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The fibroblast growth factor 2 (FGF2) is a potent mitogenic factor belonging to the
FGF family. It plays a role in airway remodeling associated with chronic inflammatory
airway diseases, including asthma and chronic obstructive pulmonary disease (COPD).
Recently, research interest has been raised in the immunomodulatory function of FGF2
in asthma and COPD, through its involvement in not only the regulation of inflammatory
cells but also its participation as a mediator between immune cells and airway structural
cells. Herein, this review provides the current knowledge on the biology of FGF2, its
expression pattern in asthma and COPD patients, and its role as an immunomodulatory
factor. The potential that FGF2 is involved in regulating inflammation indicates that FGF2
could be a therapeutic target for chronic inflammatory diseases.

Keywords: asthma, chronic obstructive pulmonary disease, fibroblast growth factor 2, immunomodulation
therapeutics, airway structural cells

INTRODUCTION

Chronic inflammatory airways disease is a major economic burden and public health challenge
worldwide. Asthma and chronic obstructive pulmonary disease (COPD) are the most prevalent
among them, with 235 million people suffering from asthma (Whalen and Massidda, 2015) and
250 million from COPD (Al-Haddad et al., 2014). Though differing in etiology, asthma, and COPD
share pathological features, which include chronic inflammation, airflow limitation, and airway
wall remodeling (Holgate et al., 2015; Barnes, 2018). Chronic airway inflammation is central to
disease pathophysiology, contributing to airway dysfunction and remodeling through the release of
inflammatory mediators and interaction with airway structural cells, and therefore, is the primary
therapeutic target (Holgate, 2012; Barnes, 2016). For a long time, anti-inflammatory drugs have
been applied as first-line treatments for chronic airway diseases. Nevertheless, evidence suggests
that the current drugs are not always effective in inhibiting chronic airway inflammation. For
example, some asthmatic patients who respond poorly to corticosteroids also do not respond
to anti-IL5/anti-IL13 treatments, leaving severe asthma a disease that has no effective cure
(Astrazeneca, 2017; Drick et al., 2018). As for COPD patients, corticosteroids are inefficient partly
because cigarette smoking impairs histone deacetylase 2 activity resulting in a lack of suppression of
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anti-inflammatory effects of corticosteroids (Barnes, 2004; Barnes
et al., 2004). Moreover, anti-IL-5 treatments failed to show
efficacy in severe COPD patients, and treatment with kinase
inhibitors could impair innate immunity through inhibiting
cellular components of inflammation, which evoke concerns
about their usage (Gross and Barnes, 2017; Narendra and
Hanania, 2019). In these situations, alternative treatments for
chronic airway diseases, particularly asthma and COPD, are
urgently needed. Recently, the immunomodulatory function of
airway structural cells, e.g., airway epithelial cells (AECs), airway
smooth muscle cells (ASMCs), and endothelial cells (ECs), has
been attracting much interest. A myriad of articles showed that
airway structural cells, regarded as immunomodulatory cells, are
the targets for, and source of, various inflammatory mediators,
in the perpetuation of the chronic inflammation via autocrine
or paracrine pathways (Hahn et al., 2006; Tliba and Amrani,
2008; Al-Soudi et al., 2017). For instance, in the presence of
inflammatory mediators, airway structural cells express adhesion
molecules that are essential to the recruitment of inflammatory
cells. This would trigger the production and secretion of multiple
cytokines, chemokines, and growth factors, which in turn
contributes to airway inflammatory states. Of note, the complex
network between inflammation and airway structural cells has
been rarely targeted by the current drugs and thus may open new
avenues for potential anti-inflammatory therapies.

Fibroblast growth factor 2 (FGF2, also known as basic
fibroblast growth factor, bFGF), a potent mitogen for fibroblasts,
has been reported to be overexpressed in severe asthma
and COPD, particularly patients with exacerbated COPD
and smokers with chronic bronchitis (Redington et al.,
2001; Kranenburg et al., 2005; Guddo et al., 2006; Pavlisa
et al., 2010). Moreover, increased sputum FGF2 was reported
to be a biomarker of airway remodeling and associated
with lung function (Bissonnette et al., 2014). It is also
evident that FGF2 plays a critical role in cell proliferation,
differentiation, migration, and apoptosis in airway structural
cells (Bosse et al., 2006; Yi et al., 2006; Zhang et al.,
2012; Schuliga et al., 2013), contributing to epithelial repair,
ASMCs hyperplasia, and vascular remodeling. Interestingly,
some studies suggest that FGF2 may be associated with airway
inflammation, and is a potential target for inflammatory diseases
(Jeon et al., 2007; Kim et al., 2018; Laddha and Kulkarni,
2019). In this review, we will provide an overview of the
immunomodulatory function of FGF2, particularly through
airway structural cells-driven processes, identifying raising
questions, and proposing future research directions for targeting
FGF2 in asthma and COPD.

FGF2 DISCOVERY AND SIGNALING

Discovery of FGF2 and Its Isoforms
FGF was first discovered in pituitary extracts as a potent
mitogen for fibroblasts in 1973 (Armelin, 1973). Then, FGF2
was isolated at basic pH and named “basic fibroblast growth
factor,” with FGF1 (also known as an acidic fibroblast growth
factor, aFGF) purified with acidic extraction condition. Since

then, 22 FGF family members have been identified, with
diverse physiological functions. FGF2 is encoded by the FGF2
gene, a 3-exon gene localized on human chromosome 4q26–
27 (Ornitz and Itoh, 2001). It has low (18-kDa) and high (22-,
22.5-, 24-, and 34-kDa) molecular weight isoforms, which are
translated from a single transcript by starting from alternative,
in-frame start codons. These isoforms have different expression
patterns. Generally, the low molecular weight (LMW) FGF2
is considered cytoplasmic or/and nuclear and can be secreted.
Of note, unlike most of FGF family members, LMW FGF2
lacks a classical amino-terminal signal peptide that directs
secretion (Mignatti et al., 1992). However, it can be found
anchored to extracellular matrix (ECM) components at the
extracellular surface of the plasmalemma and within the
basement membrane of different tissues (Folkman et al., 1988;
Shute et al., 2004). More recent evidence suggests that LMW
FGF2 can be released not only from damaged cells but also via
an unconventional secretory pathway that is based upon direct
protein translocation across plasma membranes as opposed to the
traditional endoplasmic reticulum/Golgi apparatus-dependent
protein secretion pathway (La Venuta et al., 2015). By contrast,
The HMW FGF2 has been identified in the nucleus, with its
additional amino-terminal sequences providing the nucleus-
localization signal. Whilst several studies have identified that
HMW FGF2 signaling is FGF receptor (FGFR)-independent,
and the physiological function of HMW FGF2 remains unclear.
Therefore, in this review, we will focus on LMW FGF2
(identified as FGF2, unless stated otherwise), for which FGF2
usually signal either in the cytoplasm without secretion or
via representative membrane receptor activation to modulate
subsequent downstream signaling events in an autocrine or
paracrine pattern.

FGF2 Signaling and Basic Function
Four high-affinity receptor tyrosine kinases have been identified
as FGFs receptors, comprising FGFR1 through FGFR4. Of note,
FGFR5, recently discovered to interact with FGFs, has been
proposed to act as a negative regulator of FGFs signaling in
the light of lacking the tyrosine kinase domain (Sleeman et al.,
2001). Once binding with FGFs, FGFRs undergo conformational
changes leading to tyrosine kinase activation and subsequent the
activation of intracellular signalings including mitogen-activated
protein kinases (MAPKs) (Maher, 1999; Willems-Widyastuti
et al., 2013), phosphatidylinositol 3-kinase (PI3K)/Akt (Lin
et al., 2011), signal transducer and activator of transcription
(STAT) (Deo et al., 2002), and phospholipase (PL) Cγ (Sufen
et al., 2011) (summarized in Figure 1). Correspondingly,
the activation of these pathways serves to modulate diverse
cell functions, including proliferation (Sulpice et al., 2002;
Fernandes et al., 2004), differentiation (Klint et al., 1999; Dolivo
et al., 2017), migration (Sufen et al., 2011), and apoptosis
(Sahni et al., 2001).

Interestingly, beyond the direct effect of FGF2 in modulating
cell function, recent evidence suggests that FGF2 can also
function as an immune-modulatory factor that might play a
role in immune homeostasis and dysfunction as well. In the
following text, we will review FGF2 as an immunomodulatory
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FIGURE 1 | FGF2 functions through FGFR dependent or independent pathways. The binding of FGF2 to FGFR induces the formation of FGF2-FGFR-HSPG
complex, which leads to receptor dimerization and transphosphorylation of tyrosine kinase domains. The major FGFR kinase substrate, FRS2α, is phosphorylated by
the activated FGFR kinase and recruits the adaptor protein, GRB2 and SHP2. This results in subsequent activation of MAPK and PI3K-AKT pathways. In addition,
the combination of FGF2 and FGFR also activates JAK and PLCγ, the former activates the STAT pathway, the latter hydrolyzes PIP2 into IP3 and DAG, and activates
Ca2+ and PKC signaling, respectively. As compared to extracellular FGF2 signaling, cytosol FGF2 binds to RIG-1 to prevent RIG-1 degradation. While in viral
infection, the binding of FGF2 with RIG-1 tends to prevent the binding of MAVS with RIG-1, and thus inhibit anti-viral innate immunity. (AKT, protein kinase B, also
known as PKB; DAG, diacylglycerol; FGF2, fibroblast growth factor; FGFR, fibroblast growth factor receptor; FRS2α, FGF receptor substrate 2α; GRB1, growth
factor receptor-bound protein 1; GRB2, growth factor receptor-bound protein 2; HSPG, heparan sulfate proteoglycan; IP3, inositol trisphosphate; IRF, interferon
regulatory transcription factor; JAK, Janus kinase; MAPK, mitogen-activated protein kinase; MAVS, mitochondrial antiviral-signaling protein; MEK, mitogen-activated
protein/extracellular signal-regulated kinase kinase; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol (4,5)-bisphosphate; PKC, protein kinase C; PLC,
phosphoinositide phospholipase C; RIG-1, retinoic acid-inducible gene 1; SHP2, src homology 2-containing phosphotyrosine phosphatase; SOS, son of sevenless;
STAT, signal transducer and activator of transcription). (Klint et al., 1999; Maher, 1999; Sahni et al., 2001; Deo et al., 2002; Sulpice et al., 2002; Fernandes et al.,
2004; Lin et al., 2011; Sufen et al., 2011; Willems-Widyastuti et al., 2013; Liu et al., 2015; Dolivo et al., 2017).

factor in airway diseases, particularly asthma and COPD,
which hopefully will provide new insight into the inflammation
processes in these diseases.

IMPLICATIONS OF FGF2 IN AIRWAY
DISEASES

The Physiological Role of FGF2 in the
Lungs
FGF2 plays critical roles in all five stages of lung development:
embryonic, pseudoglandular, canalicular, saccular, and alveolar.
The alveolar formation in mice starts at birth and lasts for
about a month; whereas in humans, it starts in the womb
and lasts until the age of five or longer to mature (Burri,
2006). During the lung development process, FGF2 expression
pattern is dynamic in different pulmonary cell types, indicating
its differential role during the lung development stages. In
mouse embryogenesis, mesoderm-derived Fgf1 and Fgf2 are
involved in commiting the lung fate at the ventral foregut
endoderm on embryonic day 8 (E8) (El Agha et al., 2017).

