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Abstract
Introduction  Chronic inflammatory lung diseases are a common cause of suffering and death. Chronic obstructive pulmonary 
disease (COPD) is the reason for 6% of all deaths worldwide. A total of 262 million people are affected by asthma and 461,000 
people died in 2019. Idiopathic pulmonary fibrosis (IPF) is diagnosed in 3 million people worldwide, with an onset over the 
age of 50 with a mean survival of only 24–30 months. These three diseases have in common that remodeling of the lung tis-
sue takes place, which is responsible for an irreversible decline of lung function. Pathological lung remodeling is mediated 
by a complex interaction of different, often misguided, repair processes regulated by a variety of mediators. One group of 
these, as has recently become known, are the Wnt ligands. In addition to their well-characterized role in embryogenesis, this 
group of glycoproteins is also involved in immunological and structural repair processes. Depending on the combination of 
the Wnt ligand with its receptors and co-receptors, canonical and noncanonical signaling cascades can be induced.Wnt5A is 
a mediator that is described mainly in noncanonical Wnt signaling and has been shown to play an important role in different 
inflammatory diseases and malignancies.
Objectives  In this review, we summarize the literature available regarding the role of Wnt5A as an immune modulator and 
its role in the development of asthma, COPD and IPF. We will focus specifically on what is known about Wnt5A concerning 
its role in the remodeling processes involved in the chronification of the diseases.
Conclusion  Wnt5A has been shown to be involved in all three inflammatory lung diseases. Since the ligand affects both 
structural and immunological processes, it is an interesting target for the treatment of lung diseases whose pathology involves 
a restructuring of the lung tissue triggered in part by an inflammatory immune response.

Keywords  Wingless-Type MMTV Integration Site Family · Member 5A · Airway remodeling · Asthma · Idiopathic 
pulmonary fibrosis · Chronic obstructive pulmonary disease

Remodeling of lung tissue in chronic airway 
diseases

The prevalence of bronchial asthma in 0–17 years old in Ger-
many is 6% and the third most common chronic disease [2]. 
A total of 262 million people are affected by asthma world-
wide (WHO). The most common type of asthma is atopic 

asthma caused by an allergic inflammation in response to 
allergens, which leads to tissue damage. Tissue damage is 
induced by the major basic protein of eosinophils [3], by 
proteases of mast cells [4], or, in the case of inflammation 
associated with neutrophils, by neutrophil extracellular traps 
[5]. If the inflammatory reaction is of short duration, the 
damage can be completely eliminated by repair processes. 
Excessive repair processes occur in persistent inflamma-
tion, leading to the remodeling of the lung tissue, including 
hyperplasia of mucus-producing goblet cells, thickening of 
the basal lamina of the airway epithelium, neovasculariza-
tion, and the formation of fibrotic foci below the basement 
membrane [6]. Taken together, these processes are respon-
sible for an obstruction of the airways (mechanisms are 
summed up in detail by [7]).
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Idiopathic fibrosis is the most lethal interstitial pneu-
monia of unknown cause. It is characterized by excessive 
fibrosis in the lung tissue with a massive production and 
deposition of extracellular matrix (ECM). The prevalence of 
idiopathic pulmonary fibrosis (IPF) in Germany is estimated 
to be about 2–29 out of every 100,000 people [1]. This dis-
ease has a poor outcome as the mean survival time is only 
24–30 months. In contrast, to COPD and asthma inflamma-
tion seems to be not the starting point for the pathogenesis 
of IPF. The generation of fibrotic foci seems to precede the 
inflammatory response during the development of disease 
[8]. The foci seem to evolve in response to a repetitive injury 
of alveolar epithelial cells. The cause of the injury may be 
chronic inhalation of cigarette smoke or occupational con-
tact to toxic chemicals or gases. Pharmaceutics such as cyto-
static cancer medication may also initiate the disease, e.g., 
in a murine model, an IPF like disease can be induced by a 
single dosage of bleomycin. The deposition of collagens in 
the fibrotic foci results in a stiffening of the lung parenchyma 
resulting in restrictive lung disease.

Chronic obstructive pulmonary disease (COPD) is cur-
rently the fourth leading cause of death worldwide (with an 
upward trend) and is mainly caused by cigarette smoking. 
COPD is characterized by a reduction in lung function which 
is caused by the remodeling of the small airways and chronic 
bronchitis. Furthermore, according to the latest findings, it 
is a multifactorial systemic disease and is associated with 
cardiovascular diseases and other comorbidities. Chronic 
airway and systemic inflammation, mainly resulting from 
increased numbers and activation of neutrophils, alveolar 
macrophages, monocytes, and T-lymphocytes, are crucial for 
disease progression [9]. Emphysema is an additional feature 
of the remodeling in COPD, which is characterized by an 
abnormal and permanent enlargement of air spaces and the 
destruction of the lung parenchyma distal to the terminal 
bronchioles [10].

One pathological feature the three diseases have in com-
mon is fibrosis. However, the location of the fibrosis may 
differ. Where in asthma and COPD fibrotic tissue is predomi-
nantly found in the wall of the airway, in IPF fibrosis occurs 
in the interstitium.

The central role of myofibroblasts in fibrosis of lung 
tissue

IPF, COPD, and asthma have in common that fibrotic 
processes are involved. The composition of the basement 
membrane proteins in asthma and COPD is abnormal 
and contributes to the severity of the disease [11]. While 
fibrosis in asthma is focused on the airway wall, in IPF, 
it occurs in the interstitium and is often characterized by 
the development of fibrotic foci. Hallmarks of these are 
the presence of myofibroblasts producing large amounts 

of ECM. TGF-β-1 (TGF β), which is released by both 
mast cells and granulocytes and promotes the formation 
of myofibroblasts, plays a key role in fibrotic disease [12]. 
The origin of these myofibroblasts can be diverse. Both 
systemic sources, such as fibrocytes recruited from bone 
marrow, and local sources, such as epithelial–mesenchy-
mal transition or the conversion of resident fibroblasts 
and smooth muscle cells (SMCs), can play a role in the 
development of myofibroblasts. The cytokine TGFβ plays 
a decisive role in epithelial–mesenchymal transition [13]. 
Moreover, TGFβ-independent pathways induced by inter-
leukin (IL)-4 and IL-13 are known to initiate the conver-
sion of resident fibroblasts to myofibroblasts [14]. In addi-
tion to this function, IL-4 has also been shown to activate 
collagen production, thereby further promoting airway 
remodeling and fibrosis in heart muscle tissue [15]. The 
SMC change from a contractile to a synthetic phenotype 
with an increase and compositional change of ECM [16, 
17]. Not only an increased production of ECM but also the 
capability of secreting chemokines give the cell an impor-
tant role in the pathogenesis of asthma. Several studies 
have shown that the SMCs secrete chemokines, including 
eotaxin, CXCL10, and CX3CL1, which attract eosinophils 
and mast cells to the lung [18–20].

In addition to structural cells, immune cells, such as 
macrophages, also play a role in the development of fibro-
sis. Hou et al. [21] showed that M2 macrophages in IPF 
promote the formation of myofibroblasts from resident 
mesenchymal stem cells in the lung. Both hyperplasia and 
hypertrophy are observed, which leads to the narrowing 
of the airways. Under physiological conditions, myofibro-
blasts are involved in the wound-healing process. Since 
they are contractile due to the expression of alpha smooth 
muscle actin (αSMA), they contract the wound edges. In 
addition, they produce collagens, fibronectins, elastins, 
fibrillins, proteoglycans, tenascins, and matricellular pro-
teins to repair the injured tissue [22]. As soon as healing is 
completed, the myofibroblasts disappear by apoptosis [23]. 
On the contrary, the myofibroblasts are not eliminated 
by apoptosis in irreversible airway remodeling [24, 25] 
(Fig. 1). The myofibroblasts in fibrotic tissue continue to 
produce large amounts of ECM which is not degraded and 
leads to a stiffening of the tissue. Huang [26] shows that 
the stiffening of the ECM causes apoptosis resistance of 
the myofibroblasts. This process is mediated through BCL-
XL. The latter is a transmembrane protein in mitochondria 
that has an anti-apoptotic effect by preventing permeabili-
zation of the outer mitochondrial membrane. BH3 mimetic 
ABT-263 can overcome this anti-apoptotic effect, which 
induces apoptosis. A further cause of the stiffening of the 
ECM is possibly the dysregulation of matrix metallopro-
teinases and their natural tissue inhibitors [16, 27, 28]. The 
function of matrix metalloproteinases is the degradation of 
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ECM. Furthermore, the ECM is cross-linked by transglu-
taminases, which further complicates its degradation [22]. 
Another family of enzymes involved in cross-linking are 
the so-called lysyl oxidase-like enzymes 1–4. The cross-
linking of the ECM by these enzymes impedes its degra-
dation, which leads to a further stiffening of the tissue. 
Lysyl oxidase-like enzyme 2 initiates the cross-linking of 
collagen and elastin. This increased cross-linking causes 
the activation of fibroblasts. It has already been shown 
that the inhibition of lysyl oxidase-like enzyme 2 in the 
murine bleomycin model is effective against pulmonary 
fibrosis [29]. The stiffening of a tissue generally leads to 

the conversion of fibroblasts to myofibroblasts, which, 
in turn, leads to the development of fibrosis in the lung 
tissues.

