fluid in humans [40] and in mouse models of allergic asthma
[104]. Based on the earlier discussion of NT and receptor expression across different lung
components, NTs may work via several mechanisms in contributing to asthma. Several types
of immune cells (including dendritic cells, mast cells, macrophages and lymphocytes) express
NTs as well as their receptors (TABLE 1). Accordingly, NTs may modulate the sensitization
to allergen challenge and the inflammatory response pattern. NTs may additionally affect
neural control of the airway, modulating bronchonconstrictor release and airway
hyperreactivity. Based on data showing NO release [64], NTs may modulate epithelium-
derived bronchodilator responses (and perhaps epithelial regulation of inflammation). Airway
smooth muscle contractility may be enhanced, particularly in the presence of inflammatory
cytokines [66]. Finally, NTs may modulate airway remodeling. Here, NGF has been shown to
increases fibroblast migration and myofibroblast differentiation [105,106]. Bronchial smooth
muscle is key to the remodeling process (via proliferation, migration and secretion of
inflammatory mediators and modulators, such as MMPs which cleave pro-NTs) [107-109]. A
single study has found that BDNF, NT3 and NGF all increase MMP9 (but not MMP2), while
BDNF and NT3 enhance smooth muscle migration [101]. Based on these diverse data, it is
very likely that NTs play a key role in asthma.

Neurotrophins & environmental exposures

Both outdoor and indoor air pollutants are risk factors in the development of allergic diseases
such as asthma and rhinitis and for respiratory infections. Factors such as active smoking as
well as second-hand smoke exposure can potentiate the effects of other allergens. Considering
the increasing evidence for NTs as mediators or modulators of allergic disease, subsequent
studies have examined the effect of environmental exposures on NT expression and signaling.
For example, in mice, low levels of toluene exposure was found to enhance allergic lung
inflammation [110-112]. Furthermore, the combination of toluene and allergen substantially
increased plasma NGF levels. In patients with atopic keratoconjuctivitis (where NGF, BDNF
and NT3 levels are all elevated in tears compared with healthy controls), passive smoking
significantly elevates NT levels [113]. Expression of NGF as well as p75NTR receptors (but
not Trk receptors) is increased in the lungs of rats exposed to nicotine [114]. RSV infection
after chronic nicotine exposure produced an additive effect on NGF expression, with
potentiation of neurogenic airway inflammation — effects reversed by a functional inhibitor of
NGF. In ongoing studies using human bronchial epithelium as well as airway smooth muscle
[SATHISH V, PABELICK CM, PRAKASH YS, UNPUBLISHED DATA], we have found
that exposure to cigarette smoke substantially increases both TrkB and p75NTR expression by
these airway components. Furthermore, in airway smooth muscle cells exposed to cigarette
smoke, [Ca2*]; responses to histamine are enhanced. Exogenous addition of BDNF
substantially potentiates these effects, while inhibition of TrkB or p75NTR blunts cigarette
smoke-induced enhancement of [Ca2*]; responses. These limited data point to participation of
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NTs in enhanced airway inflammation and reactivity following environmental exposures. In
response to such exposures (especially in the presence of allergens), NTs may enhance
neuronal-immune interactions in the airway as well as airway remodeling, thus contributing
to increased airway irritability and hyperresponsiveness.

Neurotrophins in pulmonary fibrosis

As with many other diseases, there is limited information on the role of NTs in pulmonary
fibrosis [38,115]. Here, it is important to note that pulmonary fibrosis represents a wide range
of etiologies and pathophysiologies, which makes placement of NTs into the signaling
networks of fibrosis mechanisms somewhat difficult. One in vitro study found that human
pulmonary fibroblasts constitutively secrete NGF [116], and that NGF secretion was enhanced
by proinflammatory cytokines such as IL-13 and TNF-a. NGF is known to promote
mesenchymal cell proliferation, which should result in enhanced production of extracellular
matrix components, thus contributing to fibrosis [106]. A single immunocytochemical study
found increased NGF and TrkA expression in the lungs of patients with idiopathic pulmonary
fibrosis/usual interstitial pneumonia [38]. Areas rich with fibroblasts also stained for BDNF
and TrkB. Fibroblasts derived from such patients showed higher proliferative rates in response
to BDNF as compared with controls. In culture, NGF induces p75NTR expression in human
lung fibroblasts, and stimulates fibroblast migration and increased contraction of a collagen
gel. However, another study has found that NGF does not promote survival of human lung
fibroblasts in vitro, but does stimulate TrkA expression, without affecting cytokine signaling,
thus indicating that NGF released by fibroblasts (e.g., during inflammation) is not associated
with increased proinflammatory factors [117]. While these limited data suggest that NT
expression is altered in lung fibrosis, there is currently no clear information on whether and
how NTs are involved in actually mediating or modulating the pathophysiology of fibrosis.