An FGF2 immunolocalization study in developing rat fetal
lung demonstrated that FGF2 protein localizes to AECs, the
basement membrane, mesenchymal and mesothelial cells, as well
as the extracellular matrix during pseudoglandular stage (Han
et al., 1992). Also increasing is FGFR in AECs, suggesting that
FGF2 may be involved in the control of AECs’ proliferation.
Besides, FGF2 also localized to the branch points of airway buds,
ASMCs, and putative VSMCs, indicating the role of FGF2 in
airway system development. In contrast to early development
stages, FGF2 is not detectable in airway epithelium in late
fetal rat lung. This persisted at early postnatal rat lung, and
the amount of FGF2 in ASMCs and many other cells in
the alveolar region is also lesser (Powell et al., 1998). The
physiological significance of this changing expression pattern
of FGF2 is far from elucidated but could be linked to its
regulation on alveolar development. For example, Yi et al.
(2006) suggest that FGF2 and the FGFR1(IIIc) might contribute
to the physiologic pulmonary cell apoptosis that is normally
seen shortly after birth. This process may help to get rid
of excess fibroblasts and epithelial cells so as to increase the
gas exchange surface area. Although numerous studies have
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suggested the role of FGF2 in lung development, Fgf2 knockout
mice (Fgf2−/−) develop near normally, have no reported
pulmonary abnormalities, and are fertile, indicating that other
growth factors may compensate the function of FGF2 in lung
development (Zhou et al., 1998).

Comparatively, in the mature lung, FGF2 can be expressed in
AECs, ASMCs, VSMCs, ECs, and mesenchymal cell populations.
Also expressed in the same cell types are the representative
receptors of FGF2 (e.g., FGFR1, see below for more details
(Gonzalez et al., 1996; Kranenburg et al., 2002, 2005). In
addition, extracellular FGF2 has also been found in the epithelial
basement membrane and pericellular matrix of ECs (Shute
et al., 2004). Indeed, FGF2 is the main growth factor that
is anchored to the ECM and basement membrane through
preferential binding to glycosaminoglycan (GAG) side chains of
cell-associated or ECM-associated heparan sulfate proteoglycans
(HSPG) (Nugent and Iozzo, 2000). This interaction offers
protection from proteolysis and serves as a reservoir of stable,
but inactive FGF2, requiring release for biological activity
(Bosse and Rola-Pleszczynski, 2008). Furthermore, its storage
presumably leads to rapid cellular signaling in the face of
sudden changes in local environment conditions (Redington
et al., 2001). A number of mechanisms for the release of FGF2
from ECM and basement have been identified. These include
proteolytic cleavage of HSPG core protein by heparinases, the
action of GAG degrading enzymes, and the ability of heparin
or endoglycosidase to elute FGF2 from HSPG-binding sites
(Bosse and Rola-Pleszczynski, 2008). The release of FGF2 then
enables it to bind to FGFRs with varying affinities on the
plasma membrane.

FGF2 Expression Pattern in Airway
Diseases
There is great interest in the potential role of FGFs in
the pathophysiology of chronic inflammatory airway diseases.
Studies suggest that FGF2 expression is clinically relevant in
these diseases. For example, FGF2 levels in the bronchoalveolar
lavage fluid (BALF) of atopic asthma patients are significantly
higher than healthy controls. Importantly, it can be further
elevated in response to allergen exposure 10 min after segmental
bronchoprovocation (Redington et al., 2001). This could be
attributed to the activation of mast cells and AECs, which
releases FGF2 and the desequestration of FGF2 from the ECM
mediated by mast cell-produced heparin (Redington et al., 2001).
Moreover, FGF2 levels in the sputum could be a biomarker for
asthma severity in light of the correlation of its levels with lung
function, implicating its role in airway hyperresponsiveness, the
main feature of asthma (Bissonnette et al., 2014). The significance
of FGF2 in disease severity also lies in COPD conditions, as
FGF2 levels are elevated in the serum of patients with exacerbated
COPD as compared to patients with stable COPD and healthy
subjects (Pavlisa et al., 2010). In support, immunohistochemistry
analysis has shown that FGF2 expression increased in the airways
of asthmatic and COPD patients. For example, Kranenburg
and colleagues demonstrated that the expression of FGF2 and
FGFR1 were increased significantly in the bronchial epithelium

in COPD patients as compared with non-COPD. Likewise,
another study suggested that epithelial FGF2 was significantly
more abundant in patients with mild asthma than in healthy
subjects (Shute et al., 2004). Moreover, the overexpression of
FGF2 in VSMCs and ECs of the small pulmonary vessels and
FGFR1 in both large and small vessel types in COPD may
be involved in regulating the process of pulmonary vascular
remodeling (Kranenburg et al., 2002, 2005). Altogether, these data
suggest that FGF2 expression is elevated in multiple pulmonary
cell types in asthma and COPD, and may be involved in the
pathogenesis of chronic inflammatory airway diseases. Besides
its effect in tissue remodeling, there is an emerging role of
FGF2 in airway inflammation, which has placed this molecule
as a common link between airway inflammation and airway
structural cells. Therefore, in the next section, we will review the
immunomodulatory function of FGF2 in both inflammatory cells
and airway structural cells (summarized in Figure 2), and discuss
the possibility of targeting FGF2 so as to inhibit airway chronic
inflammation in asthma and COPD.

FGF2 in Inflammatory Cells
Asthma and COPD are chronic inflammatory airway diseases
that are characterized by the infiltration of inflammatory cells.
They can be recruited from circulation within minutes to
hours when the body responds to stimuli, such as allergens.
Interestingly, it has been shown that FGF2 can be released
from those inflammatory cells including T lymphocytes,
eosinophils (Hoshino et al., 2001), mast cells (Kearley et al.,
2011), macrophages (Yum et al., 2011), and myeloid dendritic
cells (Sozzani et al., 2007), which might partly explain the
elevated FGF2 expression in the BALF of asthma patients
after allergen stimulation. More importantly, elevated FGF2
modulates inflammatory cell recruitment and activation as
well. In this scenario, Takagi et al. (2000) showed that
FGF2 regulates the expression of adhesion molecules, i.e., L-
selectin and CD11b, on the surface of blood neutrophils, the
most abundant inflammatory cells present in the airway of
COPD patients (Pesci et al., 1998). These adhesion molecules
mediate the adherence of circulating neutrophils to vascular
endothelial cells and thus facilitate the recruitment of neutrophils
into the airways (Takagi et al., 2000). Moreover, two studies
have demonstrated that FGF2 amplifies the inflammatory
cells’ function in bacterial clearance through increasing the
complement receptors (CRs), such as CR3 on blood monocytes
and CR1 on neutrophils, and oxidative product formation
(Takagi et al., 2000; Ohsaka et al., 2001). Interestingly, the latter
is not a direct effect of FGF2, for FGF2 itself does not enhance
the production of intercellular H2O2 in neutrophils, indicating
that FGF2 might coordinate with other factors in modulating
inflammatory cell function.

While the present evidence suggests FGF2 as an
immunomodulatory factor in regulating inflammatory cell
recruitment, adhesion, and cell function, unfortunately, there
is not much evidence documenting the effect of FGF2 on
inflammatory cells in asthma and COPD. Therefore, further
studies will be required to determine the direct effect of FGF2
and, subsequently, the underlying mechanisms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 April 2020 | Volume 8 | Article 223

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00223 March 31, 2020 Time: 18:8 # 5

Tan et al. FGF2 in Asthma and COPD

FIGURE 2 | FGF2 exerts immunomodulatory function in viral infection and chronic airway inflammation. In the presence of viral infection and allergen exposure, FGF2
is secreted from damaged airway epithelial cells and released from extracellular storage. FGF2 then plays a role in the interplay of inflammatory cells and airway
structural cells. In the airways, FGF2 could (1) promote neutrophils recruitment and activation through FGFR2 and complement receptors; (2) activate monocytes via
upregulation of complement receptors; (3) cooperate with inflammatory cytokines, e.g., IL-4, IL-13, and IL-17A, to induce ASM hyperplasia, and (4) promote ASM to
release VEGF and GMSF. In the blood vessel, excess FGF2 can be secreted by ECs in presense of inflammatory mediators, such as IL-25, IL-1β, TNF-α, PGE2 and
IFN-α/IL-2. FGF2 could then (1) upregulate the expression of adhesion molecules on ECs and neutrophils, which promotes neutrophil infiltration and transmigration;
(2) further activate ECs to produce inflammatory mediators, e.g., IL-6, TNF-α, MCP-1, Eta-1 and COX-2, and (3) promote VSMCs hyperplasia and migration to
contribute to vascular remodeling. (ASMC, airway smooth muscle cell; COX-2, cyclooxygenase-2; EC, endothelial cell, Eta-1, osteopontin; FGF, fibroblast growth
factor; FGFR, fibroblast growth factor receptor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; MCP-1, monocyte chemoattractant
protein-1; PGE2, prostaglandin E2; TNF-α, tumor necrosis factor α; VEGF, vascular endothelial growth factor; VSMC, vascular smooth muscle cell). (Okamura et al.,
1991; Cozzolino et al., 1993; Barleon et al., 1996; Wempe et al., 1997; Kage et al., 1999; Takagi et al., 2000; Ohsaka et al., 2001; Kranenburg et al., 2002; Santos
et al., 2002; Bonacci et al., 2003; Lee et al., 2004; Mor et al., 2004; Shute et al., 2004; Bosse et al., 2006, 2008; Andres et al., 2009; Finetti et al., 2009; Wang et al.,
2012; Ogawa et al., 2018).

FGF2 in Airway Structural Cells
Airway structural cells, including AECs, ASMCs, and ECs,
are the central effector cell types in asthma and COPD.
Beyond their effect in tissue remodeling and impairing lung
function; increasing studies have focused on their role in
modulating airway inflammation. This is related not only to
the immunomodulatory function of these cells, but also their
crosstalk with inflammatory cells that shapes the immune
network. Strikingly, FGF2, and its specific receptor, FGFR1,
are overexpressed in airway structural cells under diseased
conditions, as mentioned above. In this context, FGFs might be
the key to orchestrate the immunomodulatory function of typical

airway structural cells and their crosstalk with inflammatory cells,
which therefore could serve as an attractive therapeutic target
for chronic airway inflammation. For the next sections, we will
further discuss the role of FGF2 in different airway structural cell
types, by which the role of FGF2 as an orchestrator in airway
inflammation will be delineated.

