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Fibroblast growth factor receptor (FGFR) 4 has been shown to mediate pro-inflammatory
signaling in the liver and airway epithelium in chronic obstructive pulmonary disease.
In past reports, FGFR4 knockout (Fgfr4~—/~) mice did not show any lung phenotype
developmentally or at birth, unless FGFR3 deficiency was present simultaneously.
Therefore, we wanted to know whether the loss of FGFR4 had any effect on the
adult murine lung. Our results indicate that adult Fgfr4=/~ mice demonstrate a
lung phenotype consisting of widened airway spaces, increased airway inflammation,
bronchial obstruction, and right ventricular hypertrophy consistent with emphysema.
Despite downregulation of FGF23 serum levels, interleukin (IL) 18 and IL-6 in the
Fgfr4=/~ lung, and abrogation of p38 signaling, primary murine Fgfr4—/~ airway cells
showed increased expression of IL-1p and augmented secretion of IL-6, which correlated
with decreased airway surface liquid depth as assessed by micro-optical coherence
tomography. These findings were paralleled by increased ERK phosphorylation in
Fgfr4=/~ airway cells when compared with their control wild-type cells. Analysis
of a murine model with constitutive activation of FGFR4 showed attenuation of
pro-inflammatory mediators in the lung and airway epithelium. In conclusion, we are
the first to show an inflammatory and obstructive airway phenotype in the adult healthy
murine Fgfr4—/~ lung, which might be due to the upregulation of ERK phosphorylation
in the Fgfr4—/— airway epithelium.

Keywords: fibroblast growth factor receptor 4, lung, inflammation, bronchial epithelium, interleukin 6, airway
surface liquid volume

INTRODUCTION

Fibroblast growth factor receptors (FGFRs), a subfamily of receptor tyrosine kinases, consist of four
family members, including FGFR1, 2, 3, and 4 (1). Dependent on different FGF ligands, FGFRs
exert diverse functions through the activation of downstream signaling pathways. In organs that
are contributing to phosphate homeostasis such as the kidney and parathyroid gland, signaling

Frontiers in Medicine | www.frontiersin.org

1 July 2020 | Volume 7 | Article 317


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2020.00317
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2020.00317&domain=pdf&date_stamp=2020-07-24
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:skrick@uabmc.edu
https://doi.org/10.3389/fmed.2020.00317
https://www.frontiersin.org/articles/10.3389/fmed.2020.00317/full
http://loop.frontiersin.org/people/875607/overview
http://loop.frontiersin.org/people/392153/overview
http://loop.frontiersin.org/people/984148/overview
http://loop.frontiersin.org/people/108604/overview
http://loop.frontiersin.org/people/102779/overview
http://loop.frontiersin.org/people/613739/overview
http://loop.frontiersin.org/people/537028/overview







Easter et al.

Fibroblast Growth Factor 4 and Lung

RESULTS

Fgfr4 Deficiency in Mice Leads to an
Airway Phenotype Resembling Chronic

Obstructive Pulmonary Disease

We analyzed the lungs of 6-month-old Fgfr4~/~ mice and
compared them to their age-matched wild-type littermates. We
did not detect any FGFR4 protein or messenger RNA (mRNA)
expression in Fgfr4~/~ lungs (Figure1A). Interestingly,
paraffin-embedded slides from murine Fgfr4~/~ lungs revealed
airway enlargement (Figure 1B), which was reflected in a
significant increase in mean linear intercepts (Figure 1C). Using
flexiVent to analyze lung function, Fgfr4~/~ lungs showed
a significant increase in static compliance (Figure 1D) and
a marked decrease in the FEV0.05/FVC ratio (Figure 1E),
indicating airway obstruction. In addition, there was a significant

increase in the total cell count, monocytes/macrophages,
and neutrophils in the BAL fluid without any difference
in the lymphocyte count (Figures1E,G). Collectively, full
Fgfr4—/~ mice at 6 months of age showed evidence of
airway inflammation and airway enlargement consistent
with emphysema.

Fgfr4 Deficiency in Mice Affects the Right

Heart

In addition to the inflammatory lung phenotype, 6-month-old
Fgfr4~/~ mice demonstrated an increase in right ventricular
pressure as assessed by right heart catheterization and evidence
of right ventricular hypertrophy as assessed by the Fulton
index, when compared with their age-matched littermates
(Figure 1H).

