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Abstract

Rationale: Increased abundance and stiffness of the extracellular
matrix, in particular collagens, is a hallmark of idiopathic pulmonary
fibrosis (IPF). FK506-binding protein 10 (FKBP10) is a collagen
chaperone, mutations of which have been indicated in the reduction
of extracellular matrix stiffness (e.g., in osteogenesis imperfecta).

Objectives: To assess the expression and function of FKBP10 in IPF.

Methods: We assessed FKBP10 expression in bleomycin-
induced lung fibrosis (using quantitative reverse
transcriptase—polymerase chain reaction, Western blot, and
immunofluorescence), analyzed microarray data from 99
patients with IPF and 43 control subjects from a U.S. cohort,
and performed Western blot analysis from 6 patients with IPF
and 5 control subjects from a German cohort. Subcellular
localization of FKBP10 was assessed by immunofluorescent
stainings. The expression and function of FKBP10, as well as its
regulation by endoplasmic reticulum stress or transforming
growth factor-f;, was analyzed by small interfering
RNA-mediated loss-of-function experiments, quantitative reverse

transcriptase—polymerase chain reaction, Western blot, and
quantification of secreted collagens in the lung and in primary human
lung fibroblasts (phLF). Effects on collagen secretion were compared
with those of the drugs nintedanib and pirfenidone, recently
approved for IPF.

Measurements and Main Results: FKBP10 expression was
up-regulated in bleomycin-induced lung fibrosis and IPF.
Immunofluorescent stainings demonstrated localization to
interstitial (myo)fibroblasts and CD68 * macrophages. Transforming
growth factor-$3;, but not endoplasmic reticulum stress, induced
FKBP10 expression in phLF. The small interfering RNA-mediated
knockdown of FKBP10 attenuated expression of profibrotic
mediators and effectors, including collagens I and V and a-smooth
muscle actin, on the transcript and protein level. Importantly, loss of
FKBP10 expression significantly suppressed collagen secretion by
phLF.

Conclusions: FKBP10 might be a novel drug target for IPF.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Accumulation of
extracellular matrix plays an important
role in idiopathic pulmonary fibrosis
(IPF) disease progression. Deficiency of
the chaperone FK506-binding protein
10 (FKBP10) has been reported to
attenuate collagen secretion and
decrease extracellular collagen
cross-linking in, for example,
osteogenesis imperfecta.

What This Study Adds to the
Field: FKBP10 is specifically
up-regulated in interstitial fibroblasts
in IPF. Inhibition of FKBP10 in primary
IPF fibroblasts attenuates gene
expression of various profibrotic genes
and decreases collagen secretion.

Idiopathic pulmonary fibrosis (IPF) is
the most fatal interstitial lung disease,
with a 5-year survival rate of 30 to 50%
and few treatment options (1). The
etiology of IPF is poorly understood.

The current concept involves repeated
alveolar injuries of unclear nature,
providing signals for fibroblast activation,
proliferation, and differentiation to
myofibroblasts (2-6). The latter overgrow
the delicate alveolar lung tissue and
secrete increased amounts of extracellular
matrix (ECM) proteins. According to

a recently published study, the ECM
appears to play a major role not only

in the composition but also in the
maintenance of the fibrotic phenotype

in IPF, contributing to the irreversibility
of the disease (7). Therefore, matrix

and matrix-processing enzymes will
provide promising novel drug targets

for IPF. For instance, inhibition of the
collagen cross-linking enzyme lysyl
oxidase-like 2 (LOXL2) is currently
investigated as an IPF treatment option
in a phase 1II trial (8).

Pirfenidone and nintedanib, two
drugs recently approved by the U.S.
Food and Drug Administration for IPF
therapy, decelerate but do not attenuate
disease progression in patients with IPF,
by decreasing lung function decline.
They also show considerable side effects,
and their mechanism of action is
incompletely understood (9, 10). As
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such, the need to identify novel drug
targets for IPF remains imperative, as
we require alternative treatment options
for nonresponders, cell-type-specific
targeted therapy, and combination
therapy options.

The intracellular chaperone
FK506-binding protein 10 (FKBP10,
also termed FKBP65) has been reported
to directly interact with collagen I (11).
FKBP10 belongs to the FKBP subfamily
of immunophilins, molecular chaperones
with peptidyl-prolyl isomerase activity,
which bind the immunosuppressive
drug FK506 (tacrolimus) (12, 13).
Collagen triple helix formation heavily
relies on proline isomerization to
trans-proline as a prerequisite of linear
chain assembly (14). Mutations in
FKBPI0 lead to collagen-related disorders
such as osteogenesis imperfecta, and
studies in the last 4 years have suggested
an association of these mutations with
attenuated collagen secretion and
diminished collagen I cross-linking in
dermal fibroblasts and bone (15-18). A
recent study showed that Fkbp10~'~ mouse
embryos are postnatally lethal and display
reduced collagen cross-linking in calvarial
bone (19).