Airway Epithelial Cells
AECs play a pivotal role in host defense against a wide range
of environmental insults by acting as the first barrier. It is
critical in innate immunity against pathogens and allergens,
which trigger the following inflammatory processes. In some
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studies, this is critical for the onset and exacerbation of asthma
and COPD (Gohy et al., 2015; Ladjemi et al., 2018). By interacting
with AECs, FGF family members, mostly FGF7 and FGF10, are
involved in innate immunity directly and indirectly (Wu et al.,
2011; Gardner et al., 2016; Yuan et al., 2019). Comparatively,
the role of FGF2 in AECs mediated innate immunity is also
attracting research interest. For example, in Liu’s study, cytosolic
FGF2 stabilizes inactivated retinoic-acid inducible gene-1 (RIG-
1), the primary pathogen recognition receptor (PRR) against
virus infection, via preventing proteasome-mediated RIG-1
degradation in physiological conditions. Whereas upon viral
infection, FGF2 suppresses antiviral signaling by inhibiting the
interaction of activated RIG-1 with downstream mitochondrial
antiviral-signaling protein (MAVS) and type I interferon
production (Liu et al., 2015) (Figure 1). Of note, the above-
mentioned study suggests FGF2 as a negative regulator for innate
immunity, and Wang et al. reported contradicting results. They
showed that the increased level of secreted FGF2, which is
predominately derived from AECs induced by H1N1 infection,
protects recruiting, and activating neutrophils (Wang et al.,
2018). This inconsistency might be due to the difference
between cytosolic and secreted FGF2 protein in AECs upon
viral infection.

AECs mediated innate immunity plays a crucial role in
initiating allergen-induced inflammatory pathways in asthma
and COPD. In addition to the function of AECs in recruiting
immune cells, which subsequently link to adaptive immunity
and inflammation in asthma and COPD, AECs themselves
serve to be the reservoir for inflammatory cytokines in
responding to stimulations. A study showed that FGF23,
another FGF family member, enhances IL-1β production in
primary bronchial epithelial cells from COPD patients through
activating FGFR4/PLCγ/calcineurin/nuclear factor of activated
T-cells (NFAT) pathway (Krick et al., 2018). Furthermore, FGF23
and TGF-β could increase the transcripts of IL-8, an essential
chemokine in neutrophils recruitment (Krick et al., 2017), which
further supports the role of FGF family members in epithelial-
mediated inflammation. In-depth studies need to be conducted
to fully elucidate the role of FGF2 in innate immunity in the
different context of conditions.

Whilst FGF2 modulates AECs-mediated innate immunity and
contributes to airway inflammation, not to ignore is that FGF2
might also play a role in epithelial repair and barrier function.
Indeed, FGF2 has been characterized as a protective factor
in repairing epithelium. As to bleomycin-induced lung injury
and pulmonary fibrosis, more Fgf2 knockout mice succumb
to death due to compromised epithelial repair process and
barrier function recovery (Guzy et al., 2015). This indicates
that FGF2 provides a protective endogenous epithelial reparative
signal in the setting of lung injury. However, the mechanism
underlying the protective effects of Fgf2 signaling during airway
injury has not yet been fully elucidated. Also, FGF2 may be
involved in epithelial repair not only by exerting its intrinsic
role but also cooperating with other inflammatory cytokines
or mediators. This was supported by Song’s study that FGF2
cooperates with IL-17 to repair damaged intestinal epithelium
through the Act1-mediated signaling pathway (Song et al., 2015).

Nevertheless, whether this is the case in the lung remains
to be elucidated.

Airway Smooth Muscle Cells
ASMCs are recognized as the main effector cell type in asthma
and COPD. Both clinical and animal model studies suggest that
the ASM layer is significantly thicker in chronic inflammatory
diseases, thereby contributinge to airflow limitation and
impairment of lung function. Importantly, on top of its
contractile properties to induce airway constriction, there is an
increasing research interest for the immunomodulatory role of
that ASM played in perpetuating chronic airway inflammation
(Damera and Panettieri, 2011). FGF2 has been shown to
contribute to ASM hyperplasia, in light of the mitogenic property
of FGF2 in ASMCs, which might play an indirect role in the
pathogenesis of chronic airway inflammation. This mitogenic
effect of FGF2 also lies at the interplay between FGF2 and
remodeling associated molecules, typically TGF-β (Bosse et al.,
2006), through the autocrine platelet-derived growth factor
(PDGF) loop. In this context, FGF2 increases the expression of
PDGF receptor (PDGFR), as well as tissue plasminogen activator
(tPA) that is a protease known to activate PDGF ligands. This
is accompanied by the increased production of PDGFR ligands
(PDGF-AA and PDGF-CC) induced by TGF-β (Bosse et al.,
2006). Other than this, FGF2 and TGF-β are coexpressed in
the remodeled airway in vivo, by peribronchial mononuclear
cells. In parallel, FGF2 induces TGF-β overexpression in
macrophages in vitro, which may amplify the interaction of
FGF2 and TGF-β in inflammation status (Yum et al., 2011).
In addition to TGF-β, the inflammatory cytokines including
IL-4, IL-13, and IL-17, the pivotal mediators driving the
pathogenesis of asthma and COPD, enhance FGF2-mediated
ASMCs’ proliferation in different experiment settings (Bosse
et al., 2008; Ogawa et al., 2018), which further support the
interaction of FGF2 with inflammation on tissue remodeling
in disease status.

On the other hand, there is evidence that FGF2 might
be a direct immunomodulatory factor by inducing the
secretion of pro-inflammatory mediators, including growth
factors, cytokines, and chemokines in ASMCs. Reported by
Willems-Widyastuti, FGF2 regulates the production of vascular
endothelial growth factor (VEGF) in ASMCs, which may induce
T cell differentiation and monocytes recruitment (Barleon et al.,
1996; Mor et al., 2004), through MAPK pathway (Willems-
Widyastuti et al., 2011). In another example, FGF2 significantly
increases the levels of macrophage colony-stimulating factor
(GM-CSF) in ASMCs (Bonacci et al., 2003), which is critical
to activate macrophages in asthma and COPD, indicating a
role for FGF2 in immune cell activation. Except for this, FGF2
also plays a role in the contact-dependent communication
between immune cells and ASMCs, which is featured in
chronic airway diseases and being critical for ASM functional
changes and immune cell survival (Ramos-Barbon et al.,
2005). In this scenario, FGF2/FGFR signaling in ASMCs
is thought to trigger the formation of lymphocyte-derived
membrane conduits, which are a continuum of cell membrane
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extensions and connect ASMCs and activated CD4+ T cells
(Farahnak et al., 2017).

Endothelial Cells
Despite the limited research on pathological changes of ECs in
asthma and COPD compared to AECs and ASMCs; ECs have
proven to be an indispensable participant in shaping the immune
and inflammatory network in airway diseases (Asosingh et al.,
2018). ECs play critical roles in regulating vessel tone, cellular
adhesion, thromboresistance, smooth muscle cell proliferation,
and vessel wall inflammation through production of multiple
factors in response to different stimulis. In asthma and COPD,
endothelial dysfunction, along with vessel inflammation, has
been observed (Green and Turner, 2017). Moreover, in asthmatic
children, the extent of endothelial dysfunction, as manifested by
excess production of circulating vascular cell adhesion molecule-
1 (sVCAM-I), was found to be associated with asthma severity
(Butov et al., 2019), indicating the critical role of ECs in asthma
pathogenesis. Indeed, in light that ECs serves as the gateway
of inflammatory cells’ transendothelial migration into the lung
parenchyma, the activation of ECs, e.g., expression of adhesion
molecules and pro-inflammatory mediators, would be crucial in
modulating inflammatory cell recruitment. In support of this,
Oelsner et al. (2013) demonstrated that the expression levels of
adhesion molecules on the surface of ECs are inversely related
to lung function. In another study, the eotaxin mRNA was
shown to be increased in ECs from asthma patients, and the
level was associated with airway hyperresponsiveness (Ying et al.,
1997), which further supports the role of ECs in modulating
airway inflammation in chronic inflammatory diseases such as
asthma and COPD.

ECs are key immunomodulatory cells in airway diseases,
but the involvement of FGF2 in the dysfunction of ECs in
asthma and COPD patients has not been well studied yet.
However, FGF2 has been proven as an effective regulator
of ECs-mediated angiogenesis and inflammation in different
experimental settings. It has been well established as a potent
inducer of angiogenesis that exert its effect on EC proliferation
(Sahni and Francis, 2004), differentiation (Klint et al., 1999), and
migration (Pintucci et al., 2002), directly or indirectly by inducing
other angiogenetic factors, such as Heparin-binding EGF-like
growth factor (HBEGF) and platelet-derived growth factor, B
polypeptide (PDGFB) (Andres et al., 2009). FGF2 production and
release from ECs can be triggered by inflammatory mediators,
e.g., IL-25, IL-1β, TNF-α, prostaglandin E2 (PGE2) and IFN-
α/IL-2 (Okamura et al., 1991; Cozzolino et al., 1993; Lee et al.,
2004; Finetti et al., 2009; Wang et al., 2012), as well as cell
damage and hypoxia (Pintucci et al., 1999; Luo et al., 2011).
These findings suggest that inflammation might cooperate with
FGF2 to orchestrate the amplification loop of the angiogenic
response in ECs. Of note, there are also negative feedback
mechanisms that contradict the angiogenetic effect of FGF2. Such
examples are C-X-C Motif Chemokine Ligand 13 (CXCL13),
CXCL4/CXCL4L1, and long-pentraxin 3 (PTX3) (Spinetti et al.,
2001; Rusnati et al., 2004; Struyf et al., 2004; Presta et al., 2018),
which need to be carefully evaluated in different diseases and
inflammation types.

In addition to its angiogenetic effect, FGF2 may amplify
the EC-mediated inflammation. According to recent in vitro
studies, FGF2 may stimulate the production of various pro-
inflammatory factors and chemoattractants, including IL-6, TNF-
α, and monocyte chemoattractant protein 1 (MCP-1) in ECs
(Wempe et al., 1997; Andres et al., 2009). These factors are
essential for immune cell proliferation, survival, activation, and
trafficking (Wempe et al., 1997; Li et al., 2018; Mehta et al.,
2018). In another two studies, FGF2 could also induce the
expression of extracellular matrix protein osteopontin (OPN/Eta-
1) and cyclooxygenase-2 (COX-2) in ECs. The former is an
important component of cellular immunity and inflammation
(Leali et al., 2003), whereas the latter is responsible for the
production of prostanoids, a key factor associated with the
pathological processes of inflammatory diseases (Kage et al.,
1999). Furthermore, FGF2 itself is involved in inflammatory
response as well. In Okamura’s study, FGF2 inhibition completely
blocked TNF-α-induced IL-6 production (Okamura et al., 1991).
This suggests to us that FGF2 could be critical in inflammatory
processes, and thus might be a key modulator in chronic
inflammatory diseases, such as asthma and COPD.

Finally, FGF2 potentiates inflammatory cell recruitment by
enhancing EC surface adhesion molecules expression. FGF2
increased the expression of ICAM-1, VCAM-1, E-selectin, and
P-selectin on ECs, resulting in more efficient leukocyte migration
into the surrounding tissues in an acute dermal inflammation
model (Zittermann and Issekutz, 2006). Interestingly, in another
aspect, FGF signaling is critical to maintaining vascular integrity
and endothelial barrier function (Gillis et al., 1999; Komarova
and Malik, 2008; Murakami et al., 2008; Hatanaka et al.,
2012). In this regard, the recruitment of inflammatory cells
induced by FGF2 may be independent of increasing vascular
permeability, but rather the induction of adhesion molecules,
as stated above.

Of note, whilst numerous studies support the pro-
inflammatory effect of FGF2 in ECs, the anti-inflammatory
activity of FGF2 has also been observed. For example, by
pretreating human umbilical vein ECs with recombinant
FGF2 protein for 3 days, the reduced leukocyte adhesion and
transendothelial migration induced by stimulation can be
observed (Griffioen et al., 1996). Further studies will be required
to determine how FGF2 exert its immunomodulatory effect in
chronic inflamed diseases.