FIGURE 2 | Effect of FGFR4 deficiency in the murine lung. (A) Bar graphs indicating FGF23 serum levels from Fgfr4=/~ and Fgfr4*/* mice. (B) mRNA fold change in
FGF23, FGFR1, and TGF-B levels and (C) pro-inflammatory mediators such as IL-1p and IL-6 in total lung tissue from Fgfr4~/~ and Fgfr4*/* mice. (D) Representative
immunoblot analyses and (E) quantification by densitometry of phospho-ERK, total ERK, phospho-PLCy, total PLCy, phospho-p38, and total p38 from total lung
tissue of Fgfr4=/~ and Fgfr4*/+ mice. (All n = 3-6 mice per group showing mean + SEM with *P < 0.05).
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Fgfr4 Deficiency Affects Fibroblast Growth
Factor 23 Levels and Inflammation and
Abrogates Phosphorylation of p38 in

Murine Lungs

Interestingly, Fgfr4~/~ mice had significantly decreased FGF23
serum levels (Figure 2A) but increased expression of FGF23
mRNA in Fgfr4~/~ lungs without any changes in FGFRI1 or
transforming growth factor (TGF) 8 mRNA levels (Figure 2B).
Furthermore, IL-1f and IL-6 mRNA levels were downregulated
by 2-fold in total lung lysates from Fgfr4~/~ mice (Figure 2C).
Analysis of potentially affected signaling pathways revealed that
Fgfr4~/~ lungs showed a negligible change in phosphorylation of
PLCy but an almost complete abrogation of p38 phosphorylation
and downregulation of both phospho-ERK and total ERK
expression (Figures 2D,E).

Fibroblast Growth Factor Receptor 4
Deficiency Affects Mucociliary Clearance
and Inflammation in Murine Tracheal

Epithelial Cells

To further elucidate the role of FGFR4 in the airway epithelium
(Figure 3A) (14), mucociliary clearance was assessed in primary
MTECs from Fgfr4~/~ mice and their wild-type littermates.
MTECs were differentiated at the ALI and mucociliary
clearance parameters were analyzed by micro-optical coherence
tomography (Figure 3B). There was no difference in mucociliary
transport, ciliary beat frequency, and airway surface liquid (ASL)
depth between wild-type and Fgfr4~/~ MTECs (Figures 3C-E).
We did note, however, an increase in FGFR1, IL-1f, and TGF-
B mRNA levels in Fgfr4~/~ MTECs when compared with those
in MTECSs from wild-type littermates (Figure 3F). MTECs did
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FIGURE 3 | Effect of FGFR4 deficiency in the murine airway epithelium. (A) Immunohistochemistry using anti-IgG (negative control) (upper image) and anti-FGFR4
antibody (lower image) and counter hematoxylin staining in a representative human lung section showing staining of the airway epithelium (arrows). (B) Representative
images of Fgfr4~/~ and Fgfr4*/+ MTECs, differentiated on filters using micro-optical coherence tomography. (C) Quantification of mucociliary transport (MCT), (D)
ciliary beat frequency (CBF), and (E) airway surface liquid (ASL) depth from differentiated Fgfr4—/~ and Fgfr4*/* MTECs. (F) mRNA fold changes of FGFR1, IL-18,
IL-6, and TGF- B levels in Fgfr4=/~ and Fgfr4*/* MTECs. (G) IL-6-protein levels, assessed in supernatant from Fgfr4=/= and Fgfr4+/+ MTECs, when divided into
different isolation groups and (H) their respective ASL depth analysis. (I) Representative immunoblot analyses of undifferentiated (UD) and differentiated (D) Fgfr4—/~
and Fgfr4*/+ MTECs assessing expression of phospho-ERK, total ERK, and p-actin. (Three separate experiments from three to six mice per group. All bar graphs are
mean + SEM with **P < 0.01, and ***P < 0.005).
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not show expression of FGF23 (data not shown). Analysis of IL-6
protein levels in cell culture media did not show any significant
difference between Fgfr4~/~ and Fgfr4*/* MTECs when data
were pooled (not shown) but showed significant differences
when substratified according to the different isolations. MTEC
isolations with higher IL-6 levels showed a further increase
in the Fgfr4~/~ cultures (Figure 3G, upper graph), which was
reversed in the MTEC isolations with lower IL-6 protein levels
(Figure 3G, lower graph). MTECs were isolated from three to
six Fgfr4t/* and Fgfr4~/~ mice and pooled, and half of them
were plated submerged (undifferentiated); the other half were
differentiated at the ALI for 3-4 weeks—these were used for ASL
measurements. We compared the differentiated MTECs of the
same isolation with their respective Fgfr4*/* control MTECs.
Post-stratification analysis of ASL depth revealed that the “high
IL-6 secretor group” showed a significantly decreased ASL depth
(Figure 3H, upper graph), whereas there was no difference
in ASL depth in the “low IL-6 secretor group” (Figure 3H,
lower graph). Analysis of potentially involved signaling pathways
in both undifferentiated (UD) and differentiated (D) MTECs
revealed an upregulation of phospho-ERK (Figure 3I).