Given that FKBP10 is a collagen-
processing enzyme with potential impact
on ECM protein secretion and cross-linking,
we sought to assess its role in IPF. We
analyzed FKBPI0 expression in lungs of
mice subjected to bleomycin and patients
with IPF. Loss-of-function studies were
performed in primary human lung
fibroblasts (phLF) to investigate the effect
of FKBP10 on ECM protein synthesis and
secretion.

Methods

For more details on methods, see the online
supplement. Statistical analysis was
performed in GraphPadPrism 5 (GraphPad
Software, San Diego, CA). Results are given
as mean * SEM, and paired ¢ test was used
for statistical analysis, if not mentioned
otherwise.

Induction and Measurement of
Murine Pulmonary Fibrosis

Pulmonary fibrosis was induced in female
C57BL/6 mice (10-12 wk old) by a single
intratracheal instillation of 50 wl of
bleomycin (3 U/kg; Sigma Aldrich,

Taufkirchen, Germany) dissolved in sterile
saline and applied using the MicroSprayer
Aerosolizer, Model IA-1C (Penn-Century,
Wyndmoor, PA). Control mice were
instilled with 50 pl of saline. After
instillation, mice were kept for 14, 28, and
56 days. Before death, mice were
anesthetized with ketamine/xylazine
followed by lung function measurement
and tissue harvesting as previously
described (20). Fibrosis was further assessed
by bronchoalveolar lavage cell counts

and histology evaluation. All animal
experiments were conducted under strict
governmental and international guidelines
and were approved by the local government
for the administrative region of Upper
Bavaria, Germany.

Gene Expression Data

Data for FKBP10 in IPF lungs (n=99) and
normal histology control lungs (n =43) was
extracted from the gene expression
microarray data generated by us on lung
samples obtained from the National Lung,
Heart, and Blood Institute—funded Tissue
Resource Consortium, as described previously
(21, 22). Gene expression microarray data
(Agilent Technologies, Santa Clara, CA), and
associated clinical data are available on the
Lung Genomics Research Consortium
website (https://www.lung-genomics.org/
research/) as well as on accession number
GSE47460 or the Lung Tissue Research
Consortium website (http://www.ltrcpublic.
com). Significance was calculated using ¢
statistics, and multiple testing was controlled
by the false discovery rate method at 5% (23).

Human Material

Resected human lung tissue and lung
explant material were obtained from the
AsKklepios biobank for lung diseases at the
Comprehensive Pneumology Center.
Biopsies were obtained from six patients
with IPF (usual interstitial pneumonia
pattern, mean age 54 £ 9 yr, five men, one
woman). All participants gave written
informed consent, and the study was
approved by the local ethics committee of
Ludwig-Maximilians University of Munich,
Germany.

Isolation and Culture of phLF

For FKBP10 knockdown, phLF were
isolated from IPF biopsies (n =4), the
adjacent normal region of a lung tumor
resection (n=2), and donor tissue (n=3).
For more details, see the online supplement.
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Treatment of phLF with Transforming Dulbecco’s modified Eagle medium/F12 (R&D Systems, Minneapolis, MN),

Growth Factor-B4, Nintedanib, or with 0.5% fetal bovine serum and 0.1 mM  nintedanib, and pirfenidone (both Selleck,
Pirfenidone 2-phospho-1-ascorbic acid, followed by Houston, TX) in starvation medium for the
Cells were seeded at a density of 20,000 to  treatment with the indicated concentrations  indicated time points. For more details, see
25,000 cells/cm?, starved for 24 hours in of transforming growth factor (TGF)-3, the online supplement.
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Figure 1. FK506-binding protein 10 (FKBP10) is up-regulated in a mouse model of bleomycin-induced lung fibrosis. (A) Representative Masson trichrome
staining demonstrating that increased collagen deposition peaked at Day 14 and was gradually lost afterward. Bottom row shows magnification of the
boxed areas in the top row. Upper scale bar = 1,000 wm; lower scale bar =100 um. (B) Bleomycin instillation led to a significant decrease in lung compliance
at Day 14, which was completely restored after 56 days. (C) FKBP10 gene expression was up-regulated at Day 14 after bleomycin instillation. (D)
Representative Western blot showing that FKBP10 levels in total lung homogenate were significantly increased at Day 14 after bleomycin instillation; HelLa
lysate was used as positive control. (£) Quantification by densitometric analysis demonstrating that FKBP10 levels returmed to baseline at Day 28 and Day 56.
Data shown are mean + SEM, and a two-tailed Mann-Whitney test was used for statistical analysis for comparison between bleomycin groups (Bleo) at different
time points and phosphate-buffered saline (PBS) control vs. bleomycin for each time point. Actb = B-actin as loading control. Gapdh = glyceraldehyde phosphate
dehydrogenase. *P < 0.01, **P < 0.001.
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Transfection of phLF