Other Cell Types
In addition to AECs, ASMCs, and ECs, other pulmonary cells
also exhibit pathological changes in asthma and COPD. Examples
of these cell types include VSMCs and fibroblasts, which are
critical components of vascular and airway remodeling as a result
of dysregulated cell proliferation, differentiation, activation, and
migration (Kranenburg et al., 2002; Santos et al., 2002). It is
noteworthy that these cell types may also play active roles
in chronic inflammation (Kendall and Feghali-Bostwick, 2014;
Stenmark et al., 2018). In consideration of the potential of FGF2
to function as an immunomodulatory factor in AECs, ASMCs,
and ECs, FGF2 may play also play similar roles in VSMCs
and fibroblasts as well. In support of this, evidence showed
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that FGF2 is overexpressed in VSMCs from COPD patients;
whereas in another study, FGF2 promotes a proinflammatory
phenotype of VSMCs through increasing cellular IL-1α secretion
(Schultz et al., 2007). As for fibroblast, FGF2 was shown to
be a potent pulmonary fibroblast mitogen in vitro (Khalil
et al., 2005). Moreover, FGF2 was also shown to upregulate the
transcription of S100A8, a marker of inflammation, in murine
fibroblast, through the MAPK pathway (Rahimi et al., 2005).
These studies thus warrant future investigations into FGF2’s
role in these cells.

FGF2 AS A POTENTIAL THERAPEUTIC
TARGET IN ASTHMA AND COPD

As outlined in the previous sections, uncontrolled airway
inflammation is shown to be the key driving force for the
pathogenesis of asthma and COPD. Therefore, much effort
has been devoted to the development of anti-inflammatory
drugs to control the disease. These drugs include both broad-
spectrum anti-inflammatory medicine, typically corticosteroids,
and more recently targeted drugs such as anti-IL5 and anti-
IL13 were added to the repertoire of treatments. However, due
to the heterogeneity of asthma and COPD, these drugs are
often not applicable to certain phenotypes and endotypes in
some group of patients (Brightling et al., 2015; Narendra and
Hanania, 2019). Additionally, these drugs are also not targeting
the crosstalk between inflammation and airway structural cells,
which has proven to be the critical component in the network of
sustained airway inflammation. In this scenario, we highlighted
FGF2 as an important immunomodulatory factor that mediates
the interplay between inflammation and airway structural cells
and emphasize FGF2 as a potential therapeutic target for
asthma and COPD.

Targeting FGF2 and their receptors has already been done
in the drug development for cancer and other diseases, where
they can potentially be applied to asthma and COPD. These
drugs include chemicals to suppress FGF2 expression levels,
anti-FGF2 antibody, FGFR inhibitors and recombinant FGF2
(Fu et al., 1998; De Aguiar et al., 2016; Lv et al., 2018; Loriot
et al., 2019). Some drugs have been approved by the FDA,
while others are in clinical trials and have been shown to
have mild side effects. Encouragingly, the application of FGF2
targeted therapy has recently been expanded to pulmonary
diseases. For example, neotuberostemonine, a natural alkaloid
isolated from Stemona tuberosa, was applied to decrease the
levels of FGF2 in bleomycin-induced pulmonary fibrosis mice
(Lv et al., 2018). In another early report, colchicine inhibited
FGF release from alveolar macrophages in vitro (Peters et al.,
1993). These reports hence highlighted the feasibility of targeting
FGF2 in asthma and COPD. Nevertheless, prior to developing
these drugs for clinical use, extensive research is needed to
study the role of FGF2 in different cell types and disease
states. For instance, FGF2 may function as an inflammatory
enhancer by regulating the functions of inflammatory cells
and airway structural cells. Conversely, FGF2 may also serve
protective effects on minimizing lung injury and maintaining

tissue integrity. The latter was supported in a study of bleomycin-
induced lung injury model (Guzy et al., 2015). It is also interesting
to note that there were two studies of in vivo mouse models
of acute asthma and COPD which showed that recombinant
FGF2 (rFGF2) is protective against airway inflammation and
lung function, rather than enhancing inflammation (Jeon et al.,
2007; Kim et al., 2018). The inconsistencies between in vivo
and in vitro studies might be due to the nature of different
experiment setups, as well as the limitations of in vivo and in vitro
models in reproducing clinical characteristics. For example, the
mouse model of asthma used was acute inflammation model in
which chronic airway inflammation and remodeling is usually
absent. This might lead to different inflammatory components,
wherein airway remodeling and angiogenesis are not involved.
In such acute models, FGF2 treatment might help to repair
acute lung injury and maintain tissue integrity, and thereby is
protective by counteracting acute inflammation-induced tissue
damage and increased permeability (Guzy et al., 2015). In
contrast, in chronic inflammation, FGF2 might tend toward an
inflammatory amplifier via interaction with inflammatory cells
and airway structural cells. Moreover, rFGF2 treatment may
exacerbate angiogenesis, as demonstrated in the clinical usage
of FGF2 in chronic coronary artery disease and critical limb
ischemia (Udelson et al., 2000; Ono et al., 2018). Therefore, more
clinical studies and chronic disease models are required to fully
elucidate the immunomodulatory and repair functions of FGF2
in different experimental settings prior to its clinical application.

FUTURE DIRECTIONS AND
CONCLUSION

In this review, we provide a comprehensive analysis of FGF2’s
function as an immunomodulatory factor in chronic airway
diseases, with emphasis on asthma and COPD. Nevertheless,
questions remain to be addressed regarding the effect of FGF2 in
pulmonary cell types and diverse disease endotypes. Therefore,
future studies need to be conducted. These could include (1)
FGF2 expression patterns in the presence of acute and chronic
inflammation status; (2) the interaction of FGF2 with typical
immune cell types in asthma and COPD; (3) role of FGF2 in
modulating the function of airway structural cells in airway
remodeling, inflammation, and lung function; (4) role of FGF2 in
in vivo disease models with acute or chronic inflammation; and
(5) clinical studies in asthma and COPD patients with varying
disease severity. With these studies being performed, a better
understanding of FGF2 biology and its immunomodulatory
role in asthma and COPD could provide potential alternative
options for patients that are unresponsive to current anti-
inflammatory treatments.

AUTHOR CONTRIBUTIONS

YY and D-YW conceived of this review. YT, YQ, and YY drafted
this manuscript. ZC, JL, and YG designed the figures. TT and KT
provided critical feedback.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 April 2020 | Volume 8 | Article 223

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00223 March 31, 2020 Time: 18:8 # 9

Tan et al. FGF2 in Asthma and COPD

FUNDING

This study was supported by grants awarded to YY
by the National Natural Science Foundation of China
(81870019), Guangdong Provincial Natural Science Foundation
(2018A030313554), National Key R&D Program of China
(2018YFC0910601); D-YW by the National Medical Research
Council, Singapore (NMRC/CIRG/1458/2016); YQ by the

Chinese Postdoctoral Science Foundation (2019M660211); ZC
by the Science and Technology Program of Guangzhou, China
(201704020179); TT was supported by the Ministry of Education
academic research fund under the Tier 2 (MOE2015-T2-2) and
NUHS Bench-to-Bedside grant (NUHSRO/2014/078/STB/B2B
FY14/15); KT is a recipient of fellowship support from
European Allergy and Clinical Immunology (EAACI) Research
Fellowship 2019.

REFERENCES
Al-Haddad, S., El-Zimaity, H., Hafezi-Bakhtiari, S., Rajendra, S., Streutker, C. J.,

Vajpeyi, R., et al. (2014). Infection and esophageal cancer. Ann. N. Y. Acad. Sci.
1325, 187–196. doi: 10.1111/nyas.12530

Al-Soudi, A., Kaaij, M. H., and Tas, S. W. (2017). Endothelial cells: from innocent
bystanders to active participants in immune responses. Autoimmun. Rev. 16,
951–962. doi: 10.1016/j.autrev.2017.07.008

Andres, G., Leali, D., Mitola, S., Coltrini, D., Camozzi, M., Corsini, M., et al. (2009).
A pro-inflammatory signature mediates FGF2-induced angiogenesis. J. Cell.
Mol. Med. 13, 2083–2108. doi: 10.1111/j.1582-4934.2008.00415.x

Armelin, H. A. (1973). Pituitary extracts and steroid hormones in the control of
3T3 cell growth. Proc. Natl. Acad. Sci. U.S A. 70, 2702–2706. doi: 10.1073/pnas.
70.9.2702

Asosingh, K., Weiss, K., Queisser, K., Wanner, N., Yin, M., Aronica, M., et al.
(2018). Endothelial cells in the innate response to allergens and initiation of
atopic asthma. J. Clin. Invest. 128, 3116–3128. doi: 10.1172/JCI97720

Astrazeneca (2017). Data From: AstraZeneca Provides Update on Tralokinumab
Phase III Programme in Severe, Uncontrolled Asthma. Available online at:
https://www.astrazeneca.com/media-centre/press-releases/2017/astrazeneca-
provides-update-on-tralokinumab-phase-iii-programme-in-severe-
uncontrolled-asthma-01112017.html (accessed November 1, 2017).

Barleon, B., Sozzani, S., Zhou, D., Weich, H. A., Mantovani, A., and Marme, D.
(1996). Migration of human monocytes in response to vascular endothelial
growth factor (VEGF) is mediated via the VEGF receptor flt-1. Blood 87,
3336–3343. doi: 10.1182/blood.v87.8.3336.bloodjournal8783336

Barnes, P. J. (2004). Corticosteroid resistance in airway disease. Proc. Am. Thorac.
Soc. 1, 264–268. doi: 10.1513/pats.200402-014MS

Barnes, P. J. (2016). Inflammatory mechanisms in patients with chronic obstructive
pulmonary disease. J. Allergy Clin. Immunol. 138, 16–27. doi: 10.1016/j.jaci.
2016.05.011

Barnes, P. J. (2018). Targeting cytokines to treat asthma and chronic obstructive
pulmonary disease. Nat. Rev. Immunol. 18, 454–466. doi: 10.1038/s41577-018-
0006-6

Barnes, P. J., Ito, K., and Adcock, I. M. (2004). Corticosteroid resistance in chronic
obstructive pulmonary disease: inactivation of histone deacetylase. Lancet 363,
731–733. doi: 10.1016/s0140-6736(04)15650-x

Bissonnette, E. Y., Madore, A. M., Chakir, J., Laviolette, M., Boulet, L. P., Hamid,
Q., et al. (2014). Fibroblast growth factor-2 is a sputum remodeling biomarker
of severe asthma. J. Asthma 51, 119–126. doi: 10.3109/02770903.2013.860164

Bonacci, J. V., Harris, T., Fau Wilson, J. W., and Stewart, A. G. (2003). Collagen-
induced resistance to glucocorticoid anti-mitogenic actions: a potential
explanation of smooth muscle hyperplasia in the asthmatic remodelled airway.
Br. J. Pharmacol. 138:4. doi: 10.1038/sj.bjp.0705135

Bosse, Y., and Rola-Pleszczynski, M. (2008). FGF2 in asthmatic airway-smooth-
muscle-cell hyperplasia. Trends Mol. Med. 14, 3–11. doi: 10.1016/j.molmed.
2007.11.003

