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“It appears to me that doing what little one can to increase the general
stock of knowledge is as respectable an object of life, as one can in any
likelihood pursue.”

Charles Darwin
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Summary

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and incurable inter-
stitial lung disease (ILD) with an average life expectancy of generally 2-5 years
following diagnosis and an increasing worldwide incidence. Many questions
about the etiology of IPF remain unanswered. IPF is characterized by an abnor-
mal deposition of extracellular matrix (ECM) proteins, primarily collagen, leading
to irreversible loss of lung function due to fibrosis, which occurs as symptoms of
dyspnea and worsening cough, as well as poor life quality. Currently, only two
therapeutics, Pirfenidone and Nintedanib, have been approved by US Food and
Drug Administration (FDA) for the treatment of IPF. Treatment with these drugs
slows disease progression but does nothing to prevent or reverse lung scarring.
Therefore, there is a critical need for more effective treatment options for IPF.

FK506-binding protein 10 (FKBP10), a peptidyl-prolyl isomerase and endoplas-
mic reticulum (ER) resident collagen chaperone, has been defined as a thera-
peutic target for IPF treatment. Here, transcriptomic and proteomic analysis of
global knockout FKBP10 mouse embryonic lungs identified prolyl-3-hydroxylase
4 (P3H4) as the most downregulated protein upon FKBP10 deficiency. P3H4 is
an essential component of an ER resident collagen folding complex comprised of
P3H3, peptidyl-prolyl cis-trans isomerase B (PPIB), and lysyl-hydroxylase 1
(LH1). It has been shown in osteoblasts and skin fibroblasts that P3H4 deficiency
reduces the stability of this ER resident complex, as well as altered lysine (Lys)
hydroxylation and cross-linking in collagen, and disrupted collagen fibrillogenesis,
resulting in significant connective tissue defects in skin and bone (Heard et al.,

2016b). However, its regulation and function in lung fibrosis are unknown.

Expression of LEPREL (encoding another member of the collagen prolyl-3-hy-
droxylase family, P3H1) is increased in human lung fibrosis. Together with carti-
lage-associated protein (CRTAP) and PPIB, P3H1 forms another collagen folding
ER resident complex and provides the enzymatic activity for prolyl 3-hydroxyla-
tion, a rare but conserved type of collagen post-translational modification (PTM).
Similar to P3H4, P3H1 deficiency leads to instability of this complex and results



in changes in overall collagen PTM levels, fibril assembly and growth, and colla-
gen fibril growth. The effect of P3H1 deficiency on the collagen gene expression

and biosynthetic enzymes of collagen, however, has not been determined.

Therefore, the aims of this thesis were to (1) validate the effects of FKBP10 defi-
ciency on P3H4 in a human in vitro model of lung fibrosis, (2) assess P3H4 ex-
pression in in vivo and in vitro lung fibrosis models as well as IPF lung tissue
sections, (3) monitor changes of profibrotic gene expression and collagen secre-
tion following RNA-interference-mediated downregulation of P3H4, and (4) as-
sess changes in expression of collagen biosynthesis genes in P3H1 knockout

mouse-derived samples.

Similar to the results in embryonic mouse lungs of FKBP10-knockout mice,
knockdown of FKBP10, by using small interfering RNA(siRNA), in primary human
lung fibroblasts (phLFs) resulted in P3H4 downregulation at both protein and RNA
level. P3H4 expression was increased by transforming growth factor f (TGF-p),
a profibrotic cytokine, in phLFs. Next, we showed increased levels of P3H4 in the
mouse model of bleomycin-induced lung fibrosis, with less P3H4 staining in phos-
phate-buffered saline(PBS)—instilled control mice. P3H4 was mainly detected in
interstitial fibroblasts, as shown by colocalization with a-smooth muscle actin (a-
SMA) which is a myofibroblast marker. P3H4 furthermore colocalized and inter-
acted with FKBP10 in fibrotic lung sections from mouse. Upregulation of P3H4
and its colocalization with FKBP10 was equally observed in fibrotic lung sections
from IPF patients. Publicly available scRNA-seq analysis data suggested the ex-
pression of P3H4 and FKBP10 in Hyaluronan Synthase 1 (HAS1) "9" fibroblasts,
which was confirmed by immunofluorescence colocalization analysis of P3H4
and FKBP10 with HASL1 in phLFs. Subcellular localization analysis of the interac-
tion of P3H4 and FKBP10 in phLFs revealed not only direct interaction within the
ER, but also that P3H4, in sharp contrast to the strictly ER resident FKBP10, is
able to translocate to the nucleus. Furthermore, we performed siRNA-mediated
knockdown of P3H4 in phLFs to investigate the effects of P3H4 knockdown on
expression of FKBP10 and other profibrotic marker genes. Knockdown of P3H4
in phLFs reduced FKBP10 and fibrotic marker expression including type | colla-
gen, a-SMA, Collagen Triple Helix Repeat Containing 1 (CTHRC1), as well as

attenuated secretion of collagen into the cell supernatant.
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These findings identify P3H4 as a potential novel therapeutic target for treatment
of IPF. Furthermore, reciprocal regulation of P3H4 and FKBP10 in lung fibroblasts
was observed. Thus, P3H4 may mediate some of the previously identified
FKBP10-regulating effects on the ECM, and downregulating P3H4 may
strengthen the antifibrotic effects of FKBP10 inhibition in lung fibroblasts.

Finally, the results from P3H1 null and WT mouse tail tendon experiments re-
vealed significantly increased expression of Collal, P4ha2, and Lh2, together
with a trend for increased transcript levels for all other genes assessed except for
P3h2 and P4ha3, and upregulation of type | collagen, P3H2, P3H3, and FKBP10
on the protein level. Amino acid analysis revealed that type | collagen isolated
from P3H1 knockout mice was characterized by an increase in overall collagen
PTM levels including prolyl-3-, prolyl-4-, and lysyl hydroxylation. These gene ex-
pression and modification changes upon P3H1 deficiency emphasize the im-
portance of target specificity when aiming to block the collagen biosynthesis path-
way for antifibrotic treatment and highlight our findings of P3H4 and FKBP10 as

drug targets in pulmonary fibrosis.

In summary, the findings obtained in the thesis identified P3H4 as a novel modu-
lator of collagen biosynthesis and secretion in lung fibroblasts, and thus a poten-
tial therapeutic target for IPF. This thesis highlights P3H4 as an important regu-
lator of the ECM in the lung and inhibition of collagen biosynthesis via P3H4 and
FKBP10, but not via P3H1, as promising approaches for IPF treatment. Besides
the possibility that the interaction of P3H4 and FKBP10 can be a therapeutic tar-
get for IPF treatment, comparison of the effects of P3H4 deficiency with FKBP10
deficiency confirms that P3H4 loss alone reveals beneficial antifibrotic effects,
which strengthens P3H4 as a novel drug target to prevent IPF disease progres-

sion.
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1. Introduction

1.1 Idiopathic Pulmonary Fibrosis (IPF)

IPF, the most prevalent ILD, is a chronic and progressive lung disease with an
average survival of up to 5 years after diagnosis (Aburto et al., 2018; Hoyer et al.,
2019; L. Liu et al., 2021; Wollin et al., 2015). Even though the etiology of IPF is
not completely understood, evidence from molecular characterization of clinical
samples, genome-wide association studies (GWAS), as well as single-cell RNA-
Sequencing (scRNA-Seq) indicates that besides repetitive micro-injuries to the
alveolar epithelium, IPF also tends to involve an abnormal response of the bron-
chiolar and bronchial epithelium, overall resulting in abnormal wound repair initi-
ating disease development (Chakraborty et al., 2022). Presumably as a result of
environmental triggers and micro-injuries, lung epithelial cells release profibrotic
mediators, growth factors, and chemokines, which activate fibroblasts to prolifer-
ate and differentiate into myofibroblasts. These myofibroblasts secrete increased
amounts of ECM proteins, particularly collagen, which results in a subsequent
decline in lung function and, eventually, death (Chakraborty et al., 2022; Coward
et al., 2010; Glass et al., 2022; L. Liu et al., 2021; Michalski & Schwartz, 2020;
Park et al., 2021).

1.1.1 Epidemiology of IPF

IPF is a disease that primarily affects males and is associated with aging, with an
average diagnosis age of 66 years. IPF is a lung disease defined by usual inter-
stitial pneumonia (UIP) pattern and by excessive deposition of ECM. During the
disease progression, patients suffer from dry cough, fatigue, and progressive ex-
ertional dyspnea and the median survival rate is generally no longer than 5 to 10
years after diagnosis (Confalonieri et al., 2022; Glass et al., 2022). The predicted
worldwide incidence of IPF, which is 3 to 9 cases per 100,000 individuals each
year in North America and Europe, appears to be rising. Also, IPF seems to have
contributed significantly to the increase in ILD mortality rates that were re-

vealed globally between 1990 and 2013 (Confalonieri et al., 2022; Glass et al.,
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2022; Kreuter et al., 2015). Even though the etiology of IPF is not fully under-
stood, many potential risk factors and pathological pathways have been de-
scribed that could be responsible for the disease process including aging, envi-
ronmental factors, smoking, viral infections, gastroesophageal reflux disease
(GERD), and genetic factors including mutations in the genes that encode the
Mucin 5B or toll-interacting protein (TOLLIP) (Ley & Collard, 2013; Lépez-
Ramirez et al., 2018; Michalski & Schwartz, 2020; Puglisi et al., 2016; Reyfman
et al., 2019; Schéfer et al., 2020; Wollin et al., 2015). Furthermore, abnormal te-
lomere shortening and epigenetic mechanisms including histone tail modification,
and DNA methylation occur in aging lungs, resulting in epithelial integrity loss and
senescence (Wollin et al., 2015). However, it is unknown exactly how much each
of these mechanisms contributes to the etiology of excessive fibrogenesis that
characterizes IPF (Ley & Collard, 2013; Lépez-Ramirez et al., 2018).

1.1.2 Histopathological features of IPF

IPF is associated with the characteristic imaging and histological pattern of UIP
(Aburto et al., 2018). Histological hallmarks are represented by dense fibrosis,
microscopic honeycombing, and fibrotic areas termed fibroblastic foci, usually lo-
cated within the paraseptal and sub-pleural regions damaged by scarring, adja-
cent to regions of normal lung tissue and associated with a basal predominance
(Glass et al., 2022; Torrisi et al., 2020). Honeycombs are enlarged airspaces that
are often irregular in size and lined with fibrous tissue that contains macrophages
and neutrophils, along with other inflammatory and mucous cells (Tanabe et al.,
2020). Fibrotic foci, one of the key characteristics of UIP, are characterized by
myofibroblast proliferation within a pathological ECM and defined by a-SMA ex-
pression, and their presence is associated with increased disease progression
(Herrera et al., 2022; Hewlett et al., 2018). The architecture of the lungs is dis-
rupted, resulting in impaired gas exchange (Figure 1) (Aburto et al., 2018; Glass
et al., 2022).
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Figure 1. lllustration of healthy lung and lung with IPF. Normal airways with thin alveolar
walls and unhindered gas exchange characterize the healthy lung. The lung with IPF represents
pathological features of IPF including damaged bronchi, disrupted lung architecture, honeycomb-
ing, and scarred alveolar walls resulting in impaired gas exchange within the alveoli. Figure cre-
ated using BioRender (https://biorender.com/) and modified from (Ghumman et al., 2021; Glass
et al., 2022).

1.1.3 Pathogenesis of IPF

IPF is characterized by an increase in activated fibroblasts, collagen deposition,
and ECM remodeling. These activated fibroblasts are identified by ACTA2 ex-
pression, thus called myofibroblasts, and are believed to be the main effector cell
type in lung fibrosis. In IPF lung tissues, myofibroblasts proliferate abnormally,
prevent apoptosis, and impair fibrosis resolution (Ghumman et al., 2021; Noguchi
et al., 2017; Zhu et al., 2017). The imbalance between the production and lysis
of myofibroblasts leads to increased collagen deposition and eventually ventila-

tion problems, and impaired oxygen levels in the body (Ghumman et al., 2021).
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Most of the recent studies support resident fibroblasts, that differentiate into my-
ofibroblasts, as the primary progenitor of myofibroblasts (Habermann et al., 2020;
Ortiz-Zapater et al., 2022; Tsukui et al., 2015; Ushakumary et al., 2021). Addi-
tional potential myofibroblast progenitors have been proposed, e.g. bone marrow-
derived circulating fibrocytes which are attracted to injured tissue sites by profi-
brotic factors and inflammatory cytokines. It has moreover been proposed that
fibroblasts and myofibroblasts can also be produced, by a process known as "ep-
ithelial-mesenchymal transition"(EMT), in lung alveolar epithelial cells. However,
research has shown that epithelial cells undergoing EMT only produce limited
amounts of ECM, and lineage-tracing research has not provided evidence that
they directly contribute to the mesenchymal population. Furthermore, it was re-
vealed that a-SMA did not colocalize with EMT-derived cells. Thus, in the context
of IPF, the significance of EMT and the ability of these cells to contribute to the
mesenchymal population remains highly questionable (Degryse et al., 2011; Hill
et al., 2019; Tanjore et al., 2009).

It has been shown that myofibroblast differentiation is induced by TGF-f
(Blokland et al., 2021; B. C. Willis, 2006; Yang et al., 2022; Zanoni et al., 2019;
Zhu et al., 2017). A number of cell types involved in the development of lung
fibrosis produce TGF-B. Following an injury, functional TGF- is released by al-
veolar macrophages and epithelial cells, and platelet granules (Hewlett et al.,
2018; Zhu et al., 2017). TGF-B promotes the development of fibroblast foci and
the excessive deposition of ECM in conjunction with other growth factors such as
fibroblast growth factor (FGF2). These growth factors work together via multiple
signaling pathways including TGF-f1-SMAD (Ghumman et al., 2021; Roach et
al., 2018). Secretion of TGF-$ leads to myofibroblast accumulation in alveolar
areas and the accumulation of pathological ECM with aberrant composition, stiff-
ness, and architecture in the lung tissue (Grigorieva et al., 2021). Myofibroblasts
produce increased levels of ECM proteins, included collagen type |, Ill, and V,
and also fibronectin (FN), a glycoprotein found in the ECM (Figure 2) (Ghumman
et al., 2021; Knuppel et al., 2017; Lehtonen et al., 2016; Wei et al., 2019).
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Figure 2: lllustration of the pathogenesis of IPF. Microinjuries of lung epithelial cells trigger
release of inflammatory mediators, followed by inflammatory cell migration, clotting, and coagu-
lation, as well as fibroblast activation, proliferation, and differentiation into myofibroblasts. During
the phase of remodeling and resolution, activated myofibroblasts can enhance wound repair, re-
sulting in wound contraction and blood vessel restoration. However, abnormal pulmonary wound
repair and increased irreversible scar tissue formation promote the progression and development
of IPF. Figure created using BioRender (https://biorender.com/) and modified from (Dudala et al.,
2021; Zanoni et al., 2019).

1.1.4 ECM Accumulation in IPF

The pulmonary ECM is a highly dynamic 3D structural network that functions as
a structure for migrating and adherent cells. Collagen, elastin, glycoproteins, lam-
inins, and proteoglycans comprise the majority of the ECM (Hewlett et al., 2018;
Onursal et al., 2021). By binding to integrins capable of signal transduction and
by regulating tissue dynamics, ECM proteins regulate numerous mechanisms,
such as cell migration and adhesion, differentiation, and the synthesis of growth
factors. ECM proteins perform this function by controlling complicated develop-
mental processes and maintaining tissue homeostasis. The development of pul-

monary fibrosis, however, has been linked to the abnormal ECM protein deposi-
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tion that enhance inflammation, fibroblast proliferation, and abnormal cell differ-
entiation (Upagupta et al., 2018; Watson et al., 2016; Wight & Potter-Perigo,
2011). Aside from structural elements, the ECM also contains numerous signal-
ing molecules including connective tissue growth factor, TGF-8, fibulin, osteopon-
tin, and FN which affect cell adhesion, morphogenesis, and differentiation
(Clause & Barker, 2013; Hewlett et al.,, 2018; Sorushanova et al., 2019a;
Upagupta et al., 2018). These signaling molecules contribute to the regulation of
pulmonary fibrosis by altering epithelial repair, enabling fibroblast recruitment,
and activating myofibroblasts (Hewlett et al., 2018; Todd et al., 2012). The inter-
action between lung cells and ECM, as well as the alteration in lung ECM com-
position and structure, are well known to be critical factors in the pathogenesis of
IPF (Figure 3) (Confalonieri et al., 2022; Deng et al., 2020; Onursal et al., 2021).
Increased and disordered deposition of ECM is a characteristic of IPF. The role
of growth factors including TGF-B1 in regulating this process has also been ex-
tensively studied. There is also strong evidence that enhanced ECM stiffness, in
addition to alterations in the content and architecture of the fibrotic matrix, induces
myofibroblast differentiation and increased the release of different types of ECM
proteins (Blaauboer et al., 2014; Confalonieri et al., 2022; Deng et al., 2020; Suki
& Bates, 2008; Tomasek et al., 2002).
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Healthy Alveolus Pulmonary Fibrosis
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Figure 3: lllustration represents the pathological alterations in the interstitial ECM of the
fibrotic lung. Interstitial ECM, comprised of a soft network of elastin, FN, and collagen connected
to the basal membrane of the epithelial cell surface, is regulated by resident fibroblast activity in
healthy lungs. In IPF, resident fibroblasts differentiate into myofibroblasts, resulting in an abun-
dance of ECM proteins in the interstitium and a significant increase in ECM stiffness due to en-
zymatically cross-linked collagen and elastin. Figure created using BioRender (https://bioren-
der.com/) and modified from (Burgstaller et al., 2017; Martinez et al., 2017).

1.2 Collagens

Collagens, which account for ~30% of all proteins in mammals, are the most
abundant connective tissue proteins and are found in almost all organs and tis-
sues (Karsdal, 2016; Sylvie Ricard-Blum, 2011). There are 28 different types of
collagens that contain a minimum of one triple-helical collagenous domain (Gelse
et al.,, 2003; Karsdal, 2016; Onursal et al., 2021; Sylvie Ricard-Blum, 2011).
Based on their macromolecular assembly and domain formation, collagens are
classified into different types including fibril-associated collagens with interrupted
triple helices (FACITs, collagen types IX, XII, XIV, XVI, XIX, XX, XXI, XXII), fibril-
lar collagens (types I, 11, Il1, V, XI, XXIV, XXVII), network forming collagens ( types
IV, VIII, X), endostatin-producing collagens/multiplexing (XV, XVIIl), transmem-
brane collagens (types XIII, XVII, XXIll, XXV), beaded-filament-forming collagen
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(type VI), and anchoring fibrils (type VII). Types XXVI and XXVIII don’'t match into
any of the subgroups (Figure 4) (Onursal et al., 2021).

All collagens have at minimum one triple-helical collagenous region formed by
three polypeptide a-chains that repeat the (Gly-X-Y)n sequence, in which X is
typically proline (Pro), or 3-hydroxyproline (3-Hyp) and Y proline, or 4-hydroxy-
proline (4-Hyp). This triplet motif produces a left-handed helix that can conjoin
with two other helices to build a right-handed triple-helical structure, that, depend-
ing on the type of collagens, can be homotrimeric or heterotrimeric (Canty &
Kadler, 2005b; Heard et al., 2016a; Hudson et al., 2015; Roder, 2022; Weis et
al., 2010).

Collagens typically contain non-triple-helical (NC) domains in addition to triple-
helical domains, which are later removed by specific proteases before the colla-
gens are assembled into dense fibrils (Bourgot et al., 2020). The majority of col-
lagens interact with other ECM proteins and bind a variety of proteins to form
supramolecular structures (Karsdal, 2016). Collagens, in addition to their struc-
tural functions, also act as ligands for particular cell receptors including glycopro-
tein VI and integrins to regulate cellular activities such as cell adhesion and mi-
gration and ECM remodeling (Muiznieks & Keeley, 2013; Yamauchi &
Sricholpech, 2012).
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Figure 4: Categorization of collagens according to their supramolecular assembly. The
main collagen supramolecular assembly forms are shown in the illustration. Since some of them
are given specific names in publications, the figure specifies non-collagenous (NC) domains: The
7S and NC1 domains of type IV collagen network are critical nodes (C). NC2 refers to the C-
terminal domain of anchoring fibrils that is cleaved off during fibril formation (F). Biorender.com
was used to create the figure. This figure and the figure legend has been published in (Onursal
et al., 2021) Front. Med., May 2021 under a Creative Commons Attribution License (CC BY).
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1.2.1 Collagens in IPF

Collagen is the most prevalent ECM component in the airway and the key deter-
minant of mechanical pulmonary features (L. Liu et al., 2021; Park et al., 2021).
In the airway, several collagen subtypes have been identified: The basement
membrane primarily consists of collagen type IV, while type Il collagen predomi-
nates in cartilage of airway. The alveolar wall and septa are comprised primarily
collagen type | and type 11, which contribute significantly to mechanical properties
of lung since they are abundant in alveoli (L. Liu et al., 2021). The pathogenesis
and development of airway disease are associated with abnormal collagen dep-
osition in the airways. There is a balance between the degradation and synthesis
of collagen and other ECM proteins in healthy lungs, which is disrupted in fibrotic
lungs (L. Liu et al., 2021; Organ et al., 2019; Park et al., 2021). Collagen deposi-
tion in the interalveolar space, a hallmark of IPF, distorts normal alveolar archi-
tecture during disease progression (L. Liu et al., 2021). It is assumed that colla-
gen types I, lll, and V are play a critical role in IPF pathogenesis (Jessen et al.,
2021; Lei et al., 2016; L. Liu et al., 2021). Ultimately, targeting pathological colla-
gen biosynthesis and deposition is a promising strategy for treatment of IPF
(Claudia A. Staab-Weijnitz, 2022; Yang et al., 2022).

1.2.2 Biosynthesis and maturation of collagen

Collagen biosynthesis and maturation are highly complicated processes that dif-
fer depending on the type of collagen and supramolecular structure, however they
are better defined for type | collagen (Figure 6) (Onursal et al., 2021). The pro-
cess begins with collagen gene transcription, the procollagen is then translated
and translocated to the rough endoplasmic reticulum (rER), where several mo-
lecular chaperones and enzymes assist in its folding and trimerization via its C-
propeptides from its C-terminus to its N-terminus in a zipper-like style (Hulmes,
2002; Onursal et al., 2021). There are several steps required before collagen

forms its triple helix.