The receptors of Wnt5A and their manifold ways 
of signal transduction

The ligand Wnt5A belongs to the family of wingless-type 
MMTV integration site proteins. This family consists of 
secreted lipid-modified glycoproteins that bind to receptors 
of the Frizzled family (Fz/Fzd) and to the receptors tyrosine 

Fig. 1   Role of fibroblasts in 
tissue remodeling (TGF-Beta 
transforming growth factor-
Beta, Alpha-SMA alpha smooth 
muscle cells, MMP matrix 
metalloproteinase, TIMP tissue 
inhibitor of metalloproteinase, 
ECM extracellular matrix, LOX 
lysyl oxidase-like protein, TG 
transglutaminase)
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kinase-like orphan receptor 2 (ROR2) and Ryk. To date, 19 
different WNT factors and 10 different Frizzled receptors 
have been identified in mouse and human. In addition, the 
core receptors lipoprotein receptor-related proteins 5 and 
6 are involved as co-receptors in Wnt-mediated signaling. 
The combination of Wnt/Fzd binding, the involvement and 
type of co-receptors and the cellular context determine the 
intracellular signal transduction. The three most important 
signaling pathways are the canonical, beta-catenin-depend-
ent, and two noncanonical pathways, namely, the calcium-
dependent and the planar cell polarity signaling pathway. 
Numerous publications show that Wnt5A is a prototype 
ligand for noncanonical Wnt signaling, which, with a few 
exceptions [30], induces beta-catenin-independent signal-
ing cascades.

The Wnt5A signaling plays an important role in devel-
opmental biological processes, which is proved by a mas-
sive impairment of the embryonic development of the 
mouse lung after the ubiquitous elimination of Wnt5A. It 
results in an increase in peripheral branching, which leads 
to an increased number of terminal airways. In addition, 
lung maturation is inhibited, as reflected by the persis-
tence of thickened intersaccular interstitium [31]. By con-
trast, overexpression of Wnt5A in the lung causes reduced 
branching, dilated airways, and abnormal lobation [32]. 
These results from mouse models prove the essentiality 
of Wnt5A in correct epithelial–mesenchymal interaction 
in the lung. Furthermore, it could be shown that the lungs 
of Wnt5A and ROR2 knock-out mice show a very similar 
phenotype [33]. Such an interaction of Wnt5A and ROR2 
in epithelial branching could also be shown in breast tissue 
[34]. Another important receptor for Wnt5A is the recep-
tor tyrosine kinase RYK which regulates the planar cell 
polarity signaling pathway [35]. The role of RYK in fibro-
sis processes in the lung is not yet known. Other known 
receptors for Wnt5A are the Frizzled receptors 2, 3, 4, 5, 
6, 7, 8 and CD146 [36]. Fzd 2 is known to be important for 
the branching of the epithelium during lung development, 
because it influences the shape of the epithelial cells [32]. 
Wnt5A produced by macrophages can also induce angio-
genesis and lymphangiogenesis in the lung [37]. There are 
two different isoforms of Wnt5A: Wnt5A-S and Wnt5A-L, 
where the expression of Wnt5A-S is controlled by an alter-
native promoter. Wnt5A-S contains 19 amino acids fewer 
than Wnt5A-L at the N-terminus, but otherwise has an 
identical structure [38, 39]. There are indications that the 
isoforms differ in their function. While Wnt5A-L inhibits 
proliferation, Wnt5A-S is pro-proliferative in tumor cells 
of different origin. Huang et al. [40] show that Wnt5A-S is 
more strongly expressed in colorectal cancer than Wnt5A-
L. Wnt5A-S in the colon carcinoma cell line HCT116 was 
down-regulated by siRNA, cell division was inhibited, 

and apoptosis was enhanced by an increased expression 
of FASLG. Furthermore, Huang et al. found a positive cor-
relation between a high expression of Wnt5A-S and beta-
catenin in combination with a low expression of Wnt5A-
L. However, the two isoforms have not been considered 
separately in studies of pulmonary fibrosis, although their 
functions seem to be different. Two sources of Wnt5A 
are frequently used in experiments: one is recombinant 
WNT5A from Bio-Techne (formerly R&D), which cor-
responds to Wnt5A-L, and the cell line CRL-2814 from 
ATCC, which overexpresses Wnt5A-S stably [30]. Mikels 
was able to show that Wnt5A-S can activate the canonical 
pathway when FZD4 and the co-receptor LDL receptor-
related protein 5 (LRP5) was present, but as soon as ROR2 
was also expressed, Wnt5A-S inhibited the canonical path-
way regardless of the calcium concentration in the cell.

Function of Wnt5A as an immune modulator

There has been growing evidence in recent years that 
Wnt signaling pathways are also, in addition to their well-
described role in embryogenesis and tissue homeostasis, 
involved in immune regulatory processes [36]. In vivo mod-
els in animals and murine and human in vitro models lead us 
to assume that canonical and noncanonical Wnt ligands can 
modulate cells of the innate and adaptive immunity and are 
involved in disease-modifying processes. Here, not only pro-
inflammatory disease-driving but also the anti-inflammatory 
beneficial effects of Wnt ligands could be observed, depend-
ing on the model, cell type, disease, and Wnt ligand.

Numerous favorable immune-suppressing effects have 
been described in vitro and in several inflammation-depend-
ent in vivo disease models for the modulation of the canoni-
cal β catenin-dependent pathway by Wnt ligands or antago-
nists. By comparison, immune regulatory data concerning 
the noncanonical Wnt ligands, especially Wnt5A, are sparse. 
Hereafter, recently published anti- and pro-inflammatory 
effects of the ligand will be reviewed.

Innate immune cells, such as macrophages and granu-
locytes, represent the first defensive lines against bacterial 
and viral infections. Both bacterial and viral pathogens can 
modulate the expression of canonical and noncanonical Wnt 
molecules upon infection in target tissues and specific cell 
types. The strength, type, and direction of the manipulation 
depend strongly on the pathogen, organ, or cell type [41]. 
Even though the number of pieces increases, there are still 
a lot of white spots in the puzzles which prevent us clearly 
seeing the complete picture of the pathogen Wnt interaction 
and the consequences for host and intruder. The complex-
ity of Wnt signaling due to the large number of ligands, 
receptors, and co-receptors and their interaction makes it 
hard to decipher the functional impact of the pathway on 
the cellular and organ level in the context of infection and 
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immune regulation. Nevertheless, there several studies 
which clearly demonstrate that Wnt ligands can affect cen-
tral anti-pathogenic processes in macrophages and dendritic 
cells (DCs) and, thus, support or suppress the effectiveness 
of these immune cells against pathogens. Both canonical and 
noncanonical ligands have demonstrated promoting, inhibi-
tory and neutral effects on processes such as phagocytosis, 
autophagy, and the production of oxygen species or inflam-
matory/anti-inflammatory cytokines. Wnt5A positively 
effects phagocytosis in RAW 264.7 macrophages [42].