Bosse, Y., Thompson, C., Audette, K., Stankova, J., and Rola-Pleszczynski, M.
(2008). Interleukin-4 and interleukin-13 enhance human bronchial smooth
muscle cell proliferation. Int. Arch. Allergy Immunol. 146, 138–148. doi: 10.
1159/000113517

Bosse, Y., Thompson, C., Stankova, J., and Rola-Pleszczynski, M. (2006). Fibroblast
growth factor 2 and transforming growth factor beta1 synergism in human
bronchial smooth muscle cell proliferation. Am. J. Respir. Cell Mol. Biol. 34,
746–753. doi: 10.1165/rcmb.2005-0309OC

Brightling, C. E., Chanez, P., Leigh, R., O’byrne, P. M., Korn, S., She, D., et al.
(2015). Efficacy and safety of tralokinumab in patients with severe uncontrolled
asthma: a randomised, double-blind, placebo-controlled, phase 2b trial. Lancet
Respir. Med. 3, 692–701. doi: 10.1016/S2213-2600(15)00197-6

Burri, P. H. (2006). Structural aspects of postnatal lung development - alveolar
formation and growth. Biol. Neonate 89, 313–322. doi: 10.1159/000092868

Butov, D., Makieieva, N., Vasylchenko, Y., Biriukova, M., Serhiienko, K., and
Morozov, O. (2019). Interrelationship of endothelial function parameters in
children with bronchial asthma in exacerbation and remission. Adv. Respir.
Med. 87, 7–13. doi: 10.5603/ARM.a2019.0002

Cozzolino, F., Torcia, M., Lucibello, M., Morbidelli, L., Ziche, M., Platt, J.,
et al. (1993). Interferon-alpha and interleukin 2 synergistically enhance basic
fibroblast growth factor synthesis and induce release, promoting endothelial cell
growth. J. Clin. Invest. 91, 2504–2512. doi: 10.1172/jci116486

Damera, G., and Panettieri, R. A. (2011). Does airway smooth muscle express an
inflammatory phenotype in asthma? Br. J. Pharmacol. 163, 68–80. doi: 10.1111/
j.1476-5381.2010.01165.x

De Aguiar, R. B., Parise, C. B., Souza, C. R. T., Braggion, C., Quintilio, W., Moro,
A. M., et al. (2016). Blocking FGF2 with a new specific monoclonal antibody
impairs angiogenesis and experimental metastatic melanoma, suggesting a
potential role in adjuvant settings. Cancer Lett. 371, 151–160. doi: 10.1016/j.
canlet.2015.11.030

Deo, D. D., Axelrad, T. W., Robert, E. G., Marcheselli, V., Bazan, N. G., and Hunt,
J. D. (2002). Phosphorylation of STAT-3 in response to basic fibroblast growth
factor occurs through a mechanism involving platelet-activating factor, JAK-2,
and Src in human umbilical vein endothelial cells. Evidence for a dual kinase
mechanism. J. Biol. Chem. 277, 21237–21245. doi: 10.1074/jbc.M110955200

Dolivo, D. M., Larson, S. A., and Dominko, T. (2017). FGF2-mediated attenuation
of myofibroblast activation is modulated by distinct MAPK signaling pathways
in human dermal fibroblasts. J. Dermatol. Sci. 88, 339–348. doi: 10.1016/j.
jdermsci.2017.08.013

Drick, N. A., Seeliger, B., Welte, T., Fuge, J., and Suhling, H. (2018). Anti-IL-
5 therapy in patients with severe eosinophilic asthma - clinical efficacy and
possible criteria for treatment response. BMC Pulm. Med. 18:1. doi: 10.1186/
s12890-018-0689-2

El Agha, E., Seeger, W., and Bellusci, S. (2017). Therapeutic and pathological roles
of fibroblast growth factors in pulmonary diseases. Dev. Dyn. 246, 235–244.
doi: 10.1002/dvdy.24468

Farahnak, S., Mcgovern, T. K., Kim, R., O’sullivan, M., Chen, B., Lee, M., et al.
(2017). Basic fibroblast growth factor 2 is a determinant of CD4 T cell-airway
smooth muscle cell communication through membrane conduits. J. Immunol.
199, 3086–3093. doi: 10.4049/jimmunol.1700164

Fernandes, D. J., Ravenhall, C. E., Harris, T., Tran, T., Vlahos, R., and Stewart,
A. G. (2004). Contribution of the p38MAPK signalling pathway to proliferation
in human cultured airway smooth muscle cells is mitogen-specific. Br. J.
Pharmacol. 142, 1182–1190. doi: 10.1038/sj.bjp.0705809

Finetti, F., Donnini, S., Giachetti, A., Morbidelli, L., and Ziche, M. (2009).
Prostaglandin E(2) primes the angiogenic switch via a synergic interaction with
the fibroblast growth factor-2 pathway. Circ. Res. 105, 657–666. doi: 10.1161/
circresaha.109.203760

Folkman, J., Klagsbrun, M., Sasse, J., Wadzinski, M., Ingber, D., and Vlodavsky, I.
(1988). A heparin-binding angiogenic protein–basic fibroblast growth factor–is
stored within basement membrane. Am. J. Pathol. 130, 393–400.

Fu, X., Shen, Z., Chen, Y., Xie, J., Guo, Z., Zhang, M., et al. (1998). Randomised
placebo-controlled trial of use of topical recombinant bovine basic fibroblast

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 April 2020 | Volume 8 | Article 223

https://doi.org/10.1111/nyas.12530
https://doi.org/10.1016/j.autrev.2017.07.008
https://doi.org/10.1111/j.1582-4934.2008.00415.x
https://doi.org/10.1073/pnas.70.9.2702
https://doi.org/10.1073/pnas.70.9.2702
https://doi.org/10.1172/JCI97720
https://www.astrazeneca.com/media-centre/press-releases/2017/astrazeneca-provides-update-on-tralokinumab-phase-iii-programme-in-severe-uncontrolled-asthma-01112017.html
https://www.astrazeneca.com/media-centre/press-releases/2017/astrazeneca-provides-update-on-tralokinumab-phase-iii-programme-in-severe-uncontrolled-asthma-01112017.html
https://www.astrazeneca.com/media-centre/press-releases/2017/astrazeneca-provides-update-on-tralokinumab-phase-iii-programme-in-severe-uncontrolled-asthma-01112017.html
https://doi.org/10.1182/blood.v87.8.3336.bloodjournal8783336
https://doi.org/10.1513/pats.200402-014MS
https://doi.org/10.1016/j.jaci.2016.05.011
https://doi.org/10.1016/j.jaci.2016.05.011
https://doi.org/10.1038/s41577-018-0006-6
https://doi.org/10.1038/s41577-018-0006-6
https://doi.org/10.1016/s0140-6736(04)15650-x
https://doi.org/10.3109/02770903.2013.860164
https://doi.org/10.1038/sj.bjp.0705135
https://doi.org/10.1016/j.molmed.2007.11.003
https://doi.org/10.1016/j.molmed.2007.11.003
https://doi.org/10.1159/000113517
https://doi.org/10.1159/000113517
https://doi.org/10.1165/rcmb.2005-0309OC
https://doi.org/10.1016/S2213-2600(15)00197-6
https://doi.org/10.1159/000092868
https://doi.org/10.5603/ARM.a2019.0002
https://doi.org/10.1172/jci116486
https://doi.org/10.1111/j.1476-5381.2010.01165.x
https://doi.org/10.1111/j.1476-5381.2010.01165.x
https://doi.org/10.1016/j.canlet.2015.11.030
https://doi.org/10.1016/j.canlet.2015.11.030
https://doi.org/10.1074/jbc.M110955200
https://doi.org/10.1016/j.jdermsci.2017.08.013
https://doi.org/10.1016/j.jdermsci.2017.08.013
https://doi.org/10.1186/s12890-018-0689-2
https://doi.org/10.1186/s12890-018-0689-2
https://doi.org/10.1002/dvdy.24468
https://doi.org/10.4049/jimmunol.1700164
https://doi.org/10.1038/sj.bjp.0705809
https://doi.org/10.1161/circresaha.109.203760
https://doi.org/10.1161/circresaha.109.203760
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00223 March 31, 2020 Time: 18:8 # 10

Tan et al. FGF2 in Asthma and COPD

growth factor for second-degree burns. Lancet 352, 1661–1664. doi: 10.1016/
S0140-6736(98)01260-1264

Gardner, J. C., Wu, H., Noel, J. G., Ramser, B. J., Pitstick, L., Saito, A., et al.
(2016). Keratinocyte growth factor supports pulmonary innate immune defense
through maintenance of alveolar antimicrobial protein levels and macrophage
function. Am. J. Physiol. Lung Cell Mol. Physiol. 310, L868–L879. doi: 10.1152/
ajplung.00363.2015

Gillis, P., Savla, U., Volpert, O. V., Jimenez, B., Waters, C. M., Panos, R. J.,
et al. (1999). Keratinocyte growth factor induces angiogenesis and protects
endothelial barrier function. J. Cell Sci. 112(Pt 12), 2049–2057.

Gohy, S., Fregimilicka, C., Detry, B., Bouzin, C., Weynand, B., and Pilette, C.
(2015). Altered airway epithelial cell specification in COPD. Eur. Respir. J.
46:A924. doi: 10.1183/13993003.congress-2015.PA924

Gonzalez, A. M., Hill, D. J., Logan, A., Maher, P. A., and Baird, A. (1996).
Distribution of fibroblast growth factor (FGF)-2 and FGF receptor-1 messenger
RNA expression and protein presence in the mid-trimester human fetus.
Pediatr. Res. 39, 375–385. doi: 10.1203/00006450-199604001-199602261

Green, C. E., and Turner, A. M. (2017). The role of the endothelium in asthma
and chronic obstructive pulmonary disease (COPD). Respir. Res. 18:20. doi:
10.1186/s12931-017-0505-501

Griffioen, A. W., Damen, C. A., Blijham, G. H., and Groenewegen, G. (1996).
Tumor angiogenesis is accompanied by a decreased inflammatory response of
tumor-associated endothelium. Blood 88, 667–673. doi: 10.1182/blood.v88.2.
667.bloodjournal882667

Gross, N. J., and Barnes, P. J. (2017). New Therapies for Asthma and Chronic
Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 195, 159–166.
doi: 10.1164/rccm.201610-2074PP

Guddo, F., Vignola, A. M., Saetta, M., Baraldo, S., Siena, L., Balestro, E., et al.
(2006). Upregulation of basic fibroblast growth factor in smokers with chronic
bronchitis. Eur. Respir. J. 27, 957–963. doi: 10.1183/09031936.06.00057205

Guzy, R. D., Stoilov, I., Elton, T. J., Mecham, R. P., and Ornitz, D. M. (2015).
Fibroblast growth factor 2 is required for epithelial recovery, but not for
pulmonary fibrosis, in response to bleomycin. Am. J. Respir. Cell Mol. Biol. 52,
116–128. doi: 10.1165/rcmb.2014-0184OC

Hahn, C., Islamian, A. P., Renz, H., and Nockher, W. A. (2006). Airway epithelial
cells produce neurotrophins and promote the survival of eosinophils during
allergic airway inflammation. J. Allergy Clin. Immunol. 117, 787–794. doi: 10.
1016/j.jaci.2005.12.1339