Cells were reverse transfected either with
human FKBP10 small interfering RNA
(siRNA) (s34171; Life Technologies,
Carlsbad, CA) or negative control siRNA
No. 1 (Life Technologies). Twenty-four hours
after transfection, cells were starved for
another 24 hours in Dulbecco’s modified
Eagle medium/F-12 including 0.5% fetal
bovine serum and 0.1 mM 2-phospho-L-
ascorbic acid, followed by treatment with
2 ng/ml TGF-B; in starvation medium.
Twenty-four and 48 hours after beginning
the TGF-, treatment, cells and cell culture
supernatants were harvested for RNA and
protein analysis. In total, eight completely
independent knockdowns were performed in
eight different human primary fibroblast
lines.

After 24 hours of siRNA transfection,
forward transfection with the mothers
against decapentaplegic homolog (SMAD)
signaling luciferase reporter plasmid was

A

performed in three different cell lines with
PGL3-CAGA(9)-luc (24) or pGL3 control
vector (Promega, Madison, WI). After
incubation for 6 hours, cells were starved
for 18 hours, followed by treatment with
2 ng/ml TGF-f3;. Luminescence was
recorded in a TriStar LB 941 Multimode
Reader (Berthold Technologies, Bad
Wildbad, Germany), and results were
normalized to pGL3 control luciferase activity.

For more details, see the online
supplement.

Real-Time Quantitative Reverse
Transcriptase Polymerase Chain
Reaction Analysis

Relative transcript abundance of a gene

is expressed as —AC, values (AC, = C,*"8*" —
Cleferen<e) or as fold change derived from the
relevant AAC, values, using 2~ “*“Y, For
specific gene amplification, primers listed in
Table E1 in the online supplement were used.
Glyceraldehyde phosphate dehydrogenase

(GAPDH) and hypoxanthine-guanine
phosphoribosyltransferase (HPRT) were used
as endogenous controls for standardization of
relative mRNA expression in mice and phLF,
respectively. For more technical details on
RNA isolation and quantitative reverse
transcriptase polymerase chain reaction, see
the online supplement.

Protein Isolation and Western Blot
Analysis
See online supplement.

Quantification of Secreted Collagen
For quantification of total secreted collagen,
the Sircol assay was performed according to
manufacturer’s instructions (Biocolor,
Carrickfergus, UK).

For specific quantification of secreted
collagen I, collagens were precipitated from
cell culture supernatant as follows: Proteins
were precipitated with 0.2 g/ml ammonium
sulfate and incubated on ice for 30 minutes,
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Figure 2. FK506-binding protein 10 (FKBP10) is up-regulated in idiopathic pulmonary fibrosis (IPF). (A) Heat map of FKBP10 gene expression, extracted
from microarray data of normal histology control (n = 43) and samples from patients with IPF (n=99). Every column corresponds to a patient. Increases
and decreases are denoted in increasing shades of yellow and purple, respectively, and gray is unchanged (false discovery rate < 5%). (B) Box-and-
whisker plot for FKBP10 gene expression data. The difference is highly significant (***P < 1 X 10~7). (C) Western blot analysis of total lung tissue
homogenate showed up-regulation of FKBP10 in patients with IPF relative to donor samples in an independent cohort. (D) Densitometric analysis of the
Western blot showed that FKBP10 up-regulation in IPF is highly significant. Data shown are mean = SEM, and a two-tailed Mann-Whitney test was used
for statistical analysis (**P < 0.01). a-SMA = a-smooth muscle actin; ACTB = 3-actin as loading control.
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followed by centrifugation at 20,000 X g
at 4°C for 30 minutes. The pellet was
dissolved in 0.1 M acetic acid containing
0.1 mg/ml pepsin (Thermo Fisher
Scientific, Waltham, MA) and incubated
overnight at 4°C. Then, 5 M NaCl was
added to yield a final concentration of
0.7 M, followed by incubation on ice
for 30 minutes and centrifugation at
20,000 X g at 4°C for 30 minutes. The
pellet containing collagen I was
resuspended in 0.1 M acetic acid and
analyzed by immunoblotting.

Immunofluorescent and Masson
Trichrome Stainings

Cultured phLF were seeded on coverslips,
and immunostaining was performed as
described previously (25). For staining of
tissue sections, human and murine lung
tissue was fixed in 10% formalin before
paraffin embedding. Three-micron sections
were prepared and mounted on slides,
followed by deparaffinization and
immunofluorescent staining or Masson
trichrome staining according to a standard
protocol. For more details, see the online
supplement.