Moreover, it is associated with the induction of pro-
inflammatory cytokines not only in macrophages [43, 44] 
but also in other cell lines, such as endothelial cells, fibro-
blasts [45], human dental pulp cells [46], or bone mar-
row stromal cells [47], while its blockade increases anti-
inflammatory IL-10 [42]. As summarized by [37], Wnt5A 
produced by macrophages acts in an autocrine manner by 
maintaining the immune functions of macrophages, and 
stimulates the release of inflammatory cytokines that are in 
a positive feedback loop with Wnt5A. To further illustrate 
the complexity of Wnt5A signaling, it is worth mentioning 
that tolerogenic Wnt5A properties in context with mac-
rophages are also described, for example, in sepsis and 
breast cancer patients [48]. In addition to macrophages, 
Wnt ligands also have an immune modulatory impact on 
DCs, which play a central role in the modulation of adap-
tive immune responses and are associated with the patho-
genesis of a variety of diseases [49].

Due to their ability to regulate the fate of adaptive 
immune responses and, thus, decide on tolerance or immu-
nity, DCs have a key position in the development and pro-
gression of lung diseases such as asthma [50], [51].

At the same time, these properties also make them an 
interesting target for therapeutic intervention strategies. 
Canonical and noncanonical Wnt5A ligands are described 
to program a tolerogenic phenotype in DCs [52]. During 
the differentiation of DCs, Wnt5A lowers the DCs’ capac-
ity for the uptake of antigens and leads to an increased 
production of IL-10 after Toll-like receptor stimulation. 
Changes in the energy metabolism and induction of IDO 
seem to be responsible for the tolerization of DCs, which 
are also capable to support the development of regulatory 
T cells [53].

These data suggest that Wnt5a may have an immu-
nosuppressing function which could be beneficial in the 
context of allergies, such as allergic asthma. This will be 
further discussed in the next chapter. On the other hand, 
these immunosuppressive properties could have a nega-
tive impact on cancerous diseases, where effective immune 
responses are desirable.

Interestingly, in addition to the two antigen-present-
ing cells, granulocytes are also affected by Wnt ligands. 
Wnt5A induces the chemotaxis of neutrophils in vitro 

[54] and failures of Wnt signaling are associated with 
an increased infiltration of neutrophils into the skin in a 
murine psoriasis model [55].

Taken together, both the canonical and the noncanonical 
pathway can modulate the function of cells of the innate 
immunity. Here, pro- and anti-inflammatory effects can be 
observed depending on the cell type, microenvironment, 
and Wnt ligands. Noncanonical Wnt5A signaling is not 
only often associated with inflammation, but tolerogenic 
properties are also described, especially on DCs.

In the following, we will take a detailed look at the role 
of Wnt5A in the remodeling and modulation of inflam-
matory and immunological processes in different lung 
diseases.

The role of Wnt5A in inflammation and remodeling 
in asthma, COPD and IPF

Regardless of the different isoforms, numerous results sug-
gest that Wnt signaling plays a role in several chronic respir-
atory diseases [56]. What is known about Wnt5A in allergic 
asthma, IPF and COPD, and its role in the pathogenesis of 
these diseases?

Asthma

Syed et al. [57] found an enhanced transcription of the 
Wnt5A gene by incubating peripheral blood mononuclear 
cells from healthy donors with the asthma-associated 
cytokines IL-13 or IL-4. These results suggest that Wnt5A 
may be also released in the lung of patients suffering from 
Th2-associated allergic asthma, since it is known that IL-4 
and IL-13 are abundantly present in the airways of those 
patients. The produced Wnt5A may affect locally immune 
cells, for instance mast cells, which are associated with 
asthma [58] and other allergic diseases. Wnt5A seems to 
be involved in maturation of mast cells [59]. Mast cells are 
well-known players in the Th2 endotype of asthma and it is 
known that these cells become activated by allergen-induced 
cross-linking of IgE on their surface. The activation of 
mast cells leads to the release of many bioactive molecules 
including several proteolytic enzymes which can have det-
rimental functions [60]. As discussed above, proteases are 
also released after Wnt5A stimulation of mast cells what 
may contribute to the detrimental activity of these cells in 
the absence of allergens.

Beside immune cells, structural cells are involved in 
asthma and some of them are known to release Wnt5A. 
For instance, eosinophilic granulocytes can stimulate the 
SMCs of the respiratory tract to produce TGFβ and Wnt5A 
[61]. This is in line with the fact that Wnt5A is also upreg-
ulated in airway SMCs in asthmatics [62]. The authors 
inhibited Wnt5A in SMCs with siRNA and saw that the 
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TGFβ-dependent production of alpha-1 type 1 collagen and 
fibronectin is reduced. Hyperreactivity of SMCs is a hall-
mark of asthma and the basis for reversible obstruction of 
the airways. In this context, Wnt5A can increase the isomet-
ric contraction of tracheal SMCs in a calcium-independent 
manner [63]. Furthermore, Wnt5A drives actin cytoskeletal 
reorganization, but is not sufficient to increase the abundance 
of αSMA. These results may indicate that Wnt5A in asthma 
is also involved in airway obstruction.

In addition to SMCs, epithelial cells from human and 
mice are a source of Wnt5A. Dietz et al. [64] were able 
to show that normal human bronchial epithelial cells were 
stimulated to increase the expression of Wnt5A and Wnt11 
as well as the Fzd receptors 9 and 10 by the addition of IL-4 
(Fig. 2). An age-dependent increase of Wnt5A was shown in 
a house dust mite-dependent mouse asthma model, which, in 
turn, causes an increase in transglutaminase 2. In detail, the 
Wnt5A produced by bronchial epithelial cells induces the 
expression of transglutaminase 2 in macrophages (Fig. 2). 
This, in turn, can lead to an increase in fibrosis, as it has the 
property of cross-linking matrix proteins and, thus, making 
them inaccessible for degradation [65].

Besides the action of Wnt5A on mast cells, epithelial 
cells, macrophages, and SMCs, it was shown that Wnt5A 
acts on fibroblasts. Specifically, a synergism of Wnt5A and 

IL-17A with respect to TGFβ secretion was shown after 
stimulation of primary murine fibroblasts from the lung 
[66]. Since TGFβ is an important driver of remodeling, this 
observation is of particular importance. Koopman et al. 
analyzed the cell type-specific contribution of the nonca-
nonical Wnt ligand in allergic asthma by choosing a murine 
tetracycline-inducible SMC-specific Wnt5A overexpres-
sion model [67]. Interestingly, the increased expression of 
Wnt5A during allergen challenge enhanced airway remod-
eling processes such as the production of mucus and a trend 
toward increased smooth muscle layers around the airways 
but also seems to positively affect the inflammatory Th2 
response in animals.

Many of these observations point to a role of Wnt5A as 
a bad guy in asthma. However, Reuter et al. demonstrated 
that Wnt ligands may also have a beneficial effect by lim-
iting the Th2 response. They showed that doxycycline-
induced lung-specific expression of canonical Wnt1 ligands 
and pharmaceutical intervention with recombinant Wnt1 
ligands attenuates the asthma phenotype in animals [68], 
[69]. Interestingly, DCs seem to be especially responsible for 
the effects observed. In their work, they observed a Wnt1-
dependent reduced migration of allergen-loaded DCs in vivo 
and an attenuated allergen-specific interaction between DCs 
and T cells in vitro. Excitingly, noncanonical Wnt5A was 

Fig. 2   Wnt5A in asthma. Visual summary of the major points described in the text. PBMC peripheral blood mononuclear cells, BEC bronchial 
epithelial cells, SMC airway smooth muscle cells, ECM extracellular matrix, TGM2 transglutaminase 2 and Col1A1 alpha-1 type 1 collagen
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also able to suppress DC T-cell functions in vitro but failed 
to demonstrate a Wnt1 comparable therapeutic efficacy 
in vivo [69].

Interestingly, it was discovered in a genome-wide asso-
ciation study that Wnt5A is a novel locus for asthma exac-
erbations despite treatment with inhaled corticosteroids in 
European but not in non-European populations [70]. Hachim 
et al. [71] showed that Wnt5A and four other members of 
noncanonical Wnt signaling are down-regulated in the bron-
chial epithelium of patients suffering from severe asthma.