Firstly, three different enzyme families hydroxylate unfolded procollagen: includ-
ing lysyl hydroxylases (LHs), prolyl 3-hydroxylases (P3Hs),and prolyl 4-hydrox-
ylases (P4HSs) (Ishikawa & Bachinger, 2013a). These hydroxylases have a diox-

ygenase domain and are 2-oxoglutarate- and Fe(ll)-dependent dioxygenases.
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Ascorbic acid is required as a cofactor by all hydroxylases because it is essential
for returning iron to its oxidized form (Shao et al., 2018). Three lysyl hydroxylase
isoenzymes have been identified which are termed LH3, LH2, and LH1 and en-
coded by the genes procollagen-lysine 2-oxoglutarate 5-dioxygenase 3 (PLOD3),
PLODZ2, and PLOD1 respectively. LH1 predominantly hydroxylates lysine in col-
lagen triple helical regions. In telopeptides, however, LH2 is primarily responsible
for lysine hydroxylation (Salo & Myllyharju, 2021). Lysyl hydroxylases require to
form as dimers in order to function. FKBP10 facilitates LH2 dimerization in the
telopeptides region. However, for LH1, an ER resident complex composed of four
distinct proteins, known as the LH1/P3H4/P3H3/PPBI complex, potentially drives
dimerization and facilitates LH1 activity in the helical region of the a-chains (Fig-
ure 7) (Gjaltema & Bank, 2017). It has been shown that LH3 also exhibits colla-
gen glycosyltransferase activity in addition to LH activity (Salo & Myllyharju,
2021). PTMs such as prolyl or lysyl residue hydroxylation and hydroxylysine gly-
cosylation are required for adequate stability, triple helix formation, procollagen
secretion, and collagen maturation, and thus define the composition of collagen
cross-links (Hudson & Eyre, 2013a; Ishikawa & B&achinger, 2013a; Shao et al.,
2018a; Yamauchi & Sricholpech, 2012). For instance, P4H is required to convert
Pro to 4Hyp, which is the most abundant PTM that contributes significantly to the
thermal stability of collagen triple helix structure (Canty & Kadler, 2005a; Ishikawa
& Béachinger, 2013a; Shao et al., 2018a). Excessive collagen accumulation in
various tissues, including the lung, has been associated with increased hydrox-
ylysine cross-links (Onursal et al., 2021; Shao et al., 2018b; C. Wang et al., 2000).
Despite many decades of collagen research, the role of some collagen PTMs
remains poorly understood. For instance, as mentioned previously, while prolyl-
4-hydroxylations are well established to contribute to triple helical thermodynamic
stability (Burjanadze, 1992; Sakakibara et al., 1973), the function of prolyl-3-hy-
droxylation in collagen type | is not well known (Eyre et al., 2011; Weis et al.,
2010). Prolyl 3-hydroxylation is a uncommon PTM in collagenous sequences
that, when defective, is linked to a broad range of human diseases (Hudson &
Eyre, 2013a; Ishikawa & Bachinger, 2013b).
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Prolyl-3-hydroxylase 1 (P3H1), P3H2, and P3H3, that are encoded by LEPREL,
LEPREL1, and LEPRELZ2, correspondingly, are the three collagen prolyl-3-hy-
droxylases that initiate prolyl-3-hydroxylation. All prolyl-3-hydroxylases have a
common N-terminal domain and a 2-oxoglutarate-dependent dioxygenase do-
main at the C-terminus that also has hydroxylase activity, and their enzymatic
activity is dependent on Fe2+, 2-oxoglutarate, O2, and ascorbic acid (Gjaltema
& Bank, 2017; Marini et al., 2007). P3H1 has been ascribed a function in prolyl-
3-hydroxylation of type | collagen (Gjaltema & Bank, 2017; Pokidysheva, Zientek,
et al., 2013; Vranka et al., 2010). Using tissues from P3H1 knockout mice and
low- to medium-resolution mass spectrometry of protein digests, type | collagen
has been shown to contain three P3H1-dependent prolyl-3-hydroxylation sites.
The so-called Al site P986 (referring to the pepsin-cleaved a1 chain of type |
collagen, P1153 in Uniprot Entry P11087-1), has been reported to be fully hy-
droxylated by P3H1 in all murine tissues assessed, whereas the A3 site P707
(P874 in Uniprot Entry P11087-1), found in a1 and the a2 chain of collagen type
I, was only dependent on P3H1 in bone (Gjaltema & Bank, 2017; Pokidysheva,
Zientek, et al., 2013; Vranka et al., 2010).

In type IV collagen, P3H2 has been linked to prolyl-3-hydroxylation (Pokidysheva
et al., 2014; Tiainen et al., 2008), whereas, P3H3-dependent prolyl-3-hydroxyla-
tions have not yet been identified, to the best of our knowledge. However, colla-
gens from P3h3 null mice have deficiency of cross-linking and under-hydrox-

ylated lysines (Hudson et al., 2017b).

In terms of collagen biosynthesis, P3H1 is a part of a trimeric complex that also
includes the peptidyl-prolyl isomerase PPIB and CRTAP (Chang et al., 2010;
Gjaltema & Bank, 2017; Ishikawa et al., 2009) which 3-hydroxylates the fibrillar
collagen al(l) Pro986 residue (Gjaltema & Bank, 2017; Pokidysheva, Zientek, et
al., 2013) (Figure 5). In this trimeric complex, P3H1 provides the enzymatic ac-
tivity for collagen modification, whereas CRTAP acts like a helper protein. Only
the a1(I)Pro986 residue of type | collagen is 3-hydroxylated by this complex. Both
P3H1 and CRTAP play independent roles. Aside from that, the two proteins share
a high level of homology (Marini et al., 2007). This complex combines three func-

tions that act on the collagen chain: prolyl-3-hydroxylation, chaperone function,
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and peptidyl-prolyl isomerization (Chang et al., 2010; Ishikawa et al., 2009). De-
ficiency of CRTAP or P3H1 leads to destabilization of this complex (Chang et al.,
2010; Morello et al., 2006), and results in changes in overall collagen PTM levels,
fibril assembly and growth. Deficiency or mutations in P3H1 or CRTAP have been
shown to alter lateral collagen fibril growth (Morello et al., 2006; Pokidysheva,
Zientek, et al., 2013; Valli et al., 2012). P3H1 and CRTAP deficiency both result
in general over-hydroxylation and over-glycosylation of lysine residues; for P3H1,
a slight increase in prolyl-4-hydroxylation has also been found (Morello et al.,
2006; Vranka et al., 2010). CRTAP, P3H1, and PPIB mutations cause recessive
osteogenesis imperfecta, emphasizing the clinical significance of these changes
(Barnes et al., 2006; van Dijk et al., 2009). Because P3HL1 is essential for the
formation and stability of this multiprotein complex, a deficiency in P3H1 might
cause changes to collagen characteristics by preventing prolyl-3-hydroxylase ac-
tivity or the formation of the trimeric complex (Pokidysheva, Zientek, et al., 2013).

C-terminal

propeptide telopeptide triple helix * telopeptide propeptide
Lys Lysine CRTAP. ppPIB ER-resident collagen
o folding complex
P! Proline P3H1 (P3H1/CRTAP/PPIB)

Figure 5: Collagen prolyl (P) 3-hydroxylation. P3H1, P3H2, and P3H3 are the P3H isoforms
that initiate prolyl-3-hydroxylation. The CRTAP/PPBI/P3H1 complex is responsible for hydroxyla-
tion of P986 of the collagen al(l) and al(ll) chains, while P3H2 hydroxylates the a-chains at P944
and P707. Hydroxylation P707 of the a-chains performed by P3H3. Figure created using Bio-
Render (https://biorender.com/) and modified from (Gjaltema & Bank, 2017; Weis et al., 2010)
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Next, collagen glycosyl transferases known as GLT25D1 and GLT25D2 facilitate,
in addition to LH3, the 5-hydroxyl group-mediated O-glycosylation of hydroxyly-
sines resulting in galactosyl-hydroxylysine (Gal-Hyl) or glucosyl-galactosyl-hy-
droxylysine (Glc-Gal-Hyl), correspondingly (De Giorgi et al., 2021; Onursal et al.,
2021). Prior to the formation of triple helix, folding of both N- and C-propeptides
occurs. Grp78 (BiP), PDI, calnexin, and cyclophilin are general rER resident mo-
lecular chaperones that play an active role during the folding process and chain
selection via C-propeptides, which includes peptidyl-prolyl cis-trans isomeriza-
tion, N-linked glycosylation, and disulfide bond formation (Ishikawa & Bachinger,
2013a; Onursal et al., 2021; Pyott et al., 2011; Ulrike Schwarze et al., 2013).

The proline residues cis-trans isomerization which performed by peptidyl-prolyl
isomerases located in the rER, is one of the rate-limiting processes that forms
the triple helix (Ishikawa & Bachinger, 2013a; Schiene-Fischer, 2015). Peptidyl
prolyl cis-trans isomerase activity is essential for converting proline residues into
the trans form, allowing for the triple helix to be linearly prolonged (Canty &
Kadler, 2005a; Myllyharju, 2003). The collagen chaperones FKBP10 and heat-
shock protein 47 (HSP47), have demonstrated to be essential in this multistep
process (Y. Chen et al., 2017; Ishikawa et al., 2017). HSP47 interacts with helical
procollagen during its folding and assists in the transport of effectively folded pro-
collagen from the ER to the Golgi apparatus by COPII vesicles (Gelse et al., 2003;
Tasab et al., 2000). After that, procollagen is released into the extracellular space.
In the extracellular space, after procollagen is secreted, specific proteinases
cleave the C- and N-terminal of procollagen. Following propeptide cleavage, tro-
pocollagen molecules with telopeptides on their cleaved ends spontaneously as-
semble into collagen fibrils (Gelse et al., 2003; Ishikawa & Bachinger, 2013a;
Onursal et al., 2021). Finally, hydroxylysine and telopeptide lysines are undergo
intra- and intermolecular cross-linking of collagen fibrils, which strengthens the
fibrils. Collagen cross-linking is catalyzed by enzymes transglutaminase 2 (TG2)
and lysyl oxidases (LOX) in the extracellular space. Collagen fibrils formed by the
cross-linking of many triple helices are then further built to form collagen fibers
(Figure 8) (Gelse et al., 2003; Onursal et al., 2021; Sylvie Ricard-Blum, 2011).
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Figure 6: Intracellular biosynthesis and extracellular maturation of collagen I. The initial
collagen polypeptide chain is first cotranslationally prolyl-4- and lysyl-hydroxylated in the rER (1),
following by prolyl-3-hydroxylation and glycosylation (2) and folding of the N- and C-terminus pro-
peptides (3). The triple helix nucleus of collagen | is produced by the assembly of two correctly
folded a1 and a2 chain C-propeptides (4). Peptidyl-prolyl isomerases and collagen chaperones
are needed for the zipper-like assembly of the collagen triple-helix (5). Upon forming the triple
helix, procollagens are transported from ER to the Golgi apparatus, and then exported to the
extracellular space. The concept that this happens via COPII vesicles has lately been questioned
(6). Propeptide cleavage by at least three proteases in the extracellular space triggers (7) colla-
gen fibril auto-assembly (8). Lastly, collagen fibrils are stabilized by cross-linking (9). Via extra-
cellular proteases, the mature collagen fibers are damaged and degraded (10). This figure and
the figure legend has been published in (Onursal et al., 2021) Front. Med., May 2021 under a

Creative Commons Attribution License (CC BY).
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Figure 7: A graphical illustration of collagen lysyl hydroxylation of a fibrillar collagen mol-
ecule. Lysyl hydroxylases require to form as dimers in order to function. FKBP10 facilitates LH2
dimerization in the telopeptides region. However, for LH1, an ER resident complex
(LH1/P3H4/P3H3/PPBI), potentially drives dimerization and facilitates LH1 activity in the helical
region of the a-chains. LH2 particularly 5-hydroxylates telopeptide regions. In the triple helical
domain of the a-chains of collagen type I, LH1 is likely the main isoform that catalyzes the 5-
hydroxylation of lysine residues. Figure created using BioRender (https://biorender.com/) and
modified from (Gjaltema & Bank, 2017; Heard et al., 2016a)
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Figure 8: The hierarchical structure of collagen type | fiber Two a1(l) chains and one a2(l)
chain self-assembled into procollagen(a,b). Each terminus was then cleaved by procollagen pep-
tidase, generating a type | tropocollagen molecule(c). Collagen fibrils are generated by the self-
assembly of tropocollagen molecules(d). Finally, collagen fibrils self-assemble to form type | col-
lagen fiber (e). Figure created using BioRender (https://biorender.com/) and modified from
(Kruger et al., 2013; B. Sun, 2021).

1.2.3 Assembly of extracellular matrix collagen fibrils

Procollagen is processed into collagen, secreted into the extracellular space, and
assembled into protofibrils, which are closely linked to the cell membrane. Inter-
action between at least two collagens that can form fibrils is required for protofibril
assembly. At the cell surface, assembly of protofibril is initiated by collagen types
V and XI. Besides collagens, also small leucine-rich proteoglycans (SLRPS), such
as fibromodulin and decorin bind to the protofibril surface to regulate collagen
fibril formation (Birk et al., 1990; Canty & Kadler, 2005b; S. Chen & Birk, 2013;
Wenstrup et al., 2004). The formation of fibrillar collagen I in vivo is dependent
on the presence of the ECM components including FN- and collagen-binding in-
tegrins, FN, and other collagen types (Nashchekina et al., 2022). FN is a large
extracellular protein that is released like a disulfide-bonded dimer with three types
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of repeated modules that facilitate integrin receptors bind to the cell surface and
interact with ECM components, such as collagen a1(l) chain (Canty & Kadler,
2005a; Kadler et al., 2008; Nashchekina et al., 2022). Integrins are essential for
maintaining the ECM-cell and cell-cell adhesion, as well as the transduction of
signals from extracellular matrix to the intracellular compartment (Hewlett et al.,
2018; Musiime et al., 2021). FN, collagen V and a2B1 integrins appear to be es-

sential for collagen fibril assembly (Kadler et al., 2008).

Collagens, as fibrillogenic proteins, regulate cell-extracellular matrix interactions.
Collagen fibrils and other ECM proteins function as binding sites for cells
(Nashchekina et al., 2022). During ECM synthesis, collagen and other ECM pro-
teins interact and self-associate to create fibrillar networks (Ishikawa et al., 2017;
Singh et al., 2010). ECM glycoproteins typically bind to cell surface receptors to
trigger matrix formation. Receptor binding stimulates activation and self-associa-
tion of FN; FN then promotes fibril assembly via interaction with other cell-asso-
ciated FN dimers. FN structural changes reveal more binding sites involved in
fibril assembly and fibril conversions to an insoluble and stable form. FN matrix,
once formed, affects tissue structure by assisting in the formation of other ECM
proteins (Singh et al., 2010; Wierzbicka-Patynowski & Schwarzbauer, 2003). The
cytoplasmic domains of integrin receptors coordinate intracellular proteins to form
into intracellular functional structures, as FN fibrils form extracellularly (Hastings
et al., 2019). Thus, the formation of a functional ECM is dependent on the regu-
lation of extracellular and intracellular processes (Wierzbicka-Patynowski &
Schwarzbauer, 2003).

1.2.4 Regulation of extracellular matrix homeostasis

The ECM in healthy lungs is a complex mixture of polysaccharides, glycoproteins,
and collagens that are neatly formed to sustain tissue integrity and divide mes-
enchymal and epidermal cell surfaces. It is also a highly dynamic structure that
is continuously modified by both enzymatic and non-enzymatic processes
(Upagupta et al., 2018; Watson et al., 2016). Together with controlling homeosta-
sis, tissue development, and repair, these dynamics also control cell migration,
differentiation, apoptosis, and proliferation (Bonnans et al., 2014; Decaris et al.,

2014). Following an acute injury, tissue repair is often defined by the recruitment
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of immune cells, the enzymatic ECM degradation close to the site of injury, and
the later infiltration of fibroblasts depositing new ECM (Decaris et al., 2014,
Hynes, 2009).

However, aberrant signaling pathways can be triggered in the case of chronic
lung damage, and this remodeling is disrupted with abnormalities in protein se-
cretion, organization, and degradation. This leads to a pathological accumulation
of proteoglycans, collagen, elastin, and FN which ultimately results in fibrosis and
distortion of the natural lung architecture (Decaris et al., 2014; Upagupta et al.,
2018; Watson et al., 2016). The elastic recoil of the lung is assisted by the attach-
ment of elastin fibers to collagen (Upagupta et al., 2018; Watson et al., 2016).
Proteoglycans, along with glycoproteins, builds the essential hydrated gel that
links collagen and elastin fibers to provide the alveolar structure mechanical sta-
bility (Upagupta et al., 2018).

Matrix turnover is normally regulated by a variety of mechanical and chemical
signals like TGF-B1, serine proteases, growth factors, ECM-modifying enzymes,
and mechanical stresses. The preservation of normal tissue activity is depends
on the maintenance of this homeostasis (Bardou et al., 2016; Hastings et al.,
2019). To prevent fibrosis, collagen production and degradation via intracellular
or extracellular collagen degradation are coordinated during homeostasis (Clarke
et al., 2013; Kay et al., 2021).

Matrix metalloproteinases (MMPs) have typically been considered as a major
group of proteases involved in the degradation of ECM proteins, together with
their tissue inhibitors (TIMPs). Under normal conditions, the activity of MMPs and
other extracellular proteases, such as certain serine and cysteine proteases, is
low. However, during repair or remodeling processes, as well as in pathological
conditions, this activity increases and promotes fibrosis development by activat-
ing a broad range of growth factors, cytokines, and chemokines (Caley et al.,
2015; Chulia-Peris et al., 2022; Clarke et al., 2013; Pardo et al., 2016; Robert et
al., 2016; Vidak et al., 2019). Moreover, MMPs are also able to activate TGF-f31
which is released in an inactive form, by attaching to a latent TGF-$1 binding
protein and a latent-associated peptide (Clarke et al., 2013; Fernandez &
Eickelberg, 2012). It is believed that MMP12 is crucial for the TGF-31 signaling

30



pathway activation (Pardo et al., 2016). Macrophages are also important ECM
regulators in fibrosis since, in addition to secreting MMPs, they ingest and digest
ECM components via the lysosomal pathway (X. Zhao et al., 2022). Plasminogen
activator inhibitor-1 (PAI-1) has been found to contribute to the pathological pro-
cess of pulmonary fibrosis by inhibiting the activity of specific MMPs and collagen
degradation (Flevaris & Vaughan, 2016; Iwaki et al., 2012; Oh et al., 2002; Shioya
et al., 2018). MMPs and cathepsin K are primarily responsible for extracellular
collagen degradation (Onursal et al., 2021). Intracellular collagen degradation oc-
curs in the lysosomal network of the cell. A variety of cathepsins present in lyso-
somes cleave collagen into low-molecular-weight peptides (Onursal et al., 2021;
Wagenaar-Miller et al., 2007). To sum up, all of these delicately balanced mech-
anisms are susceptible to being dysregulated, during pulmonary fibrosis, result-
ing in excessive ECM deposition and lung architecture distortion (Clarke et al.,
2013; Upagupta et al., 2018).

1.3 Treatment and Management of IPF

IPF, a progressive and fatal interstitial lung disease, is defined by the UIP pattern
in radiology or histology. IPF patients who are not getting antifibrotic therapies
have an extremely poor prognosis, with a typical life expectancy of 3 to 5 years.
Lung function declines as the disease progresses, followed by worsening dysp-
nea and functional capacity, as well as a decline in quality of life (Heukels et al.,
2019; Maher & Strek, 2019). IPF is difficult to diagnose because the symptoms
are comparable to those of other respiratory disorders (G. Raghu, 2011). Despite
significant research attempts over the last few years, no effective pharmaceutical
therapy has been found (G. Raghu, 2011; Reyfman et al., 2019). Since IPF is
currently incurable, the therapeutic objective remained to slow the progression of
fibrosis, feel comfortable, and, in later stages, provide palliative care (Glass et al.,
2022).

IPF treatment is classified as either pharmacological or non-pharmacological (G.
Raghu, 2011). Non-pharmacological treatment includes the use of non-invasive
ventilation (NIV) in combination with oxygen therapy to improve dyspnea and life

quality in IPF patients. Additionally, interdisciplinary palliative care programs may
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be beneficial for symptom management and psychological support throughout
the disease progression (Glass et al., 2022; Millan-Billi et al., 2018).

In some patients, lung transplantation can greatly increase life expectancy and
may be a viable option for treating IPF. Lung transplantation has a significant
advantage over treatment options given the fact that it is the only effective treat-
ment for IPF that improves both symptoms and survival time (Glass et al., 2022;
Kistler et al., 2014; Laporta Hernandez et al., 2018; Weill et al., 2015). However,
the number of lung transplants performed is limited primarily by the availability of
donor organs, and only few patients are eligible for lung transplantation. It is chal-
lenging to determine the need for a transplant, but the mortality rate and chances
of survival following transplantation are important factors to consider when se-
lecting IPF patients for transplant. Strict post-transplant follow-up is important to
prevent graft rejection, the primary cause of long-term mortality, and to identify
problems such as infections (Kistler et al., 2014; Laporta Hernandez et al., 2018).

1.3.1 Past treatment strategies targeting inflammation

Until 2014, IPF was treated with immunosuppressants and corticosteroids since
it was thought that permanent fibrosis was caused by chronic inflammation in the
initial stage of the disease. Thus, immunosuppressant therapy in form of a com-
bination of azathioprine, prednisone, and N-acetyl cysteine was widely used to
treat IPF, until evidence accumulated that this therapy not only was ineffective,
but also increased risks for hospitalization and death (Decaris et al., 2014; Glass
et al., 2022; Kreuter et al., 2015; Pleasants & Tighe, 2019; Raghu et al., 2012).
These findings combined with experimental evidence indicated that inflammation
is not necessary for fibrosis progression. As a result, the current concept has
gradually shifted toward the primary focus of IPF management being an incorrect
repair of epithelial damage which results in chronic fibrosis (Datta et al., 2011,
Decaris et al., 2014; Pleasants & Tighe, 2019).

Importantly, overexpression of TGF-B1 in mice results in progressive fibrosis
without any significant inflammatory component. On the other hand, it has been
argued that a pathogenic role for inflammation in the early (subclinical) stages of
the disease cannot be excluded. Therefore, rather than a broad-based anti-in-

flammatory strategy, selective modulation of key inflammatory pathways and
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newer strategies that target pro-fiorogenic and inflammatory mediators, fibroblast
activation and proliferation may be worth considering for therapeutic development
in IPF (Datta et al., 2011; Sime et al., 1997).

1.3.2 Current pharmacologic treatments

There are currently only two antifibrotic therapies approved by the FDA (2014)
for IPF therapy: Pirfenidone and Nintedanib which are currently effective options
as the primary treatment for IPF (Glass et al., 2022; Lehtonen et al., 2016; Yang
et al., 2022). These two oral drugs can slow down disease progression, develop-
ment of scar tissue, and forced vital capacity (FVC) deterioration while also
providing the patient more comfort for a significantly longer time period
(Confalonieri et al., 2022; Glass et al., 2022; Yang et al., 2022). However, they
cannot stop the disease and reverse the lung damage. Furthermore, the use of
these medications may result in a financial burden (a treatment cost of
25,000USD/person-year, that is higher than the costs of treating breast cancer
and several other lethal chronic diseases) without changing the high mortality
rate and overall disease progression. Particularly due to their considerable side
effect profile, some patients may not respond to these medications (Confalonieri
et al., 2022; Glass et al., 2022; Claudia A. Staab-Weijnitz et al., 2015a; Yang et
al., 2022).

Gastroesophageal reflux disease is a well-known comorbid condition in IPF pa-
tients. It has been proposed that GERD-induced micro aspiration contributes to
the IPF pathogenesis by injuring the lung epithelium and initiating inflammatory
cascades. However, a link between GERD and IPF has yet to be established
(Costabel et al., 2018). Using anti-acid medications in patients with asymptomatic
GERD and IPF was recommended, with conditions, in the latest recent interna-
tional treatment guideline. Treatment with antacids used to treat GERD has been
linked to a slower decrease rate in FVC and improved survival in patients with
IPF. Randomized controlled studies, however, have not given any evidence that
anti-acid medication improves outcomes in IPF patients, and the benefits and
risks of anti-acid therapy in patients with IPF are still being questioned (Costabel
et al., 2018; Fujimoto et al., 2015; Maher & Strek, 2019). Therefore, there is an
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urgent need for more effective treatments (Roach et al., 2018; Claudia A. Staab-
Weijnitz et al., 2015a).

Table 1 summarizes some of the most important pharmaceutical options for IPF
treatment, including Nintedanib and Pirfenidone, which are further explained in

the following sections.