Subcellular Fractionation

Protein fractionation was performed

with a Subcellular Protein Fractionation
Kit for Cultured Cells (Thermo Fisher
Scientific) according to the manufacturer’s
instructions. Purity of the fractions was
assessed using the following marker
proteins for Western blot analysis of the
obtained fractions: calreticulin and protein
disulfide isomerase 3 (PDIA3) for the
membrane extract, glyceraldehyde
phosphate dehydrogenase (GAPDH) for
the cytosolic extract, and lamin A/C for the
nuclear and chromatin-bound extract.

Results

FKBP10 Expression Is Increased in
Lung Fibrosis

We first studied FKBP10 expression in the
mouse model of bleomycin-induced lung
fibrosis. Bleomycin instillation led to
increased ECM deposition, as demonstrated
by Masson trichrome staining, and

a significant decrease in lung compliance
at Day 14, which was completely restored
after 56 days (Figures 1A and 1B). Western
blot analysis showed a clear increase of
FKBP10 protein levels in total lung lysates

at Day 14 after instillation of bleomycin
(Figure 1D). After resolution of fibrosis,

at Day 56, FKBP10 expression had returned

to baseline levels (cf. Figures 1A, 1B,
and 1E). With a fold change of 3.6,
up-regulation of FKBP10 at Day 14
occurred in part on the transcriptional
level (Figure 1C).

Next, we studied FKBP10 gene

expression in IPF. Analysis of microarray

data of 99 IPF samples and 43 normal
histology control samples revealed

significant up-regulation of FKBP10 (fold

change, 1.7; false discovery rate < 5%;
P<1X1077) (Figures 2A and 2B). Up-

regulation of FKBP10 was confirmed on the
protein level using lung homogenates from

patients with IPF of an independent
cohort: FKBP10 was highly increased in
comparison with donor samples (Figures
2C and 2D). Moreover, FKBP10 levels

appeared to correlate with levels of
a-smooth muscle actin («-SMA), a marker
of myofibroblasts (Figure 2C).

FKBP10 Is Expressed in Interstitial
Fibroblasts, Including Myofibroblasts
Immunofluorescent stainings of lung
tissue sections from the bleomycin-treated
mice and patients with IPF confirmed
increased expression of FKBP10 in
fibrotic lungs, with little staining of FKBP10
in phosphate-buffered saline-instilled
control mice or donor lungs. FKBP10
expression was predominantly localized

to interstitial fibroblasts, as evidenced by
colocalization with a-SMA (Figures 3

and 4A) or desmin (Figure 4A), both
markers of myofibroblasts. In addition,

a fraction of FKBP10-expressing cells
were found to be interstitial macrophages
(evidenced by CD68" staining; Figure 4B).

Bleo

Figure 3. FK506-binding protein 10 (FKBP10) is expressed in interstitial fibroblasts, including
myofibroblasts, in a mouse model of bleomycin-induced lung fibrosis. Immunofluorescent stainings of
paraffin sections from control (phosphate-buffered saline [PBS], left panels) and bleomycin-treated
(Bleo, right panels) mice at Day 14 after bleomycin instillation. Representative Fkbp10 immunostaining
is shown in red, a-smooth muscle actin («-SMA), podoplanin (T1a), or thyroid transcription factor 1
(TTF1) in green, and 4',6-diamidino-2-phenylindole (DAPI) in blue, as indicated on the right side.
White squares in the Bleo stainings are shown enlarged to the right. Sections shown are
representative stainings from three PBS- and three bleomycin-treated mice.

Staab-Weijnitz, Fernandez, KnUppel, et al.: FKBP10 in Lung Fibrosis
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Figure 4. FK506-binding protein 10 (FKBP10) is expressed in interstitial fibroblasts,

including myofibroblasts, and interstitial CD68™* macrophages in human idiopathic pulmonary
fibrosis (IPF). Representative immunofluorescent stainings of paraffin sections from donor

(left panels) and IPF tissue (right panels). Representative FKBP10 immunostaining is always shown in red
and 4',6-diamidino-2-phenylindole (DAPI) in blue. (A) Representative immunofluorescent costainings with
a-smooth muscle actin (a-SMA), desmin, podoplanin (T1a), and thyroid transcription factor 1 (TTF1)
in green show FKBP10 expression in interstitial fibroblasts but not in alveolar epithelial cells.

White squares in the IPF stainings are shown enlarged to the right. Scale bar=100 pm. (B)
Representative immunofluorescent costainings with CD68 show FKBP10 expression in interstitial
macrophages (indicated by white arrows). Sections shown are representative stainings from three
donors and three patients with IPF. Scale bar =50 pm.

In contrast, FKBP10 did not colocalize with
Tla (AT1 cells) or TTF1 (AT2 cells)
(Figures 3 and 4A).