Altogether these results imply that the role of Wnt5A 
in asthma may depend on the timing of its release. If it is 
released early during the sensitization phase, it may protect 
from activation of the Th2 response by interfering the inter-
action of DCs and T helper cells, thus, preventing sensitiza-
tion. However, if it is released, when the disease is already 
established, then it may lead to exacerbation by triggering 
the inflammatory immune response and promoting remod-
eling of lung tissue.

COPD

Overall, there are less data for the involvement of Wnt5A 
in disease progression for COPD than for asthma. Baarsma 
et al. [72] showed that Wnt5A is upregulated in COPD 

in a mouse model of chronic smoke exposure and also in 
patients suffering from COPD. Upregulation was shown on 
the level of RNA transcription and also in Wnt5A protein 
expression in the lung tissue. Furthermore, it was shown 
that fibroblast-derived Wnt5A impairs wound healing. 
This observation was explained by the Wnt5A-mediated 
attenuation of beta-catenin-dependent canonical signaling 
in alveolar epithelial cells and therefore may contribute 
to emphysema formation. Wnt5A-S was shown to act via 
Fzd4 activating canonical Wnt signal transduction [30]. 
Skronska-Wasek et al. showed that Fzd4 is down-regulated 
in ATII cells of COPD patients [73]. Additionally, ciga-
rette smoke exposure down-regulated Fzd4 in ATII cells in 
in vivo and in vitro experiments (Fig. 3). Thus, on the one 
hand, Wnt5A may block the canonical signaling [74] and, 
on the other hand, cannot induce canonical signaling via 
Fzd4 together resulting in reduced repair of the alveolar 
epithelium.

Feller et al. [75] observed that cigarette smoke-induced 
pulmonary inflammation becomes systemic by circulating 
vesicles. These vesicles contain Wnt5A and inflammatory 
cytokines and can distribute all over the body as they are 
found in the blood of COPD patients. Fine particulate mat-
ter ≤ 2.5 µm (PM 2.5) aggravates cigarette smoke-induced 
inflammation via the Wnt5A–ERK pathway in COPD 

Fig. 3   Role of Wnt5A in COPD. Fzd4 Frizzled 4, AEC alveolar epithelial cells
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[76]. Particulate matter 2.5 is sufficient to induce COPD 
in animal models. It induces the expression of inflamma-
tory cytokines via the Wnt5A/Ror2 pathway in human 
bronchial epithelial cells. This was shown by performing 
siRNA experiments [77]. Obviously, Wnt5A is upregu-
lated in COPD in several cell types of the lung and wors-
ens inflammation and remodeling.

Taken together, these results indicate a role of Wnt5A 
in COPD in triggering and worsening the inflammatory 
response during the course of the disease. Moreover, 
Wnt5A interferes with the repair of the alveolar epi-
thelium. Thus, it would be interesting to know whether 
Wnt5A also contributes to reduced repair of alveolar epi-
thelium in IPF.

IPF

The Wnt5A expression in IPF is found in the airway and 
alveolar epithelium, SMCs, endothelium, airway epithe-
lium, fibroblasts, and myofibroblasts in fibrotic foci [78]. 
This was shown by detection of the protein by immuno-
histochemically staining. Moreover, the authors showed 
that Wnt5A production is induced by Wnt7B and TGFβ1. 
Martin-Medina showed that extracellular vesicles contain-
ing Wnt5A are present in the bronchioalveolar lavage of 
IPF patients, leading to increased proliferation through 
the mediation of Wnt5A on pulmonary fibroblasts [79]. 
However, an induction of myofibroblasts could not be rec-
ognized in this study. This was proved by the downregula-
tion of myofibroblast markers, such as αSMA, fibronec-
tin, collagen 1A1 and tenascin C, by Wnt5A (Fig. 4). By 

contrast, Vuga et al. [24] showed that Wnt5A stimulates 
fibroblasts to secrete more fibronectin. This contradiction 
may originate from the different isoforms of Wnt5A that 
were not differentiated in all of these studies. Huang et al. 
[80] observed that MicroRNA 101 is down-regulated in 
the lungs of IPF patients (Fig. 4). They showed that forced 
overexpression of this mi-RNA attenuates fibrosis. The 
authors ruled out that it suppresses Wnt5A-driven fibro-
blast proliferation by inhibiting NFATc2 signaling via tar-
geting FZD4/6 expression and TGFβ1-induced activation 
of fibroblasts. It was recently shown by Carmo-Fernandes 
et al. [81] that a smooth muscle-restricted Wnt5A knock-
out in bleomycin-induced lung fibrosis reduced the deposi-
tion of collagen and the number of fibrotic foci in the lung. 
Lung function conditions were improved and weight loss 
reduced compared to wild-type mice. These data prove a 
profibrotic role of Wnt5A in lung fibrosis.

Altogether these data show that Wnt5A in IPF plays a 
profibrotic role triggering the release of collagen and estab-
lishing fibrotic foci in lung parenchyma. However, it is inter-
esting to speculate that inflammation in the IPF lung may 
also increase, similar to COPD, and conversely, fibrosis in 
COPD may be increased by the action of Wnt5A. Yet, it is 
important that findings regarding the Wnt5A-driven patho-
genesis under one disease condition should be studied for the 
other conditions to highlight similarities and differences in 
the compared diseases.

Fig. 4   Wnt5A contributes to IPF. SMC smooth muscle cells
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Conclusion

All in all, the role of Wnt5A in lung diseases is still incon-
sistent. Due to the organ–cell- and context-dependent 
expression of Wnt5A and its receptors, its effect and role 
in the lung and the organ-specific diseases is not easy to 
determine. Nevertheless, since the ligand affects both struc-
tural and immunological processes, it is an interesting target 
to treat lung diseases whose pathology often involves both 
structural and immunological components. New methods, 
such as the use of genetically modified mice, which allow 
a targeted manipulation of Wnt5A expression help us to 
understand its function in the lungs and associated diseases 
better. This targeted manipulation not only allows us to 
distinguish effects associated with embryogenesis from its 
function in homeostasis and inflammation, but also offers 
the possibility of investigating the cell-specific role of the 
ligand. Furthermore, new human in vitro models and their 
manipulation by recombinant ligands or manipulation of the 
expression by siRNA or CrispR/Cas methods also allow the 
investigation of the function of Wnt5A in humans.

These possibilities of a detailed elucidation of Wnt5A 
can offer new starting points for Wnt-based therapeutic 
approaches for lung diseases such as asthma, COPD, or IPF 
in the future. However, one must be aware of the difficulties 
accompanying clinical trials dealing with the manipulation 
of WNT-signaling. WNT factors are involved in several 
homeostatic processes; therefore, it is probable that manipu-
lation may come at the cost of side effects. Thus, it is even 
more important to evaluate the precise role of the different 
WNT factors in health and disease to gather all the informa-
tion possible before translating to clinical trials.

Authors’ contributions  MP and KP conceived this review. KP, SR, and 
AS drafted the manuscript and figures. All the authors were involved in 
revising the paper critically and gave their final approval of the version 
to be submitted. All authors read and approved the final manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This work was supported by the project “Regulatory Immu-
nomechanisms” (RIMUR) funded by the Mercator Research Center 
Ruhr (Essen, Germany).

Data availability  Not applicable.

Declarations 

Conflict of interest  The authors declare no competing interests.

Ethics approval and consent to participate  Not applicable.

Consent for publication  All authors hereby give their consent for the 
publication of this manuscript and the figures included.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 

adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​
org/​licen​ses/​by/4.​0/.

References

	 1.	 Krishna R, Chapman K, Ullah S. StatPearls: Idiopathic Pulmonary 
Fibrosis. Treasure Island (FL); 2021.

	 2.	 Robert Koch-Institut. Allergische Erkrankungen bei Kindern und 
Jugendlichen in Deutschland – Querschnittergebnisse aus KiGGS 
Welle 2 und Trends: RKI-Bib1 (Robert Koch-Institut); 2018.

	 3.	 Abu-Ghazaleh RI, Gleich GJ, Prendergast FG. Interaction of 
eosinophil granule major basic protein with synthetic lipid bilay-
ers: a mechanism for toxicity. J Membr Biol. 1992;128:153–64. 
https://​doi.​org/​10.​1007/​BF002​31888.