Han, R. N., Liu, J., Tanswell, A. K., and Post, M. (1992). Expression of
basic fibroblast growth factor and receptor: immunolocalization studies in
developing rat fetal lung. Pediatr. Res. 31, 435–440. doi: 10.1203/00006450-
199205000-00004

Hatanaka, K., Lanahan, A. A., Murakami, M., and Simons, M. (2012). Fibroblast
growth factor signaling potentiates VE-cadherin stability at adherens junctions
by regulating SHP2. PLoS One 7:e37600. doi: 10.1371/journal.pone.0037600

Holgate, S. T. (2012). Innate and adaptive immune responses in asthma. Nat. Med.
18, 673–683. doi: 10.1038/nm.2731

Holgate, S. T., Wenzel, S., Postma, D. S., Weiss, S. T., Renz, H., and Sly, P. D. (2015).
Asthma. Nat. Rev. Dis. Primer. 1:15025. doi: 10.1038/nrdp.2015.25

Hoshino, M., Takahashi, M., and Aoike, N. (2001). Expression of vascular
endothelial growth factor, basic fibroblast growth factor, and angiogenin
immunoreactivity in asthmatic airways and its relationship to angiogenesis.
J. Allergy Clin. Immunol. 107, 295–301. doi: 10.1067/mai.2001.111928

Jeon, S. G., Lee, C. G., Oh, M. H., Chun, E. Y., Gho, Y. S., Cho, S. H.,
et al. (2007). Recombinant basic fibroblast growth factor inhibits the airway
hyperresponsiveness, mucus production, and lung inflammation induced by an
allergen challenge. J. Allergy Clin. Immunol. 119, 831–837. doi: 10.1016/j.jaci.
2006.12.653

Kage, K., Fujita, N., Oh-Hara, T., Ogata, E., Fujita, T., and Tsuruo, T. (1999). Basic
fibroblast growth factor induces cyclooxygenase-2 expression in endothelial
cells derived from bone. Biochem. Biophys. Res. Commun. 254, 259–263. doi:
10.1006/bbrc.1998.9875

Kearley, J., Erjefalt, J. S., Andersson, C., Benjamin, E., Jones, C. P., Robichaud, A.,
et al. (2011). IL-9 governs allergen-induced mast cell numbers in the lung and
chronic remodeling of the airways. Am. J. Respir. Crit. Care Med. 183, 865–875.
doi: 10.1164/rccm.200909-1462OC

Kendall, R. T., and Feghali-Bostwick, C. A. (2014). Fibroblasts in fibrosis: novel
roles and mediators. Front. Pharmacol. 5:123. doi: 10.3389/fphar.2014.00123

Khalil, N., Xu, Y. D., O’connor, R., and Duronio, V. (2005). Proliferation
of pulmonary interstitial fibroblasts is mediated by transforming growth
factor-beta1-induced release of extracellular fibroblast growth factor-2 and
phosphorylation of p38 MAPK and JNK. J. Biol. Chem. 280, 43000–43009.
doi: 10.1074/jbc.M510441200

Kim, Y. S., Hong, G., Kim, D. H., Kim, Y. M., Kim, Y. K., Oh, Y. M., et al.
(2018). The role of FGF-2 in smoke-induced emphysema and the therapeutic
potential of recombinant FGF-2 in patients with COPD. Exp. Mol. Med. 50:150.
doi: 10.1038/s12276-018-0178-y

Klint, P., Kanda, S., Kloog, Y., and Claesson-Welsh, L. (1999). Contribution of Src
and Ras pathways in FGF-2 induced endothelial cell differentiation. Oncogene
18, 3354–3364. doi: 10.1038/sj.onc.1202680

Komarova, Y., and Malik, A. B. (2008). FGF signaling preserves the integrity of
endothelial adherens junctions. Dev. Cell 15, 335–336. doi: 10.1016/j.devcel.
2008.08.016

Kranenburg, A. R., De Boer, W. I., Van Krieken, J. H., Mooi, W. J., Walters, J. E.,
Saxena, P. R., et al. (2002). Enhanced expression of fibroblast growth factors and
receptor FGFR-1 during vascular remodeling in chronic obstructive pulmonary
disease. Am. J. Respir. Cell Mol. Biol. 27, 517–525. doi: 10.1165/rcmb.4474

Kranenburg, A. R., Willems-Widyastuti, A., Mooi, W. J., Saxena, P. R., Sterk, P. J.,
De Boer, W. I., et al. (2005). Chronic obstructive pulmonary disease is associated
with enhanced bronchial expression of FGF-1, FGF-2, and FGFR-1. J. Pathol.
206, 28–38. doi: 10.1002/path.1748

Krick, S., Baumlin, N., Aller, S. P., Aguiar, C., Grabner, A., Sailland, J., et al. (2017).
Klotho inhibits interleukin-8 secretion from cystic fibrosis airway epithelia. Sci.
Rep. 7:14388. doi: 10.1038/s41598-017-14811-0

Krick, S., Grabner, A., Baumlin, N., Yanucil, C., Helton, S., Grosche, A., et al. (2018).
Fibroblast growth factor 23 and Klotho contribute to airway inflammation. Eur.
Respir. J. 52:1800236. doi: 10.1183/13993003.00236-2018

La Venuta, G., Zeitler, M., Steringer, J. P., Muller, H. M., and Nickel, W. (2015).
The startling properties of fibroblast growth factor 2: how to exit mammalian
cells without a signal peptide at hand. J. Biol. Chem. 290, 27015–27020. doi:
10.1074/jbc.R115.689257

Laddha, A. P., and Kulkarni, Y. A. (2019). VEGF and FGF-2: promising targets for
the treatment of respiratory disorders. Respir. Med. 156, 33–46. doi: 10.1016/j.
rmed.2019.08.003

Ladjemi, M. Z., Gras, D., Dupasquier, S., Detry, B., Lecocq, M., Garulli, C., et al.
(2018). Bronchial epithelial IgA secretion is impaired in asthma. Role of IL-
4/IL-13. Am. J. Respir. Crit. Care Med. 197, 1396–1409. doi: 10.1164/rccm.
201703-0561OC

Leali, D., Dell’era, P., Stabile, H., Sennino, B., Chambers, A. F., Naldini, A.,
et al. (2003). Osteopontin (Eta-1) and fibroblast growth factor-2 cross-talk
in angiogenesis. J. Immunol. 171, 1085–1093. doi: 10.4049/jimmunol.171.2.
1085

Lee, H. T., Lee, J. G., Na, M., and Kay, E. P. (2004). FGF-2 induced by interleukin-1
beta through the action of phosphatidylinositol 3-kinase mediates endothelial
mesenchymal transformation in corneal endothelial cells. J. Biol. Chem. 279,
32325–32332. doi: 10.1074/jbc.M405208200

Li, B., Jones, L. L., and Geiger, T. L. (2018). IL-6 promotes T cell proliferation
and expansion under inflammatory conditions in association with low-level
RORgammat expression. J. Immunol. 201, 2934–2946. doi: 10.4049/jimmunol.
1800016

Lin, X., Zhang, Y., Liu, L., Mckeehan, W. L., Shen, Y., Song, S., et al. (2011).
FRS2alpha is essential for the fibroblast growth factor to regulate the mTOR
pathway and autophagy in mouse embryonic fibroblasts. Int. J. Biol. Sci. 7,
1114–1121. doi: 10.7150/ijbs.7.1114

Liu, X., Luo, D., and Yang, N. (2015). Cytosolic low molecular weight FGF2
orchestrates RIG-I-mediated innate immune response. J. Immunol. 195, 4943–
4952. doi: 10.4049/jimmunol.1501503

Loriot, Y., Necchi, A., Park, S. H., Garcia-Donas, J., Huddart, R., Burgess, E.,
et al. (2019). Erdafitinib in locally advanced or metastatic urothelial carcinoma.
N. Engl. J. Med. 381, 338–348. doi: 10.1056/NEJMoa1817323

Luo, J., Qiao, F., and Yin, X. (2011). Hypoxia induces FGF2 production by vascular
endothelial cells and alters MMP9 and TIMP1 expression in extravillous
trophoblasts and their invasiveness in a cocultured model. J. Reprod. Dev. 57,
84–91. doi: 10.1262/jrd.10-008k

Lv, X.-M., Li, M.-D., Cheng, S., Liu, B.-L., Liu, K., Zhang, C.-F., et al. (2018).
Neotuberostemonine inhibits the differentiation of lung fibroblasts into

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 April 2020 | Volume 8 | Article 223

https://doi.org/10.1016/S0140-6736(98)01260-1264
https://doi.org/10.1016/S0140-6736(98)01260-1264
https://doi.org/10.1152/ajplung.00363.2015
https://doi.org/10.1152/ajplung.00363.2015
https://doi.org/10.1183/13993003.congress-2015.PA924
https://doi.org/10.1203/00006450-199604001-199602261
https://doi.org/10.1186/s12931-017-0505-501
https://doi.org/10.1186/s12931-017-0505-501
https://doi.org/10.1182/blood.v88.2.667.bloodjournal882667
https://doi.org/10.1182/blood.v88.2.667.bloodjournal882667
https://doi.org/10.1164/rccm.201610-2074PP
https://doi.org/10.1183/09031936.06.00057205
https://doi.org/10.1165/rcmb.2014-0184OC
https://doi.org/10.1016/j.jaci.2005.12.1339
https://doi.org/10.1016/j.jaci.2005.12.1339
https://doi.org/10.1203/00006450-199205000-00004
https://doi.org/10.1203/00006450-199205000-00004
https://doi.org/10.1371/journal.pone.0037600
https://doi.org/10.1038/nm.2731
https://doi.org/10.1038/nrdp.2015.25
https://doi.org/10.1067/mai.2001.111928
https://doi.org/10.1016/j.jaci.2006.12.653
https://doi.org/10.1016/j.jaci.2006.12.653
https://doi.org/10.1006/bbrc.1998.9875
https://doi.org/10.1006/bbrc.1998.9875
https://doi.org/10.1164/rccm.200909-1462OC
https://doi.org/10.3389/fphar.2014.00123
https://doi.org/10.1074/jbc.M510441200
https://doi.org/10.1038/s12276-018-0178-y
https://doi.org/10.1038/sj.onc.1202680
https://doi.org/10.1016/j.devcel.2008.08.016
https://doi.org/10.1016/j.devcel.2008.08.016
https://doi.org/10.1165/rcmb.4474
https://doi.org/10.1002/path.1748
https://doi.org/10.1038/s41598-017-14811-0
https://doi.org/10.1183/13993003.00236-2018
https://doi.org/10.1074/jbc.R115.689257
https://doi.org/10.1074/jbc.R115.689257
https://doi.org/10.1016/j.rmed.2019.08.003
https://doi.org/10.1016/j.rmed.2019.08.003
https://doi.org/10.1164/rccm.201703-0561OC
https://doi.org/10.1164/rccm.201703-0561OC
https://doi.org/10.4049/jimmunol.171.2.1085
https://doi.org/10.4049/jimmunol.171.2.1085
https://doi.org/10.1074/jbc.M405208200
https://doi.org/10.4049/jimmunol.1800016
https://doi.org/10.4049/jimmunol.1800016
https://doi.org/10.7150/ijbs.7.1114
https://doi.org/10.4049/jimmunol.1501503
https://doi.org/10.1056/NEJMoa1817323
https://doi.org/10.1262/jrd.10-008k
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00223 March 31, 2020 Time: 18:8 # 11