FKBP10 Is an Endoplasmic Reticulum
Resident Protein but Not
Up-regulated by ER Stress in Primary
Human Lung Fibroblasts
In immunofluorescent stainings of phLF,
FKBP10 localized mainly to the cytoplasm
and showed colocalization with PDIA3, an
endoplasmic reticulum (ER)-resident
protein (Figure 5A). In some cells, positive
FKBP10 staining was also observed in the
nucleus. In contrast, costaining with
a marker for the Golgi apparatus, Golgin
subfamily A member 1 (GOLGAL1) showed
no colocalization (Figure 5B). Subcellular
fractionation of phLF resulted in a clear
enrichment of FKBP10 in the ER/
membrane extract (Figure 5C).
Additionally, FKBP10 was also weakly
detected in the cytosolic and the nuclear
extract.

Although tunicamycin and
thapsigargin up-regulated the ER
stress markers BiP, ATF4, and CHOP,
FKBP10 levels were drastically decreased
by both (see Figure E1 in the online
supplement). FKBP10 usually migrated
at approximately 70 kD, but in the
presence of tunicamycin an additional
FKBP10 band appeared at approximately
65 kD, in agreement with the theoretical
size of the unmodified protein
(cf. Figure E1A).

TGF-B4 Up-regulates FKBP10
Expression in phLF

TGF-B, induced FKBP10 expression in

a dose-dependent manner, with a clearly
visible up-regulation for concentrations of
1 ng/ml and higher after 48 hours of
treatment (Figure 6A). Efficacy of TGF-B;
treatment was confirmed by Western blot
analysis of phosphorylated and total
SMAD?3 (Figure 6A). From these initial
experiments, an effective concentration of
2 ng/ml TGF-B; was derived and used in
the following FKBP10 knockdown
experiments, where the TGF-[3, effect on
FKBP10 expression was also quantified
(Figure 6B). Results in Figure 6B are based
on results with control siRNA from the
loss-of-function experiments (cf. Figure 6C
for a representative Western blot).
Induction of FKBP10 expression by
TGF-B; was already observed at transcript
level (Figure E2).
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Loss of FKBP10 in IPF Fibroblasts
Attenuates ECM Protein Synthesis
and Decreases Levels of Secreted
Collagen Independent of TGF-§3
Signaling

The siRNA-mediated knockdown of
FKBP10 in IPF fibroblasts showed
significant down-regulation of collagen I,
collagen V, and fibronectin protein levels
in crude cell lysates after 48 hours of
TGEF-B; treatment (Figures 6C and 6D).
Interestingly, TGF-; partly counteracted

A

this effect for collagen I, but not for
collagen V or fibronectin (Figure 6D).
Moreover, levels of the myofibroblast
marker a-SMA were also significantly
decreased by knockdown of FKBP10 in the
presence of TGF-B; (Figure 6D, bottom
right panel). The effects observed for
collagen I and V manifested at transcript
level already and also transcription of the
TGEF-f target gene PAII were decreased by
knockdown of FKBP10, suggestive of an
effect on overall TGF-@3 signaling

C

CE ME NE CB
FKBP10 *
CALR
PDIA3
Lamin A/C —‘
GAPDH

Figure 5. FK506-binding protein 10 (FKBP10) is mainly an endoplasmic reticulum (ER)-resident
protein and does not localize to the Golgi apparatus. (A) Immunostaining of FKBP10 and the
ER-marker protein disulfide isomerase A3 (PDIA3) is shown in red and green, respectively. 4',6-
diamidino-2-phenylindole (DAPI) staining is shown in blue. The white square was chosen as the
region of interest and enlarged to the right. Arrows in the region of interest depict examples for
colocalization of FKBP10 and PDIAS. While the staining shown to the left is an extended-focus picture
generated from a z-stack, the enlarged figure to the right shows one focal plane from the z-stack only.
(B) Immunostaining of FKBP10 and the Golgi-marker protein Golgin subfamily A member 1 is shown
in red and green, respectively. DAPI staining is shown in blue. The presented staining is an
extended-focus picture generated from a z-stack. (C) Western blot analysis of subcellular
fractionation of primary human lung fibroblasts. FKBP10 is enriched in the membrane extract

(ME), similar to the ER-resident proteins calreticulin (CALR) and PDIA3. FKBP10 was additionally
found in the cytosolic extract (CE) and the nuclear extract (NE) but not in the chromatin-bound
fraction (CB). Lamin A/C and glyceraldehyde phosphate dehydrogenase (GAPDH) were used as

marker proteins for NE/CB and CE, respectively.
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(Figure 7A). However, the corresponding
TGF-B-induced transcript fold changes
did not indicate attenuation of TGF-3
signaling in the FKBP10 knockdown
(Figure 7B), and neither a Smad signaling
luciferase reporter assay (Figure 7C) nor
analysis of SMAD 3 phosphorylation or
protein levels (Figure 7D and Figure E3)
showed an appreciable effect of FKBP10
knockdown on canonical TGF-f signaling.