	 4.	 Wernersson S, Pejler G. Mast cell secretory granules: armed for 
battle. Nat Rev Immunol. 2014;14:478–94. https://​doi.​org/​10.​
1038/​nri36​90.

	 5.	 Radermecker C, Sabatel C, Vanwinge C, Ruscitti C, Maréchal 
P, Perin F, et al. Locally instructed CXCR4hi neutrophils trigger 
environment-driven allergic asthma through the release of neutro-
phil extracellular traps. Nat Immunol. 2019;20:1444–55. https://​
doi.​org/​10.​1038/​s41590-​019-​0496-9.

	 6.	 Al-Muhsen S, Johnson JR, Hamid Q. Remodeling in asthma. J 
Allergy Clin Immunol. 2011. https://​doi.​org/​10.​1016/j.​jaci.​2011.​
04.​047.

	 7.	 Hough KP, Curtiss ML, Blain TJ, Liu R-M, Trevor J, Deshane JS, 
Thannickal VJ. Airway remodeling in Asthma. Front Med (Laus-
anne). 2020;7:191. https://​doi.​org/​10.​3389/​fmed.​2020.​00191.

	 8.	 Pardo A, Selman M. Idiopathic pulmonary fibrosis: new insights 
in its pathogenesis. Int J Biochem Cell Biol. 2002;34:1534–8. 
https://​doi.​org/​10.​1016/​S1357-​2725(02)​00091-2.

	 9.	 Barnes PJ, Celli BR. Systemic manifestations and comorbidities of 
COPD. Eur Respir J. 2009;33:1165–85. https://​doi.​org/​10.​1183/​
09031​936.​00128​008.

	10.	 Taraseviciene-Stewart L, Voelkel NF. Molecular pathogenesis of 
emphysema. J Clin Invest. 2008;118:394–402. https://​doi.​org/​10.​
1172/​JCI31​811.

	11.	 Dekkers BGJ, Saad SI, van Spelde LJ, Burgess JK. Basement 
membranes in obstructive pulmonary diseases. Matrix Biol Plus. 
2021;12:100092. https://​doi.​org/​10.​1016/j.​mbplus.​2021.​100092.

	12.	 Overed-Sayer C, Rapley L, Mustelin T, Clarke DL. Are mast cells 
instrumental for fibrotic diseases? Front Pharmacol. 2013;4:174. 
https://​doi.​org/​10.​3389/​fphar.​2013.​00174.

	13.	 Yang Z-C, Yi M-J, Ran N, Wang C, Fu P, Feng X-Y, et al. Trans-
forming growth factor-β1 induces bronchial epithelial cells to 
mesenchymal transition by activating the Snail pathway and pro-
motes airway remodeling in asthma. Mol Med Rep. 2013;8:1663–
8. https://​doi.​org/​10.​3892/​mmr.​2013.​1728.

	14.	 Hashimoto S, Gon Y, Takeshita I, Maruoka S, Horie T. IL-4 and 
IL-13 induce myofibroblastic phenotype of human lung fibroblasts 
through c-Jun NH2-terminal kinase-dependent pathway. J Allergy 
Clin Immunol. 2001;107:1001–8. https://​doi.​org/​10.​1067/​mai.​
2001.​114702.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/BF00231888
https://doi.org/10.1038/nri3690
https://doi.org/10.1038/nri3690
https://doi.org/10.1038/s41590-019-0496-9
https://doi.org/10.1038/s41590-019-0496-9
https://doi.org/10.1016/j.jaci.2011.04.047
https://doi.org/10.1016/j.jaci.2011.04.047
https://doi.org/10.3389/fmed.2020.00191
https://doi.org/10.1016/S1357-2725(02)00091-2
https://doi.org/10.1183/09031936.00128008
https://doi.org/10.1183/09031936.00128008
https://doi.org/10.1172/JCI31811
https://doi.org/10.1172/JCI31811
https://doi.org/10.1016/j.mbplus.2021.100092
https://doi.org/10.3389/fphar.2013.00174
https://doi.org/10.3892/mmr.2013.1728
https://doi.org/10.1067/mai.2001.114702
https://doi.org/10.1067/mai.2001.114702


586	 A. Singla et al.

1 3

	15.	 Peng H, Sarwar Z, Yang X-P, Peterson EL, Xu J, Janic B, et al. 
Profibrotic role for interleukin-4 in cardiac remodeling and dys-
function. Hypertension. 2015;66:582–9. https://​doi.​org/​10.​1161/​
HYPER​TENSI​ONAHA.​115.​05627.

	16.	 Micallef L, Vedrenne N, Billet F, Coulomb B, Darby IA, 
Desmoulière A. The myofibroblast, multiple origins for major 
roles in normal and pathological tissue repair. Fibrogenesis Tissue 
Repair. 2012;5:S5. https://​doi.​org/​10.​1186/​1755-​1536-5-​S1-​S5.

	17.	 Wynn TA, Ramalingam TR. Mechanisms of fibrosis: therapeu-
tic translation for fibrotic disease. Nat Med. 2012;18:1028–40. 
https://​doi.​org/​10.​1038/​nm.​2807.

	18.	 Chan V, Burgess JK, Ratoff JC, O’connor BJ, Greenough A, Lee 
TH, Hirst SJ. Extracellular matrix regulates enhanced eotaxin 
expression in asthmatic airway smooth muscle cells. Am J Respir 
Crit Care Med. 2006;174:379–85. https://​doi.​org/​10.​1164/​rccm.​
200509-​1420OC.

	19.	 Brightling CE, Ammit AJ, Kaur D, Black JL, Wardlaw AJ, Hughes 
JM, Bradding P. The CXCL10/CXCR3 axis mediates human lung 
mast cell migration to asthmatic airway smooth muscle. Am J 
Respir Crit Care Med. 2005;171:1103–8. https://​doi.​org/​10.​1164/​
rccm.​200409-​1220OC.

	20.	 El-Shazly A, Berger P, Girodet P-O, Ousova O, Fayon M, 
Vernejoux J-M, et al. Fraktalkine produced by airway smooth 
muscle cells contributes to mast cell recruitment in asthma. J 
Immunol. 2006;176:1860–8. https://​doi.​org/​10.​4049/​jimmu​nol.​
176.3.​1860.

	21.	 Hou J, Shi J, Chen L, Lv Z, Chen X, Cao H, et al. M2 mac-
rophages promote myofibroblast differentiation of LR-MSCs and 
are associated with pulmonary fibrogenesis. Cell Commun Signal. 
2018;16:89. https://​doi.​org/​10.​1186/​s12964-​018-​0300-8.

	22.	 Klingberg F, Hinz B, White ES. The myofibroblast matrix: impli-
cations for tissue repair and fibrosis. J Pathol. 2013;229:298–309. 
https://​doi.​org/​10.​1002/​path.​4104.

	23.	 Desmoulière A, Redard M, Darby I, Gabbiani G. Apoptosis 
mediates the decrease in cellularity during the transition between 
granulation tissue and scar. Am J Pathol. 1995;146:56–66.

	24.	 Vuga LJ, Ben-Yehudah A, Kovkarova-Naumovski E, Oriss T, Gib-
son KF, Feghali-Bostwick C, Kaminski N. WNT5A is a regula-
tor of fibroblast proliferation and resistance to apoptosis. Am J 
Respir Cell Mol Biol. 2009;41:583–9. https://​doi.​org/​10.​1165/​
rcmb.​2008-​0201OC.

	25.	 Nyp MF, Navarro A, Rezaiekhaligh MH, Perez RE, Mabry SM, 
Ekekezie II. TRIP-1 via AKT modulation drives lung fibroblast/
myofibroblast trans-differentiation. Respir Res. 2014;15:19. 
https://​doi.​org/​10.​1186/​1465-​9921-​15-​19.

	26.	 Huang X, Yang N, Fiore VF, Barker TH, Sun Y, Morris SW, et al. 
Matrix stiffness-induced myofibroblast differentiation is mediated 
by intrinsic mechanotransduction. Am J Respir Cell Mol Biol. 
2012;47:340–8. https://​doi.​org/​10.​1165/​rcmb.​2012-​0050OC.