Neurotrophins in lung cancer

Neurotrophins are known to be involved in the malignant transformation of several solid tumors
and blood-borne cancers [12,118]. Tumors may both produce NTs as well as respond to these
factors (potentially derived from proximate sources). Thus, there is significant interest in
understanding the role of NTs in cancer. In this regard, NTs and their receptors are have been
localized to lung cell lines and tumors [88,119-121]. For example, NGF has been found in
bronchoalveolar and squamous cell carcinomas, and BDNF in small-cell lung cancers [119].
Typical carcinoids express NGF to a greater extent than atypical carcinoids (which express
more BDNF) [120]. High levels of TrkA and TrkB (but not TrkC) have been found in human
lung adenocarcinoma and squamous cell carcinomas [119], while TrkB has been found in small
cell lung cancers and atypical carcinoids [120]. The expression of both ligand and receptor
within the same type of lung cancer raises the possibility of autocrine/paracrine effects. In
vitro, NGF inhibits the growth of tumor cells derived from small cell lung cancer, and decreases
their tumorigenic potential in mice [122]. Conversely, lack of NGF signaling promotes tumor
cell apoptosis. On the other hand, survival of the human lung adenocarcinoma cell line A549
is enhanced by NGF or BDNF, while inhibition of Trk signaling induces cell death [121].
Whether other NTs have similar anti-cancer effects is not known. In this regard, an interesting
observation is that p75NTR does not appear to be expressed in lung cancers. Given the potential
role of this receptor in mediating cellular death, its absence may contribute to cancer
progression. Therefore, the relative expression of NTs, Trk and p75NTR expression within a
tumor may be important in determining the net effect on tumor progression or growth.

Regardless of their effect on tumor cells per se, NTs may indirectly modulate tumor growth
by virtue of their angiogenic properties [37,81]. It is tempting to speculate that highly
vascularized tumors may express higher levels of NTs that not only promote growth/
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proliferation of the cancer cells, but perpetuate this cycle by maintaining or enhancing tumor
blood supply. Accordingly, interference with NT expression and/or signaling may help to
reduce tumor burden. Unfortunately, there are no data on this theme in lung cancers.

Heterogeneity of neurotrophin & receptor expression in the lung

From the data so far, there is clearly heterogeneity in NT expression and function within the
lung, with NGF and increasingly BDNF appearing to be the key players. While NT3 may also
be involved (especially in smooth muscle, where its role may be the opposite of other NTs),
its role remains to be better defined. Within a cell type in the lung, the net effect of a single
NT will depend on the relative expression of the different Trk receptors and p75NTR, along
with any interactions between these receptors. The evidence to date indicates that the lung
heterogeneously expresses both Trk and p75NTR receptors. However, the role of p75NTR
remains a puzzle (and not just in the lung). In some cells, NT activation of p75NTR facilitates
apoptosis, while in others the same NT-p7NTR combination facilitates cell growth and
survival. An emerging picture regarding this apparent discrepancy is that p75NTR partners
with other coreceptors within a cell to modulate cell- and context-specific responses by
recruitment of intracellular binding proteins and the activation of different signaling pathways
[22,23,26]. An obvious partner for p75SNTR here would be the Trk receptors, although there
is now evidence that p75NTR can partner with several other receptor classes to produce
different effects [123]. Accordingly, relevant to lung structure and function, the relative
expression (and functionality) of p75NTR versus different Trk receptor subtypes (along with
other regulatory molecules) probably determines the net effect of NTs. This is exemplified by
the fact that in some immune cells TrkA and p75NTR may be expressed, while in others TrkB
may partner with p75NTR. Considering the fact that the Trk receptors themselves differ
somewhat in the activation of specific intracellular cascades, this only raises the level of
complexity (and diversity) of p75NTR effects. There are currently no data on these types of
interactions within the lung.