Table 1. Pharmacological treatments for IPF

| Treatment l | Mechanism of action

% Pirfenidone Antifibrotic and anti-inflammatory

.é Nintedanib Antifibrotic and anti-inflammatory

e

g Oral corticosteroids, opioids Antitussive

-

c Anti-acids, proton pump inhibitors Reduces GERD

g B REMA (gastroesophageal reflux disease)

S Lung . Surgical replacement of one
transplantation lung or both lungs

£ PRM-151 Recombinant human pentraxin-2; actsas an

] antifibrotic agent

g. Pamrevlumab Fully human recombinant monoclonal antibody

% against CTGF(connective tissue growth factor)

>

% TD139 Small molecule inhibitor of galectin-3

c

b PLN-74809 Blocks activation of the TGFB pathway

a

g TRK-250 Suppresses expression of TGFB

=

- MRG-229 (a 2nd generation miR-29 mimic) Decrease collagen production
ND-L02-s0201 Inhibits expression of heat shock protein

47;anti-fibrotic effects

Modified from (Chioccioli et al., 2022; Glass et al., 2022; Y. Liu et al., 2021)

1.3.2.1 Nintedanib

Nintedanib (BIBF1120), originally developed as an anticancer drug, is an orally
available intracellular inhibitor of tyrosine kinase that interacts with binding sites
of adenosine triphosphate. Therefore, the signaling pathways associated with
VEGFR receptor, FGF receptor, and PDGF receptor are suppressed (Glass et
al., 2022; Myllarniemi & Kaarteenaho, 2015). PDGF, FGF, and VEGF mediate a
variety of processes such as fibrogenesis, and have been linked to the IPF path-

ogenesis. Nintedanib inhibits fibroblast activity by inhibiting receptor tyrosine ki-
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nases (Kreuter et al., 2015; Roach et al., 2018). Nintedanib inhibits TGF-31 sig-
naling indirectly by reducing the activity of PDGF and FGF-2, which mediate TGF-
B1 profibrotic actions (Azuma et al., 2015). Nintedanib treatment inhibited bleo-
mycin-induced activation of focal adhesion kinase (FAK), a key endothelial mes-
enchymal transition regulator, and thus inhibited bleomycin-induced endothelial
mesenchymal transition both in vitro and in vivo (W.-K. Yu et al., 2022). Most
importantly, Nintedanib decreased the expression of FN and type | collagen and
V in IPF cells. Additionally, Nintedanib reduced the profibrotic gene expression,
and secretion of collagen, inhibited the formation of collagen I fibrils, and reduced
and changed the appearance of collagen fibril bundles (Knippel et al., 2017).

The INPULSIS phase 3 trials | and Il demonstrated that, despite the death rate
remained unchanged, treatment with Nintedanib at 300 mg/day resulted in a sig-
nificant reduction in the FVC deterioration rate in patients with IPF. The side ef-
fects, particulary nausea and diarrhea, are tolerable with medications; however,
liver dysfunction and hepatotoxicity are uncommon risks, and the treatment is not
suggested for people with severe liver disease (Glass et al., 2022; Kato et al.,
2019; Richeldi et al., 2014).

1.3.2.2 Pirfenidone

Pirfenidone (5-methyl-1-phenylpyridin-2(1H)-one), is an oral small pyridine mole-
cule with combined anti-inflammatory, antioxidant, and antifibrotic effects (Azuma
et al., 2015; Glass et al., 2022; Kreuter et al., 2015). Although the exact mecha-
nism of action is unknown, experimental evidence suggests that Pirfenidone ex-
erts these effects by downregulating key profibrotic growth factors such as TGF-
B1, inhibiting inflammatory cells and cytokines, and scavenging oxygen radicals
(Kreuter et al., 2015).

Pirfenidone reduces collagen production, slows the development of fibrosis by
suppressing TGF-B1, and decreases the rate of decline in FVC (Glass et al.,
2022; King et al., 2014). Pirfenidone inhibited collagen V and delayed the for-
mation of collagen | fibrils (Knippel et al., 2017). In a clinical study, Pirfenidone

was shown to be effective in decreasing the decline of FVC and carbon monoxide
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diffusing capacity (DLCO) in IPF patients when administered throughout a 24-
month research (Ghumman et al., 2021).

Pirfenidone significantly reduced lung fibrotic fibroblast-mediated fibrotic pro-
cesses by inhibiting CTHRC1-induced lung fibroblast activity and restoring migra-
tion, TGF-B1-triggered collagen gel stiffness, and CTHRCL1 secretion in fibrotic
fibroblasts (J. Jin et al., 2019).

Over a year of treatment, Pirfenidone decreases the likelihood of respiratory-re-
lated hospitalization. Even though Pirfenidone is normally well tolerated and has
only slight adverse effects including weight loss, fatigue, and nausea, cases of
abnormal liver function were observed, specifically increases in bilirubin and the
activity of serum alanine aminotransferase and aspartate aminotransferase
(Glass et al., 2022).

Given that the pleiotropic effects of Nintedanib and Pirfenidone are believed to
target different fibrotic cascade pathways, recent studies suggested that combi-
nation therapy will be the ideal therapeutic option for IPF in the future and com-
bination therapy may have additive or even synergistic effects that lead to better
results than either monotherapy. The majority of IPF patients tolerated combina-
tion therapy for 24 weeks (Flaherty et al., 2018; Huh et al., 2021; Vancheri et al.,
2018).

Although Pirfenidone and Nintedanib both slow the progression of IPF, the dis-
ease still develops and is eventually fatal (Vancheri et al., 2018). Therefore, it is
clear that there is an urgent requirement for additional consideration and compre-
hensive research into the development of targeted therapies that increase patient

lifespan and quality of life (Glass et al., 2022).

1.3.3 Targeting ECM and collagen biosynthesis in IPF treatment

Excessive accumulation of collagen-rich ECM contributes to the development of
IPF, resulting in increased stiffness, impaired gas exchange, and, subsequently,
lung function decline (Chakraborty et al., 2022; Glass et al., 2022; Kreuter et al.,
2015). The biochemical formation of the matrix and its constituents, as well as
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PTMs including transglutamination, glycosylation, and cross-linking, all, have an
impact on the ECM's biomechanical properties (Upagupta et al., 2018).

1.3.3.1 Targeting the myofibroblasts

ECM components, including collagen, provide promising novel therapeutic tar-
gets for the treatment of IPF, in which folding or stiffness of ECM proteins alters

the functioning of important cell types, such as fibroblasts.

In IPF, activated fibroblasts restructure the ECM abnormally, as a response to a
positive feedback cycle between fibroblasts and the defective ECM. Therefore,
preventing this cycle may be a treatment strategy for IPF (Blaauboer et al., 2014;
Parker et al., 2014).

One important pathway in remodeling processes is fibroblast activation and my-
ofibroblast differentiation, which is induced by TGF-B and leads to increased ECM
production and loss of organ function and structure (Bernard, 2018; Gang Liu et
al., 2021). Thus, targeting activated myofibroblasts has been proposed as a strat-
egy to slow and possibly reverse the progression of fibrosis (Bernard, 2018).

1.3.3.2 Targeting extracellular events of collagen biosynthesis

Previous research has investigated the link between IPF progression and ECM
cross-linking. The ECM cross-linking enzymes LOX and LOX-like proteins, and
transglutaminases, are known to play roles the in pathogenesis of fibrosis. The
concept of targeting extracellular collagen cross-linking as an anti-fibrotic strategy
has received much interest recently, due mainly to the identification of LOX-like
2 (LOXL2), the collagen cross-linking enzyme, as a potential therapeutic target
for IPF (Barry-Hamilton et al., 2010b; Chien et al., 2014; Sgalla et al., 2019). Nev-
ertheless, a recently completed phase 2 clinical trial using the LOXL2 inhibitor
simtuzumab, a monoclonal anti-LOXL2 antibody, to target LOXL2 did not show a
therapeutic benefit, indicating that more research of these enzymes is required
(Ganesh Raghu et al., 2017; Sgalla et al., 2019; Tjin, White, Faiz, Sicard,
Tschumperlin, Mahar, Kable, & Burgess, 2017).

The last stage of collagen maturation is carried out by lysyl oxidases acting on
extracellular fibrillar collagen, which is resistant to most extracellular proteases
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(Birkedal-Hansen et al., 1985; Onursal et al., 2021; Z. Yu et al., 2012). Inhibiting
LOXL2, which happens after the spontaneous formation of fibrils, may have just
a minor effect on the resolution and decrease of collagen in fibrotic regions
(Steplewski & Fertala, 2012). Thus, interfering with earlier steps of collagen syn-
thesis and processing may be advantageous (Birkedal-Hansen et al., 1985;
Steplewski & Fertala, 2012; Z. Yu et al., 2012).

1.3.3.3 Targeting intracellular events of collagen biosynthesis

Targeting the pathway for collagen biosynthesis and maturation has been the
subject of numerous studies. As stated before, extracellular collagen cross-link-
ing inhibition as a therapeutic strategy for treatment of IPF (Barry-Hamilton et al.,
2010a) failed in phase Il studies. Thus, IPF treatment, a previous stage of colla-
gen maturation, such as intracellular collagen biosynthesis or collagen fibril for-

mation, can be targeted to inhibit collagen deposition.

As previously mentioned, several intracellular and extracellular modifications are
required to form active collagen molecules (Kadler et al., 2007; Onursal et al.,
2021). Intracellular PTMs of lysine and proline residues play critical roles in this
process (Salo & Myllyharju, 2021). In the ER, prior to the collagen triple helix
folding, collagen P4Hs, P3Hs, and LHs posttranslationally modify these amino
acids to 4Hyp, 3Hyp, and Hyl, respectively. Further glycosylation of the Hyl resi-
dues can result in galactosyl-Hyl and glucosylgalactosyl-Hyl residues (C. Z. Chen
& Raghunath, 2009; Salo & Myllyharju, 2021). In addition to these, collagen bio-
synthesis also requires a number of additional proteins and enzymes, such

as PPlases.

PTMs such as hydroxylation of lysine or proline is required for proper stability,
assembly, triple helix formation, procollagen secretion, and collagen maturation,
and thus define the chemical characteristic of the cross-links between collagen
molecules (Hudson & Eyre, 2013Db; Ishikawa & Béachinger, 2013a; Onursal et al.,
2021; Shao et al., 2018a; Yamauchi & Sricholpech, 2012). Since the hydroxyla-
tions have a significant effect on collagen synthesis, it is clear that the relevant
hydroxylases could be targeted for antifibrotic therapies. For instance, since col-
lagen LH2 and P4Hs play a crucial role in collagen biosynthesis, and they have

long been thought of as promising targets for antifibrotic treatments (Piersma &
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Bank, 2019; Salo & Myllyharju, 2021; Vasta & Raines, 2018). Prolyl 4-hydrox-
ylase inhibition prevents collagen secretion through collagen instability and its
internal cellular degradation (L. Chen et al., 2006; Piersma & Bank, 2019). Fur-
thermore, TGF-B-triggered collagen production in bleomycin-induced mouse lung
fibrosis and fibroblasts were both decreased by inhibiting collagen prolyl hydrox-
ylase with pyridine-2,5-dicarboxylate (Luo et al., 2015).

In lung fibrosis, minoxidil, an anti-hypertensive drug that inhibits lysyl hydrox-
ylase, reduced the synthesis of pyridine cross-links and collagen production and
deposition; these effects may be mediated by suppression of LHs activity. As per
the study's findings, lysyl hydroxylase may be a target for IPF treatment (Shao et
al., 2018a). Moreover, in lung fibrosis, TGF-B1/SMAD3 signaling activated LH3
by Wnt/ 3-catenin pathway(Shao et al., 2020).

3-Hyp has been shown to take part in inter-triple-helical interactions and is mostly
likely involved in the supramolecular collagen formation and development of lat-
eral fibrils (Hudson & Eyre, 2013a; Morello et al., 2006; Pokidysheva, Zientek, et
al., 2013; Valli et al., 2012).

Mutations in P3H1, PPIB, and CRTAP all result in lysine over-hydroxylation in
telopeptide regions, while mutations in LH2 or FKBP10 result in telopeptide lysine
under-hydroxylation(Hudson et al., 2015). In the P3h3 deficient mice, collagens
had deficiency of cross-linking and under-hydroxylated lysine residues (Hudson
et al., 2017a; Rappu et al., 2019). It's important to note that lysine underhydrox-
ylation is also seen when P3H4 is deficient, similarly to P3H3 (Hudson et al.,
2017a; Salo & Myllyharju, 2021). These mutations frequently resulted in altered
collagen cross-linking, and these findings point to a possible interaction between
the complex of prolyl 3-hydroxylation and the lysyl hydroxylation machinery in the
ER (Barnes et al., 2012; Ha-Vinh et al., 2004; Hudson et al., 2015; U. Schwarze
et al., 2013). Several studies indicate that LHs are components of structures that
include chaperones also other proteins, suggesting that they may provide dy-
namic interactions to impact other than lysine alterations. Accordingly, deficien-
cies of any of these chaperones or enzymes can phenocopy each other, as was
observed with LH2 and FKBP10, and LH1 and FKBP22 (Ishikawa et al., 2020;
Salo & Myllyharju, 2021; Steinlein et al., 2011).
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As previously stated, LH1 forms a complex with P3H4 and P3H3, and primarily
drives the hydroxylation of lysine residues in the collagenous triple-helical regions
of collagen molecule. In contrary, LH2, that is associated with FKBP10, mediates
hydroxylation of lysine in the non-collagenous telopeptide regions. P3H4 and
FKBP10 loss resulted in unstable collagen with reduced extracellular cross-link-
ing due to decreased lysyl hydroxylation by affecting LH1 and LH2 activity, re-
spectively (Duran et al., 2017b; Onursal et al., 2021). The cis-trans isomerization
of proline residues, one of the rate-limiting processes in the formation of procol-
lagen into triple helices, is promoted by rER localized peptidyl-prolyl isomerases
including FKBP10 (Ishikawa & B&chinger, 2013a, 2014).

Interestingly, unpublished data from our laboratory show that FKBP10 (Claudia
A. Staab-Weijnitz et al., 2015a) deficiency resulted in decreased mRNA levels of
P3H4 in phLFs, indicating FKBP10 as a potential indirect modulator of lysine hy-
droxylation of helical regions by LH1 and telopeptide regions by LH2. FKBP10
may indirectly affect LH1 activity in addition to LH2 activity.

An anti-fibrotic therapeutic approach based on inhibiting the self-assembly of col-
lagen molecules into fibrils has previously been proposed (Chung et al., 2008).
This concept is supported by the discovery that both potent IPF drugs function on
this level. Nintedanib and Pirfenidone function on critical regulatory levels in col-
lagen synthesis and processing in addition to dose-dependently delaying the type
| collagen fibril formation in IPF fibroblasts. Importantly, collagen I fibril synthesis
was inhibited by both drugs, and this led to a decrease in collagen fibril bundles
and an alteration in their appearance. Both drugs reduced collagen V expression,
which is essential for the development of extracellular fibrillogenesis. Therefore,
these findings support the concept of targeting collagen synthesis and extracel-
lular fibril formation is a promising therapeutic strategy for IPF treatment (Knippel
et al., 2017).

Prolyl-3-hydroxylase family member 4 (P3H4), which contributes to the produc-
tion of collagen and deficiency of which induces connective tissue defects due to
decreased collagen lysyl hydroxylation by affecting LH1 activity, can be a prom-
ising drug target for limiting this positive feedback mechanism. The role of P3H4

in this context and its potential as a therapeutic target, however, is unknown.
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1.3.4 FK506 binding proteins (FKBPs) and FKBP10

Cyclophilins and FKBPs are representatives of one the rER-associated proteins
that have peptidyl-prolyl cis-trans isomerase activity (Gruenwald et al., 2014).
FK506 binding proteins (FKBPs) are intracellular proteins that function as pep-
tidyl-prolyl-isomerases (PPIs), catalyzing the cis/trans isomerization of proline,
and are participated in several cellular processes such as receptor signaling and
protein folding (Kang et al., 2008; Tong & Jiang, 2015). FKBPs are molecular
chaperones that belong to the immunophilin family and are known to bind to
FK506 (tacrolimus), an immunosuppressive drug that inhibits cis/trans isomerase
(PPlase) activity (Ghartey-Kwansah et al., 2018; Kang et al., 2008). Despite the
presence of a PPlase domain, not all members of the FKBP family have PPlase
activity or can bind to FK506. Nevertheless, the PPl domain seems to be required
for their function (Tong & Jiang, 2015).

In addition to PPlase domain, the tetratricopeptide repeat receptor (TPR) domain
has been identified in larger molecular weight FKBPs involved in transcription

and protein transportation (Ghartey-Kwansah et al., 2018).

The smallest member of the FKBPs is FKBP12, a peptide of 108 amino acids that
has the essential PPlase sequence, whereas larger FKBPs are identified by com-
paring their sequences to FKBP12 and are composed of functionally independent
domains (Ghartey-Kwansah et al., 2018; Tong & Jiang, 2015).

1.3.4.1 FKBP10

FKBP10 (FKBP65), a large member of the FKBPs, is an ER localized PPlase
consisting of four PPlase domains (Figure 9) (Tong & Jiang, 2015).

FKBP10 functions as a collagen chaperone, which is critical for the maturation
and stabilization of collagen. It regulates the folding of collagen and interacts with
tropoelastin, both of which are proline-rich proteins in the ECM of tissue (Ishikawa
et al., 2008; Lietman et al., 2014; Tong & Jiang, 2015). Following ER stress,
FKBP10 is degraded together with the Ca?* release from ER. The stability of
FKBP10 is controlled by its EF-hand Ca?* binding domain (Tong & Jiang, 2015).
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Figure 9: The FKBP10 protein is shown graphically as containing four PPlase domains, a
sighal peptide, an EF/Hand binding domain, a HEEL domain, and a potential ER-retention
sequence. a) Location of the FKBP10 gene on a chromosome. b) Exonic and intronic domains
of the gene FKBP10. ¢) Encoded protein FKBP10 (the numbers below show where the amino
acids are located in different protein domains). Figure created using BioRender (https://bioren-
der.com/) and adapted from (D’Arrigo et al., 2016; Umair et al., 2016).

FKBP10 mutations have been linked to diseases that affect collagen such as re-
cessive osteogenesis imperfecta, a genetic disorder of connective tissue charac-
terized by alteration in the synthesis and type | collagen PTM and bone fragility
and (Gruenwald et al., 2014; Kelley et al., 2011; Lietman et al., 2014, 2017).
FKBP10 null mouse embryos are postnatally lethal and have been shown to de-
creased cross-linking of collagen in calvarial bone (Lietman et al., 2014). FKBP10
has been identified to modulate collagen LH2 activity and be critical for the activity
of lysyl hydroxylase (Barnes et al., 2012; Y. Chen et al., 2017). The quantity and
stability of the extracellular collagen cross-links produced by LOX family enzymes
are thus affected by FKBP10 indirectly through the formation of collagen hydrox-
ylysines (Duran et al., 2017b).

FKBP10 inhibits the type I collagen fibrils formation in vitro, confirming the con-
cept that FKBP10 interacts with triple helical collagen, and acts as a collagen
chaperone (Ishikawa et al., 2008; Tong & Jiang, 2015). FKBP10 also interacts
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with collagen VI, and its deficiency decreases phLFs migration mainly via inhibit-
ing collagen VI synthesis (Knuppel et al., 2018a). Moreover, silencing FKBP10
inhibited total collagen secretion with efficiency comparable to Nintedanib
(Claudia A. Staab-Weijnitz et al., 2015a). FKBP10 has been considered as a
novel therapeutic target for IPF (Claudia A. Staab-Weijnitz et al., 2015b).

1.3.5 Prolyl 3-hydroxylase family member 4 (P3H4)

P3H4 (also known as SC65 or LEPREL4) was initially discovered to be a protein
linked to the synaptonemal complex (SC), an important formation that involves
the matching of homologous chromosomes during the initial meiotic prophase.
However, while P3H4 knockout mice were fertile, most mice with essential syn-
aptonemal complex components were infertile, and studies have identified addi-
tional functions for P3H4. P3H4 and its mutations are linked to human disease,
and collagen alterations seem to be the primary underlying cause (Heard et al.,
2016a; Zimmerman et al., 2018).

P3H4 is a non-enzymatic protein from the rER-associated protein family, known
as Leprecans (Leucine Proline-Enriched Proteoglycans) or family of prolyl-3-hy-
droxylases, which includes CRTAP, P3H1, P3H2, P3H3, and P3H4 (Gruenwald
et al., 2014; Heard et al., 2016b; W.-K. Yu et al., 2022).

Prolyl 3-hydroxylase enzymes P3H3, P3H2, and P3H1/Leprecan contain a car-
boxyl-terminal domain that corresponds to the 2-oxo-glutarate, Fe(ll)- and ascor-
bate- dependent dioxygenase domains. These enzymes can hydroxylate partic-
ular proline residues in the triple helical domain of fibrillar collagen. Although
CRTAP and P3H4 lack the enzymatic domain, their N-terminal regions have sim-
ilarities to those of the P3HSs, such as the existence of the tetratricopeptide repeat
(TPR) domain, which is presumed to be the protein-protein interaction domain.
There are two CXXXC sequences between two tetratricopeptide repeat domains,
and this sub-domain appears twice in the amino-terminal domain. This domain's
function, however, is unknown (Figure 10) (Gruenwald et al., 2014; Heard et al.,
2016b; Ishikawa et al., 2017; Ishikawa & Bachinger, 2013a; M. Zimmerman et al.,
2018). Understanding the function of these motifs may help to better understand
the function of P3H4 (Ishikawa & Bachinger, 2013b).
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Figure 10: Schematic representation of the P3Hs structures. The domain structures of P3Hs
and P3H4/CRTAP are shown. Figure created using BioRender (https://biorender.com/ ) and

adapted from (Ishikawa & Bachinger, 2013b)

In the ER, P3H4 interacts with LH1 and P3H3 in the ER, where they form a stable
complex (Hao et al., 2020; M. Zimmerman et al., 2018). P3H4 is an essential
component of this ER-localized complex that facilitates the activity of LH1 during
collagen biosynthesis at helical region cross-linking sites, likely through interac-
tions with the enzymes and/or PPBI (Figure 11) (Hao et al., 2020).
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Figure 11: Schematic representation of 5-hydroxylation of lysine residues in the fibrillar
collagen helical region. LH1 dimerization is driven by the P3H4/P3H3/PPBI complex in the hel-
ical domain of the a-chains. Figure created using BioRender (https://biorender.com/) and modi-
fied from (Gjaltema & Bank, 2017; Heard et al., 2016a)

In the mouse model, P3H4 deficiency induced ER complex instability, altered col-
lagen lysine hydroxylation and cross-linking, and disrupted collagen fibrillogene-
sis in the ECM, which led to major connective tissue disorders such as skin fra-
gility and low bone mass in osteoblasts or fibroblasts (Heard et al., 2016b). How-
ever, prolyl 3-hydroxylation was unaffected. The altered collagen cross-linking
chemistry caused by all of these mutations suggests that the lysyl hydroxylation
machinery and the prolyl 3-hydroxylation complex interact in the ER(Hudson et
al., 2017a). The significant decrease in lysine hydroxylation in triple helical colla-
gen detected by mass spectrometry implies that P3H4 protein is essential for
LH1 activity, however, not for LH2 (Heard et al., 2016a; Zimmerman et al., 2018).
LH1 can only function as a dimer, therefore either the P3H4/P3H3/PPBI complex
as a trimeric structure or the P3H4 helps LH1 dimerize, as was previously shown
for FKBP10 in LH2 dimerization (Gjaltema & Bank, 2017; Heard et al., 2016a).
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Mouse cartilage, bone, and skin showed high levels of P3h4 expression, whereas
brain and kidney and a few other tissues showed lower levels (Heard et al.,
2016a; M. Zimmerman et al., 2018). P3H4 was found to be an autoantigen in
interstitial cystitis (Fang et al., 2022; Hao et al., 2020). P3H4 is associated with
development and poor prognosis of a range of cancers, such as lung and bladder
cancer (Fang et al., 2022; Hao et al., 2020; Li et al., 2018; J. Zhang et al., 2022).
Based on studies into the molecular and clinical functions of P3H4 in LUAD, it
was suggested that P3H4 may enhance the progression of LUAD by altering
pathways related to the tumor microenvironment (X. Jin et al., 2021). Thus, P3H4
is implicated in a variety of pathological and physiological processes, including
connective tissue abnormalities (Fang et al., 2022; Hao et al., 2020; Li et al.,

2018). However, the function and regulation of P3H4 in lung fibrosis are unknown.