	27.	 McKleroy W, Lee T-H, Atabai K. Always cleave up your mess: 
targeting collagen degradation to treat tissue fibrosis. Am J Phys-
iol Lung Cell Mol Physiol. 2013;304:L709–21. https://​doi.​org/​10.​
1152/​ajplu​ng.​00418.​2012.

	28.	 Löffek S, Schilling O, Franzke C-W. Series, “matrix metallopro-
teinases in lung health and disease”: Biological role of matrix 
metalloproteinases: a critical balance. Eur Respir J. 2011;38:191–
208. https://​doi.​org/​10.​1183/​09031​936.​00146​510.

	29.	 Barry-Hamilton V, Spangler R, Marshall D, McCauley S, Rodri-
guez HM, Oyasu M, et al. Allosteric inhibition of lysyl oxidase-
like-2 impedes the development of a pathologic microenviron-
ment. Nat Med. 2010;16:1009–17. https://​doi.​org/​10.​1038/​nm.​
2208.

	30.	 Mikels AJ, Nusse R. Purified Wnt5a protein activates or inhibits 
beta-catenin-TCF signaling depending on receptor context. PLoS 
Biol. 2006;4:e115. https://​doi.​org/​10.​1371/​journ​al.​pbio.​00401​15.

	31.	 Li C, Xiao J, Hormi K, Borok Z, Minoo P. Wnt5a participates in 
distal lung morphogenesis. Dev Biol. 2002;248:68–81. https://​doi.​
org/​10.​1006/​dbio.​2002.​0729.

	32.	 Li C, Bellusci S, Borok Z, Minoo P. Non-canonical WNT signal-
ling in the lung. J Biochem. 2015;158:355–65. https://​doi.​org/​10.​
1093/​jb/​mvv081.

	33.	 Oishi I, Suzuki H, Onishi N, Takada R, Kani S, Ohkawara B, et al. 
The receptor tyrosine kinase Ror2 is involved in non-canonical 
Wnt5a/JNK signalling pathway. Genes Cells. 2003;8:645–54. 
https://​doi.​org/​10.​1046/j.​1365-​2443.​2003.​00662.x.

	34.	 Kessenbrock K, Smith P, Steenbeek SC, Pervolarakis N, Kumar 
R, Minami Y, et al. Diverse regulation of mammary epithelial 
growth and branching morphogenesis through noncanonical Wnt 
signaling. Proc Natl Acad Sci U S A. 2017;114:3121–6. https://​
doi.​org/​10.​1073/​pnas.​17014​64114.

	35.	 Andre P, Wang Q, Wang N, Gao B, Schilit A, Halford MM, et al. 
The Wnt coreceptor Ryk regulates Wnt/planar cell polarity by 
modulating the degradation of the core planar cell polarity com-
ponent Vangl2. J Biol Chem. 2012;287:44518–25. https://​doi.​org/​
10.​1074/​jbc.​M112.​414441.

	36.	 Kumawat K, Gosens R. WNT-5A: signaling and functions in 
health and disease. Cell Mol Life Sci. 2016;73:567–87. https://​
doi.​org/​10.​1007/​s00018-​015-​2076-y.

	37.	 Shao Y, Zheng Q, Wang W, Xin N, Song X, Zhao C. Biological 
functions of macrophage-derived Wnt5a, and its roles in human 
diseases. Oncotarget. 2016;7:67674–84. https://​doi.​org/​10.​18632/​
oncot​arget.​11874.

	38.	 Bauer M, Bénard J, Gaasterland T, Willert K, Cappellen D. 
WNT5A encodes two isoforms with distinct functions in cancers. 
PLoS ONE. 2013;8:e80526. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00805​26.

	39.	 Katula KS, Joyner-Powell NB, Hsu C-C, Kuk A. Differential regu-
lation of the mouse and human Wnt5a alternative promoters A and 
B. DNA Cell Biol. 2012;31:1585–97. https://​doi.​org/​10.​1089/​dna.​
2012.​1698.

	40.	 Huang T-C, Lee P-T, Wu M-H, Huang C-C, Ko C-Y, Lee 
Y-C, et al. Distinct roles and differential expression levels of 
Wnt5a mRNA isoforms in colorectal cancer cells. PLoS ONE. 
2017;12:e0181034. https://​doi.​org/​10.​1371/​journ​al.​pone.​01810​34.

	41.	 Ljungberg JK, Kling JC, Tran TT, Blumenthal A. Functions of 
the WNT signaling network in shaping host responses to infec-
tion. Front Immunol. 2019;10:2521. https://​doi.​org/​10.​3389/​
fimmu.​2019.​02521.

	42.	 Maiti G, Naskar D, Sen M. The Wingless homolog Wnt5a stim-
ulates phagocytosis but not bacterial killing. Proc Natl Acad Sci 
U S A. 2012;109:16600–5. https://​doi.​org/​10.​1073/​pnas.​12077​
89109.

	43.	 Pereira C, Schaer DJ, Bachli EB, Kurrer MO, Schoedon G. 
Wnt5A/CaMKII signaling contributes to the inflammatory 
response of macrophages and is a target for the antiinflamma-
tory action of activated protein C and interleukin-10. Arterio-
scler Thromb Vasc Biol. 2008;28:504–10. https://​doi.​org/​10.​
1161/​ATVBA​HA.​107.​157438.

	44.	 Kim J, Chang W, Jung Y, Song K, Lee I. Wnt5a activates THP-1 
monocytic cells via a β-catenin-independent pathway involving 
JNK and NF-κB activation. Cytokine. 2012;60:242–8. https://​
doi.​org/​10.​1016/j.​cyto.​2012.​06.​013.

	45.	 Sen M, Lauterbach K, El-Gabalawy H, Firestein GS, Corr M, 
Carson DA. Expression and function of wingless and frizzled 
homologs in rheumatoid arthritis. Proc Natl Acad Sci U S A. 
2000;97:2791–6. https://​doi.​org/​10.​1073/​pnas.​05057​4297.

	46.	 Zhao Y, Wang C-L, Li R-M, Hui T-Q, Su Y-Y, Yuan Q, et al. 
Wnt5a promotes inflammatory responses via nuclear factor κB 
(NF-κB) and mitogen-activated protein kinase (MAPK) path-
ways in human dental pulp cells. J Biol Chem. 2014;289:21028–
39. https://​doi.​org/​10.​1074/​jbc.​M113.​546523.

https://doi.org/10.1161/HYPERTENSIONAHA.115.05627
https://doi.org/10.1161/HYPERTENSIONAHA.115.05627
https://doi.org/10.1186/1755-1536-5-S1-S5
https://doi.org/10.1038/nm.2807
https://doi.org/10.1164/rccm.200509-1420OC
https://doi.org/10.1164/rccm.200509-1420OC
https://doi.org/10.1164/rccm.200409-1220OC
https://doi.org/10.1164/rccm.200409-1220OC
https://doi.org/10.4049/jimmunol.176.3.1860
https://doi.org/10.4049/jimmunol.176.3.1860
https://doi.org/10.1186/s12964-018-0300-8
https://doi.org/10.1002/path.4104
https://doi.org/10.1165/rcmb.2008-0201OC
https://doi.org/10.1165/rcmb.2008-0201OC
https://doi.org/10.1186/1465-9921-15-19
https://doi.org/10.1165/rcmb.2012-0050OC
https://doi.org/10.1152/ajplung.00418.2012
https://doi.org/10.1152/ajplung.00418.2012
https://doi.org/10.1183/09031936.00146510
https://doi.org/10.1038/nm.2208
https://doi.org/10.1038/nm.2208
https://doi.org/10.1371/journal.pbio.0040115
https://doi.org/10.1006/dbio.2002.0729
https://doi.org/10.1006/dbio.2002.0729
https://doi.org/10.1093/jb/mvv081
https://doi.org/10.1093/jb/mvv081
https://doi.org/10.1046/j.1365-2443.2003.00662.x
https://doi.org/10.1073/pnas.1701464114
https://doi.org/10.1073/pnas.1701464114
https://doi.org/10.1074/jbc.M112.414441
https://doi.org/10.1074/jbc.M112.414441
https://doi.org/10.1007/s00018-015-2076-y
https://doi.org/10.1007/s00018-015-2076-y
https://doi.org/10.18632/oncotarget.11874
https://doi.org/10.18632/oncotarget.11874
https://doi.org/10.1371/journal.pone.0080526
https://doi.org/10.1371/journal.pone.0080526
https://doi.org/10.1089/dna.2012.1698
https://doi.org/10.1089/dna.2012.1698
https://doi.org/10.1371/journal.pone.0181034
https://doi.org/10.3389/fimmu.2019.02521
https://doi.org/10.3389/fimmu.2019.02521
https://doi.org/10.1073/pnas.1207789109
https://doi.org/10.1073/pnas.1207789109
https://doi.org/10.1161/ATVBAHA.107.157438
https://doi.org/10.1161/ATVBAHA.107.157438
https://doi.org/10.1016/j.cyto.2012.06.013
https://doi.org/10.1016/j.cyto.2012.06.013
https://doi.org/10.1073/pnas.050574297
https://doi.org/10.1074/jbc.M113.546523