Even for Trk signaling alone, the story is not straightforward. Most cells in the lung appear to
express multiple Trk receptor subtypes. Although Trk receptors are preferentially activated by
certain NTs (e.g., NGF for TrkA), there is some overlap. As mentioned earlier, Trk receptor
subtypes may also differ in their activation of signaling cascades, which may be cell-specific
and dependent on the relative expression of intracellular signaling cascades. Accordingly, for
a particular cell type in the lung, even a single NT has the potential to activate different Trk
receptors (along with p75NTR if it is expressed). These issues are further complicated by the
effect of disease (especially involving inflammation) on the relative expression of Trk
receptors, with probable changes in the intracellular cascade milieu. Another important aspect
of Trk signaling that has not been well studied in the lung is that of full-length (Trk-FL) versus
truncated Trk isoforms (Trk-T)1 or Trk-T2. While NTs can specifically bind to either isoform,
only the Trk-full length has the kinase and associated domains to activate subsequent
intracellular cascades. The roles of Trk-T1 and Trk-T2 isoforms are still under investigation,
but it is likely that by binding NTs, these truncated isoforms can inhibit NT effects on cells.
Accordingly, the relative expression of full-length versus truncated isoforms is key to
determining NT effects. There is some evidence that many lung cell types mostly express
truncated isoforms and therefore under normal conditions the unwanted effects of NTs may be
suppressed [54,124]. However, with disease, the ratio of full-length to truncated isoforms may
increase, thus allowing NT effects. Here, depending on the Trk receptor subtype involved,
there may be qualitative and quantitative differences. These issues have not been systematically
examined.
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Neurotrophins as diagnostic & prognostic markers

It is important to consider whether NTs can be used as diagnostic markers in assessing lung
health or in classifying the identity and severity of diseases. Elevated NT levels in nasal and
bronchoalveolar lavages in rhinitis and other allergic diseases along with a correlation between
NT expression and disease severity, are now recognized. For example, higher levels of NTs in
upper airways after nasal allergen provocation with correlated clinical symptoms may be
important in understanding pathophysiological changes in mucosal immunity, inflammation
and neuroimmune interactions. Production of NTs may be a biological response to maintain
or restore homeostatic functions in nasal tissues. As we expand our understanding of how NTs
work within each cell type of the lung, and are affected by disease, it is exciting to speculate
that expression of specific NTs and/or receptors in particular lavage fluids, immune cells and
epithelia derived from biopsies can be used for the diagnosis of disease type and severity, as
well as to follow the outcome of therapy. Once we understand which signaling cascades are
activated or inhibited by NTs under normal conditions versus during disease, the responses of
sample/biopsy-derived cells in vitro may also be used for diagnostic purposes. In this regard,
it will be important to first determine ‘normal’ levels of NTs in blood, nasal or bronchoalveolar
lavage, and the extent of change in specific diseases.

Neurotrophins as therapeutic targets

Over the past 30 years, the role of NTs in the nervous system has became well established, and
there is now tremendous interest in manipulating NT signaling as a therapeutic avenue for
diseases such as Alzheimer’s and depression. In this regard, it is impressive (and intriguing)
that NTs appear to also be important in the lung, and not just for neural control of different
components. From the perspective of understanding normal lung biology as well as of exploring
mechanisms and therapeutic options for a wide range of lung diseases, NTs therefore represent
an attractive area of research emphasis. Conversely, the summary of current knowledge as
briefly outlined in our review suggests that the pleiotropic effects of NTs on different lung
components, as well as differences in expression, function and signaling of different NTs within
the various lung components, clearly make this a challenging area. While there has been
substantial progress in our understanding of signaling by NTs in different cell systems, there
are still a number of confounding issues (especially relating to cell-specific and NT-specific
heterogeneities in expression and function). However, with ongoing advances in research
techniques and a greater understanding of NT signaling in other tissues, there is much hope
that NTs will continue to be a major research focus in lung biology and pathophysiology, and,
in the near future, a therapeutic avenue in lung disease.

Since different lung components do not express (or respond to) the same NT (see TABLE 1
and earlier discussions), site-specific targeting of NTs for therapy in lung disease may be a
challenge. Approaches such as nanoparticle technology and cell-specific markers to facilitate
the preferential uptake of NTs by cells of interest (e.g., immune cells vs epithelium vs smooth
muscle), viral vectors or cellular scaffolds may be required. Here, the airway epithelium and
underlying innervation may be an attractive target since NT (or molecules activating or
inhibiting specific NT receptors) may be administered via the airway to achieve high local
levels, but low systemic levels. Simple NT nebulization or intratracheal administration has
been performed in animal studies, although it is not clear that the extent of penetration of these
molecules into the lung, local versus systemic levels, or degradation or elimination of NTs,
has actually been determined.