Finally, we assessed levels of secreted
collagen in these experiments by two
approaches. First, specifically collagen type I
levels were semiquantified using Western
blot analysis followed by densitometry
(Figures 8A and 8B); second, total secreted
collagen was quantified using the Sircol
assay (Figure 8C). Both approaches showed
significant decreases of secreted collagen in
the FKBP10 knockdown in absence and
presence of TGF-B;.

In our efforts to interpret the relevance
of FKBP10 knockdown in IPF fibroblasts in
the context of currently approved IPF
therapeutics, we used the same experimental
setup to address inhibition of total collagen
secretion in IPF fibroblasts by nintedanib
and pirfenidone. Importantly, FKBP10
knockdown significantly decreased total
collagen secretion by about 20%, in an
amount similar to the effects observed with
nintedanib, whereas we did not observe any
effect of pirfenidone on total collagen
secretion (Figure 9).

Discussion

In the present study, we show that FKBP10 is
up-regulated in bleomycin-induced lung
fibrosis and IPF. FKBP10 is predominantly
expressed in interstitial (myo)fibroblasts
and CD68" macrophages. TGF-B,, but not
ER stress, induced FKBP10 expression in
phLF. Loss of FKBP10 in phLF led to
attenuation of collagen synthesis and
secretion and reduced the expression of
a-SMA and PAIl independent of the
TGEF-B signaling pathway. Finally, FKBP10
knockdown inhibited collagen secretion with
an efficiency similar to that of nintedanib.
FKBP10 was up-regulated in the mouse
model of bleomycin-induced lung fibrosis
and returned to baseline with resolution of
the disease (Figure 1). In agreement,
a previous study has indicated
up-regulation of FKBP10 mRNA during
bleomycin-induced lung injury (26). In this
study, however, analysis was restricted to
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Figure 6. FK506-binding protein 10 (FKBP10) is up-regulated by transforming growth factor (TGF)-B4 in primary human lung fibroblasts (phLF), and
knockdown of FKBP10 attenuates synthesis of collagen |, collagen V, and a-smooth muscle actin (a-SMA). (A) Western blot analysis of phLF
treated with increasing concentrations of TGF-B4 (0.1, 0.2, 1.0, 2.0, and 5.0 ng/ml) shows up-regulation of FKBP10 at 48 hours in the presence of
1.0 ng/ml and higher TGF-B; concentrations. Efficacy of TGF-B4 treatment was confirmed by monitoring phosphorylation of mothers against

decapentaplegic homolog 3 (SMAD3, depicted as pSMADS) in comparison with total SMADS levels (SMADS). (B) 2.0 ng/ml TGF-B significantly increased
FKBP10 in phLF after 48 h, as quantified by densitometric analysis from Western blot analysis (cf. Figure 7C for representative Western blot, lanes
with scrambled [—] small interfering RNA [siRNA] only). The effect of the knockdown was always significant (P < 0.01 or P < 0.001) but is not specified in
the interest of clarity. (C) FKBP10 knockdown effects in phLF in combination with 24 and 48 hours of TGF-B+ treatment (2.0 ng/ml). A representative
Western blot analysis for detection of FKBP10, collagen |, collagen V, fibronectin, and a-SMA is shown. (D) Densitometric quantification of collagen |,
collagen V, fibronectin, and a-SMA protein levels. B-actin (ACTB) was used as loading control. Scrambled siRNA was used as control. Data are
based on eight completely independent experiments and are given as mean = SEM. Statistical analysis for comparison of FKBP10 siRNA vs. scrambled
siRNA control was performed by paired two-tailed t test. *P < 0.05, **P < 0.01. The well-known effect of TGF-B4 on these proteins was mostly significant

but is not specified in the interest of clarity. ctrl = control.

Day 10 after bleomycin administration, and
up-regulation was merely assessed at
transcript level. We clarify that FKBP10
overexpression occurs on the protein level
and correlated with the fibrotic phase and
lung function, both aspects of importance
for the translation of these results to IPF,
a state of presumably irreversible fibrosis.
Most importantly, we show for the first
time that FKBP10 expression is increased
in IPF (Figure 2). This appears to be

a universal phenomenon, as we discovered
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this in two completely independent cohorts,
one in the United States and one in Europe,
strongly arguing for an important function
of FKBP10 in IPF. Immunofluorescent
stainings of fibrotic mouse and IPF tissue
sections revealed strong FKBP10 expression
by interstitial fibroblasts, including
myofibroblasts, the major ECM-producing
cell type in fibrotic lung disease (Figures 3
and 4), indicating that FKBP10 might have
a function in ECM protein synthesis in
phLF. Notably, many myofibroblasts, both

in the mouse model as well as in the IPF
sections, were FKBP10-negative,
highlighting the phenotypic diversity of
interstitial mesenchymal cell types in
fibrosis.