587The molecular mechanisms of remodeling in asthma, COPD and IPF with a special emphasis on the…

1 3

	47.	 Rauner M, Stein N, Winzer M, Goettsch C, Zwerina J, Schett 
G, et al. WNT5A is induced by inflammatory mediators in bone 
marrow stromal cells and regulates cytokine and chemokine 
production. J Bone Miner Res. 2012;27:575–85. https://​doi.​org/​
10.​1002/​jbmr.​1488.

	48.	 Bergenfelz C, Medrek C, Ekström E, Jirström K, Janols H, 
Wullt M, et  al. Wnt5a induces a tolerogenic phenotype of 
macrophages in sepsis and breast cancer patients. J Immunol. 
2012;188:5448–58. https://​doi.​org/​10.​4049/​jimmu​nol.​11033​78.

	49.	 Worbs T, Hammerschmidt SI, Förster R. Dendritic cell migra-
tion in health and disease. Nat Rev Immunol. 2017;17:30–48. 
https://​doi.​org/​10.​1038/​nri.​2016.​116.

	50.	 Peters M, Peters K, Bufe A. Regulation of lung immunity 
by dendritic cells: implications for asthma, chronic obstruc-
tive pulmonary disease and infectious disease. Innate Immun. 
2019;25:326–36. https://​doi.​org/​10.​1177/​17534​25918​821732.

	51.	 Lambrecht BN, Hammad H. Biology of lung dendritic cells at 
the origin of asthma. Immunity. 2009;31:412–24. https://​doi.​
org/​10.​1016/j.​immuni.​2009.​08.​008.

	52.	 Kerdidani D, Chouvardas P, Arjo AR, Giopanou I, Ntaliarda 
G, Guo YA, et al. Wnt1 silences chemokine genes in dendritic 
cells and induces adaptive immune resistance in lung adenocar-
cinoma. Nat Commun. 2019;10:1405. https://​doi.​org/​10.​1038/​
s41467-​019-​09370-z.

	53.	 Zhao F, Xiao C, Evans KS, Theivanthiran T, DeVito N, 
Holtzhausen A, et al. Paracrine Wnt5a-β-Catenin signaling trig-
gers a metabolic program that drives dendritic cell Toleriza-
tion. Immunity. 2018;48:147-160.e7. https://​doi.​org/​10.​1016/j.​
immuni.​2017.​12.​004.

	54.	 Jung YS, Lee HY, Kim SD, Park JS, Kim JK, Suh P-G, Bae 
Y-S. Wnt5a stimulates chemotactic migration and chemokine 
production in human neutrophils. Exp Mol Med. 2013;45:e27. 
https://​doi.​org/​10.​1038/​emm.​2013.​48.

	55.	 Augustin I, Gross J, Baumann D, Korn C, Kerr G, Grigoryan T, 
et al. Loss of epidermal Evi/Wls results in a phenotype resem-
bling psoriasiform dermatitis. J Exp Med. 2013;210:1761–77. 
https://​doi.​org/​10.​1084/​jem.​20121​871.

	56.	 Baarsma HA, Königshoff M. “WNT-er is coming”: WNT signal-
ling in chronic lung diseases. Thorax. 2017;72:746–59. https://​
doi.​org/​10.​1136/​thora​xjnl-​2016-​209753.

	57.	 Syed F, Huang CC, Li K, Liu V, Shang T, Amegadzie BY, et al. 
Identification of interleukin-13 related biomarkers using periph-
eral blood mononuclear cells. Biomarkers. 2007;12:414–23. 
https://​doi.​org/​10.​1080/​13547​50070​11926​52.

	58.	 Reuter S, Taube C. Mast cells and the development of allergic 
airway disease. J Occup Med Toxicol. 2008;3(Suppl 1):S2. https://​
doi.​org/​10.​1186/​1745-​6673-3-​S1-​S2.

	59.	 Yamaguchi T, Nishijima M, Tashiro K, Kawabata K. Wnt-β-
Catenin signaling promotes the maturation of mast cells. Biomed 
Res Int. 2016;2016:2048987. https://​doi.​org/​10.​1155/​2016/​20489​
87.

	60.	 Pejler G. The emerging role of mast cell proteases in asthma. Eur 
Respir J. 2019. https://​doi.​org/​10.​1183/​13993​003.​00685-​2019.

	61.	 Januskevicius A, Vaitkiene S, Gosens R, Janulaityte I, Hoppenot 
D, Sakalauskas R, Malakauskas K. Eosinophils enhance WNT-5a 
and TGF-β1 genes expression in airway smooth muscle cells and 
promote their proliferation by increased extracellular matrix pro-
teins production in asthma. BMC Pulm Med. 2016;16:94. https://​
doi.​org/​10.​1186/​s12890-​016-​0254-9.

	62.	 Kumawat K, Menzen MH, Bos IST, Baarsma HA, Borger P, Roth 
M, et al. Noncanonical WNT-5A signaling regulates TGF-β-
induced extracellular matrix production by airway smooth mus-
cle cells. FASEB J. 2013;27:1631–43. https://​doi.​org/​10.​1096/​fj.​
12-​217539.

	63.	 Koopmans T, Kumawat K, Halayko AJ, Gosens R. Regulation 
of actin dynamics by WNT-5A: implications for human airway 

smooth muscle contraction. Sci Rep. 2016;6:30676. https://​doi.​
org/​10.​1038/​srep3​0676.

	64.	 Dietz K, de Los Reyes Jiménez M, Gollwitzer ES, Chaker AM, 
Zissler UM, Rådmark OP, et al. Age dictates a steroid-resist-
ant cascade of Wnt5a, transglutaminase 2, and leukotrienes in 
inflamed airways. J Allergy Clin Immunol. 2017;139:1343-1354.
e6. https://​doi.​org/​10.​1016/j.​jaci.​2016.​07.​014.

	65.	 Collighan RJ, Griffin M. Transglutaminase 2 cross-linking of 
matrix proteins: biological significance and medical applica-
tions. Amino Acids. 2009;36:659–70. https://​doi.​org/​10.​1007/​
s00726-​008-​0190-y.

	66.	 Peters M, Köhler-Bachmann S, Lenz-Habijan T, Bufe A. Influ-
ence of an allergen-specific Th17 response on remodeling of the 
airways. Am J Respir Cell Mol Biol. 2016;54:350–8. https://​doi.​
org/​10.​1165/​rcmb.​2014-​0429OC.

	67.	 Koopmans T, Hesse L, Nawijn MC, Kumawat K, Menzen MH, 
Bos ST, I, et al. Smooth-muscle-derived WNT5A augments aller-
gen-induced airway remodelling and Th2 type inflammation. Sci 
Rep. 2020;10:6754. https://​doi.​org/​10.​1038/​s41598-​020-​63741-x.

	68.	 Reuter S, Martin H, Beckert H, Bros M, Montermann E, Belz C, 
et al. The Wnt/β-catenin pathway attenuates experimental allergic 
airway disease. J Immunol. 2014;193:485–95. https://​doi.​org/​10.​
4049/​jimmu​nol.​14000​13.