Considering the extensive expression of NTs and/or their receptors at different levels in the
lung, yet recognizing the complexities of their signaling, an obvious question is which diseases,
mechanisms or specifc cell types should be targeted when planning a therapeutic future for
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NTs. Certainly, based on accessibility, as already mentioned, the nasal passages and airway
epithelium are good choices. Assuming systemic administration of substances that activate or
interfere with NT signaling becomes feasible, immune cells may be additional option.
However, these approaches may be more relevant to specific conditions. For example, in
diseases such as rhinitis, asthma or other reactive airway diseases, targeting nasal mucosa,
epithelium and/or innervation is attractive. Given the important role for inflammation in these
diseases, both localized and systemic administration may be possible. Targeting cancers may
also be possible, depending on the location and features of the tumor including type,
vascularization and NT or receptor profile. However, it must also be noted that these diseases
are multifactorial in origin, and differ in their immune and inflammation profiles, and in the
way in which resident cells will be altered in their signaling profiles. Therefore, it may also be
important to selectively target only certain cell types and not others.

In terms of therapeutic potential, NTs have already been considered for diseases of the nervous
system such as Alzheimer’s disease [11] and peripheral neuropathy [125], with some success
in early trials (although this has not been replicated in larger trials). However, an important
limitation in the nervous system is the inability of candidate molecules to cross the blood—brain
barrier. This may be less of a problem in the lung; however, access to deeper structures in the
lung may not be feasible with inhalational approaches and may require systemic administration
resulting in higher NT levels. Alternatively, gene therapy or cell-based gene delivery may be
possible, obviating changes in NT levels except by the cells targeted. Small molecule activators
(or inhibitors) of Trks versus p75NTR (depending on the situation) are attractive options [12,
15,126,127]. Alternatively, molecules that bind extracellular NTs and prevent their action
could be used. While these options are being aggressively pursued in the laboratory, to date,
NTSs have not proven their therapeutic potential, perhaps mainly owing to their pharmacokinetic
profiles. Further research in this area is anticipated.

Most of the work on NTs in the lung has focused on normal health and disease of the adult
lung. However, as exemplified by our work and by a few others, there is clearly a role for NT
signaling in lung development and airway diseases in children such as BPD and asthma.
Considering the potential long-term benefit of treating these diseases, much more study is
required to aid understanding of NT signaling in the developing lung.

Expert commentary

While signaling via NTs in different lung components has now been recognized, what is yet
to be identified is a coherent physio logical model for NT function in the lung. A number of
questions can be asked:

e Under normal conditions, where are NTs largely derived from and what are their
primary targets? As outlined in this article, these issues are quite complex, since it
appears that many lung components either express different NTs or respond to them,
sometimes in different ways;

e If NTs are widely expressed, from an evolutionary standpoint, what is the intended
function of NTs in the lung: is it to modulate neurogenic tone of airways and
vasculature (as some neuro-modulators do), or to modulate immune function? Here
the answer may be in the affirmative on both aspects. Furthermore, NTs can have both
acute effects, such as NO production by epithelium and increased [Ca*]; in smooth
muscle, as well as genomic effects following prolonged exposure. The relative
importance of these effects depends on the source of NTs. On the one hand, if NTs
are released by airway and vascular nerves akin to neurotransmitters (or even by
immune cells in bursts), such events will be phasic and acute, and thus bronchial and
vascular constriction versus dilation may be key. On the other hand, circulating NT
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levels as well as those released by airway epithelium or smooth muscle may result in
prolonged receptor stimulation that may lead to a different signaling cascade. Here,
the relative roles of high-affinity Trk receptors versus low-affinity p75SNTR receptors
may be important (but have not been well studied);

»  Giventheimportantrole for NTs in neuronal development and aging, is there a similar
role for NTs in lung development and aging (as suggested by the importance of TrkB
in development)?

*  Under disease conditions, is altered NT expression and function secondary to the
insult (e.g., inflammation) or are NTs themselves triggers of disease states (as
suggested by airway hyper reactivity induced by NTs such as NGF, which could be
derived from nerves)? Again, it may be that specific NTs (e.g., NGF or BDNF)
targeting specific lung components (e.g., immune cells) are indeed causative of
disease, while others are modulated in response to disease. Both themes lend
themselves to further exploration into the diagnostic and therapeutic potentials of
NTs.