As previously mentioned, FKBP10, a collagen chaperone, has been considered
as a therapeutic drug target for IPF (Claudia A. Staab-Weijnitz et al., 2015a).
Interestingly, the gene encoding P3H4, is located on mouse chromosome 11 and
human chromosome 17 directly adjacent to FKBP10, and both genes are con-
trolled by the same bidirectional promoter in opposite directions and share com-
mon regulatory elements (Figure 12) (Heard et al., 2016b).

P3H4
FKBP10
41600 41700 41800 41900 42000
8 7 6 Ei =321 1 2 3456 789 10
we- —Hil=
| | | | | | | | | | | |
41800 41802 41804 41806 41808 41810 41812 41812 41814 41816 41818 41820 41822 41824
Genomic Locations for P3H4 Gene Genomic Locations for FKBP10 Gene
chr17: 41, 801, 947-41,812,616 chr17: 41, 812, 262-41,823,217
Cytogenetic band: Cytogenetic band:
17q21.2 17q21.2

Figure 12: Genomic localization of FKBP10 and P3H4 on human chromosome 17. The gene
encoding P3H4 is located directly adjacent to FKBP10 and both genes are controlled by the same
bidirectional promoter in opposite directions. FKBP10 gene is located less than 900bp from P3H4

exon 1. Figure generated using BioRender (https://biorender.com/)
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2. Aims of this thesis

Currently, the only FDA-approved drugs for IPF treatment are Pirfenidone and
Nintedanib. These two treatments only reduce disease progression, but do not
halt let alone revert the pathological lung remodeling. Therefore, there is an ur-
gent need for IPF-specific antifibrotic therapeutic targets. Targeting the collagen
biosynthesis pathway has been put forward as a potential strategy in this context.
For instance, FKBP10 has previously been proposed as a novel drug target for
IPF treatment (Claudia A. Staab-Weijnitz et al., 2015a). Similar to FKBP10, also
upregulation of P3H1 (encoded by LEPRE1) has been observed in human lung
fibrosis (Schiller et al., 2017). Finally, P3H4 and FKBP10 share regulatory ele-
ments in a bidirectional promoter, which suggested some kind of functional over-
lap between FKBP10 and P3H4. However, the function and regulation of P3H4
in lung fibrosis and effects of P3H1 on components of the collagen biosynthesis

pathway had not been assessed.

Hence, we hypothesized that P3H4 localized to ECM-producing myofibroblasts
in lung fibrosis and that targeting P3H4 attenuates profibrotic gene expression,
collagen biosynthesis, and collagen secretion. We furthermore hypothesized that

targeting P3H1 equally blocks collagen biosynthesis.

Therefore, this study aimed to decipher the function and regulation of P3H4 in
lung fibrosis, as well as the effect of P3H1 deficiency on type | collagen PTMs
and the expression of proteins involved in collagen biosynthesis. First, following
our discovery of downregulation of P3H4 as a result of FKBP10 deficiency in
mouse lungs, | sought to examine this effect in phLFs. Next, the expression level
of P3H4 was investigated in an in vitro lung fibrosis model, as well as in fibrotic
lung sections from an in vivo mouse lung fibrosis model and from IPF patients. In
addition, the effect of P3H4 deficiency on the FKBP10 expression, collagen | and
profibrotic markers was further examined in phLFs. Finally, we performed amino
acid analysis to detect the level of prolyl and lysyl hydroxylation of collagen iso-
lated from P3H1 null mice tail tendon, as well as a gene expression analysis of

components of the collagen biosynthetic machinery in P3H1 null tenocytes.
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3. Results

3.1 Chapter 1: Expression profiling and functional analysis of
P3H4 as a novel modulator of lung fibrosis

3.1.1 Knockout of FKBP10 downregulates the expression of P3H4 in
mouse lung

We received mouse embryonic lungs from our collaborators Caressa D. Lietman
and Brendan Lee of Baylor College of Medicine, Texas, Houston, USA. The
mouse embryonic lungs were harvested from FKBP10 heterozygote, homozy-
gote, and WT mice at embryonic stage 18.5 (E18.5). We first performed tran-
scriptomic analysis to identify differentially expressed genes using embryonic
lungs from global FKBP10 knockout mice and littermate controls. Transcriptomic
data, assessing the expression levels of over 10,000 genes, revealed that, aside
from Fkbp10, only P3h4 expression was decreased in FKBP10 knockout mice
(p<0.1) (Figure 13A). Knockout of Fkbp10 and downregulation of P3h4 by knock-
out of FKBP10 were validated at the transcript level by gRT-PCR in embryonic
mouse lungs. As shown in Figure 13B, gRT-PCR analysis confirmed the suc-
cessful gene knockout of Fkbp10 and significantly decreased expression of P3h4
in FKBP10 knockout embryonic mouse lungs.

Mass spectrometry-based proteomic analysis was then performed to identify dif-
ferentially expressed proteins using the same embryonic lungs from global
FKBP10 knockout mice and littermate controls. In these experiments, protein
quantification was performed by adding the abundances of each distinct peptide
(identification based on 2 unique peptides) per protein following total protein nor-
malization. The normalized protein abundances obtained have been used to cal-
culate fold-changes between conditions and statistical parameters using the Stu-
dent's t-test. We identified the top 10 significantly downregulated proteins from
over 4500 detected proteins based on a fold change of more than 1.5. Proteomic
analysis indicated that P3H4 is the most downregulated protein by knockout of
FKBP10. Moreover, we observed that YAP1 (Yes-associated protein 1), a key

effector in the Hippo pathway, and P3H3 were also significantly downregulated
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in FKBP10-deficient mice (Figure 13C). Western blot (WB) analysis further con-
firmed that P3H4 was significantly decreased in FKBP10 knockout embryonic
mouse lungs at the protein level. Quantitative densitometric analysis showing
normalized band intensity of P3H4/B-actin in FKBP10 homozygote, WT, and het-

erozygote mice (Figure 13D).
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Figure 13: Down-regulation of P3H4 in FKBP10 knockout mouse embryonic lung (A) Heat
map shows the top ten differently expressed genes between wild-type (WT) and FKBP10 knock-
out mice (n=4);Transcript abundances are depicted according to the given color code from low
abundance (blue) to high abundance (red) and indicate specific downregulation of P3H4 in the
global FKBP10 knockout mice (B) gRT-PCR analysis of FKBP10 knockout mouse lung fibroblasts
confirms successful knockout FKBP10 and significant downregulation of P3H4 with the knockout
of FKBP10. Hprt was used as a housekeeper gene (C) Heat map shows the top ten differentially
expressed proteins between FKBP10 knockout (n=4) and WT FKBP10 (n=4); Protein abun-
dances are depicted according to the given color code from low abundance (blue) to high abun-
dance (red) and show that, besides FKBP10, several proteins are differentially expressed in the
FKBP10 knockout mice, but P3H4 is the most downregulated protein. (D) WB analysis of lung
fibroblasts confirmed downregulation of P3H4 in FKBP10 knockout mouse lung fibroblasts. Quan-
titative densitometric analysis showing P3H4/ACTB normalized band intensity in FKBP10 homo-
zygote, WT, and heterozygote mice (Fold Change>1.5, p < 0.05). Data shown are mean + SEM.
A paired two-tailed t-test was used for statistical analysis. *P<0.05, **P<0.01, ***P < 0.001.

50



3.1.2 Deficiency of FKBP10 reduces the P3H4 expression in phLFs

Having identified P3H4 to be the most significantly downregulated gene in
FKBP10 knockout mice, it was of interest to assess whether FKBP10 deficiency
affected P3H4 expression also in human samples. To investigate this, FKBP10
knockdown using siRNA was performed in phLFs. Following knockdown of
FKBP10, we examined the gene expression of P3H4 in phLFs. Strikingly, P3H4
MRNA expression was significantly reduced with knockdown of FKBP10 in the
absence and presence of TGF-1 (2 ng/mL). Moreover, qRT-PCR results
showed significant upregulation of P3H4 with TGF-B1 treatment after 48 hours in
phLFs. Importantly, since TGF-B1 is the major pro-fibrotic cytokine, this finding
shows the upregulation of P3H4 in TGF-B1 induced lung fibrosis (Figure 14A).
The efficient FKBP10 knockdown in phLFs resulted in significant downregulation
of P3H4 protein levels in absence of TGF-B1. Interestingly, the effect of FKBP10
silencing on P3H4 expression in protein level was partly counteracted following
TGF-B1 treatment(48h). Densitometric quantification of FKBP10 showed suc-
cessful knockdown of FKBP10 in both the presence and absence of TGF-31.
Consistent with WB analysis, downregulation of P3H4 following FKBP10 knock-
down was less pronounced, not clearly after treatment with TGF-1 as in absence
of TGF-B1 in phLFs (Figures 14B and 14C). We further confirmed the knock-
down of FKBP10 in phLF and the downregulation of P3H4 with FKBP10 knock-
down by immunofluorescence staining of P3H4 and FKBP10 in phLFs in pres-

ence and absence TGF-p1.

P3H4 was detected in the nucleus and cytoplasm of phLFs. FKBP10 immunoflu-
orescence staining in phLFs also revealed that FKBP10 was mainly detected in
ER. Consistent with WB analysis, downregulation of P3H4 following FKBP10
knockdown was not clearly after treatment with TGF-1 as observed with the ab-
sence of TGF-B1 (Figure 14D).
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Figure 14: Downregulation of P3H4 with FKBP10 knockdown in phLFs. (A) gRT-PCR anal-
ysis of transcript levels of P3H4 after knockdown of FKBP10 in combination with TGF-B1 treat-
ment (48h). (B) Effects of FKBP10 silencing using siRNA in phLFs with TGF- 31 treatment (48h).
A representative WB analysis for the determination of FKBP10 and P3H4 is shown. WB analysis
of lung fibroblasts showed down-regulation of P3H4 with FKBP10 knockdown in phLFs. (C) Den-
sitometric quantification of FKBP10 and P3H4 protein levels in the absence and presence of TGF-
B1 (48h). As a loading control, ACTB was used. Data presented as mean + SEM and are based
on four(n=4) independent experiments. The statistical analysis of FKBP10 siRNA vs. scrambled
siRNA control was carried out using the paired two-tailed t-test. ctrl = control., *P< 0.05, **P<
0.01, **P < 0.001. (D) Immunofluorescence staining of FKBP10 and P3H4 in phLFs confirms
downregulation of P3H4 with knockdown of FKBP10 in absence and presence of TGF-B1 (48h)
(n=1). The immunostaining for FKBP10 is shown in green, and for P3H4 in red. 4',6-diamidino-
2-phenylindole (DAPI) staining is shown in blue. Images were obtained by confocal microscopy
(20X). Scale bar: 50 pm.
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3.1.3 P3H4 is expressed in interstitial fibroblasts and colocalizes with a-
SMA in bleomycin-induced lung fibrosis in mice

As we showed significant upregulation of P3H4 on transcript level in the in vitro
model of TGF-B1 (2 ng/ml) induced lung fibrosis, we next studied P3h4 expres-
sion in the bleomycin-induced lung fibrosis, which is the best-studied and the
most commonly used mouse model of lung fibrosis. Immunofluorescent stainings
of formalin-fixed paraffin-embedded (FFPE) from human lung tissue sections,
mouse lung tissue sections, both from PBS-instilled control mice and bleomycin-
treated mice (day 14), were performed to characterize P3h4 expression. The
specificity of the primary antibody was examined using a negative control that
was followed the identical staining protocol but without the addition of the primary
antibody. As shown, expression of P3h4 was determined to be increased in
mouse fibrotic lungs with low expression of P3h4 in PBS—instilled control mouse
lungs (Figure 15A). Furthermore, IPF, as explained previously, is characterized
by scar tissue of the lung induced by an accumulation of a-SMA positive myofi-
broblasts in fibrotic foci. P3h4 expression in fibrotic regions of mouse lungs was
therefore investigated using immunofluorescence co-staining of P3H4 and a-
SMA on FFPE sections of bleomycin-treated mouse lungs (day 14) and PBS-
instilled mouse lungs. a-SMA levels were found to be increased in mouse fibrotic
lungs, but not in PBS-instilled control mice lungs. P3H4 was commonly detected
in interstitial fibroblasts, including a-SMA-positive myofibroblasts in fibrotic mouse

lung sections compared to PBS-instilled lung sections (Figure 15B).
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Figure 15: Expression of P3h4 in interstitial fibroblasts, together with myofibroblasts and

colocalization with a-SMA in bleomycin-treated mouse fibrotic tissue sections. Immunoflu-
orescent stainings of FFPE lung tissue sections from PBS-instilled control mice and bleomycin-
treated mice at day 14 following bleomycin administration. A) Representative images from immu-
nofluorescence staining of P3H4 in mouse lung tissue sections from PBS and bleomycin-treated
mice at day 14 (n=3). The white square represents the area of interest, which was then magnified
at the bottom of each image. Examples of P3h4 expression are shown by arrows in the area of
interest. P3H4 immunostaining is shown in red. B) Representative images of P3H4 and a-SMA
immunofluorescence staining in FFPE lung tissue sections from PBS-instilled and bleomycin-
treated mouse lungs. An example of colocalization of P3H4 and a-SMA in fibrotic region of the
bleomycin-induced mouse lungs is depicted by a white arrow. Representative P3H4 immunostain-
ing is shown in green, a-SMA in red. The white square represents the area of interest, which
was then magnified at the bottom of each image. Negative controls were carried out by using the
identical staining protocol without addingthe primary antibody. Representative DAPI im-
munostaining is shown in blue. Images were acquired by confocal microscopy (20X). Scale bar:

50 pm.
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3.1.4 P3H4 colocalizes and interacts with FKBP10 in bleomycin-induced
lung fibrosis in mice

We then evaluated the P3H4 and FKBP10 localization in the bleomycin-induced
pulmonary fibrosis in mice. For that, immunofluorescence staining of FFPE lung
sections from PBS-instilled and bleomycin-treated (at day 14) mouse lungs was
performed. P3H4 and FKBP10 colocalized in bleomycin-treated fibrotic mouse
lungs mainly in the fibrotic regions. Furthermore, P3H4 was found to be ex-
pressed alone in some regions without colocalization with FKBP10 (Figure 16A).
Furthermore, we confirm direct interaction and colocalization of P3H4 and
FKBP10 by performing proximity ligation assay (PLA) in FFPE tissue section from
PBS-instilled and bleomycin-treated mouse lungs. Images from PLA showed in
situ FKBP10 and P3H4 interaction localization in fibrotic mouse lungs. PLA signal
(red dots) was abundant in fibrotic mouse lungs but not in PBS-instilled controls
lungs (Figure 16B).
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Figure 16: In situ localization of FKBP10-P3H4 interaction in bleomycin-treated mouse fi-
brotic tissue sections. A) Immunofluorescent stainings of FFPE sections from bleomycin-
treated fibrotic mouse lungs at day 14 upon bleomycin instillation and control PBS-instilled mouse
lungs. FKBP10 immunostaining is shown in green, and P3H4 in red. Examples of colocalization
of P3H4 and FKBP10 in fibrotic mouse lung sections are depicted by the white arrow in the region
of interest (n=3). The white square represents the area of interest, which was then magnified at
the bottom of each image. B) The images represent in situ localization of FKBP10 and P3H4
interaction in bleomycin-treated and PBS-instilled mouse lung tissue sections were assessed by
PLA (n=1). In fibrotic mouse lung sections, white arrows indicate examples of P3H4 and FKBP10
positive interactions, which are represented by red dots. Negative controls were carried out by
using the identical staining protocol without adding the primary antibody. Representative DAPI
immunostaining is shown in blue. Images were acquired by confocal microscopy (20X). Scale
bar: 50 pm.
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3.1.5 P3H4 expression is upregulated in IPF

To evaluate the expression of P3H4 in lung fibrosis, lung tissue from 7 healthy
donors and 5 IPF patients were obtained from the UGMLC Giessen Biobank, a
member of the DZL platform biobanking, and the CPC-M bioArchive at Compre-
hensive Pneumology Center (CPC). Lung tissue from IPF patients and healthy
donors were homogenized and WB analyses were performed to assess protein
levels of P3H4. Normalizing P3H4 protein expression with levels of B-actin con-
firmed a significant increase in P3H4 expression in the patients with IPF com-
pared to healthy donors. Because B-actin was unequal on the WB, probably due
to a biological effect of donor and IPF samples, the Ponceau S stained blot was
used as loading control (Sander et al., 2019) (Figure 17A). Furthermore, immu-
nofluorescent stainings of FFPE human lung tissue sections from IPF patients
and healthy donors were performed to characterize P3H4 expression. As shown,
P3H4 expression was observed to be increased in human fibrotic lungs with little
expression of P3H4 in donor lungs. Overall, P3H4 expression in fibrotic sections
was higher than expression of P3H4 in healthy donor tissue under identical stain-

ing and imaging circumstances (Figure 17B).
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Figure 17: Expression of P3H4 in total lung tissue homogenate and in lung tissue sections
from IPF patients and donor lungs. A) WB analysis of whole lung tissue homogenate revealed
an increase in P3H4 levels in IPF patients compared to donor samples, in an independent cohort.
Ponceau S stained blot is shown for loading control. Quantitative densitometric analysis showing
normalized band intensity of P3H4/total protein. Data presented as mean = SEM, the Mann-Whit-
ney test, *P,0.05, **P,0.01. B) Images represent immunofluorescence staining of FFPE sections
of healthy donor and human fibrotic lung tissue from patients with IPF display the P3H4 expres-
sion(n=4). The white square represents the area of interest, which was then magnified at the
bottom of each image. White arrows in the area of interest indicate examples of expression of
P3H4. Negative controls were carried out by using the identical staining protocol without add-
ing the primary antibody. Images were acquired by confocal microscopy. Representative DAPI

immunostaining is shown in blue. P3H4 immunostaining is shown in red. Scale bar: 50 pm.
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3.1.6 P3H4 is expressed in interstitial fibroblasts and colocalizes with
FKBP10 in IPF

Next, to investigate localization of P3H4 and FKBP10 in IPF lung tissue sections,
FFPE sections from patients with IPF and healthy donors were co-stained for
FKBP10 and P3H4. As reported above, in contrast to healthy donors, increased
P3H4 expression was found in the IPF FFPE tissue sections. Furthermore, colo-
calization of P3H4 and FKBP10 in fibrotic regions, as identified by increased
FKBP10 staining, was observed in FFPE lung tissue sections from IPF patients
(Figure 18A and 18B). Interestingly, P3H4 was also detected in epithelial cells
at the surface of the fibroblast foci in FFPE lung tissue sections from IPF patients
(Figure 18B). As shown in Figure 18C, immunofluorescence staining of FFPE
tissue sections from IPF lung demonstrated expression of P3H4 also in interstitial
macrophages and colocalization of P3H4 with FKBP10 (shown in white arrows).
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Figure 18: Expression of P3H4 in interstitial fibroblasts, including interstitial macrophages
and colocalization with FKBP10 in human fibrotic tissue sections from IPF. A) Representa-
tive immunofluorescence staining of FFPE tissue sections from healthy donor lung co-stained for
FKBP10 and P3H4. B) Representative images of P3H4 and FKBP10 immunofluorescence double
staining in lung tissue FFPE sections from patients with IPF. Examples of P3H4 and FKBP10
colocalization in human lungs with IPF are shown by white arrows in the area of interest C) Rep-
resentative images of P3H4 and FKBP10 immunofluorescence staining in FFPE lung tissue sec-
tions from IPF patients and healthy donor shows colocalization of P3H4 and FKBP10 in interstitial
macrophages (demonstrated by white arrows). The white square represents the area of interest,
which was then magnified at the bottom of each image. Negative controls were carried out by
using the identical staining protocol without adding the primary antibody. Representative images
were chosen from four(n=4) independent experiments. The immunostaining for FKBP10 is shown
in green, P3H4 in red, and DAPI in blue. Images were acquired by confocal microscopy(20X).
Scale bar: 50 um.
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3.1.7 ScRNA-seq analysis reveals P3H4 and FKBP10 expression in HAS1
high fibroblasts

We used a publicly accessible data set of ScCRNA-seq provided by Banovich and
Kropski, which also includes data on the expression of P3H4 and FKBP10 in dif-
ferent cell types from 10 nonfibrotic control and 20 pulmonary fibrosis (PF) lungs
(Habermann et al., 2020) (http://www.ipfcellatlas.com/ ). The data comprehen-
sively defines the cell types driving fibrotic remodeling in lungs with PF. Several
different mesenchymal and epithelial progenitors that contributed in the formation
of the ECM in PF lungs were also discovered. Multiple previously undiscovered
epithelial cell types were discovered, as well as a KRT5-/KRT17+ epithelial cell
population that expressed ECM proteins, including collagen, and was significantly
abundant in lungs with PF. Together with myofibroblasts, they identified multiple
fibroblast phenotypes expressing pathologic ECM including PLIN2™ fibroblasts,
and HAS1"9" fibroblasts, a unique fibroblast fibroblast population that is signifi-
cantly increased in lungs from patients with IPF and localizes to peripheral and
subpleural regions. These findings indicate that, in addition to activated myofibro-
blasts, which are major producers of ECM components including collagen, other
transcriptionally different fibroblast groups may be critical. Therefore, understand-
ing the functional activities and gene expression profiles of these diverse popula-
tions may enable the discovery of new IPF treatment targets. As shown in Figure
19A, P3H4 is mainly expressed in mesenchymal cells including fibroblasts,
PLIN2* fibroblasts, myofibroblasts, mesothelial cells and HAS1"9" fibroblasts.
P3H4 is also expressed in KRT57/KRT17* epithelial cells and its expression in-
creased in ILD. Importantly, P3H4 is highly expressed in HAS1"d" fibroblasts,
newly emerging fibroblast population in ILD. The data also shows the increased
expression of P3H4 in myofibroblasts and MUC5ACM9" epithelial cells in ILD, and,
interestingly, less expression of P3H4 in macrophages both in ILD and control.
Furthermore, according to the same scRNA-seq dataset, FKBP10 is also mainly
expressed in mesenchymal cells including fibroblasts, PLIN2+ fibroblasts,
smooth muscle cells, myofibroblasts, mesothelial cells and HAS1"9" fibroblasts.
Most importantly, FKBP10 is highly expressed in HAS1"9" fibroblasts in ILD. In-
terestingly, the data shows the expression of FKBP10 in macrophages both in
ILD and control (Figure 19B).
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Figure 19: ScRNA-seq analysis of PF and control lung samples shows the gene ex-
pression of P3H4 and FKBP10 among different cell clusters. A) Gene expression of P3H4
across different cell types in control and PF lungs. B) Gene expression of FKBP10 across
various cell types in control and PF lungs. Gene expression of FKBP10 and P3H4 has been
visualized in the form of bar graph. Each bar is split by disease status; IPF and control. y-
axis indicates normalized gene expression. The figure has been modified from IPF Cell atlas

(http://www.ipfcellatlas.com/) using Banovich and Kropski's dataset by clustering cells into

cell types such as endothelial, epithelial, mesenchymal, immune cells.
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3.1.8 FKBP10 and P3H4 colocalize with HAS1 in phLFs

Based on the publicly available dataset provided by Banovich and Kropski, we
further investigated the colocalization of P3H4 and FKBP10 with HAS1 in phLFs
by immunofluorescence staining in the absence and presence of TGF-$1(2
ng/ml) (48h). TGF-B1 treatment strongly induced HAS1 expression in phLFs. As
shown in Figure 20A, HAS1 colocalized with a-SMA in some sub-population of
phLFs and the expression of HAS1 and a-SMA was found to be upregulated in
presence of TGF-B1 with little expression in absence of TGF-1. Next, the colo-
calization of P3H4 and HAS1 was assessed by immunofluorescence staining in
phLFs. Images by immunofluorescence staining of phLFs showed the colocaliza-
tion of P3H4 and HAS1, as well as increased expression of HAS1 in presence of
TGF-B1(Figure 20B). We further assessed the colocalization of FKBP10 and
HAS1 by immunofluorescence staining in phLFs. Images by immunofluorescence
staining of phLFs showed colocalization of FKBP10 and HAS1, as well as, as
previously shown, the increased expression of HAS1 in presence of TGF-B1 (Fig-
ure 19B). The immunofluorescence staining of phLFs performed following the
identical staining protocol without adding the primary antibody served as a nega-

tive control in this experiment (Figure 20A, 20B and 20C).
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Figure 20: Colocalization of P3H4, FKBP10 and a-SMA with HAS1 in phLFs. A) Immunoflu-
orescence staining of HAS1 and a-SMA in phLFs in the absence and presence of TGF-$1(2
ng/mL) B) Immunofluorescence staining of HAS1 and P3H4 in phLFs in absence and presence
of TGF-B1 C) Immunofluorescence staining of HAS1 and FKBP10 in phLFs in absence and pres-
ence of TGF-B1 (n=1). The white square represents the area of interest, which was then magnified
at the bottom of each image. Representative FKBP10, P3H4 and a-SMA immunostaining are
shown in green, and HAS1 in red. DAPI staining is shown in blue. Negative controls were carried
out by using the identical staining protocol without adding the primary antibody. Images were ac-

quired using confocal microscopy(20X). Scale bar: 50 um.
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3.1.9 P3H4 colocalizes and interacts with FKBP10 in phLFs

We further investigated the colocalization of P3H4 and FKBP10 in phLFs by im-
munofluorescence staining in the presence and absence of TGF-1(2 ng/ml.)
(48h). P3H4 was detected in the nucleus and cytoplasm of phLFs. It also colocal-
ized with FKBP10, mainly in the cytoplasm. Treatment of TGF-B1 did not affect
this colocalization (Figure 21A and 21B). Furthermore, direct interaction and col-
ocalization of P3H4 and FKBP10 were assessed by PLA in phLFs. Images from
PLA showed in situ localization of FKBP10 and P3H4 interaction in phLFs. De-
tected PLA signal for P3H4 is representing the close proximity to FKBP10. The
interaction between the two proteins is indicated by red fluorescence. The previ-
ously reported positive interaction of ER protein 57 (ERp57), COL6A1 and
COL6A3 with FKBP10, was used as a positive control in this experiment (Knuppel
et al., 2018b). Golgin97, that has previously been shown not to interact with

FKBP10, was used as a negative control (Figure 21C).
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Figure 21: Colocalization and direct interaction of P3H4 with FKBP10 in phLFs. A) Immu-
nofluorescent staining of FKBP10 and P3H4 in phLFs in absence of TGF-1 B) Immunofluores-
cent staining of FKBP10 and P3H4 in phLFs in presence of TGF-B1. White arrows specify exam-
ples of colocalization of P3H4 with FKBP10 (n=4). The white square represents the area of inter-
est, which was then magnified at the bottom of each image. FKBP10 immunostaining is shown in
green, and P3H4 in red. Negative controls were carried out by using the identical staining proto-
col without adding the primary antibody. C) Representative images of in situ localization of
FKBP10 and P3H4 interaction, COL6AL (positive control), COL6A3 (positive control), ERp57
(positive control) and Golgin97 (negative control) and was investigated by PLA. White arrows
specify examples of positive interaction of FKBP10 with P3H4. The interaction between the two
proteins is indicated by red fluorescence (n=3). DAPI staining is shown in blue. Images were

obtained by confocal microscopy (20X). Scale bar: 50 pm.