	69.	 Beckert H, Meyer-Martin H, Buhl R, Taube C, Reuter S. The 
canonical but not the noncanonical wnt pathway inhibits the devel-
opment of allergic airway disease. J Immunol. 2018;201:1855–64. 
https://​doi.​org/​10.​4049/​jimmu​nol.​18005​54.

	70.	 Hernandez-Pacheco N, Vijverberg SJ, Herrera-Luis E, Li J, Sio 
YY, Granell R, et al. Genome-wide association study of asthma 
exacerbations despite inhaled corticosteroid use. Eur Respir J. 
2021. https://​doi.​org/​10.​1183/​13993​003.​03388-​2020.

	71.	 Hachim MY, Elemam NM, Ramakrishnan RK, Bajbouj K, Oliv-
enstein R, Hachim IY, et al. Wnt signaling is deranged in Asth-
matic bronchial epithelium and fibroblasts. Front Cell Dev Biol. 
2021;9:641404. https://​doi.​org/​10.​3389/​fcell.​2021.​641404.

	72.	 Baarsma HA, Skronska-Wasek W, Mutze K, Ciolek F, Wagner DE, 
John-Schuster G, et al. Noncanonical WNT-5A signaling impairs 
endogenous lung repair in COPD. J Exp Med. 2017;214:143–63. 
https://​doi.​org/​10.​1084/​jem.​20160​675.

	73.	 Skronska-Wasek W, Mutze K, Baarsma HA, Bracke KR, Alsafadi 
HN, Lehmann M, et al. Reduced frizzled receptor 4 expression 
prevents WNT/β-catenin-driven alveolar lung repair in chronic 
obstructive pulmonary disease. Am J Respir Crit Care Med. 
2017;196:172–85. https://​doi.​org/​10.​1164/​rccm.​201605-​0904OC.

	74.	 Flores-Hernández E, Velázquez DM, Castañeda-Patlán MC, 
Fuentes-García G, Fonseca-Camarillo G, Yamamoto-Furusho 
JK, et al. Canonical and non-canonical Wnt signaling are simul-
taneously activated by Wnts in colon cancer cells. Cell Signal. 
2020;72:109636. https://​doi.​org/​10.​1016/j.​cells​ig.​2020.​109636.

	75.	 Feller D, Kun J, Ruzsics I, Rapp J, Sarosi V, Kvell K, et al. Ciga-
rette smoke-induced pulmonary inflammation becomes systemic 
by circulating extracellular vesicles containing wnt5a and inflam-
matory cytokines. Front Immunol. 2018;9:1724. https://​doi.​org/​
10.​3389/​fimmu.​2018.​01724.

	76.	 Wang Z, Zhao J, Wang T, Du X, Xie J. Fine-particulate matter 
aggravates cigarette smoke extract-induced airway inflammation 
via Wnt5a-ERK pathway in COPD. Int J Chron Obstruct Pulmon 
Dis. 2019;14:979–94. https://​doi.​org/​10.​2147/​COPD.​S1957​94.

	77.	 Zou W, Wang X, Hong W, He F, Hu J, Sheng Q, et al. PM2.5 
Induces the expression of inflammatory cytokines via the Wnt5a/
Ror2 Pathway in human bronchial epithelial cells. Int J Chron 
Obstruct Pulmon Dis. 2020;15:2653–62. https://​doi.​org/​10.​2147/​
COPD.​S2707​62.

	78.	 Newman DR, Sills WS, Hanrahan K, Ziegler A, Tidd KM, Cook 
E, Sannes PL. Expression of WNT5A in idiopathic pulmonary 
fibrosis and its control by TGF-β and WNT7B in human lung 

https://doi.org/10.1002/jbmr.1488
https://doi.org/10.1002/jbmr.1488
https://doi.org/10.4049/jimmunol.1103378
https://doi.org/10.1038/nri.2016.116
https://doi.org/10.1177/1753425918821732
https://doi.org/10.1016/j.immuni.2009.08.008
https://doi.org/10.1016/j.immuni.2009.08.008
https://doi.org/10.1038/s41467-019-09370-z
https://doi.org/10.1038/s41467-019-09370-z
https://doi.org/10.1016/j.immuni.2017.12.004
https://doi.org/10.1016/j.immuni.2017.12.004
https://doi.org/10.1038/emm.2013.48
https://doi.org/10.1084/jem.20121871
https://doi.org/10.1136/thoraxjnl-2016-209753
https://doi.org/10.1136/thoraxjnl-2016-209753
https://doi.org/10.1080/13547500701192652
https://doi.org/10.1186/1745-6673-3-S1-S2
https://doi.org/10.1186/1745-6673-3-S1-S2
https://doi.org/10.1155/2016/2048987
https://doi.org/10.1155/2016/2048987
https://doi.org/10.1183/13993003.00685-2019
https://doi.org/10.1186/s12890-016-0254-9
https://doi.org/10.1186/s12890-016-0254-9
https://doi.org/10.1096/fj.12-217539
https://doi.org/10.1096/fj.12-217539
https://doi.org/10.1038/srep30676
https://doi.org/10.1038/srep30676
https://doi.org/10.1016/j.jaci.2016.07.014
https://doi.org/10.1007/s00726-008-0190-y
https://doi.org/10.1007/s00726-008-0190-y
https://doi.org/10.1165/rcmb.2014-0429OC
https://doi.org/10.1165/rcmb.2014-0429OC
https://doi.org/10.1038/s41598-020-63741-x
https://doi.org/10.4049/jimmunol.1400013
https://doi.org/10.4049/jimmunol.1400013
https://doi.org/10.4049/jimmunol.1800554
https://doi.org/10.1183/13993003.03388-2020
https://doi.org/10.3389/fcell.2021.641404
https://doi.org/10.1084/jem.20160675
https://doi.org/10.1164/rccm.201605-0904OC
https://doi.org/10.1016/j.cellsig.2020.109636
https://doi.org/10.3389/fimmu.2018.01724
https://doi.org/10.3389/fimmu.2018.01724
https://doi.org/10.2147/COPD.S195794
https://doi.org/10.2147/COPD.S270762
https://doi.org/10.2147/COPD.S270762


588	 A. Singla et al.

1 3

fibroblasts. J Histochem Cytochem. 2016;64:99–111. https://​doi.​
org/​10.​1369/​00221​55415​617988.

	79.	 Martin-Medina A, Lehmann M, Burgy O, Hermann S, Baarsma 
HA, Wagner DE, et al. Increased extracellular vesicles mediate 
WNT5A signaling in idiopathic pulmonary fibrosis. Am J Respir 
Crit Care Med. 2018;198:1527–38. https://​doi.​org/​10.​1164/​rccm.​
201708-​1580OC.

	80.	 Huang C, Xiao X, Yang Y, Mishra A, Liang Y, Zeng X, et al. 
MicroRNA-101 attenuates pulmonary fibrosis by inhibiting fibro-
blast proliferation and activation. J Biol Chem. 2017;292:16420–
39. https://​doi.​org/​10.​1074/​jbc.​M117.​805747.

	81.	 Carmo-Fernandes A, Puschkarow M, Peters K, Gnipp S, Peters 
M. The pathogenic role of smooth muscle cell-derived wnt5a in 
a murine model of lung fibrosis. Pharmaceuticals. 2021. https://​
doi.​org/​10.​3390/​ph140​80755.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1369/0022155415617988
https://doi.org/10.1369/0022155415617988
https://doi.org/10.1164/rccm.201708-1580OC
https://doi.org/10.1164/rccm.201708-1580OC
https://doi.org/10.1074/jbc.M117.805747
https://doi.org/10.3390/ph14080755
https://doi.org/10.3390/ph14080755

	The molecular mechanisms of remodeling in asthma, COPD and IPF with a special emphasis on the complex role of Wnt5A
	Abstract
	Introduction 
	Objectives 
	Conclusion 

	Remodeling of lung tissue in chronic airway diseases
	The central role of myofibroblasts in fibrosis of lung tissue
	The receptors of Wnt5A and their manifold ways of signal transduction
	Function of Wnt5A as an immune modulator
	The role of Wnt5A in inflammation and remodeling in asthma, COPD and IPF
	Asthma

	COPD
	IPF

	Conclusion
	References