With the use of biochemical, molecular, cellular and animal-based technologies, further
advances in understanding and integrating NT function in the lung can be expected. This will
require integration of information derived from in vitro cellular work and animal experiments,
with corroborations to human samples, potentially derived from normal versus diseased lungs.
This is facilitated by the high level of homology of NTs and their receptors across species.
However, one issue is the concordance of NT signaling versus physiological regulation in
animal models versus humans, especially in the lung (e.g., species heterogeneity in neural
control of airways and pulmonary vasculature; differences in immune profiles and responses
to the same stimulus), which may mean different profiles of NT/receptor expression and
function.

Five-year view

Neurotrophins appear to be key players in the lung. Studies in the near future should focus on
better identifying and delineating the specific mechanisms by which particular NTs work at
different levels in the lung, taking advantage of the tremendous amount of data available from
other cell systems. These studies are possible using current technologies and our improved
understanding of lung biology. As these studies progress, the use of NTs (or their signaling
mechanisms) as diagnostic markers for lung health and disease are a distinct possibility. In the
near future, it is likely that small-molecule antagonists targeting NTs or their receptors will be
explored as therapeutic options. Here, techniques for delivery and specific targeting will need
to be developed. Small molecule inhibitors, nanoparticle technology, viral vectors, tissue
scaffolds and other emerging approaches may be useful.

Key issues

»  Neurotrophins (NTs) are a family of growth factors long recognized to regulate
neuronal growth, differentiation and survival. NTs and their high-affinity receptors
(Trks) and low-affinity receptor (p75NTR) have now been found in the lung.
Exploration of their role in lung health and disease is ongoing.

» Different cellular components of the lung such as the epithelium, innervation,
smooth muscle and immune cells show a heterogeneous pattern of NT and receptor
expression. Thus, in the lung, multiple sources of, and targets for, NTs exist.

»  Neurotrophins may influence neural control of the airway, alter the balance
between bronchoconstriction and bronchodilation, modulate cell proliferation
versus apoptosis, and affect the pattern of immunity within the lung.
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¢ Recent and ongoing studies suggest that NT signaling may be important in a
number of lung diseases, such as rhinitis, asthma, bronchitis and even lung cancer.

e Asour understanding of NT signaling in the lung advances, we may be able to use
this family of growth factors in diagnosis and even therapy for different lung
diseases.
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Figure 1. Neurotrophins and their receptors

The family of NTs consists of four polypeptide proteins that bind to two classes of receptor.
All NTs bind to the low-affinity p75NTR receptor, a member of the TNF receptor family. The
tropomyosin-related kinase (Trk) receptors are a group of high-affinity NT tyrosine kinase
receptors and preferentially bind particular NTs. NGF preferentially binds to TrkA (solid
arrow). TrkB is the preferred receptor for BDNF and NT4, while TrkC preferentially binds to
NT3. NT3 also binds with lesser affinity to TrkA and TrkB (dotted arrows).

BDNF: Brain-derived neurotrophic factor; NGF: Nerve growth factor; NT: Neurotrophin.
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Figure 2. Neurotrophins in the lung

As outlined in the main text, there is increasing evidence that NTs can be produced by, as well
as targeted to, a number of lung components. Different NTs are expressed by nasal and airway
epithelia, airway and vascular smooth muscle, sensory and other innervation of the lung,
different immune cells, other structural cells and even tumors. As described in the article, NTs
secreted by a cell type may have autocrine or paracrine effects on adjoining cell types. Thus
NT signaling becomes central in the regulation of lung structure and function. In disease states
(especially those involving inflammation), increased expression of NTs or their receptors can
contribute to structural and functional changes such as enhanced inflammation, increased
secretions, airway hyperresponsiveness (but impaired relaxation) and even altered tumor
growth. See TABLE 1 for a summary of such effects involving specific NTs and their receptors.
NT: Neurotrophin.
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Table 1

Neurotrophins and their potential functions in the lung.