Tan et al. FGF2 in Asthma and COPD

myofibroblasts in mice by regulating HIF-1α signaling. Acta Pharmacol. Sin.
39, 1501–1512. doi: 10.1038/aps.2017.202

Maher, P. (1999). p38 mitogen-activated protein kinase activation is required for
fibroblast growth factor-2-stimulated cell proliferation but not differentiation.
J. Biol. Chem. 274, 17491–17498. doi: 10.1074/jbc.274.25.17491

Mehta, A. K., Gracias, D. T., and Croft, M. (2018). TNF activity and T cells.
Cytokine 101, 14–18. doi: 10.1016/j.cyto.2016.08.003

Mignatti, P., Morimoto, T., and Rifkin, D. B. (1992). Basic fibroblast growth factor,
a protein devoid of secretory signal sequence, is released by cells via a pathway
independent of the endoplasmic reticulum-Golgi complex. J. Cell. Physiol. 151,
81–93. doi: 10.1002/jcp.1041510113

Mor, F., Quintana, F. J., and Cohen, I. R. (2004). Angiogenesis-inflammation cross-
talk: vascular endothelial growth factor is secreted by activated T cells and
induces Th1 polarization. J. Immunol. 172, 4618–4623. doi: 10.4049/jimmunol.
172.7.4618

Murakami, M., Nguyen, L. T., Zhuang, Z. W., Moodie, K. L., Carmeliet, P., Stan,
R. V., et al. (2008). The FGF system has a key role in regulating vascular
integrity. J. Clin. Invest. 118, 3355–3366. doi: 10.1172/jci35298

Narendra, D. K., and Hanania, N. A. (2019). Targeting IL-5 in COPD. Int. J. Chron.
Obstruct. Pulmon. Dis. 14, 1045–1051. doi: 10.2147/copd.s155306

Nugent, M. A., and Iozzo, R. V. (2000). Fibroblast growth factor-2. Int. J. Biochem.
Cell Biol. 32, 115–120. doi: 10.1016/s1357-2725(99)00123-125

Oelsner, E. C., Pottinger, T. D., Burkart, K. M., Allison, M., Buxbaum, S. G.,
Hansel, N. N., et al. (2013). Adhesion molecules, endothelin-1 and lung function
in seven population-based cohorts. Biomarkers 18, 196–203. doi: 10.3109/
1354750X.2012.762805

Ogawa, H., Azuma, M., Tsunematsu, T., Morimoto, Y., Kondo, M., Tezuka, T., et al.
(2018). Neutrophils induce smooth muscle hyperplasia via neutrophil elastase-
induced FGF-2 in a mouse model of asthma with mixed inflammation. Clin.
Exp. Allergy 48, 1715–1725. doi: 10.1111/cea.13263

Ohsaka, A., Takagi, S., Takeda, A., Katsura, Y., Takahashi, K., and Matsuoka, T.
(2001). Basic fibroblast growth factor up-regulates the surface expression of
complement receptors on human monocytes. Inflamm. Res. 50, 270–274. doi:
10.1007/s000110050753

Okamura, K., Sato, Y., Matsuda, T., Hamanaka, R., Ono, M., Kohno, K.,
et al. (1991). Endogenous basic fibroblast growth factor-dependent induction
of collagenase and interleukin-6 in tumor necrosis factor-treated human
microvascular endothelial cells. J. Biol. Chem. 266, 19162–19165.

Ono, K., Yanishi, K., Ariyoshi, M., Kaimoto, S., Uchihashi, M., Shoji, K., et al.
(2018). First-in-man clinical pilot study showing the safety and efficacy of
intramuscular injection of basic fibroblast growth factor with atelocollagen
solution for critical limb ischemia. Circ. J. 83, 217–223. doi: 10.1253/circj.CJ-
18-0815

Ornitz, D. M., and Itoh, N. (2001). Fibroblast growth factors. Genome Biol.
2:Reviews3005. doi: 10.1186/gb-2001-2-3-reviews3005

Pavlisa, G., Pavlisa, G., Kusec, V., Kolonic, S. O., Markovic, A. S., and Jaksic, B.
(2010). Serum levels of VEGF and bFGF in hypoxic patients with exacerbated
COPD. Eur. Cytokine Netw. 21, 92–98. doi: 10.1684/ecn.2010.0193

Pesci, A., Majori, M., Fau Cuomo, A., Cuomo Fau-Borciani, N., Borciani, N.,
and Fau - Bertacco, S. (1998). Neutrophils infiltrating bronchial epithelium in
chronic obstructive pulmonary disease. Respir. Med. 92:8.

Peters, S. G., Mcdougall, J. C., Douglas, W. W., Coles, D. T., and Deremee, R. A.
(1993). Colchicine in the treatment of pulmonary fibrosis. Chest 103, 101–104.
doi: 10.1378/chest.103.1.101

Pintucci, G., Moscatelli, D., Saponara, F., Biernacki, P. R., Baumann, F. G., Bizekis,
C., et al. (2002). Lack of ERK activation and cell migration in FGF-2-deficient
endothelial cells. FASEB J. 16, 598–600. doi: 10.1096/fj.01-0815fje

Pintucci, G., Steinberg, B. M., Seghezzi, G., Yun, J., Apazidis, A., Baumann, F. G.,
et al. (1999). Mechanical endothelial damage results in basic fibroblast growth
factor-mediated activation of extracellular signal-regulated kinases. Surgery 126,
422–427. doi: 10.1016/s0039-6060(99)70187-x

Powell, P. P., Wang, C. C., Horinouchi, H., Shepherd, K., Jacobson, M., Lipson, M.,
et al. (1998). Differential expression of fibroblast growth factor receptors 1 to
4 and ligand genes in late fetal and early postnatal rat lung. Am. J. Respir. Cell
Mol. Biol. 19, 563–572. doi: 10.1165/ajrcmb.19.4.2994

Presta, M., Foglio, E., Churruca Schuind, A., and Ronca, R. (2018). Long pentraxin-
3 modulates the angiogenic activity of fibroblast growth factor-2. Front.
Immunol. 9:2327. doi: 10.3389/fimmu.2018.02327

Rahimi, F., Hsu, K., Endoh, Y., and Geczy, C. L. (2005). FGF-2, IL-1β and TGF-β
regulate fibroblast expression of S100A8. FEBS J. 272, 2811–2827. doi: 10.1111/
j.1742-4658.2005.04703.x

Ramos-Barbon, D., Presley, J. F., Hamid, Q. A., Fixman, E. D., and Martin, J. G.
(2005). Antigen-specific CD4+ T cells drive airway smooth muscle remodeling
in experimental asthma. J. Clin. Invest. 115, 1580–1589. doi: 10.1172/jci1
9711

Redington, A. E., Roche, W. R., Madden, J., Frew, A. J., Djukanovic, R., Holgate,
S. T., et al. (2001). Basic fibroblast growth factor in asthma: measurement in
bronchoalveolar lavage fluid basally and following allergen challenge. J. Allergy
Clin. Immunol. 107, 384–387. doi: 10.1067/mai.2001.112268

Rusnati, M., Camozzi, M., Moroni, E., Bottazzi, B., Peri, G., Indraccolo, S., et al.
(2004). Selective recognition of fibroblast growth factor-2 by the long pentraxin
PTX3 inhibits angiogenesis. Blood 104, 92–99. doi: 10.1182/blood-2003-10-
3433

Sahni, A., and Francis, C. W. (2004). Stimulation of endothelial cell proliferation
by FGF-2 in the presence of fibrinogen requires alphavbeta3. Blood 104, 3635–
3641. doi: 10.1182/blood-2004-04-1358

Sahni, M., Raz, R., Coffin, J. D., Levy, D., and Basilico, C. (2001). STAT1
mediates the increased apoptosis and reduced chondrocyte proliferation in
mice overexpressing FGF2. Development 128, 2119–2129.

Santos, S., Peinado, V. I., Ramírez, J., Melgosa, T., Roca, J., Rodriguez-Roisin, R.,
et al. (2002). Characterization of pulmonary vascular remodelling in smokers
and patients with mild COPD. Eur. Respir. J. 19, 632–638. doi: 10.1183/
09031936.02.00245902

Schuliga, M., Javeed, A., Harris, T., Xia, Y., Qin, C., Wang, Z., et al. (2013).
Transforming growth factor-beta-induced differentiation of airway smooth
muscle cells is inhibited by fibroblast growth factor-2. Am. J. Respir. Cell Mol.
Biol. 48, 346–353. doi: 10.1165/rcmb.2012-0151OC

Schultz, K., Murthy, V., Fau - Tatro, J. B., Tatro, J. B., Fau - Beasley, D., and
Beasley, D. (2007). Endogenous interleukin-1 alpha promotes a proliferative
and proinflammatory phenotype in human vascular smooth muscle cells. Am.
J. Physiol. Heart Circ. Physiol. 292, H2927–H2934. doi: 10.1152/ajpheart.00700.
2006

Shute, J. K., Solic, N., Shimizu, J., Mcconnell, W., Redington, A. E., and Howarth,
P. H. (2004). Epithelial expression and release of FGF-2 from heparan sulphate
binding sites in bronchial tissue in asthma. Thorax 59, 557–562. doi: 10.1136/
thx.2002.002626

Sleeman, M., Fraser, J., Mcdonald, M., Yuan, S., White, D., Grandison, P., et al.
(2001). Identification of a new fibroblast growth factor receptor, FGFR5. Gene
271, 171–182. doi: 10.1016/s0378-1119(01)00518-512

Song, X., Dai, D., He, X., Zhu, S., Yao, Y., Gao, H., et al. (2015). Growth factor FGF2
cooperates with interleukin-17 to repair intestinal epithelial damage. Immunity
43, 488–501. doi: 10.1016/j.immuni.2015.06.024

Sozzani, S., Rusnati, M., Riboldi, E., Mitola, S., and Presta, M. (2007). Dendritic
cell-endothelial cell cross-talk in angiogenesis. Trends Immunol. 28, 385–392.
doi: 10.1016/j.it.2007.07.006

Spinetti, G., Camarda, G., Bernardini, G., Romano Di Peppe, S., Capogrossi, M. C.,
and Napolitano, M. (2001). The chemokine CXCL13 (BCA-1) inhibits FGF-
2 effects on endothelial cells. Biochem. Biophys. Res. Commun. 289, 19–24.
doi: 10.1006/bbrc.2001.5924

Stenmark, K. R., Frid, M. G., Graham, B. B., and Tuder, R. M. (2018). Dynamic and
diverse changes in the functional properties of vascular smooth muscle cells
in pulmonary hypertension. Cardiovasc. Res. 114, 551–564. doi: 10.1093/cvr/
cvy004

Struyf, S., Burdick, M. D., Proost, P., Van Damme, J., and Strieter, R. M. (2004).
Platelets release CXCL4L1, a nonallelic variant of the chemokine platelet factor-
4/CXCL4 and potent inhibitor of angiogenesis. Circ. Res. 95, 855–857. doi:
10.1161/01.res.0000146674.38319.07