66



3.1.10 Knockdown of P3H4 decreases the expression of FKBP10 in phLFs

We further determined the effect of the P3H4 knockdown, by using siRNA, on
the expression of FKBP10 in phLFs in absence and presence of TGF-B1 (2
ng/mL) (48h) (Figure 22A). Densitometric quantification of P3H4 protein levels
revealed that P3H4 was significantly downregulated after silencing by using
siRNA in the absence and presence of TGF-B1 (Figure 22B). Surprisingly, WB
analysis of P3H4 knockdown in phLFs showed significant downregulation of
FKBP10 in presence of TGF-B1. Expression of FKBP10 in absence of TGF-1
appeared to be less affected by the knockdown of P3H4 in phLFs (Figure 22A
and 22B). In addition, upon P3H4 knockdown and 48 hours of TGF[-1 treatment,
the transcript levels of FKBP10 were then assessed in phLFs. Interestingly, gRT-
PCR did not reveal significant FKBP10 gene expression changes with P3H4

knockdown neither in absence nor in presence of TGFB-1 (Figure 22C).
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Figure 22: Downregulation of FKBP10 following P3H4 knockdown in phLFs. A) Effect of
P3H4 knockdown in phLFs treated with TGF-B (2.0 ng/ml) (48h). A representative WB analysis
for identification of P3H4 and FKBP10 is shown. WB analysis showed downregulation of FKBP10
with P3H4 knockdown in phLFs. One of the representative blots from completely independent
experiments is shown here(n=4). As a loading control, B-actin (ACTB) was used. B) Densitomet-
ric quantification of protein levels of P3H4 and FKBP10 in the absence and presence of TGF-1.
The paired two-tailed t-test was used for statistical analysis. C) gRT-PCR analysis shows tran-
script levels of FKBP10 after knockdown of P3H4 with TGF-B1 treatment (48h) in phLFs. The
data shown are based on four(n=4) independent experiments. One-way ANOVA with Tukey's
multiple comparison test was used for statistical analysis. Scrambled siRNA was used as a con-
trol. The data are presented as mean + SEM. *P<0.05, **P <0.01, ***P, < 0.001. ctrl = control.
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3.1.11 Knockdown of P3H4 reduces the secretion and expression of
collagen in phLFs

Here, we examined the effect of the knockdown of P3H4, by using siRNA, on the
expression of collagen |, as well as on the total collagen secretion in phLFs in
absence and presence of TGF-1 (2 ng/mL). Surprisingly, WB analysis of P3H4
knockdown in phLFs showed downregulation of collagen | protein levels in ab-
sence and presence of TGF-B1 (Figure 23A). Densitometric quantification of col-
lagen | protein levels revealed that collagen | was significantly downregulated
after P3H4 knockdown using siRNA in the absence and presence of TGF-B1 (Fig-
ure 23B). Moreover, upon P3H4 knockdown and 48 hours of TGFB-1 treatment,
the transcript levels of collagen | were then assessed in phLFs. gRT-PCR analy-
sis showed significant downregulation of collagen | with knockdown of P3H4 after
48h TGF-B1 treatment in phLFs. Interestingly, qRT-PCR did not reveal significant
changes in collagen | gene expression with P3H4 knockdown in the absence of
TGFB-1 (Figure 23C). Lastly, we determined levels of secreted collagen in this
experiment. To quantify the total secreted collagen in phLFs, we performed the
Sircol assay after knockdown of P3H4. Interestingly, P3H4 deficiency significantly
reduced the collagen secretion in phLFs in both the absence and presence of
TGF-B1 (Figure 23D).
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Figure 23: Down-regulation of collagen | and decreased total collagen secretion following
P3H4 knockdown in phLFs. A) Effect of P3H4 knockdown in phLFs treated with TGF-f1. A
representative WB analysis for identification of P3H4 and collagen | is shown. WB analysis
showed down-regulation of collagen | with P3H4 knockdown in phLFs. One of four (n=4) repre-
sentative blots from completely independent experiments is shown here. The same blots for P3H4
and ACTB are used in this figure and Figure 22A, and the results shown are from the same
experiment. As a loading control, B -actin (ACTB) was used. B) Densitometric quantification of
collagen | protein levels in the absence and presence of TGF-B1. For statistical analysis, the
paired two-tailed t-test was used C) gRT-PCR analysis shows transcript levels of collagen 1A1.
After knockdown of P3H4 with TGF-B1 treatment(48h) in phLFs. The data presented are based
on four(n=4) independent experiments. One-way ANOVA with Tukey's multiple comparison test
was used for statistical analysis D) Sircol assay results for determining total released collagen in
cell culture supernatant following P3H4 knockdown with treatment of TGF-B1 (48h). The data
presented are based on four(n=4) independent experiments. Scrambled siRNA was used as a

control. Data are presented as mean + SEM. *P <0.05, **P <0.01, **P, < 0.001. ctrl = control.
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3.1.12 Knockdown of P3H4 reduces the expression of profibrotic markers
in phLFs

We further determined the effect of the P3H4 knockdown, by using siRNA, on the
expression of profibrotic mediators, including a-SMA and FN, as well as
CTHRC1, a marker for pathologic fibroblasts in pulmonary fibrosis (J. Jin et al.,
2019; Tsukui et al., 2020b) were determined in phLFs in absence and presence
of TGF-B1 (2 ng/mL) (Figure 24A). CTHRC1 gene expression has been shown
to be upregulated in IPF lung tissues relative to control lung tissues and regulated
collagen deposition (J. Jin et al., 2019; Leclére et al., 2020). In addition, CTHRC1
contains a collagen-like domain which sparked our interest in the first place.

As FKBP10 interacts with collagen | (Ishikawa et al., 2008), we hypothesized that
FKBP10 may affect CTHRCL1 expression. However, we did not identify any major
changes in expression of CTHRC1 following knockdown of FKBP10. But, surpris-
ingly, WB analysis of P3H4 knockdown in phLFs showed significant downregula-
tion of CTHRCL1 in presence of TGF-B1. CTHRCL1 expression in absence of TGF-
B1 appeared to be less affected by the knockdown of P3H4 in phLFs. Moreover,
densitometric quantification and WB analysis of a-SMA showed significant down-
regulation of a-SMA protein levels with knockdown of P3H4 in presence of TGF-
B1. In addition, WB analysis of lung fibroblasts revealed downregulation of FN
protein levels with knockdown of P3H4 in both the absence and presence of TGF-
B1 (n=2) (Figure 24A and 24B). In addition, upon P3H4 knockdown and 48 hours
of TGFB-1 treatment, the transcript levels of a-SMA, FN, and CTHRC1 were then
assessed in phLFs. However, the gene expression of a-SMA, FN, and CTHRC1
was not changed significantly following P3H4 knockdown neither in absence nor
in presence of TGFB-1 in phLFs (Figure 24C).
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Figure 24: Downregulation of a-SMA, CTHRC1, and FN following P3H4 knockdown in
phLFs. A) P3H4 knockdown effects in phLFs treated with TGF-$ (2.0 ng/ml)(48h). A representa-
tive WB analysis for identification of P3H4, a-SMA, CTHRC1, and FN is shown. WB analysis
showed downregulation of a-SMA, FN, and CTHRCL1 in protein levels with P3H4 knockdown in
phLFs. One of the representative blots from independent biological experiments is shown
here(n=4), except for FN (n=2). The same blots for P3H4 and ACTB are used in this figure, Figure
22A and Figure 23A, and the results shown are from the same experiment. As a loading control,
B-actin (ACTB) was used. B) Densitometric quantification of a-SMA, CTHRC1, and FN protein
levels in the absence and presence of TGF-1. C) gRT-PCR results shows transcript levels of a-
SMA, CTHRC1, and FN after knockdown of P3H4 with TGF-B1 treatment in phLFs. The data
presented are based on four(n=4) independent experiments. Scrambled siRNA was used as a
control. One-way ANOVA with Tukey's multiple comparison test was used for statistical analysis.
Data are presented as mean + SEM. *P <0.05, **P <0.01, ***P, < 0.001. ctrl = control.
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3.2 Chapter 2: Effect of P3H1 deficiency on the expression of
collagen biosynthetic enzymes and on type | collagen
PTMs

3.21 Type |l collagen isolated from WT and P3H1 null mouse tail tendon is
>99% pure and yields similar chain stoichiometries

We first isolated collagen Type | from P3H1 null and WT mouse tail tendon to
identify and characterize it. Next, we compared commercially available rat tail
collagen with internally extracted mouse collagen type |. The coomassie staining
of purified collagen type | from mouse and rat tail tendon was done by loading
decreasing concentrations of the same sample for each. As shown in Figure 25A,
the extracted collagen from the described internal procedure was as pure as com-
mercially available rat tail collagen (obtained by iBAQ) (Figure 25A). Equivalent
amounts of type | collagen were then resolved on a 7.5% SDS-PAGE gel. After
that, SDS-polyacrylamide gel electrophoresis was used to analyze and Coo-
massie blue was used to stain the purified type | collagen. Coomassie staining
revealed several chains, and the band pattern for P3H1 null and WT mice was
comparable (Figure 25B). By using tandem mass (MS/MS) spectrometry, we fur-
ther examined the stoichiometry of alpha chains and the composition of type |
collagen (Figure 25C). MS/MS and SDS-PAGE analysis did not reveal differ-
ences in overall composition of type | collagen. Intensity-based absolute quanti-
fication of all proteins detected in purified type | collagen by label-free MS/MS
spectrometry showed that the resulting type | collagen consisted of more than
99% of the collagen chains a1(l) and a2(l) (Figure 25C). Chain stoichiometries
given as a1(l): a2(l) obtained by iBAQ were 1.0: 0.90+0.02 for P3H1 null mice
and 1.0: 0.91+0.05 for WT mice, which were very similar, but far from the ex-
pected chain stoichiometry of 1: 0.5 (Merl-Pham et al., 2019).
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Figure 25: Identification of type | collagen from mouse tail cartilage of P3H1 null and WT
mice. A) Direct comparison of commercial rat tail collagen with internally produced mouse type |
collagen. Coomassie staining of purified collagen type | from rat tail tendon and mouse tail tendon
(decreasing concentrations of the same sample for each). B) Coomassie staining of purified col-
lagen type | from tail tendon of P3H1 null mice and WT controls. C) Intensity-based absolute
quantification of all proteins detected in purified type | collagen by label-free MS/MS spectrometry
reveals high purity of collagen type | (>99%) consisting of al and a2 chains.
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3.2.2 Collagen type l isolated from WT and P3H1 null mouse tail tendon
displays increased proline and lysine hydroxylation levels

Furthermore, we quantified Pro, 4-Hyp, 3-Hyp, Lys, and HyL relative to the total
amount of Pro (Pro + 3-Hyp + 4-Hyp) or Lys (HyL+ Lys) residues in order to better
characterize collagen type | from P3H1 null and WT mouse tail tendon. Surpris-
ingly, P3H1 null mice had higher levels of the rare collagen PTM 3-Hyp, which
increased from 1.5% of total proline count in WT mice to 1.9% in P3H1 null mice
(Figure 26A). Similarly, we identified a slight but significant increase in 4-Hyp in
P3H1 null (Figure 26A) relative to WT mice. Lastly, we also observed increased
levels of HyL in P3H1 null mice (Figure 26B). Thus, P3H1 deficiency increased

overall collagen modification, including prolyl-3, prolyl-4, and lysyl hydroxylation.
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Figure 26: Amino acid analysis of collagen type | from P3H1 null and WT mouse tail tendon
A) Amino acid analysis-based quantification of Pro, 4-Hyp and 3-Hyp. B) Amino acid analysis-
based quantification of Lys and HyL. Unpaired t-test was used for statistical analysis (n=4). *,

p<0.05; **, p<0.01; **** p<0.0001.
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3.2.3 P3H1 deficiency increases expression of collagen type | and
induces compensatory expression of collagen biosynthetic proteins

Considering the numerous quantitative changes in levels of multiple collagen
PTMs, we hypothesized that these effects could be explained by compensatory
gene expression of collagen biosynthetic enzymes. Although it is critical to better
understand the magnitude, impact, and complexity of molecular collagen
changes induced by P3H1 deficiency, no comprehensive analysis of potential
compensatory gene expression of collagen biosynthetic enzymes has been per-

formed until now.

For this, we started by isolating tenocytes from P3H1 null mice and WT litterma-
tes. The expression of genes encoding type | collagen, lysyl hydroxylases (LH1,
LH2, and LH3), prolyl-3- hydroxylase (P3H1, P3H2, P3H3, P3H4), and prolyl-4-
hydroxylase (P4HALl, P4HA2, P4HA3) family members, glycosyl transferases
(GLT25D1 and GLT25D2), the collagen chaperone FKBP10, CRTAP, and PPIB
was then investigated.

We confirmed P3h1 deletion on transcript levels in P3H1 null mice. Collal,
P4ha2, and Lh2 showed significantly higher expression, while all other genes
except P3h2, Lhl, and P4ha3 showed a trend for higher transcript levels (p<0.1)
(Figure 27A). As shown in Figure 27B, the deletion of P3H1 was also confirmed
by WB analysis. Moreover, WB analysis showed that type | collagen, P3H3, and
FKBP10 were upregulated at the protein level. Also, in contrast to unaltered P3h2
transcript levels, a strong upregulation of P3H2 on the protein level was observed.
PPIB protein levels, however, remained unchanged. Overall, significant compen-
satory upregulation of collagen biosynthetic machinery components was ob-

served in tenocytes from P3H1 null mice.
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Figure 27: Analysis of gene expression of collagen biosynthetic enzymes in tail tendon
from P3H1 null and WT mice. A) gRT-PCR analysis shows relative abundance as well as
changes in transcript levels of Collagen 1lal, P3H1, P3H2, P3H3, P3H4, P4HAL, P4HA2, PAHAS,
LH1, LH2, LH3, GLT25D1, GLT25D2, FKBP10 and CRTAP in P3H1 null and WT mice tenocytes.

Data is given as —AC, normalized to levels of Gapdh mRNA. Unpaired t-test was used for statis-

tical analysis and absolute p-values are given, when P<0.1. *, P<0.05; **, P<0.01; **** P<0.0001.
B) Representative WB analyses for detection of type | collagen and selected collagen biosynthetic
enzymes (P3H2, P3H3, FKBP10, PPIB) in P3H1 null and WT mice tenocytes are shown. As a

loading control,  —actin(ACTB) was used.
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4. Discussion

In the present study, we showed that P3H4, a critical component of the ER resi-
dent complex, was strongly downregulated as a result of FKBP10 deficiency in
mouse embryonic lungs. Similarly, the knockdown of FKBP10 resulted in the
downregulation of P3H4 in phLFs and vice versa. Importantly, TGF-B1 induced
P3H4 expression in phLFs. P3H4 expression was increased in fibrotic mouse
lungs, in IPF lung extracts, as well as in lung tissue from IPF patients. This is the
first study showing that P3H4 is upregulated in IPF. P3H4 was mainly expressed
in interstitial fibroblasts, as well as in epithelial cells and alveolar macrophages.
Interestingly, FKBP10 and P3H4 colocalized and interacted in phLFs, as well as
in fibrotic tissue sections from IPF patients and bleomycin-treated mice. Further-
more, P3H4 and FKBP10 colocalized with HAS1, which was induced by TGF-£31
in phLFs. P3H4 and FKBP10 colocalized in bleomycin-treated fibrotic mouse
lungs mainly in the fibrotic regions, and, additionally, P3H4 was found to be ex-
pressed alone in some regions without colocalization with FKBP10. More im-
portantly, the knockdown of P3H4 in phLFs decreased the synthesis and secre-
tion of collagen and decreased the expression of profibrotic mediators and effec-

tors.

In contrast, the results from P3H1 null and WT mouse tail tendon experiments
revealed an increase in type | collagen expression, compensatory induction of
several genes with P3H1 deficiency, as well as numerous changes in type | col-
lagen PTMs, including an increase in overall proline and lysine hydroxylation.
Importantly, upregulation of type | collagen, P3H2, P3H3, and FKBP10 was also
observed on the protein level. Therefore, this study indicated very different out-
comes regarding collagen biosynthesis when blocking expression of P3H1 ver-
sus P3H4. These findings show, for the first time, the investigation of P3H4 reg-
ulation and function in lung fibrosis, the critical role of P3H4 in collagen biosyn-
thesis and secretion in lung fibroblasts, as well as highlight inhibition of P3H4 as
a potential novel therapeutic strategy in pulmonary fibrosis. Targeting P3H1, in
contrast, may promote collagen biosynthesis and lead to a disadvantageous col-
lagen PTM profile. The study thus emphasizes the importance of selective inhibi-

tion of specific collagen biosynthetic enzymes.
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Similar to all other fibrotic diseases, IPF is characterized by increased ECM dep-
osition and tissue remodeling. Although there is multiple evidence of changed
ECM composition in IPF, the structural and molecular changes that occur in col-
lagens during collagen biosynthesis in this disease are not well known. The de-
posited collagen also demonstrates qualitative post-translational changes such
as cross-linking, prolyl and lysyl hydroxylation (Booth et al., 2012; Kristensen et
al.,, 2014; C.A. Staab-Weijnitz et al.,, 2019; Tijin, White, Faiz, Sicard,
Tschumperlin, Mahar, Kable, & Burgess, 2017; van der Slot et al., 2003). The
enzymes, chaperones, and many other proteins responsible for these modifica-
tions are abnormally regulated during the development of pulmonary fibrosis
(Booth et al., 2012; Organ et al., 2019; Piersma & Bank, 2019; Shao et al., 2020;
X. Zhang et al., 2021). Several types of collagen are identified as playing critical
roles in IPF pathogenesis. Ultimately, targeting pathological collagen biosynthe-
sis and deposition is a promising treatment strategy for pulmonary fibrosis
(Jessen etal., 2021; Lei et al., 2016; L. Liu et al., 2021; Claudia A. Staab-Weijnitz,
2022; Yang et al., 2022), but it remains unclear which components of the collagen

biosynthetic machinery can be safely targeted.

4.1 Interaction and reciprocal regulation of P3H4 and FKBP10
in the lung

FKBP10, a collagen chaperone and peptidyl-prolyl-isomerase, has previously
been described as a novel therapeutic target for IPF. In the same study, FKBP10
knockdown was shown to inhibit collagen secretion with the same efficiency as
Nintedanib (Claudia A. Staab-Weijnitz et al., 2015a). The transcriptomic and pro-
teomic analysis from global FKBP10 knockout embryonic mouse lung, kindly pro-
vided by Caressa D. Lietman and Brendan Lee (Lietman et al., 2014), showed
strong downregulation of P3H4 with FKBP10 deficiency in both protein and tran-

script levels.

Mutations in FKBP10 and P3H4 have been linked to collagen-related disease
and the FKBP10 gene is located less than 900 base pairs from P3H4 exon 1.

This strongly suggests that both genes share common regulatory elements. In
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this knockout mouse model, to avoid the risk of impacting P3H4 expression, ra-
ther than targeting exon 1, LoxP sites were introduced to flank the 2-6 exons of
FKBP10 (Heard et al., 2016b; Lietman et al., 2014). In a study carried out using
this FKBP10 knockout mouse model, FKBP10 deficiency resulted in alteration in
collagen cross-linking and synthesis and PTM of collagen type |, and led to re-
cessive osteogenesis imperfecta, a genetic connective tissue disorder (Lietman
etal., 2014, 2017). In agreement, FKBP10 has been shown to complex with LH2,
which facilitates the activity of lysine hydroxylation in the non-collagenous telo-
peptide regions of collagen and promotes its activity. FKBP10 deficiency results
in altered collagen cross-linking (Duran et al., 2017b; Onursal et al., 2021; Ulrike
Schwarze et al., 2013). Similar to FKBP10, previous studies showed that loss of
P3H4 leads to the instability of the ER complex (P3H4/P3H3/LH1/PPIB) and re-
sults in unstable collagen with reduced extracellular cross-linking due to de-
creased lysyl hydroxylation, by affecting LH1 in the triple-helical collagenous re-
gions during collagen biosynthesis (Duran et al., 2017b; Onursal et al., 2021).
Another study showed that P3H4 protein is essential for LH1 activity, but, not for
LH2 (Heard et al., 2016a; Zimmerman et al., 2018). Our results indicate FKBP10
as a potential indirect modulator of lysine hydroxylation of helical regions by LH1
in addition to telopeptide regions by LH2, as FKBP10 may indirectly affect LH1
activity by leading to downregulation of P3H4.

We further confirmed the downregulation of P3H4 with FKBP10 deficiency in
phLFs. Similar to P3H4 downregulation in FKBP10-deficient mice, FKBP10
knockdown in phLFs resulted in P3H4 downregulation in both protein and tran-
script levels in absence of TGF-B1. These findings demonstrate that this coregu-
lation is also relevant in human samples. Interestingly, the effect of FKBP10
knockdown on P3H4 expression on protein level was partly counteracted by TGF-
B1 treatment. The findings support the idea that TGF-B1 may regulate P3H4 ex-
pression. TGF-B1, the main mediator of fibrogenesis, is upregulated in all types
of fibrosis, and its role in modulating fibroblast function and myofibroblast trans-

differentiation is well established (Biernacka et al., 2011; Meng et al., 2016).