Page 26

Components NTs Receptors  Effects NTs in disease
expressed expressed
Structural elements
Nasal epithelium NGF TrkA TNGF, BDNF, TrkA, p75NTR in rhinitis
BDNF TrkB |BDNF and p75NTR, but 1TrkA with infection
p75NTR
Bronchial epithelium NGF TrkA Lung development TBDNF in asthma
BDNF TrkB Cell survival (decreased tNGF, BDNF, TrkA, TrkB,
apoptosis)
NT4 p75NTR NO release Ip75NTR with infection
NT3 Airway remodeling tNGF with inflammation (allergic asthma)
1TrkB, p75NTR with cigarette smoke
tAirway thickening in asthma
or inflammation; 1 cell survival
1Clara cell production (NGF)
Airway smooth muscle  NGF TrkA Regulation of airway contractility =~ tNGF, BDNF, TrkA, TrkB, p75NTR with
BDNF TrkB (twith NGF, BDNF, NT4 inflammation (allergic asthma)
NT4 TrkC {with NT3) 1BDNF, TrkB with hyperoxia (relevant to BPD)
NT3 p75NTR Cell proliferation 1TrkB, p75NTR with cigarette smoke
Airway remodeling tAirway hyperresponsiveness (NGF)
Lung development (BDNF, TrkB)  1Cell proliferation (NGF)
Nerves NGF TrkA 1SP content (NGF; sensory IP75NTR in rhinitis
BDNF TrkB nerves, vagal afferents) TNGF in rhinitis, asthma
NT3 p75NTR TNK1 receptor expression (NGF)  t1NGF-induced TrkA and SP
tNeurotransmitter release (NT3)  1TNeuronal plasticity
1Cholinergic outflow (BDNF)
Neurally-mediated airway hyperresponsiveness
(NGF, BDNF)
Fibroblasts NGF TrkA Profliferation TNGF and BDNF in inflammation
BDNF TrkB Migration 1TrkA and p75NTR with NGF stimulation
p75NTR Myofibroblast differentiation TNGF and TrkA in idiopathic pulmonary fibrosis
Pulmonary endothelium  NGF TrkA NO production
BDNF TrkB Migration (NGF)
NT p75NTR Proliferation (NGF)
Pulmonary vascular NGF TrkB Proliferation (NGF) TNGF, BDNF, TrkA, TrkB in pulmonary
smooth muscle p75NTR Angiogenesis (NGF) hypertension

Interstitium

NGF-induced increase in type | collagen and
MMPs
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Components NTs Receptors  Effects NTs in disease
expressed expressed
Tumors NGF (BAC, TrkA 1Small-cell cancer growth (NGF)
SCC, TrkB tAdenocarcinoma (cell line) growth (NGF,
carcinoid) BDNF)
BDNF (SCC,
carcinoid)
Immune cells
Dendritic cells NGF TrkA IL-10 release tBDNF with inflammation
BDNF TrkB 1IL-6 release with inflammation (NGF, BDNF)
Monocytes/ NGF TrkA TNGF and BDNF with allergen challenge
macrophages
BDNF TrkB
NT3
T lymphocytes NGF TrkA 1BDNF with allergen challenge
NGF produced by CD4* and CD8*
T lymphocytes
TNGF by Th2 lymphocytes
B lymphocytes NGF TrkA TNGF, BDNF, NT3 with allergen challenge
BDNF p75NTR
NT3
Eosinophils NGF TrkA tCell survival tNGF with rhinitis, airway inflammation
BDNF IL-4 release (NGF) 1TrkA with infection
NT4 t1L-4 release in rhinitis (NGF)
NT3 TEPX in rhinitis (BDNF)
Neutrophils TrkB
Mast cells NGF TrkA Allergen-induced IgE-mediated NGF release
BDNF TrkB
NT3 p75NTR
Basophils NGF TrkA
p75NTR
Fluids
Blood NGF TNGF, BDNF in rhinitis and asthma
BDNF TNGF with pollutant exposure
tNGF and p75NTR with nicotine exposure
BAL NGF tNGF, BDNF and NT3 in asthma
BDNF
NT3
Nasal lavage NGF tNGF in rhinitis and asthma
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Information summarized from multiple reports based on (mostly) human and animal work. See [42,76,77,102,128-130] for more detailed reviews on
the distribution of NTs and their receptors, as well as their potential functions in the airway and lung.

BAC: Bronchioloalveolar carcinoma; BDNF: Brain-derived neurotrophic factor; BPD: Bronchopulmonary dysplasia; EPX: Eosinophil protein X;
MMP: Matrix metalloproteinase; NGF: Nerve growth factor; NK: Neurokinin; NO: Nitric oxide; NT: Neurotrophin; SCC: Squamous cell carcinoma;
SP: Substance P; Trk: Tropomyosin-receptor-kinase.
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