Sufen, G., Xianghong, Y., Yongxia, C., and Qian, P. (2011). bFGF and PDGF-
BB have a synergistic effect on the proliferation, migration and VEGF release
of endothelial progenitor cells. Cell Biol. Int. 35, 545–551. doi: 10.1042/
cbi20100401

Sulpice, E., Bryckaert, M., Lacour, J., Contreres, J. O., and Tobelem, G.
(2002). Platelet factor 4 inhibits FGF2-induced endothelial cell proliferation
via the extracellular signal-regulated kinase pathway but not by the
phosphatidylinositol 3-kinase pathway. Blood 100, 3087–3094. doi: 10.1182/
blood.V100.9.3087

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 April 2020 | Volume 8 | Article 223

https://doi.org/10.1038/aps.2017.202
https://doi.org/10.1074/jbc.274.25.17491
https://doi.org/10.1016/j.cyto.2016.08.003
https://doi.org/10.1002/jcp.1041510113
https://doi.org/10.4049/jimmunol.172.7.4618
https://doi.org/10.4049/jimmunol.172.7.4618
https://doi.org/10.1172/jci35298
https://doi.org/10.2147/copd.s155306
https://doi.org/10.1016/s1357-2725(99)00123-125
https://doi.org/10.3109/1354750X.2012.762805
https://doi.org/10.3109/1354750X.2012.762805
https://doi.org/10.1111/cea.13263
https://doi.org/10.1007/s000110050753
https://doi.org/10.1007/s000110050753
https://doi.org/10.1253/circj.CJ-18-0815
https://doi.org/10.1253/circj.CJ-18-0815
https://doi.org/10.1186/gb-2001-2-3-reviews3005
https://doi.org/10.1684/ecn.2010.0193
https://doi.org/10.1378/chest.103.1.101
https://doi.org/10.1096/fj.01-0815fje
https://doi.org/10.1016/s0039-6060(99)70187-x
https://doi.org/10.1165/ajrcmb.19.4.2994
https://doi.org/10.3389/fimmu.2018.02327
https://doi.org/10.1111/j.1742-4658.2005.04703.x
https://doi.org/10.1111/j.1742-4658.2005.04703.x
https://doi.org/10.1172/jci19711
https://doi.org/10.1172/jci19711
https://doi.org/10.1067/mai.2001.112268
https://doi.org/10.1182/blood-2003-10-3433
https://doi.org/10.1182/blood-2003-10-3433
https://doi.org/10.1182/blood-2004-04-1358
https://doi.org/10.1183/09031936.02.00245902
https://doi.org/10.1183/09031936.02.00245902
https://doi.org/10.1165/rcmb.2012-0151OC
https://doi.org/10.1152/ajpheart.00700.2006
https://doi.org/10.1152/ajpheart.00700.2006
https://doi.org/10.1136/thx.2002.002626
https://doi.org/10.1136/thx.2002.002626
https://doi.org/10.1016/s0378-1119(01)00518-512
https://doi.org/10.1016/j.immuni.2015.06.024
https://doi.org/10.1016/j.it.2007.07.006
https://doi.org/10.1006/bbrc.2001.5924
https://doi.org/10.1093/cvr/cvy004
https://doi.org/10.1093/cvr/cvy004
https://doi.org/10.1161/01.res.0000146674.38319.07
https://doi.org/10.1161/01.res.0000146674.38319.07
https://doi.org/10.1042/cbi20100401
https://doi.org/10.1042/cbi20100401
https://doi.org/10.1182/blood.V100.9.3087
https://doi.org/10.1182/blood.V100.9.3087
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00223 March 31, 2020 Time: 18:8 # 12

Tan et al. FGF2 in Asthma and COPD

Takagi, S., Takahashi, K., Katsura, Y., Matsuoka, T., and Ohsaka, A. (2000).
Basic fibroblast growth factor modulates the surface expression of effector cell
molecules and primes respiratory burst activity in human neutrophils. Acta
Haematol. 103, 78–83. doi: 10.1159/000041024

Tliba, O., and Amrani, Y. (2008). Airway smooth muscle cell as an inflammatory
cell: lessons learned from interferon signaling pathways. Proc. Am. Thorac. Soc.
5, 106–112. doi: 10.1513/pats.200705-060VS

Udelson, J. E., Dilsizian, V., Laham, R. J., Chronos, N., Vansant, J., Blais, M.,
et al. (2000). Therapeutic angiogenesis with recombinant fibroblast growth
factor-2 improves stress and rest myocardial perfusion abnormalities in patients
with severe symptomatic chronic coronary artery disease. Circulation 102,
1605–1610. doi: 10.1161/01.cir.102.14.1605

Wang, K., Lai, C., Li, T., Wang, C., Wang, W., Ni, B., et al. (2018). Basic fibroblast
growth factor protects against influenza A virus-induced acute lung injury
by recruiting neutrophils. J. Mol. Cell. Biol. 10, 573–585. doi: 10.1093/jmcb/
mjx047

Wang, W., Fan, Y. Q., Lv, Z., Yao, X. J., Wang, W., Huang, K. W., et al. (2012).
Interleukin-25 promotes basic fibroblast growth factor expression by human
endothelial cells through interaction with IL-17RB, but not IL-17RA. Clin. Exp.
Allergy 42, 1604–1614. doi: 10.1111/j.1365-2222.2012.04062.x

Wempe, F., Lindner, V., and Augustin, H. G. (1997). Basic fibroblast growth
factor (bFGF) regulates the expression of the CC chemokine monocyte
chemoattractant protein-1 (MCP-1) in autocrine-activated endothelial cells.
Arterioscler. Thromb. Vasc. Biol. 17, 2471–2478. doi: 10.1161/01.atv.17.11.2471

Whalen, M. B., and Massidda, O. (2015). Helicobacter pylori: enemy, commensal
or, sometimes, friend? J. Infec. Dev. Count. 9, 674–678. doi: 10.3855/jidc.7186

Willems-Widyastuti, A., Vanaudenaerde, B., Vos, R., Verleden, S., De
Vleeschauwer, S., Vaneylen, A., et al. (2011). MAP kinases mediate FGF-
induced expression and release of VEGF in human airway smooth muscle cells:
the role of azithromycin. Eur. Respir. J. 38, 753.

Willems-Widyastuti, A., Vanaudenaerde, B. M., Vos, R., Dilisen, E., Verleden, S. E.,
De Vleeschauwer, S. I., et al. (2013). Azithromycin attenuates fibroblast growth
factors induced vascular endothelial growth factor via p38(MAPK) signaling
in human airway smooth muscle cells. Cell Biochem. Biophys. 67, 331–339.
doi: 10.1007/s12013-011-9331-9330

Wu, H., Suzuki, T., Carey, B., Trapnell, B. C., and Mccormack, F. X.
(2011). Keratinocyte growth factor augments pulmonary innate immunity
through epithelium-driven, GM-CSF-dependent paracrine activation of
alveolar macrophages. J. Biol. Chem. 286, 14932–14940. doi: 10.1074/jbc.M110.
182170

Yi, M., Belcastro, R., Shek, S., Luo, D., Post, M., and Tanswell, A. K. (2006).
Fibroblast growth factor-2 and receptor-1alpha(IIIc) regulate postnatal rat lung
cell apoptosis. Am. J. Respir. Crit. Care Med. 174, 581–589. doi: 10.1164/rccm.
200511-1718OC

Ying, S., Robinson, D. S., Meng, Q., Rottman, J., Kennedy, R., Ringler, D. J., et al.
(1997). Enhanced expression of eotaxin and CCR3 mRNA and protein in atopic
asthma. Association with airway hyperresponsiveness and predominant co-
localization of eotaxin mRNA to bronchial epithelial and endothelial cells. Eur.
J. Immunol. 27, 3507–3516. doi: 10.1002/eji.1830271252

Yuan, T., Volckaert, T., Redente, E. F., Hopkins, S., Klinkhammer, K., Wasnick, R.,
et al. (2019). FGF10-FGFR2B signaling generates basal cells and drives alveolar
epithelial regeneration by bronchial epithelial stem cells after lung injury. Stem
Cell Rep. 12, 1041–1055. doi: 10.1016/j.stemcr.2019.04.003

Yum, H. Y., Cho, J. Y., Miller, M., and Broide, D. H. (2011). Allergen-induced
coexpression of bFGF and TGF-beta1 by macrophages in a mouse model of
airway remodeling: bFGF induces macrophage TGF-beta1 expression in vitro.
Int. Arch. Allergy Immunol. 155, 12–22. doi: 10.1159/000317213

Zhang, J., Shan, L., Koussih, L., Redhu, N. S., Halayko, A. J., Chakir, J., et al. (2012).
Pentraxin 3 (PTX3) expression in allergic asthmatic airways: role in airway
smooth muscle migration and chemokine production. PLoS One 7:e34965.
doi: 10.1371/journal.pone.0034965

Zhou, M., Sutliff, R. L., Paul, R. J., Lorenz, J. N., Hoying, J. B., Haudenschild, C. C.,
et al. (1998). Fibroblast growth factor 2 control of vascular tone. Nat. Med. 4,
201–207.

Zittermann, S. I., and Issekutz, A. C. (2006). Basic fibroblast growth factor
(bFGF, FGF-2) potentiates leukocyte recruitment to inflammation by enhancing
endothelial adhesion molecule expression. Am. J. Pathol. 168, 835–846. doi:
10.2353/ajpath.2006.050479

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Tan, Qiao, Chen, Liu, Guo, Tran, Tan, Wang and Yan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 April 2020 | Volume 8 | Article 223

https://doi.org/10.1159/000041024
https://doi.org/10.1513/pats.200705-060VS
https://doi.org/10.1161/01.cir.102.14.1605
https://doi.org/10.1093/jmcb/mjx047
https://doi.org/10.1093/jmcb/mjx047
https://doi.org/10.1111/j.1365-2222.2012.04062.x
https://doi.org/10.1161/01.atv.17.11.2471
https://doi.org/10.3855/jidc.7186
https://doi.org/10.1007/s12013-011-9331-9330
https://doi.org/10.1074/jbc.M110.182170
https://doi.org/10.1074/jbc.M110.182170
https://doi.org/10.1164/rccm.200511-1718OC
https://doi.org/10.1164/rccm.200511-1718OC
https://doi.org/10.1002/eji.1830271252
https://doi.org/10.1016/j.stemcr.2019.04.003
https://doi.org/10.1159/000317213
https://doi.org/10.1371/journal.pone.0034965
https://doi.org/10.2353/ajpath.2006.050479
https://doi.org/10.2353/ajpath.2006.050479
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	FGF2, an Immunomodulatory Factor in Asthma and Chronic Obstructive Pulmonary Disease (COPD)
	Introduction
	Fgf2 Discovery and Signaling
	Discovery of FGF2 and Its Isoforms
	FGF2 Signaling and Basic Function

	Implications of Fgf2 in Airway Diseases
	The Physiological Role of FGF2 in the Lungs
	FGF2 Expression Pattern in Airway Diseases
	FGF2 in Inflammatory Cells
	FGF2 in Airway Structural Cells
	Airway Epithelial Cells
	Airway Smooth Muscle Cells
	Endothelial Cells
	Other Cell Types


	Fgf2 as a Potential Therapeutic Target in Asthma and Copd
	Future Directions and Conclusion
	Author Contributions
	Funding
	References