We have investigated in situ localization of FKBP10 and P3H4 interaction in
phLFs and in fibrotic mouse lungs from human and mouse. In recent sScCRNA-seq

studies, the accumulation of profibrotic fibroblast populations, including Axinhioh,
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PDGFR"e" CTHRC1"9", PDGFRbM9", and HAS1"9" in IPF fibrotic lesions was
investigated(Gajjala et al., 2023; Habermann et al., 2020; Tsukui et al., 2020a;
Zepp et al., 2017; M. Zhao et al., 2018). These scRNA-seq studies in both hu-
mans and mice have demonstrated that the fibroblasts populations in IPF differ
from healthy lungs in terms of morphology and function. These findings suggest
that the excessive ECM accumulation seen in fibrosis may be mediated by any
or all sub-populations (Habermann et al., 2020; Nemeth et al., 2020). As men-
tioned previously, Habermann et al. reported multiple fibroblast subtypes, includ-
ing a unigue HAS1M9" ECM-producing fibroblast population, in addition to myofi-
broblasts, which is highly enriched in lungs from IPF patients. This new fibroblasts
population seemed to be localized to the nearby subpleural areas, where fibrotic
foci are typically identified first (Habermann et al., 2020). Moreover, it has been
shown that HAS1M9" fibroblasts express FKBP10 and P3H4 (Habermann et al.,
2020). In agreement, we have shown the colocalization of FKBP10 and P3H4
with HAS1 in phLFs. These findings imply that targeting P3H4 may be promising
strategy for treatment of IPF. In addition, the effects of FKBP10 on ECM regula-
tion may require P3H4. Therefore, the interaction may be part of the collagen
biosynthetic machinery and thus targetable.

Furthermore, the colocalization of P3H4 and FKBP10 in phLFs in both presence
and absence of TGF-B1 was confirmed by immunofluorescent staining. FKBP10
has previously been identified as an ER localized protein that was weakly de-
tected in both the nuclear and cytosolic extracts of phLFs (Claudia A. Staab-
Weijnitz et al., 2015a), while P3H4 was detected in the cytoplasm, where it par-
tially colocalized with FKBP10, and in the nucleus of phLFs. P3H4 localization
proposed in the literature to date, however, includes either only the nucleus or, in
some studies, only the ER. P3H4 has originally been identified as localized to the
nucleolus (Ochs et al., 1996). In contrast, a previous study identified P3H4 as an
ER localized protein that does not reside in the nucleus (Gruenwald et al., 2014).
In our study, the immunofluorescent staining provided important novel evidence
for P3H4 localization in phLFs, namely that P3H4 may shuttle between the cyto-
plasm and the nucleus. Since TGF-31 treatment had no remarkable effect on the
colocalization of FKBP10 and P3H4, our findings suggest that the interaction is

not affected by pathological profibrotic conditions. Furthermore, as FKBPs are
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known to bind nuclear receptors in the cytoplasm, delaying their nuclear translo-
cation (Tatro et al., 2009), future work should assess whether FKBP10 se-

questers P3H4 in the cytoplasm, preventing its translocation to the nucleus.

Knockdown of P3H4 in phLFs decreased FKBP10 levels on both protein and
transcript level. Changes in FKBP10 transcript level, however, were not as sig-
nificant as changes in protein level, implying that P3H4 regulates FKBP10 ex-
pression mainly on the protein level, and that FKBP10 protein stability is regu-
lated by P3H4.

Our findings indicate the possibility of reciprocal regulation of P3H4 and FKBP10
in the lung. Therefore, P3H4 may mediate some of the previously identified
FKBP10-regulating effects on the ECM, and downregulating P3H4 may enhance
the antifibrotic effects of FKBP10 inhibition in lung fibroblasts.

Furthermore, as previously stated, FKBP10 has four PPlase domains and only
one of those four PPlase domains can be inhibited by FK506 (Zeng et al., 1998).
This raises the question of whether FK506 can inhibit FKBP10 and thus exhibit
antifibrotic effects. It also suggests that inhibiting FKBP10 may be more challeng-
ing. Moreover, prior studies have revealed that FKBP10 deficiency results in a
severe form of osteogenesis imperfecta (Barnes et al., 2012; Steinlein et al.,
2011; Tong & Jiang, 2015). However, P3H4 is consisting of one tetratricopeptide
repeat (TPR) domain, which is presumed to be the protein-protein interaction do-
main (Gruenwald et al., 2014; Heard et al., 2016b; Ishikawa et al., 2017; Ishikawa
& Béachinger, 2013a; M. Zimmerman et al., 2018). Importantly, P3H4 deficiency
in mice exhibited a reduced bone mass phenotype that affected both the cortical
and trabecular compartments, but it was not associated with osteogenesis imper-
fecta, at least not with the severe form (Forlino et al., 2011; Gruenwald et al.,
2014; Heard et al., 2016b). In light of the available studies and our findings, tar-
geting P3H4 may have less severe side effects, therefore be a more promising
approach to prevent the progression of IPF disease since it would have a milder

effect on bone synthesis.
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4.2 Role of P3H4 as a novel modulator of collagen biosynthesis
in lung fibroblasts and an important regulator of the ECM in
the lung

P3H4 is mainly associated with post-transcriptional collagen modification of col-
lagen chains in the ER (Gjaltema & Bank, 2017; Heard et al., 2016b). Earlier
studies demonstrated that P3H4 deficiency promotes a partial loss of LH1 protein
and function, under-hydroxylation of helical lysine residues, and a reduction in
collagen lysine hydroxylation resulting in defective collagen cross-linking
(Gruenwald et al., 2014; Heard et al., 2016b; Onursal et al., 2021), that can be
altered independently of collagen secretion or synthesis. Importantly, we showed
that knockdown of P3H4 in phLFs decreased collagen levels both on protein and
transcript levels. Moreover, we further demonstrated that knockdown of P3H4 in

phLFs reduced total collagen secretion in cell culture supernatant.

In a recent study it was shown that P3H4 knockdown reduced N-cadherin protein
levels (a marker of ongoing epithelial-to-mesenchymal transition) and Vimentin,
inhibited bladder cancer cell invasion and migration by blocking the EMT process,
and increased the E-cadherin protein levels in bladder cancer cells (Hao et al.,
2020). Since EMT plays a critical role in IPF development (Di Gregorio et al.,
2020; Hill et al., 2019; Salton et al., 2019; Zhou et al., 2016) and the most im-
portant sign of EMT is decreased expression of E-cadherin, as well as an in-
crease N-cadherin, vimentin, and FN expression, these findings may indirectly
point to the involvement of P3H4 in lung fibrosis (Chilosi et al., 2017; Hao et al.,
2020; Hill et al., 2019; Salton et al., 2019; B. C. Willis, 2006; Brigham C. Willis et
al., 2005). ETV4, which also transcriptionally regulates some of the MMPs, has
been demonstrated to specifically binds to the P3H4 promoter and activates the
transcription of P3H4 (Hao et al., 2020; X. Jin et al., 2021), may suggest that
ETV4 transcriptionally regulates the expression of P3H4 in lung fibrosis. In line
with this hypothesis, P3H4 was initially identified as a nucleolar protein and an
autoantigen in interstitial cystitis cases, a condition that is also characterized by
fibrosis and profibrotic changes that are linked to the positive regulation of genes
collagen | and Ill, as well as FN in smooth muscle cells, which is mediated by
TGF-B1 (Brossard et al., 2022; Ochs et al., 1996). Interestingly, we observed that
deficiency of P3H4 decreased the expression of the TGF-B-induced proteins FN
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and a-SMA. The molecules localizing to the ECM and basement membrane in-
cluding PDGFRa and ITGA11 have been shown to coexpress with P3H4 and
suggested to be the direct target of P3H4 (X. Jin et al., 2021). Interestingly,
PDGFR+ and SMA+ cells have been shown to contribute to lung fibrosis by pro-
ducing collagen, as well as ITGA11 knockdown significantly reduced the contrac-
tility of collagen | matrices (Bansal et al., 2017; Barkauskas et al., 2013; Biasin et
al., 2020). We have demonstrated that ECM proteins including FN and Collagen
| are decreased upon P3H4 deficiency. Overall, these findings are consistent with
our findings and might indicate that P3H4 contributes to the deposition of the
ECM by increasing collagen and other ECM protein production and that P3H4
deficiency changes ECM topography.

Moreover, we showed that knockdown of P3H4 in phLFs reduced the TGF-31-
induced protein expression of profibrotic mediator CTHRC1. Prior studies
showed that CTHRC1 functions as a cell type-specific inhibitor of TGF-1, which
in turn affects the deposition of types | and Il collagen, and the dedifferentiation
of smooth muscle cells (Binks et al., 2017; LeClair et al., 2007). Recent studies,
however, found that TGF-B1 induced CTHRC1 expression in phLFs, which was
then inhibited by Pirfenidone (J. Jin et al., 2019; Leclere et al., 2020). CTHRC1,
which contains a collagen-like domain, has been shown to be upregulated in IPF
lung relative to control lung tissue and regulated collagen deposition. Thus,
CTHRC1 has been suggested to be used for developing new therapeutic targets
for IPF (J. Jin et al., 2019; Leclére et al., 2020). Moreover, using sScCRNA-Seq,
researchers discovered collagen-producing cell subpopulations that are concen-
trated within fibroblastic foci and are characterized by CTHRC1 expression in fi-
brotic lungs (Tsukui et al., 2020b). Another study found that fibrosis in both
COVID-19 and IPF can be triggered by activated fibroblasts, which are identified
by the specific expression of several genes, such as CTHRC1, COL3A1, and
COL1AL. Besides the fact that the expression levels in normal control lungs was
negligible, CTHRC1-positive cells have been shown to contribute to tissue fibro-

sis by producing excessive amount of ECM (Pérez-Mies et al., 2022).

TGF-B is known to activate receptor-associated SMAD proteins (SMAD2 and

SMAD3), which in turn stimulate collagen expression in a wide range of cells.
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SMAD4 forms an oligomer with activated SMAD2/3. When the complex translo-
cates to the nucleus, it regulates the expression of TGF-B induced genes, also
including CTHRCL1. Interestingly, it has been demonstrated that increased
CTHRC1 levels eventually reduce TGF-B signaling by inhibiting SMAD2/3 phos-
phorylation, that might result in SMAD2/3 degradation (Binks et al., 2017;
Myngbay et al., 2021). In another study, CTHRC1 has been shown to promote
the degradation of phospho-SMAD3, but had no effect on the induction of phos-
pho-SMAD2 or phospho-SMAD3 (Bian et al., 2015). A recent study suggested
that CTHRC1 may have a synergistic effect with TGF-f in the early activation of
fibroblasts. In the same study, CTHRCL1 overexpression in keloid fibroblasts in-
hibited YAP nucleus translocation and promoted its cytoplasm translation, as well
as downregulated TGF- signaling by increasing the degradation of phospho-
Smad2/3 (M. Zhao et al., 2018). Interestingly, YAP was found to be one of the
most downregulated proteins with FKBP10 deficiency in our proteomic analysis.
Overall, these findings point to a crucial negative feedback regulatory loop in
which TGF-B induces CTHRC1, which can reduce fibrosis by speeding up the
degradation of phospho-Smad3. Moreover, the data may suggest the ability of
CTHRC1 to inhibit phosphorylation of SMAD2 and SMAD3 gives it the potential
to reduce gene expression, including P3H4, by this pathway. Given that we only
demonstrated changes in CTHRC1 expression on the protein level, a degradation
mechanism may be involved in the regulation of CTHRC1 with P3H4 knockdown,
and thus it could be a protein stability issue. Furthermore, CTHRC1 contains a
collagen-like domain that may provide insights into this regulation of expression.
However, a deeper understanding of the molecular mechanisms of these proteins
will contribute to the ongoing development of novel treatments for this otherwise

progressive and irreversible disease.

4.3 Expression and distribution of P3H4 in lung fibrosis

P3H4 has mostly been studied in the context of bone and previous research on
P3H4 has shown that P3H4 is involved in a wide range of pathological and phys-
iological processes including connective tissue defects (Fang et al., 2022; Hao et
al., 2020; Li et al., 2018). An earlier study showed that P3H4 is expressed and
functional during skeletal development, and P3H4 deficiency leads to progressive
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osteopenia (Gruenwald et al., 2014). P3H4 is mainly expressed in bone, and car-
tilage (Heard et al., 2016b; M. Zimmerman et al., 2018).

Furthermore, in one study, it was found that the proteins that were upregulated in
response to P3H4 overexpression were primarily enriched in pathways that reg-
ulate the tumor microenvironment, including focal adhesion, phagosome, and
ECM-receptor interactions, as well as pathways associated with cancer, including
the bladder cancer pathway and the hippo signaling pathway (X. Jin et al., 2021).
Others discovered that P3H4 is overexpressed in bladder cancer tissues and that
P3H4 knockdown suppressed the proliferation, migration, cell cycle, and invasion
of bladder cancer cells (Hao et al., 2020). P3H4 expression in lung fibrosis, how-
ever, has not been studied. Importantly, we showed that TGF-B1 induced P3H4
gene expression in phLFs, as previously demonstrated for the FKBP10 (Claudia
A. Staab-Weijnitz et al., 2015a). This finding supports the application of this cell
culture method for in vitro functional analysis of P3H4 as it demonstrates that
adult phLFs have the ability to increase P3H4 expression under fibrotic condi-

tions.

Studies in lung fibroblasts and bleomycin-induced lung fibrosis in mice revealed
that increased collagen prolyl hydroxylation expression and activity is one of the
critical processes effecting TGF-B-mediated profibrotic mechanisms, and Luo et
al. proposed inhibition of collagen prolyl-4-hydroxylase as a new promising drug

target in pulmonary fibrosis (Luo et al., 2015).

Furthermore, we showed that P3H4 expression was increased in IPF lung ex-
tracts. Subsequently, IF stainings of P3H4 in fibrotic lung tissue from human and
mouse confirmed increased expression of P3H4. This effect is similar to that of
FKBP10, which has been identified as a novel therapeutic target for IPF (Claudia
A. Staab-Weijnitz et al., 2015b) and is controlled by the same promoter and likely
shares the same regulatory elements. P3H4 expression was shown to be in-
creased in human and mouse fibrotic lungs, while P3H4 expression was low in
control mice treated with PBS or donor lungs. In agreement, P3H4 expression
has been found to be lower in alveolar cells and fibroblasts under normal condi-

tions (http://ipfcellatlas.cm/,https://www.proteinatlas.org/).
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Studies have demonstrated different subpopulations of fibroblasts contribute to
lung fibrosis by producing matrix (Habermann et al., 2020; Winters et al., 2020).
In the lungs from IPF patients, a unique subpleural fibroblast population with a
specific expression pattern of growth factors and ECM modulators, which support
ECM expansion, has been identified (Winters et al., 2020). Moreover, a unique
HAS1Ms" ECM-producing population was discovered, which localizes to periph-
eral and subpleural regions and colocalizes with COL1A1 expression. This pop-
ulation is highly enriched in lungs from patients with IPF. ECM genes, which
encode ECM components and are increased in IPF lungs, were found to be highly
expressed in newly identified fibroblast subpopulations (Habermann et al., 2020).
We discovered that P3H4 is mainly expressed in interstitial fibroblasts, as previ-
ously demonstrated for the FKBP10 (Claudia A. Staab-Weijnitz et al., 2015a).
Increased FKBP10 expression in interstitial fibroblasts and localization in fibrotic
foci, which consist of aggregates of fibroblasts and myofibroblasts surrounded by
epithelial cells, regions have previously been demonstrated by immunofluores-
cence stainings, as evidenced by colocalization with a-SMA (Claudia A. Staab-
Weijnitz et al., 2015a). In agreement, as previously mentioned these genes are
also co-expressed in interstitial lung disease, according to previous SCRNA-Seq
data (Habermann et al., 2020). In the corresponding study, HAS1Md" fibroblasts
ECM-producing population expresses FKBP10 and P3H4.

P3H4 was commonly detected in fibrotic regions of bleomycin-treated mouse
lungs, as proven by colocalization with a-SMA. In agreement, increased FKBP10
expression in interstitial fibroblasts and localization in fibrotic foci regions have
previously been demonstrated by immunofluorescence stainings (Staab-Weijnitz
et al., 2015a). Moreover, P3H4 and FKBP10 colocalized in bleomycin-treated fi-
brotic mouse lungs in these fibrotic regions. However, P3H4 was observed to be
expressed independent of FKBP10 in lung epithelial cells without colocalizing
with FKBP10. In the mouse model and the IPF lung sections, these regions were
only P3H4 positive. This data suggests that, despite their commonalities and bi-
directional promoter, FKBP10 and P3H4 do not always coexpress in all cell types,
indicating that different regulatory mechanisms exist. However, further research

is required to establish mechanisms of co-expression and co-regulation of two
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proteins during the fibrotic process. These findings may imply that P3H4 upregu-
lation appears to be associated with the lung function and fibrotic phase, which
are important for applying these findings to IPF. Our study suggests that P3H4
may have a role in synthesis of ECM proteins in phLFs and demonstrates that
P3H4 is expressed by fibroblasts, making it a relevant cell type for further inves-
tigations.

In our study, we discovered the expression of P3H4 in myofibroblasts as well,
as evidenced by colocalization with a-SMA. Myofibroblasts are commonly identi-
fied by expression of a-SMA, and various studies have associated fibrosis with
an increase in collagen secretion of myofibroblasts and a-SMA+ cells in the fi-
brotic lung (X. Liu et al., 2021; K.-H. Sun et al., 2016; Tomasek et al., 2005; Zepp
et al., 2021).

As previously mentioned, macrophages, a major source of TGF-3, promote fibro-
blast proliferation and collagen synthesis by producing growth factors(Guoxiu Liu
et al., 2019; Lucas et al., 2010; Ogawa et al., 2021). Growth factors secreted by
alveolar macrophages can enhance fibroblast accumulation, proliferation, and
activation, resulting in increased extracellular matrix synthesis in the lung. Emerg-
ing evidences indicating pro-fibrotic role of macrophages and their involvement
in fibrosis (Guoxiu Liu et al., 2019; Lucas et al., 2010; Sim et al., 2022). Interest-
ingly, tissue sections from IPF lung demonstrated expression of P3H4 also in
interstitial macrophages and colocalization of P3H4 with FKBP10. In agreement,
a subset of FKBP10-expressing cells was found to be interstitial macrophages,
as proven by colocalization with CD68 (Claudia A. Staab-Weijnitz et al., 2015a).
These findings support the hypothesis that P3H4 and FKBP10 co-express in lung

fibrosis.

Since ER stress is a pathological factor in IPF (A. C.-H. Chen et al., 2018; Lawson
et al., 2011) and P3H4 localizes to the ER, the hypothesis that P3H4 promotes
ER stress or that a response to unfolded proteins is reduced in its absence was
feasible. However, it has been reported that induction of ER stress using tuni-
camycin did not affect the expression of endogenous P3H4 (Gruenwald et al.,
2014). This data showed that P3H4 is not modulated during ER stress; thus, the

unfolded protein response is unlikely to contribute to P3H4 up-regulation in IPF.
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Moreover, direct interaction of P3H3 with P3H4 and significantly decreased
protein levels of P3H3 in P3H4 knockout samples were reported (Heard et al.,
2016b; Hudson et al., 2017a). And, the total amount of hydroxylysine in P3H3
knockout mouse tissues was found to be decreased, which results in aberrant
cross-link formations (Heard et al., 2016b; Ishikawa et al., 2021). Furthermore,
only P3H3 and P3H4, two of the collagen lysyl-hydroxylation complex
components, are expressed at considerably lower levels and their expression
tends to decrease with age, resulting in protein levels in testis that are
undetectable after 4 weeks of age. Up until 4 weeks of age, P3H4 is expressed
in the peritubular cells of the testis, but not in the germ cells within the
seminiferous tubules or in mature sperm. The fact that P3H4 and P3H3 are
significantly downregulated in adults relative to 4-week-old testis and ovary
suggests that they are postnatally regulated (Zimmerman et al., 2018). More
interestingly, our proteomic data indicated that besides P3H4, P3H3 is also one
of the most downregulated proteins with FKBP10 deficiency. Thus, the hypothe-
sis that P3H3 deficiency in lung fibroblasts reverses the fibrotic phenotype and
that this phenomenon can be also correlated with the levels of P3H4, as well as
a potential interaction between FKBP10 and P3H3, is plausible.

4.4 Targeting Collagen Biosynthesis and Maturation as
Therapeutic Strategy in IPF

4.4.1 Prolyl- and lysyl hydroxylases

As previously mentioned, collagen is posttranslationally modified in the ER, by
glycosyl transferases and prolyl and lysyl hydroxylases which typically assemble
in complexes with collagen chaperones and peptidyl-prolyl isomerases. Lack of
PTMs including hydroxylation of specific lysine and proline residues, results in
abnormal collagen fibril formation, defective collagen cross-linking, and eventu-

ally, an altered ECM architecture.

The quality and function of collagens are altered by different PTMs during the
progression of IPF, which affects ECM quality and quantity in the lung and is

responsible for the crucial processes that lead to IPF (Kristensen et al., 2014).
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ECM remodeling induces distinct alterations in collagen turnover. Increased type
I and Il collagen turnover has been linked to disease progression in patients with
IPF (Hoyer et al., 2021; Jenkins et al., 2015). In IPF, the ECM may promote
pathological cross-linking, which increases fibroblast proliferation, limits normal
ECM turnover, and enhances collagen accumulation(Kristensen et al., 2014,
Mutsaers et al., 1998; Philp et al., 2018; Q. Wang et al., 1999).

Several studies targeting the collagen biosynthesis and maturation pathway have
already been performed. Interestingly, a previous study showed that prolyl-3-hy-
droxylation can be regulated by TGF-B1 in a site-specific manner. Surprisingly,
the findings from this study demonstrate that collagen PTMs are modulated by
TGF-B1 (Merl-Pham et al., 2019). Moreover, inhibition of collagen prolyl hydrox-
ylase by pyridine-2,5-dicarboxylate has been demonstrated to reduce collagen
production, stimulated by TGF-B, bleomycin-induced mouse lung fibrosis and in
cultured fibroblasts, suggesting prolyl hydroxylase inhibition as a promising strat-

egy for preventing pulmonary fibrosis (Luo et al., 2015).

Prolyl 3-hydroxylation is a rare but essential PTM of collagens that is introduced
by one of three collagen prolyl-3-hydroxylases; P3H3, P3H2, and P3H1 (Hudson
& Eyre, 2013a; Ishikawa & Bachinger, 2013a; Pokidysheva et al., 2014). P3H1 is
the enzyme that converts proline to 3-Hyp in collagen type | (Homan et al., 2014;
Hudson & Eyre, 2013a; Pokidysheva, Zientek, et al., 2013; Vranka et al., 2010).
P3H2 primarily facilitates the 3-hydroxyproline formation in type IV collagen sub-
chains (Aypek et al., 2022; Hudson et al., 2015; Pignata et al., 2021; Pokidysheva
et al.,, 2014). However, P3H3-dependent prolyl-3-hydroxylations have not yet

been defined.

P3HL1 is found in fibrillar collagen-rich tissues including skin, bone, and tendon.
P3HL1 is required for helix formation of collagen and bone development, and its
absence altered collagen fiber architecture in these tissues (Cabral et al., 2007;
Gjaltema & Bank, 2017; Vranka et al., 2010).