The subcellular localization provided
an important clue for FKBP10 function in
fibroblasts, as FKBP10 substrates proposed
in the literature include not only ECM
protein precursors, such as procollagen I or
tropoelastin (11, 27), but also cytosolic
proteins, such as HSP90 and c-Raf-1 (28).
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Figure 7. Transforming growth factor (TGF)-B+ induces FK506-binding protein 10 (FKBP10) expression, and knockdown of FKBP10 in primary human lung
fibroblasts (phLF) significantly decreases expression of collagen a-1()) chain (COL1A1), collagen «-1(V) chain (COL5A1), and plasminogen activator inhibitor 1 (PAI1) on
the transcriptional level independent of the canonical TGF-B signaling pathway. (4) Quantitative reverse transcriptase—polymerase chain reaction analysis of transcript
levels of COL1A1 and COL5A1 (encoding the ac1-chain of collagen | and V, respectively) and PAI1 as a representative TGF-B—transduced gene after FKBP10
knockdown in combination with 24 and 48 hours of TGF-B4 treatment (2.0 ng/ml). Data are depicted as mean = SEM from eight independent experiments, and
a paired two-tailed t test was used for statistical analysis for comparison of FKBP10 small interfering RNA (siRNA) vs. scrambled siRNA control. The well-known
effect of TGF-B4 on these transcripts was always highly significant (P < 0.01 or P < 0.001) but is not specified in the interest of clarity. Hypoxanthine-guanine
phosphoribosyltransferase (HPRT) was used as endogenous control. (B) TGF-B-induced transcript fold changes obtained from the same data do not show
attenuation of TGF-B signaling. (C) Transfection of phLF with a mothers against decapentaplegic homolog (SMAD) signaling luciferase reporter plasmid during
FKBP10 knockdown showed no effect on canonical TGF-B signaling (n = 3). (D) Westem blot analysis (n = 3) demonstrated that FKBP10 knockdown did not affect
levels of total and phosphorylated SMADS. B-actin (ACTB) was used as loading control. For quantification of these data, see Figure E3 in the online supplement.
*P < 0.05, *P < 0.01, **P < 0.001. ctl = contral.

Here, we demonstrate that FKBP10 associated with transport processes across  previous studies in chondroblasts and
localized mainly to the ER in phLF the trans-Golgi network to the extracellular ~ embryonic fibroblasts (19, 27).

(Figure 5). No colocalization was observed  space. This suggests that FKBP10 mainly As there is evidence that ER stress
with the Golgi-specific protein GOLGA1 functions as an ER-resident chaperone contributes to IPF pathology (30, 31), we
(29), indicating that FKBP10 is not and/or foldase in phLF, which agrees with  assessed whether FKBP10 is induced by ER
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Figure 8. Knockdown of FK506-binding protein 10 (FKBP10) attenuates collagen secretion. (A)
Western blot analysis of secreted collagen I. Collagen | was precipitated from cell culture supernatant
after FKBP10 knockdown in combination with 24 and 48 hours of transforming growth factor
(TGF)-B4 treatment (2.0 ng/ml) and analyzed by Western blot analysis. (B) Densitometric analysis of
secreted collagen | as detected in A. Data shown are based on seven independent experiments and
given as mean = SEM. (C) Results of a Sircol assay for assessment of total secreted collagen in cell
culture supernatant after FKBP10 knockdown in combination with 24 and 48 hours of TGF-B
treatment. Data shown are based on eight independent experiments and given as mean + SEM.
Statistical analysis was performed using paired two-tailed t test for comparison of FKBP10 siRNA vs.
scrambled siRNA control. ctrl = control; sSiRNA = small interfering RNA. *P < 0.05, **P < 0.01.

stress as a possible explanation for its
increased expression in IPF. Interestingly,
we observed a drastic decrease in FKBP10
levels (band at 70 kD; cf. Figure E1A) in
response to tunicamycin, an inhibitor of
N-protein glycosylation (32). This decrease
was accompanied by the appearance of

a lower band at the height of the predicted
size of the unmodified protein (65 kD; cf.
Figure E1A), in line with the previous
identification of FKBP10 as an N-glycosylated
protein (33). This is in agreement with

a previous study showing that FKBP10 is
degraded by the proteasome in response to
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ER stress (34). As the observed decrease of
FKBP10 might reflect deglycosylation of the
protein rather than an overall decrease in
expression levels, a mechanistically
independent ER stress inducer, thapsigargin,
was used to confirm FKBP10 down-
regulation in ER stress (Figure E1B). Hence, it
is unlikely that the unfolded protein response
contributes to FKBP10 up-regulation in IPF.
In contrast, TGF-f, significantly
induced FKBP10 expression in phLF on the
mRNA and protein level (¢f. Figure E2,
Figure 6B). This effect has previously only
been observed in fetal lung fibroblasts (26)