In summary, MTECs isolated from Fgfr4~/~ mice
demonstrated heterogeneity in IL-6 protein levels but did
not exhibit any significant differences in mucociliary clearance.
Interestingly, Fgfr4~/~ MTEC cultures with high IL-6 protein
secretion showed a decrease in ASL depth and increased
phosphorylation of ERK.

Constitutive Fibroblast Growth Factor
Receptor 4 Activation Inhibits Expression
of Inflammatory Mediators in Murine Lungs
and Tracheal Epithelial Cells

As Fgfr4~/~ lungs show airway inflammation and airway
enlargement consistent with emphysema, we wanted to assess
the effect of constitutive FGFR4 activation. Therefore, we
analyzed lung tissue and MTEC cultures from Fgfr4-Arg/Arg385
mice. This knockin mouse model exhibits a gain-of-function
mutation in Fgfr4, replacing a glycine with an arginine residue
in the transmembrane domain, leading to increased FGFR4
stability and prolonged phosphorylation (4, 22). Microscopic
assessment of the pulmonary tissue of Fgfr4-Arg/Arg385 mice
did not show any differences compared with that of wild-
type littermates (Figure 4A). Circulating FGF23 plasma levels
were slightly decreased in Fgfr4-Arg/Arg385 mice (Figure 4B).
mRNA analysis of lung tissue demonstrated significant decreases
in inflammatory mediators such as TGF-B, IL-1p, and IL-
6 (Figure4C), whereas Fgfr4-Arg/Arg385 MTECs showed
significant increases in FGFR1 and a significant decrease in IL-6
mRNA expression (Figure 4D). In summary, Fgfr4-Arg/Arg385
lungs did not show any airway or parenchymal changes, and
inflammatory mediator expression was downregulated in MTECs
and total lungs when compared with age-matched MTECs/lungs
from wild-type littermates.

DISCUSSION

This report is the first to characterize and demonstrate a
cardiopulmonary phenotype, including emphysema, airway
inflammation, and right ventricular hypertrophy, in the adult
Fgfr4~/~ mouse. Fgfr4~/~ lungs showed airway inflammation
with upregulation of neutrophils and monocytes/macrophages
in the BAL fluid and upregulation of inflammatory mediators in
airway cells showing an association of high IL-6 and decreased
ASL depth. When trying to decipher a potential pathway,
interestingly, ERK phosphorylation did not seem to be affected
in whole lungs, whereas there was a complete abrogation of p38
phosphorylation in the Fgfr4~/~ lung.

PLCy-1 is expressed abundantly in macrophages and
can be activated by FGFs and also other growth factors,
including platelet-derived growth factor (PDGEF), vascular
endothelial growth factor (VEGF), and epidermal growth
factor (23). Furthermore, TNF-o and IL-18 were also
identified as upstream stimulators for PLCy-1 (24, 25).
The influenza virus HIN1 infection can activate PLCy-1 via
the epidermal growth factor receptor in alveolar epithelial
cells (25). Therefore, an increase in airway inflammation
might be partially due to FGFR4-independent activation
of PLCy, as our data showed persistent phosphorylation
of PLCy, even in the Fgfr4~/~ lungs. Interestingly, there
was a complete abrogation of p38 phosphorylation in the
FGFR4 deficient lungs. It has been shown that p38 MAPK
pathways play a key role in the inflammatory response in
sepsis-induced acute lung injury via lipopolysaccharide-
induced TLR-4 signaling (26, 27). This activation leads to
IL-8 production in human mononuclear cells (28). A similar
pathway has been shown in the bronchial epithelium, where
lipopolysaccharide inhalation preceded the increased expression
of p38 MAPK and IL-8 (29). p38 MAPK activation has also
been shown to induce histone modifications leading to increased
accessibility for transcription factors to promotor regions
and enhanced inflammatory gene expression (30). In COPD
lungs, there is an increase in p38 phosphorylation (31), and
p38 MAPK inhibitors might be useful in targeting airway
inflammation by reducing cytokine production of alveolar
macrophages (20, 32, 33).