P3H1 and CRTAP stabilize each other and form a collagen-modifying complex
with PPIB that 3-hydroxylates the al(l) Pro986 residue of al(l) and al(ll) fibrillar
collagen chains and has PPlase activity required for proper collagen folding. In
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the absence of this post-translational modification, protein-protein interactions es-
sential for proper collagen folding may be interrupted, leading to over-modifica-
tion of the helical region of collagen (Homan et al., 2014). CRTAP and P3H1
mutations lead to osteogenesis imperfecta with collagen over-modification
(Barnes et al., 2006; Cabral et al., 2007; Marini et al., 2007). P3H1 is required
for the stability and formation of this collagen-modifying ER-resident protein com-
plex, and a deficiency in P3H1 associated with complete lack or reduced 3-hy-
droxylation of the a1(l) Pro986 residue, delays type | collagen folding and it might
cause changes in collagen characteristics and the formation of the trimeric com-
plex (Baldridge et al., 2008; Besio et al., 2019; Cabral et al., 2007; Chang et al.,
2010; Marini et al., 2010; Pokidysheva, Zientek, et al., 2013).

In our study, we have observed an increase in proline hydroxylation, both for 3-
Hyp and 4-Hyp in P3H1 null mice. P986, which is corresponding to P1153 in the
full-length a1 chain (Uniprot Entry P11087-1), was completely 3-hydroxylated in
WT mice, but mostly unhydroxylated in tendon, skin, and bone in P3H1 null mice
(Pokidysheva, Zientek, et al., 2013; Vranka et al., 2010). However, at the A3 site
Pro707 (Pro874 in Uniprot Entry P11087-1), 3-hydroxylation was found in bone
and tendon of WT mice but not in the skin, and specifically in bone, hydroxylation
was attenuated by the absence of P3H1 (Pokidysheva, Zientek, et al., 2013).

Interestingly, P3H1 has been discovered to be upregulated in human lung fibrosis
(Schiller et al., 2017). This could indicate that P3H1 might also play a role in the
increased production of collagen in fibrotic tissue. However, our study revealed
significant upregulation of collagen | both in protein and transcript level, induced
by P3H1 deficiency. In a different study, the total amount of collagen secreted by
P3HL1 null cells was 20%-55% higher than that of the identical number of control
cells (Cabral et al., 2007).

Moreover, results from P3H1 null and WT mouse tail tendon experiments re-
vealed significantly increased P4ha2, and Lh2 expression, as well as a trend for
increased transcript levels for all other genes assessed except for P3h2 and
P4ha3, and upregulation of P3H2, P3H3, and FKBP10 on the protein level. In
individuals with P3H1 mutations, types | and V of collagen are over-modified,

which suggests that P3H1 may directly serve as a collagen chaperone. In this
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study, the absence of P3H1 resulted in an increase in the percentage of hydrox-
ylated lysine residues(Cabral et al., 2007). In line with this result, our amino acid
analysis revealed an increase in overall collagen PTM levels including prolyl-3-,
prolyl-4- and lysyl hydroxylation in collagen type | isolated from P3H1 null mice,
which was also consistent with the compensatory upregulation of Lh2, P4ha2 and
P3H2, P3H3, FKBP10. These findings are indicating that the observed compen-
satory upregulation of biosynthetic enzymes alters the collagen PTM pattern in
absence of P3H1. The P3H1 complex also functions as a typical chaperone
(Ishikawa et al., 2009), and our results indicate that its absence appears to induce
compensatory gene expression of collagen biosynthetic machinery components
and increased type | collagen expression. Overall, these findings indicate that
P3H1 may not be a suitable target to treat lung fibrosis and that care must be
taken to identify components of the collagen biosynthetic machinery can be safely
targeted to prevent lung fibrosis. Targeting P3H1 may promote collagen biosyn-

thesis and result in a negative collagen PTM profile.

The pattern and extent of lysine hydroxylation determine fibril formation, collagen
cross-linking, and thus the stability of mature collagen molecules (Yamauchi &
Shiiba, n.d.). To initiate the cross-linking process, telopeptidyl Lys and Hyl are
converted by LOX and LOXL1-4 to Lys- and Hyl aldehydes, respectively. Thus,
the stability of cross-links is determined through Lys hydroxylation by LH2 in col-
lagen telopeptides, highlighting the significant contribution of LH2-mediated
cross-linking to ECM quality in fibrosis (Piersma & Bank, 2019; Sato et al., 2021).
The quantity of LH2-mediated collagen cross-links was found to significantly in-
crease with PLOD2 overexpression in squamous carcinoma cells(Sato et al.,
2021). In addition, lysine residues hydroxylated by LH2 on fibrillar collagen re-
sulted in stable collagen cross-links that stiffen the matrix in lung tumor cells (Y.
Chen et al., 2015; Guo et al., 2021). Moreover, it has been shown that LH2 was

dramatically increased in bleomycin induced lung fibrosis (Shao et al., 2018b).

LH inhibition has been proposed as an antifibrotic strategy, and the compound
minoxidil has been shown to primarily inhibit LH1 mRNA levels among other LHs
(Zuurmond et al., 2005). This finding implying that minoxidil may have anti-fibrotic
effects by decreasing the total hydroxylysine residues amount in the collagen and

thus preventing the hydroxylysine cross-links formation(Shao et al.,, 2018;
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Zuurmond et al., 2005). In skin fibroblasts from P3H4 null mice, collagen type | is
also over-modified, with increased lysyl hydroxylation and glycosylation (Krane,
2006; Marini et al., 2010). P3H1 null mice showed an increase also in the gly-
cosylation of hydroxylysine and galactosyl hydroxylysine (Vranka et al., 2010).
Our amino acid analysis also revealed an increase in collagen lysyl hydroxylation
in collagen type | isolated from P3H1 null mice. In line with this result, lysyl hy-
droxylation was shown to be increased in collagen type | from CRTAP-null and
P3H1-null fibroblasts than in control collagen that is normally present (Barnes et
al., 2006; Cabral et al., 2007). Mutations in P3H1, PPIB and CRTAP all result in
telopeptide lysine over-hydroxylation, while mutations in LH2 or FKBP10 result in
telopeptide lysine under-hydroxylation (Hudson et al., 2015). Moreover, in the
P3H3 null mice, collagens had under-hydroxylated lysine residues and deficiency
of crosslinking (Hudson et al., 2017a; Rappu et al., 2019). Importantly, lysine un-
derhydroxylation is seen when P3H4 is deficient and loss of P3H4 leads to the
instability of the ER complex and results in unstable collagen with reduced extra-
cellular crosslinking due to decreased lysyl hydroxylation (Duran et al., 2017a;
Hudson et al., 2017a; Onursal et al., 2021; Salo & Myllyharju, 2021). Finally, the
alterations in gene expression and modification induced by P3H1 deficiency high-
light the importance of target specificity when targeting the collagen biosynthesis
pathway for antifibrotic treatment, as well as our discovery of P3H4 and FKBP10

as drug targets in pulmonary fibrosis.

Interestingly, preliminary data from our laboratory showed that Nintedanib treat-
ment of phLFs reduced P3H4 mRNA and protein levels (Source: Larissa Knip-
pel). The fact that P3H4 is required for LH1 activity and hence for collagen fibril
formation and stabilization provides an additional aspect of why targeting P3H4
may be beneficial for IPF treatment (Knippel et al., 2017; Shao et al., 2018a;
Yamauchi & Shiiba, n.d.).

4.4.2 Collagen Chaperones

HSP47 is an ER resident chaperone with a high collagen-binding affinity that is

required for procollagen folding and function (Ito & Nagata, 2019; Kohler et al.,
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2020; Tasab et al., 2000). Targeting the binding interactions of HSP47 with col-
lagen has been considered as a promising therapeutic approach for the treatment
of diseases linked with HSP47 overexpression. Therefore, various types of small
compounds for inhibition of HSP47 have been developed (Katarkar et al., 2015;
Okano-Kosugi et al., 2009). Recently, it was discovered that one of these mole-
cules (COM IV) may prevent lung fibroblast migration and collagen synthesis
(Miyamura et al., 2020). For example, antisense oligonucleotides (ASOs) against
HSP47, reduced collagen accumulation in various fibrosis models (Miyamura et
al., 2020), as well as ND-L02-s0201, which is a lipid nanoparticle encapsulating
a siRNA that limits expression of HSP47, showed significant anti-fibrotic effects

in two chronic rodent lung fibrosis models (Y. Liu et al., 2021).

Furthermore, previous research demonstrated cooperation between HSP47 and
FKBP10 during the synthesis of type | procollagen (Duran et al., 2015). Mutations
in the genes HSP47 and FKBP10, which encode HSP47 and FKBP10, respec-
tively, result in a severe form of osteogenesis imperfecta (Christiansen et al.,
2010; Duran et al., 2015). HSP47 and FKBP10 are both upregulated in IPF
(Okuno et al., 2021; Schiller et al., 2015; Claudia A. Staab-Weijnitz et al., 2015b).
Their deficiency is associated with reduced collagen secretion, cross-linking, and
fibrillogenesis. HSP47 knockdown reduced type | collagen expression in lung fi-
broblasts. Accordingly, the HSP47 inhibitor reduced type | collagen expression in
lung fibroblasts in presence of TGF-1 (Chu et al., 2019; Lindert et al., 2015;
Miyamura et al., 2020; Claudia A. Staab-Weijnitz et al., 2015a; Taguchi &
Razzaque, 2007).

However, a recent study showed that only the secretion of FN was decreased
after HSP47 was silenced; in contrast, myofibroblast differentiation and the pro-
duction, and deposition of collagen remained unchanged, indicating that further
research is needed to discover how inhibiting HSP47 effects fibrosis (Ruigrok et
al., 2021).

4.4.3 Propeptide Proteinases

Specific procollagen proteinases, such as members of the ADAMTS protease
family, bone morphogenetic protein 1 (BMP1), and the meprins, cleave the N-

and C-terminal propeptides after collagen secretion (Onursal et al., 2021; S.
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Ricard-Blum, 2011; Sorushanova et al., 2019b). Studies revealed that ADAMTS-
2-deficient mice had slower collagen deposition rates than WT mice (Kesteloot et
al., 2007). However, it has been shown that even in the absence of the particular
ADAMTS-2, a large percentage of the type | procollagen N-propeptides were still
cleaved, and the deficiency of ADAMTS did not affect the processing of collagen
| or the structure of collagen fibrils and cartilage (LI et al., 2001).

BMP1 has long been suggested as a potential therapeutic target for fibrotic dis-
orders (Turtle & Ho, 2004). Inhibition of BMP1 by small molecules or antibodies
has also been demonstrated to reduce liver fibrosis (Grgurevic et al., 2017). Alt-
hough several potent small compounds containing hydroxamic acid have been
found to inhibit BMPL1 in the past, none of them have made it to clinical trials (Fish
et al., 2007; Kallander et al., 2018).

BMP1 expression was discovered to be increased in both fibrotic mouse lungs
and human IPF lungs. BMP1 deficiency, however, did not prevent mice from ble-
omycin-induced lung fibrosis. Furthermore, the production of C-term propeptide
of type | procollagen in fibrotic mouse lungs was not significantly affected by
BMP1 deficiency, implying that BMP1 is not critical for lung fibrosis in mice and
may not be an efficient therapeutic target for IPF (Ma et al., 2022).

4.4.4 Lysyl oxidases

As already known, the maturity of collagen fibers is determined by the intermo-
lecular cross-linking levels, and enzymes including lysyl oxidases are required for
further cross-linking. Selective inhibition of LOXL2 activity has previously been
studied as a potential treatment for IPF. However, clinical trials on simtuzumab,
a monoclonal antibody against LOXL2, in phase Il were terminated due to a lack
of efficacy (Barry-Hamilton et al., 2010a; Ganesh Raghu et al., 2017; Tjin, White,
Faiz, Sicard, Tschumperlin, Mahar, Kable, & Burgess, 2017). Although inhibition
of cross-linking enzymes was found to be beneficial in fibrosis models, cross-
linking occurs after the formation of collagen fibrils, and thus non-specific inhibi-
tion of several cross-linking enzymes is required for positive results, as previously
reported (Aumiller et al., 2017; Knuppel et al., 2017; Tjin, White, Faiz, Sicard,
Tschumperlin, Mahar, Kable, Burgess, et al., 2017).
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However, in contrast to the approach mentioned previously, the method proposed
in recent studies targets a particular downstream event in a fibrotic cascade. Re-
stricting tissue fibrosis by directly targeting collagen fibril formation or intracellular
collagen maturation is a novel concept that may be a more promising strategy for
combating IPF disease progression than targeting extracellular collagen cross-
linking. Moreover, both of the approved IPF drugs act on these levels, providing
evidence in support of the concept that inhibiting the formation of collagen fibrils
could be a potential antifibrotic strategy (Kntippel et al., 2017; Petrides & Brenner,
2012).

4.5 Limitations

As with the majority of studies, our study also has limitations that could be ad-
dressed in future research. First, the functional analysis of P3H4 was only per-
formed in a 2D environment using phLFs cell culture, the relevant cell type, and
physiologically relevant concentrations of TGF-B1 and 2-phosphoascorbate.
However, 3D in vitro models such as precision-cut lung slices (PCLS), hydrogels,
and lung organoids have emerged as powerful methods for revealing different
cellular and molecular signaling pathways activated during fibrotic processes.
These systems could help us better understand the regulation and function of
therapeutic targets in a 3D environment (Alsafadi et al., 2017; Nizamoglu et al.,
2022; Vazquez-Armendariz et al., 2022). Our findings can be further investigated
in a 3D cell culture system that mimics fibrosis ex vivo using a murine PCLS
system. The second limitation is that the impact of P3H4 deficiency was not in-
vestigated in an in vivo model of lung fibrosis. P3H4 knockout mouse model of
lung fibrosis would allow us to validate our findings in vivo. In previous studies,
two strategies were used to inactivate the murine P3H4 gene in embryonic stem
cells. The first one was produced by introducing flanking loxP sites into the floxed
p3h4 gene and mating the generated mouse with a Cre-recombinase-expressing
mouse. Because of the close proximity of the Fkbp10 gene, the P3H4 knockout
mouse was generated by conditionally targeting the last two exons (7 and 8) of
P3H4, thereby excluding the potential impact on FKBP10 expression (Heard et

al., 2016a). Gene trap insertional mutagenesis was used to create the second
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mouse model (Gruenwald et al., 2014). Each P3H4 knockout mouse model's gen-
eration and characterization have been described (Gruenwald et al., 2014; Heard
et al., 2016b). Moreover, it is important to emphasize that adult P3H4 knockout
mice didn't show lethality (Heard et al., 2016a), in contrast to FKBP10 knockout
animals, which are embryonically lethal (Lietman, 2014, 361). However, condi-
tional FKBP10 knockout mice have already been obtained from our collaboration
partner Brendan Lee (Baylor College of Medicine,Texas), and an effort for
FKBP10 knockout validation is currently underway in our laboratory (Lietman et
al., 2014). Thus, if an efficient FKBP10 knockout is achieved, in vivo validation of
the effect of deficiency of FKBP10 on P3H4 expression could be possible, even

in an in vivo fibrosis model using this mouse model.

4.6 Conclusion and future directions

In conclusion, our results showed, for the first time, that P3H4 is a novel regulator
of collagen biosynthesis in lung fibroblasts and that P3H4 deficiency entails a
variety of beneficial ECM-altering effects that may result in a broadly altered ECM
architecture and be effective at preventing the development of IPF pathology.
Moreover, our study presents multiple pieces of evidence that P3H4 and FKBP10
may reciprocally regulate each other. Therefore, P3H4 may mediate some of the
previously described effects of FKBP10 on the ECM, and by decreasing P3H4
expression in lung fibroblasts, FKBP10 inhibition may also have an additional
antifibrotic effect. Importantly, our findings indicate that not all components of the
collagen biosynthetic machinery can be targeted to prevent lung fibrosis and that
P3H4 represents a promising therapeutic target for IPF treatment. Overall, using
a combination of in vivo and in vitro models as well as clinical samples, the study
presents, for the first time, a thorough investigation of P3H4 localization, regula-
tion, and function in lung fibrosis. The findings argue for a critical role of P3H4 in
biosynthesis and secretion of collagen in lung fibroblasts in the context of lung

fibrosis.
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Several inhibitors against intracellular and extracellular components in-
volved in collagen biosynthesis and maturation have been developed and studied
previously, whereas P3H4 inhibition alone may already be highly efficient in the
reduction of fibrotic characteristics. P3H4 deficiency in phLFs reduced collagen |
expression and secretion as well as the expression of other fibrotic markers in-
cluding FN and a-SMA, as well as CTHRC1, a marker for pathologic fibroblasts
in pulmonary fibrosis. As mentioned previously, P3H4 knockdown has been
found to inhibit bladder cancer cell proliferation, cell cycle, invasion and migration
in vitro (Hao et al., 2020). It is tempting to assume that lung fibroblast migration
may also be impacted by P3H4 deficiency. Given that P3H4 is essential for the
correct assembly and cross-linking of collagen fibrils(Heard et al., 2016a), and
that this study showed its impact on collagen secretion and the expression of
fibrotic markers, P3H4 may reveal to be a very effective drug target for the treat-
ment of IPF. Importantly, deficiency of P3H1, another collagen leprecan family
member which also upregulated in IPF and involved in collagen hydroxylation,
resulted in significantly increased expression of collagen | in mouse tenocytes,
indicating that not all the prolyl-3-hydroxylases mediating collagen biosynthesis
can be targeted in IPF treatment, and highlighting P3H4 as a better drug target.

Finally, we were able to identify the interaction between FKBP10 and P3H4. How-
ever, how these two proteins interact with each other exactly, remains elusive.
Given that P3H4 and FKBP10 are both regulated by a common bidirectional pro-
moter and likely share common regulatory elements, performing promoter analy-
sis could help us to better understand how these two genes are regulated. There-
fore, future work will include promoter analysis of FKBP10 and P3H4 to gain more
insight into their reciprocal regulation. ETV4 has been found to bind specifically
to the P3H4 promoter region and to activate its transcription (Hao et al., 2020).
Moreover, | have performed promoter analysis by using several tools including

JASPAR (https://jaspar.genereg.net/), and Swissregulon (https://swissrequ-

lon.unib_s.ch/sr/swissregulon). Promoter analysis has identified two potential

common transcription factors including PATZ1 and SP1 that regulate P3H4 and
FKBP10. Therefore, a functional analysis of these transcription factors may pro-

vide a crucial hint as to how both genes are regulated.
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The potential of P3H4 as a therapeutic target in IPF highlights the need for the
development of effective P3H4 inhibitors, which could potentially alter the pulmo-
nary fibrotic process, resulting in a clinically beneficial effect. Although drug-like
small molecules can directly target proteins, small molecules are restricted by the
necessity to interact with the active site of a druggable target, which is typically
more conserved (Hughes et al., 2011). However, approaches including nuclear
magnetic resonance-based screening, microarray methods, and de novo binding
site identification have been used to discover ligands for non-enzyme targets
(Makley & Gestwicki, 2013). The development and in silico screening of small
molecule inhibitors against P3H4, which has a single domain in its structure, may
thus be feasible. Furthermore, monoclonal antibodies can interact with a wider
region of the target molecule's surface (Hughes et al., 2011), also, allowing them
to bind intracellular proteins (intrabodies) (C. Zhang et al., 2020). In addition, the
efficient delivery of siRNA targeting P3H4 to bladder cancer tumors using pol-
yarginine nanoparticles, which effectively encapsulate siP3H4 and deliver them
to tumor sites, has been reported as an alternative strategy to inhibit P3H4, thus
bladder cancer therapy (Hao et al., 2022). Furthermore, an ASO-based strat-
egy to inhibit P3H4 may have a higher success rate. HSP47 ASO has been al-
ready shown to inhibit the production of collagen chaperone HSP47 and prevent
pulmonary fibrosis in rats (Hagiwara et al., 2007). Another promising finding has
been archived, demonstrating lung fibroblasts as highly susceptible cells to lo-
cally administered ASOs and well aligned with ASOs as therapeutics (Shin et al.,
2022).
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In conclusion, although many inhibitors of intracellular and extracellular mole-
cules involved in collagen biosynthesis and maturation have been developed and
tested, targeting P3H4 alone may already be very effective in reducing fibrotic
characteristics. P3H4 deficiency has a variety of ECM-altering effects that may
be effective at preventing the development of IPF pathology. Our findings support
the concept of interfering with collagen biosynthesis and maturation as a promis-
ing therapeutic approach for IPF, with a focus on targeting P3H4. Thus, we pro-

pose P3H4 as a novel therapeutic target for IPF treatment.
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5. Material and Methods

5.1 Material

The primers listed in Table 2 were purchased from MWG Eurofins (Ebensburg,
Germany). Primary antibodies that are used in the different applications are
shown in Table 3. Secondary antibodies that have fluorescently-labeled and
HRP-linked (GE Healthcare Life Sciences, Freiburg, Germany) and are shown in
Table 4.

5.2 Biobank and ethical guidelines for obtaining human
samples

Lung tissue slides from donors and patients with IPF were retrieved from the
CPC-M BioArchive at the Comprehensive Pneumology Center (CPC, Munich,
Germany). Ethical approval for this study was obtained from the local ethics com-
mittee of the Ludwig-Maximilians University of Munich, Germany (Ethic vote
#333-10). All human specimens used for this study were provided by the BioAr-
chive CPC-M at the Comprehensive Pneumology Center (CPC, Munich, Ger-
many). All of the study participants accepted to have their lung tissue used for

research and gave written informed consent.

5.3 Transcriptomic Data

The SurePrint G3 Mouse GE 8x60k microarrays (AMADID 28005, Agilent Tech-
nologies) were used for gene expression microarray analysis. Total RNA (60 ng)
was labeled and hybridized to the array slides according to the manufacturer's
protocol by using the Low Input Quick Amp Labeling Kit (Agilent Technologies,
one-colour) (Michna et al., 2016). Following scanning, the raw data text files were
subjected to data analysis using the R statistical platform. Data quality assess-
ment, filtering, preprocessing, standardization and differential analysis were car-
ried out using the Bioconductor R-packages limma (Ritchie et al., 2015) and
Agidx44Preprocess (PreProcessing of Agilent 4x44 array data with R package
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version 1.16.0., Lopez-Romero). Top differentially expressed genes were visual-
ized using the heatmap function in Excel. Transcriptomic analysis was performed
by Dr. Kristian Unger (Department of Radiation Oncology and Research Unit Ra-

diation Cytogenetics at Helmholtz Zentrum Minchen).

5.4 Proteomic Analysis from FKBP10 Knockout Embryonic
Mice

5.4.1 Protein isolation from embryonic mouse lungs

The embryonic mouse lungs (20 mg) harvested at embryonic day 18.5 (E18.5)
from FKBP10 heterozygote, homozygote and WT embryonic mouse were kindly
provided by Caressa D. Lietman and Brendan Lee, from Baylor College of Medi-
cine, Houston, TX, USA (Lietman et al., 2014). The embryonic mouse lungs were
divided into two vials for protein and RNA isolation and freezed back at -80°C.
Homogenization of frozen tissue with the Dismembrator and protein isolation of
embryonic mouse lungs have been done by Elisabeth Hennen, a technical assis-
tant in our lab. For isolation of protein, lung tissue frozen at -80°C was homoge-
nized using the Micro-Dismembrator (Sartorius, Gottingen, Germany). To harvest
protein lysates, 200 ul of radio-immunoprecipitation assay (RIPA) buffer contain-
ing phosphatase inhibitor cocktail (Roche, PHOSS-RO) and protease inhibitors
(#05892970001, Roche, Switzerland) were added to the vials, re-suspended,
then incubated for 30 minutes on ice. The suspension was put in to a 1.5 ml
reaction tube, after that, the lysates were clarified with brief sonification and cen-
trifugation for 15 minutes at 15.000 rpm at 4°C. The supernatant protein lysate
was transferred to a new 1.5 ml reaction tube. Using the Pierce BCA Protein
Assay Kit (#232256 Thermo Scientific), the concentration of the supernatant was

determined.