and implies that adult IPF phLF have
retained the capacity to up-regulate
FKBP10 under fibrotic conditions,
supporting the use of this cell culture
system for the functional analysis of
FKBP10 in vitro. In agreement with
a collagen chaperone function, inhibition
of FKBP10 by an siRNA-mediated
approach in this model resulted in
a consistent decrease of collagen I and
collagen V protein levels (cf. Figure 6C and
6D) as well as in decreased secreted
collagen (Figure 8). In line with our results,
deficiency of FKBP10 in osteogenesis
imperfecta has been shown to attenuate
collagen secretion and, moreover,
decrease the extent of lysyl hydroxylation
and extracellular collagen cross-linking and
increase protease sensitivity of extracellular
collagen I in dermal fibroblasts from patients
with osteogenesis imperfecta (15, 17, 18).
Surprisingly, loss of FKBP10 affected
collagen levels not only on protein but also on
transcript levels (Figure 7A). This is
unexpected, as FKBP10—as a chaperone and
peptidyl-prolyl isomerase—is mainly ascribed
a post-transcriptional role in procollagen I
processing (11, 14, 15, 17, 18). Interestingly,
loss of FKBP10 also attenuated the expression
of the TGF-f-responsive genes PAIl and
a-SMA (Figures 6D and 7A). However, this
was not due to inhibition of the canonical
TGF-f signaling pathway (Figure 7B-7D).
Hence, it appears that FKBP10 exerts
a previously unappreciated function in signal
transduction processes for the transcriptional
regulation of profibrotic genes. Nevertheless,
the data also show an increase in TGF-
B-induced collagen expression and secretion,
even in the context of FKBP10 knockdown,
indicating that alternative, FKBP10-
independent, profibrotic mechanisms
contribute to overall ECM deposition.
Importantly, the effects of FKBP10
knockdown on TGF-B-induced collagen
secretion in phLF were comparable to
those of submicromolar concentrations of
nintedanib (Figures 9A and 9B). In
contrast, we did not observe any effect of
pirfenidone in this context. Previous
studies in human lung fibroblasts and A549
cells have shown moderate reduction of
collagen I expression only at concentrations
higher than those used in this study (1.0
mM vs. 1.6 and 2.7 mM pirfenidone,
respectively [35, 36]). The effect of
pirfenidone on TGF-B-induced collagen
secretion in vitro has, to our knowledge,
only been studied in trabecular meshwork
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Figure 9. In idiopathic pulmonary fibrosis fibroblasts, FK506-binding protein 10 (FKBP10) knockdown
inhibits collagen secretion with similar efficiency as nintedanib, whereas pirfenidone shows no effect. (A-C)
Normalized levels of secreted collagen in response to (A) FKBP10 knockdown, (B) nintedanib, and (C)
pirfenidone treatment at varying concentrations. In contrast to pirfenidone, nintedanib shows a dose-
dependent effect. In comparison, FKBP10 knockdown performs with similar efficiency as submicromolar
concentrations of nintedanib. For FKBP10 knockdown, scrambled small interfering RNA (siRNA) was
used as control. Data shown are based on four independent experiments and given as mean + SEM.
Statistical analysis was performed using paired two-tailed t test. *P < 0.05, **P < 0.01. ctrl = control;

TGF-B = transforming growth factor-p.

cells, where collagen secretion was
significantly reduced at a concentration of
2.5 mM (37). These concentrations are

hardly physiologically relevant, indicating
that the well-known antifibrotic effects of
pirfenidone in vivo (38) differ substantially

in underlying mechanisms or involve
metabolic activation.

The ability to bind the
immunosuppressive drug FK506
(tacrolimus) via at least one peptidyl-prolyl
isomerase domain is characteristic for all
FKBPs, including FKBP10 (11, 39).
Interestingly, immunosuppressive
peptidyl-prolyl isomerase inhibitors like
FK506 have been ascribed potent
antifibrotic effects in lung fibrosis
(40-43). FK506 suppresses collagen
synthesis and expression of the TGF-f3,
receptor in dermal and lung fibroblasts,
but the underlying mechanisms are
largely unclear (41, 44, 45). Our
findings put forward the possibility that
inhibition of FKBP10 might contribute
to the antifibrotic effects of FK506.

In conclusion, we show that
FKBP10 is overexpressed in bleomycin-
induced lung fibrosis and IPF. Up-
regulation of FKBP10 expression is at least
partly mediated by TGF-B;. Loss of
FKBP10 in phLF derived from patients
with IPF or control patients attenuated
ECM protein expression and secretion
and suppressed fibroblast-to-
myofibroblast differentiation/activation.
Although FKBP10 has been suggested to
be important for normal lung
development, with little expression in
normal adult tissues, its expression
appears to be reactivated during lung
fibrosis (26, 27). Considering the impact
of FKBP10 on collagen cross-linking (15,
17, 18) and the effects described herein
on collagen secretion, FKBP10 might
provide a very specific and effective drug
target for treatment of IPF. M
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