These findings contradict our results that FGFR4 deficiency
and an abrogated p38 response seemed to be involved in
triggering airway inflammation. One explanation might be that
the downregulation of p38 could paradoxically suppress an
anti-inflammatory effect, as shown in rheumatoid arthritis (34).
Another potential mechanism could involve ERK-p38 crosstalk,
which may lead to prolonged activation of FGFR1 (35); this could
lead to inflammation. It was also very surprising that the analysis
of pro-inflammatory cytokines revealed downregulation in the
lung tissue but upregulation in MTECs, which could be due to
the activation of compensatory anti-inflammatory pathways in
pulmonary cells other than the bronchial epithelium. Finally,
ALI cultures are often used to model regeneration and repair
(36); hence, it may be linked to benefits or pathologies when
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FIGURE 4 | Effect of constitutive FGFR4 activation in the murine lung and airway epithelium. (A) Hematoxylin staining in representative murine lung sections of control
and Fgfr4-Arg/Arg385 mice. (B) Bar graphs indicating serum Fgf23 levels and (C) fold changes of FGFR1, TGF-B, IL-18, and IL-6 mRNA levels in total lung tissue and
(D) MTECs, isolated from Fgfr4-Arg/Arg385 mice and their wild-type littermates. (Three separate experiments from three to six mice per group. All bar graphs are
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Fgfr4~/~ mice repair their airways and lungs from stressors.
Future experiments exposing Fgfr4~/~ mice to cigarette smoke
short and long term or expose them to respiratory viruses such as
influenza or rhinovirus, two known COPD exacerbating viruses,
would help to explain further the role and potential mechanism
of FGFR4 in airway inflammation.

When specifically assessing the airway epithelium with
our in vitro studies, there was no significant difference in
mucociliary clearance parameters, which could be explained
by the lack of interaction with inflammatory cells in our ALI
cultures, which differs from our in vivo results. In addition,
MTEC cultures were quite heterogeneous in regard to their
baseline ASL volumes, and relatively “dry” MTECs overall
did not show significant differences. Interestingly, Fgfr4~/~
MTECs, which had high secretion of IL-6 protein, also
had significantly decreased ASL depth. Immunoblot also

revealed increased ERK phosphorylation in these cultures
as a potential underlying pro-inflammatory mechanism
supporting this hypothesis of ERK-p38 crosstalk. To associate
our outcomes with FGFR4 deficiency, we phenotypically
analyzed the lungs of FGFR4 “knockin” mice. Interestingly,
both lung tissue and MTEC cultures showed a decrease in
inflammatory mediators.

Overall, we show for the first time that not only FGFR4
overexpression has pathological effects in diseases such as
cancer and COPD, but also FGFR4 deficiency in the “healthy”
adult lung can lead to airway inflammation. This was not
observed in previous reports, which may be because murine
lungs were characterized in detail during the embryonic phase
and the first weeks in life. Weinstein et al. reported that
Fgfr4~/~ mice do not have a decreased life expectancy and
exhibited apparently normal growth, but they weighed 10%
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less than their wild-type littermates at weaning. Fgfr4d~/~
mice were able to reproduce and did not display any
developmental irregularities until 1 year of age, although
murine lungs were not characterized in further detail except
that they lacked expression of FGFR4 (7). Therefore, FGFR4
deficiency could have been functionally compensated, e.g.,
downregulation of p38 as an attempt to attenuate inflammation
until a second stressor hit, which may be related to aging
with a general increase inflammation, hereby exaggerated by
FGFR4 deficiency.

To further decipher the role of FGFR4 in the bronchial
epithelium, we also analyzed the Fgfr4-Arg/Arg385 mouse model,
which per se did not have an airway phenotype. The lung
demonstrated decreased inflammatory mediators in the airway.
Therefore, it will be very interesting to investigate the role of
pathological airway challenges such as cigarette smoke or other
air pollutants in the airways in these mice.

This study demonstrates that global FGFR4 deficiency can
cause airway pathology and right ventricular hypertrophy in the
adult mouse, thereby indicating that FGFR4 signaling in the
lung is essential and not only harmful as we have shown in
preexisting airway diseases such as COPD (14). Interestingly,
the FGF23/FGFR4 axis has been extensively studied in the
myocardium, and when challenged by additional chronic kidney
disease or high-phosphate diet, Fgfr4~/~ mice also demonstrate
left ventricular hypertrophy. Therefore, further studies are
needed to delineate potential crosstalk between heart and lung
in diverse pathologies.

In summary, FGFR4 signaling is very complex in vivo because
in pathological states such as COPD, it can contribute to the
pathology, but in the healthy adult lung, FGFR4 seems to exert
an anti-inflammatory role in the airway. More studies are needed
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