5.4.2 Proteomic analysis from embryonic mouse lungs

For each sample from FKBP10 heterozygote, homozygote, and WT embryonic
mouse lungs, 10 pg of isolated proteins in a 0.8 ml collection tube were then sent

to the Research Unit Protein Science (PROT) and Metabolomics and Proteomics
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Core (MPC) at Helmholtz Zentrum Miinchen for proteomic analysis which was
performed by Juliane Merl-Pham. Each 10 pg of protein extract sent from our
laboratory was digested according to an established FASP protocol (Wisniewski
et al., 2009; Grosche et al., 2015). Dithiothreitol and iodoa-cetamide were used
to reduce and alkylate proteins in solution. The denatured protein samples were
then centrifuged using a 30 kDa filtration device (PALL) after being diluted to 4M
urea. Using trypsin and Lys-C, proteins were digested overnight on the filter, after
several rounds of washing with 8 M urea and 50 M ammonium bicarbonate. The
generated peptides were centrifuged to elute them, then they were stored at -
20°C after being acidified with TFA. Following preparation of sample and LC-
MS/MS processing, quantitative data analysis was carried out, as previously ex-
plained, using Progenesis QI for proteomics (Nonlinear Dynamics, edition 4.1,
part of Waters) for label-free protein quantification (Hauck et al., Molecular & Cel-
lular Proteomics, 2010; Merl et al., Proteomics, 2012). All of the MSMS spectra
data were saved as mgf files and the features of charges 2 - 7 were used. The
version 2.6.2 of Mascot software was used to perform a peptide search against
the Ensembl database of mouse proteins (54197 sequences, 24204564 residues,
release 80). The following search parameters were used: oxidation of methionine
and proline; allowance of 0.02 Da fragment; carbamidomethyl on cysteine as a
fixed modification; allowance of one missed cleavage; deamidation of asparagine
and glutamine allowed as a variable modification. Peptide false discovery rate
(FDR) after using percolator algorithm (Brosch et al., Proteome Research, 2009)
was 0.88%. The search results were reimported into the Progenesis QI software.
Protein quantification was performed by adding the abundances of all unique
peptides per protein following total protein normalization. The normalized protein
abundances obtained were used to calculate fold-changes between conditions
and statistical values using the Student's t-test.
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5.5 Cell Culture

5.5.1 Isolation and Culture of phLFs

As previously explained, PhLFs were isolated and cultured (Staab-Weijnitz et al.,
2015). For this study, phLFs were used in passages 3-6. The cells were sus-
pended and cultured on 10 cm cell culture dishes in DMEM / F-12 (Life Technol-
ogies, USA), supplemented with Penicillin/Streptomycin (Life Technologies) and
20% FBS (Pan Biotech), and incubated under normal conditions of 37°C, 5%
CO2 and 95% air humidity. The fibroblast cell culture medium was changed
every other day until the cells reached 85-90% confluence. After washing with
PBS, by using 2 ml of 0.25% Trypsin-EDTA (#25200056, Gibco) per dish, the
cells were detached. 8 ml of DMEM / F-12 medium was added to each dish, and
the cell suspensions from the dishes were combined and incubated at 37°C.

5.5.2 Transfection of phLFs

Gene silencing experiments in phLFs were carried out by using the pre-designed
double-stranded silencer RNA (siRNA) and Lipofectamine RNAIMAX (Life Tech-
nologies, 13778150) as per the manufacturer's instructions. For this study, cells
were seeded with a density of ~17.000 cells per cm? in 6-well plates and trans-
fected in the presence of Lipofectamine RNAIMAX either with human P3H4
SiRNA (Thermo Fisher Scientific, s20829), human FKBP10 siRNA (Thermo
Fisher Scientific, s34171) or negative control siRNA (Life Technologies,
4390843) in a final concentration of 10 nM. Respective siRNAs and Lipofec-
tamine RNAIMAX were mixed in OptiMEM 1 (Invitrogen, 31985047) and incu-
bated at room temperature (RT) for 20 minutes. After adding 0.5 ml of transfection
reagents mixture to 2.5 cell suspension for a total of 3 ml per well, plates were
incubated under normal conditions of 37°C, 5% CO2 and 95% air humidity. Upon
transfection, the medium was aspirated, cells were rinsed with PBS, and then
incubated for 24 hours in starvation medium (DMEM/F12 supplemented with
0.5% FBS). 0.1 mM of 2-phospho-L-ascorbic acid (Sigma-Aldrich, St. Louis,

USA) was added to the starvation medium to assess collagen secretion.
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5.5.3 Treatment of phLFs with TGF-B1

After being starved in starvation medium for 24 hours, cells were treated with
recombinant human TGF-B1 (R&D Systems, Minneapolis, USA) for 24 or 48

hours with a total concentration of 2 ng/ml in starvation medium containing 0.1

mM 2-Phospho-L-ascorbic acid. Following TGF-B1 treatment, cell culture super-

natant was collected for total collagen secretion analysis, and before being ex-

tracted for protein and RNA analysis, cells were washed in PBS.

5.6 RNA Analysis

5.6.1 Primers

Table 2: List of primers used for gRT-PCR analysis. Primers were synthesized by MWG Eu-

rofins (Ebersberg, Germany).

Target | Species Forward primer (5'-3) Reverse primer (5'-3")
Gene

ACTA2 human CGAGATCTCACTGACTACCTCATGA AGAGCTACATAACACAGTTTCTCCTTGA
COL1A1 | human TACAGAACGGCCTCAGGTACCA ACAGATCACGTCATCGCACAAC
CTHRC1 | human TAGGAGCATCACAGTCAAG GCACATTCCATTATACTTCC
DHX8 human TGACCCAGAGAAGTGGGAGA ATCTCAAGGTCCTCATCTTCTTCA
FKBP10 | human CGACACCAGCTACAGTAAG TAATCTTCCTTCTCTCTCCA
FN1 human CCGACCAGAAGTTTGGGTTCT CAATGCGGTACATGACCCCT
P3H4 human AGGAGGCCATGCTCTA TCTCCTCCAGCTCCAT

Collal mouse CCAAGAAGACATCCCTGAAGTCA TGCACGTCATCGCACACA
CRTAP mouse ACTTCAAGGACTTCTACCTG TCACAACGAATCTTACACTC
Fkbp10 mouse GGACGTGTGGAACAAAGCAG AGCGCACAAAGTCACTGTTC
Fkbp10 mouse GGACGTGTGGAACAAAGCAG AGCGCACAAAGTCACTGTTC
Glt25d1 | mouse GCACCCAATGTCAGAA CTCATTATTCCACACAACTG
Glt25d2 | mouse GAACGAGCCAGAGTCTTAC GGATGTAATCTGACCATTTT
Hprt mouse ATAGTGATAGATCCATTCCTATGACTG | TTCAACAATCAAGACATTCTTTCCA
Lhl mouse CTCTTCGTTGACAGTTATGA CTTGGTATAAAAGAGCTGGT
Lh2 mouse TTACACTGTGAAGGTTCTTG GTAGTGCTCCATAGCTTCTT
Lh3 mouse ATTGCTGGTGATCACTGT AATCACGTCGTAGCTGTC

P3h1 mouse CCATCACAGATCATTACG CAATGTTGTAGTAGGCAAAC
P3h2 mouse GCAATCGCAGATCACTAT AACTGGAGGTAGTCGTAATG
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P3h3 mouse GCCTACTACCAGTTGAAGAA GCAGACATCCTTCTGTACTTA
P3h4 mouse ATATATGACGGTCTTTGCTC TGTCCAGAGTTCCTGCTA
P3h4 mouse TTTGCCTACTACAAACTGAAT ATGTGTGTGAAGTCTAGCAA
P4hal mouse AGCCGAGCTACAGTACAT ACAGCCAAGCACTCTTAG
P4ha2 mouse GTGAAGACTGCAGAGCTATT AAGGGTCGCCTTGAG
P4ha3 mouse GGAGGAATGTGGTACATAGT CATAGGCCACCTTGC

5.6.2 RNA-extraction and cDNA synthesis

RNA extraction from cultured phLFs was performed using the peqGold Dnase |
Digest Kit (#12-1091-02, Peglab) and peqGOLD Total RNA isolation Kit (#12-
6834-02, Peglab) according to manufacturers’ instructions. Using a NanoDrop
1000 spectrophotometer (NanoDrop, Wilmington, Germany), by measuring the
absorbance at 260 nm, total concentration of RNA was determined. RNA was
eluted by adding 35 pl RNase free water (Gibco, 10977) and incubating for 3
minutes at RT before centrifugation for 1 minute at 5000 g. RNA lysates were
either used instantly for reverse transcription or stored at -80°C in 1.5 ml collec-

tion tubes.

Reverse transcription of the RNA into complementary DNA (cDNA) for gRT-PCR
analysis was performed by using reverse transcriptase (#28025013, Invitrogen)
and random hexamer primers (Applied Biosystems, N8080127). For each indi-
vidual sample, 1 g RNA was calculated and diluted to 20ul with RNase-free water
in 0.5 ml SafeSeal reaction tube (Sarstedt). The RNA samples were then dena-
tured for 10 minutes at 70°C to remove secondary and tertiary RNA structures.
20 pl of cDNA synthesis master mix (8 pl 5x First — Strand Buffer, 4 ul 0.1 M DTT,
2 pl dNTP's (10 mM each), 2 ul 50uM Random Hexamers, 1 pl 10 U/ul Rnase
Inhibitor, 0.5 pl 200U/ul MuLV Reverse Transcriptase, 2.5 pul RNase-free water)
was added to all of the samples, then mixed. For cDNA synthesis, a total volume
of 40ul was heated for 60 minutes at 37°C and then incubated for 10 minutes at
75°C. The synthesized cDNA was diluted in 160 ul RNase free water to reach a
final concentration of 5 pg/ml and was stored at -20°C for using in gRT-PCR anal-

ysis.

107



5.6.3 Primer Design

Using the primer BLAST tool from NCBI, reverse and forward primers were de-
signed for the intended target mRNAs. Primer length was determined to be be-
tween 18 and 22 base pairs, the melting temperature (Tm) between 57 and 61°C,
with an optimum Tm of 60°C, and GC-% content between 40 and 55%.

5.6.4 Real-Time Quantitative Reverse Transcriptase Polymerase Chain
Reaction Analysis

Using validated primer pairs, gRT-PCR analysis was carried out to amplify and
identify particular mMRNA-sequences that had already been converted into cDNA.
The primers were diluted to 100pmol/l each with DNase/RNase free water ac-
cording to the Oligonucleotide Synthase Report, and a primer mix was prepared
of 10 pmol/l forward and reverse primers. For every reaction, a master mix con-
taining 1.5 pl DNase/RNase free water, 5 ul Light Cycler 480 SYBR Green | Mas-
ter (#04 887 352 001, Roche), and 1 pl of primer mix was prepared. A total of 7.5
pl of master mix and 2.5 pl of cDNA were mixed and placed in duplicates in a 96-
well PCR plate (#712282, Biozym) for each target and housekeeper. The PCR
plate was then sealed with adhesive Clear PCR Seal (Biozym, 600208) and cen-
trifuged for 1 minute at 1000 rpm before running the Light Cycler 480 II's (27047,
Roche) SYBR standard program. The housekeeping genes DEAH-box helicase
8 (DXH8) and hypoxanthine-guanine phosphoribosyltransferase (HPRT) were
utilized to normalize the gene expression of the samples obtained during distinct
conditions. For each condition, ACt(sample) was calculated as “Ct (target gene)

- Ct (reference gene)” and data were presented as — ACt values.

5.7 Protein analysis

5.7.1 Protein extraction and concentration determination
Lung tissues from IPF patients and donors were retrieved from the UGMLC Gies-

sen Biobank, a member of the DZL platform biobanking, and the CPC-M bioAr-
chive at Comprehensive Pneumology Center (CPC). Tissue homogenization and
protein extraction from total lung tissue were carried out as previously described
(Claudia A. Staab-Weijnitz et al., 2015a).
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For protein isolation from cultured phLFs in 6 well plates, cells were rinsed with
ice-cold PBS and scraped with a cold plastic cell scraper in 80 ul ice-cold RIPA
buffer (50 mM Tris-HCI, 150 mM NaCl, pH 7.6, 1% Triton X-100, 0.5% sodium
deoxycholate and 0.1% SDS) included PhosSTOP phosphatase inhibitor cocktail
(#4906837001, PHOSS-RO, Roche) and cOmplete™ protease inhibitor cocktail
(#05892970001, Roche, Switzerland). The cell lysates were transferred to a 1.5
ml reaction tube and incubated on ice for 30 minutes before centrifugation at
15.000 rpm for 15 minutes at 4°C. Pellets were discarded and the supernatant's
protein concentration was measured using the Pierce™ BCA (Bicinchoninic acid)
Protein Assay (Thermo Fisher Scientific, Rockford, USA, 23225) according to the
manufacturer's instructions. The supernatant then was stored at -20°C to use for
SDS-PAGE and WB analysis.

5.7.2 SDS-PAGE, WB analysis and immunochemical protein detection
Protein samples were denatured at 95°C for 5 minutes in 6X laemmli buffer (100

mM DTT, 2% SDS, 65 mM Tris-HCI pH 6.8, 0.01% bromophenol blue, 10% glyc-
erol). The samples were then loaded into the gel (%10 or %12) and separated
from each other using SDS-PAGE gel electrophoresis as per their sizes. Protein
samples were transferred from the gel to methanol-activated (incubated in meth-
anol for 30 seconds) millipore polyvinylidene difluoride (PVDF) membranes by
applying an electrical current (90 V for 85 minutes).To prevent nonspecific bind-
ing, the membranes were then blocked for 60 minutes at RT with shaking in a
blocking buffer prepared with 5% milk in 1X TBST (0.1% Tween®20 in TBS
buffer).The PVDF membranes were then rinsed and washed three times for 5
minutes with 1X TBS-T before being incubated overnight at 4°C with a primary
antibody solution (diluted in BSA blocking buffer 5% in TBS with 0.02% sodium
azide) specific for the target proteins of interest. The membranes were subse-
guently washed three times (10 minutes each) with 1X TBS-T, followed by an
hour of shaking, and incubated with the appropriate secondary antibody solution
at RT. The membranes were washed three times (10 minutes each) in 1X TBS-

T, shaking at RT, to remove any unbound secondary antibodies.

A suitable chemiluminescent substrate working solution (SuperSignal™ West-

Dura Extended Duration Substrate or Femto Maximum Sensitivity Substrate,
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Thermo Fisher Scientific) was prepared, then added to the membrane and incu-

bated for 1 minute. The proteins were then detected using the imaging system of

ChemiDocXRS+ (Bio-Rad, Munich, Germany). Using the version 6.0.1 of Image

Lab software (Bio-Rad, Hercules, CA), detected bands were quantified, and rel-

ative protein abundance was determined by dividing the target protein's band in-

tensity by the band intensity of the loading control (B -actin) from the same sam-

ple. The list of primary (Table 2) and secondary (Table 3) antibodies that were

used are as follows:

Table 3: Primary antibodies for WB analysis

Target Protein Host Cat# Provider Application
Collagen 1 Rabbit ab260043 Abcam WB
Collagen Type | Rabbit 600-401-103- Rockland WB
CTHRC1 Rabbit 261534-1-AP Proteintech WB
FKBP10 Rabbit 12172-1-AP Proteintech WB,IF
FN Rabbit ab199056 Santa Cruz WB
P3H1 Rabbit pc HPA012113 Atlas WB
P3H2 Rabbit pc HPAO07890 Atlas WB
P3H3 Rabbit pc 16023-1-AP Proteintech WB
P3H4 Mouse sc-514276 Santa Cruz IF
P3H4 Mouse H00010609- Novus Biologicals | WB,IF
BO1P
P3H4 Rabbit 15288-1-AP Proteintech WB,IF
PPIB AB_2169138 | PA1-027A Invitrogen WB
a-SMA Mouse A5228 Sigma Aldrich WB,IF
B-actin HRP-conju- A3854 Sigma Aldrich WB
gated

WB, Western Blot; IF, immunofluorescent staining.
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Table 4: Secondary antibodies for IF-staining

Product Provider Cat# Dilution Application
Goat anti-Rabbit Thermo Fisher | A-11008 1:500 IF
IgG- Alexa Fluor Scientific

488

Donkey anti- Thermo Fisher | A-10037 1:500 IF
Mouse IgG- Alexa | Scientific

Fluor 568

Donkey anti- Thermo Fisher | A-21202 1:500 IF
Mouse IgG- Alexa | Scientific

Fluor 488

Goat anti-Rabbit Thermo Fisher | A-11011 1:500 IF
IgG-Alexa Fluor Scientific

568

Amersham ECL | GE Healthcare | NA934 1:50000 WB

Rabbit 1gG, HRP- | Chicago, USA
linked F(ab’), frag-
ment (donkey),
monoclonal

Amersham ECL | GE Healthcare | NA931 1:50000 WB
Mouse 1gG, HRP- | Chicago, USA
linked whole Ab (
sheep), monoclo-
nal

WB, Western Blot; IF, immunofluorescent staining.

5.7.3 Quantification of Secreted Collagen in cell culture supernatants

For each condition, 1 ml of cell culture supernatants were collected in 1.5 ml pro-
tein LoBind tubes (Eppendorf, 0030 108.116), in duplicate, and stored at -80°C.
Using the Sircol Collagen Assay Kit (#51000, Biocolor) in accordance with the
manufacturers’ instructions, the total amount of collagen secreted was quantified.
First, standard solutions in 15 ml falcons were prepared with established collagen
contents that ranged from 0 g to 30 g. As a diluent and blank solution, starvation
medium was used. After thawing the supernatants, 200 ul of the kit's cold Isola-
tion and Concentration Reagent was added to 1ml of cell supernatant, 1 ml stand-
ard dilutions, and 1ml blank solution. The mixture was then incubated overnight
at 4°C on an ice-water mix. The tubes were then centrifuged at 14000 RPM for
30 minutes. The supernatant was then carefully removed by inverting the tubes.
1 ml Sircol Dye Reagent was added to each tube and was mixed by inverting.
Using a thermomixer, the tubes were then gently shaken at 400 RPM for 30

minutes at RT. The tubes were centrifuged again for 30 minutes at 14000 RPM
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and depleted by inverting. Without touching the pellet, a cotton bud was used to
carefully remove unbound dye from the inside of the tube and cap. 750 pl ice-
cold Acid-Salt Wash Reagent was slowly added to the pellet and the tubes were
then centrifuged at 14000 RPM for 30 minutes. The washing step was repeated
after the washing solution was removed. 250 pl of alkali reagent was added to
the tubes, and the pellet was vortexed until all bound dye dissolved. After spinning
down the tubes, 200 pl of each sample was loaded to a 96-well plate for meas-
urement. The samples were measured using the Sunrise Reader (Sunrise
Reader, Tecan) at a detection wavelength of 550 nm. The concentrations of col-

lagen were calculated using reference solutions.

5.8 Immunofluorescence staining of cultured cells and lung
tissues

5.8.1 Immunofluorescence staining of FFPE mouse and human lung

tissue sections

FFPE lung tissue sections from Bleo and PBS treated mouse lungs were obtained
from Herbert Schiller lab at Comprehensive Pneumology Center (CPC) and Insti-
tute of Lung Health and Immunity (LHI). The bleomycin treatment experiments of

mouse were performed as earlier described (Strunz et al., 2020).

For deparaffinization, the FFPE lung tissue sections from Bleo and PBS treated
mouse lungs, healthy donors and patients with IPF were incubated for 30 minutes
at 60°C. Slides containing the tissue sections were then incubated in xylene
(twice, 5 minutes each), and then transferred to 100% EtOH for 2 minutes, 100%
EtOH for 2 minutes, 90% EtOH for 1 minute, 80% EtOH for 1 minute, and 70%
EtOH for 1 minute at RT. The slides were then put in citrate buffer (2.94-gram
sodium citrate was dissolved in 1X PBS and adjusted pH to 6.0) to enable antigen
retrieval and were heated in an 80°C water bath for 30 minutes, and then taken
out to cool at RT for 30 minutes. After cooling, the slides were washed with PBS
three times, each time for five minutes. For permeabilization, the slides were in-
cubated with 0.2 % Triton X-100 in PBS at RT for 5 minutes and then were
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washed three times with PBS for 3 minutes each. Slides were then incubated with
blocking buffer (% 5 BSA in PBS) for one hour at RT. After aspirating the blocking
buffer, the primary antibodies were diluted in %1 BSA (prepared in 1X PBS) were
applied to the slides and incubated overnight at 4°C. Negative controls were pre-
pared by adding only 1% BSA in 1xPBS to the slides. The following day, the
slides were rinsed three times in 1X PBS (3 minutes each), and then 1:500 dilu-
tions of each fluorescently-labeled secondary antibody in %1 BSA was applied to
the slides for 2 hours at RT by protecting samples from light. The slides were then
again rinsed 3 times in 1X PBS for 3 minutes each. After washing, the slides were
covered with 25-pl drop of appropriate mounting medium with DAPI and then with
a glass plate. The slides were placed in an incubator chamber, and stored in dark
at 4°C until ready to image. Images were obtained with an LSM 710 Confocal

Microscope using a 20X objective.

5.8.2 Cell Fixation and Immunofluorescent Staining

PhLFs were seeded on sterilized coverslips coated with poly-lysine for 30 mins,
and treated before fixation and immunostaining. After aspiration cell culture me-
dium and washing the cells with 1X PBS, the cell fixation was performed using
4% paraformaldehyde (PFA) for 10 minutes at RT. The cells were then rinsed
with 1X PBS three times for 3 minutes each. For permeabilization, the cells were
incubated with 0.2 % Triton X-100/1X PBS for 5 minutes at RT and then they
were washed three times with 1X PBS. The cells were then blocked using % 5
BSA/1X PBS for 1 hour at RT. After 1 hour, the blocking buffer was aspirated,
primary antibody diluted in %1 BSA/1X PBS was added to the cells and incubated
overnight at 4°C. The following day, the cells were washed three times with 1X
PBS and the secondary antibodies diluted in %1 BSA (1:500) were added to the
cells for 1 hour at RT in darkness. After washing again three times with 1X PBS,
the cells were mounted in mounting media with DAPI (Invitrogen, 15596276) by
inverting the coverslips over the appropriate 25 pl drop of mounting media with
facing down the side with cells and then slides were stored at 4°C until ready to
image. Imaging was performed using LSM 710 Confocal Microscope using a 20X
objective.
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5.9 Proximity Ligation Assay (PLA)

PLA was performed for protein-protein interactions detection in situ at endoge-
nous protein levels using Duolink® PLA kit according to the manufacturer's in-
structions. PLA was carried out on phLFs and PBS/BLEO-treated mouse lung
tissue sections on glass slides using immunofluorescence. Before starting, the
cells were seeded on 8 well-chambered coverslips (u-Slide, Ibidi, #80826) and
fixation and permeabilization of cells were performed. For PLA on f FFPE tissue
sections, deparaffinization, antigen retrieval and permeabilization were per-
formed previously. After that, the following PLA protocol was performed for a 1
cm2 sample on a slide, using 40 pl of solution for sufficient coverage. According

to reaction area and number of samples, the volume was adjusted.

After fixation/permeabilization of cells or deparaffinization/retrieval/permeabiliza-
tion of tissue sections, the samples were blocked using Duolink blocking solution
(Sigma) and incubated at 37°C for 60 minutes. After aspirated blocking solution,
samples were incubated with FKBP10 (rabbit) (1:50) and P3H4 (mouse) (1:50)
primary antibody diluted in Duolink Antibody Diluent. The samples were then in-
cubated in a humidity chamber for 60 minutes at 37°C. Followed by two washings
with 1X wash buffer A (5 minutes each) at RT, the samples were incubated with
specific Duolink PLA probes Anti-Mouse MINUS (#DU092004-30RXN) and Anti-
Rabbit PLUS (#DU092002-30RXN), diluted 1:5 Duolink Antibody Diluent for 1
hour in humidity chamber for at 37°C. The samples were again washed with 1X
wash buffer A (5 minutes each) at RT and incubated with 1X Duolink Ligation
buffer in a humidity chamber at 37°C for 30 minutes. After ligation step, the sam-
ples were washed once again using 1X wash buffer A and incubated with 1x
Amplification buffer in humidity chamber at 37°C in dark for 100 minutes. The
samples were then washed with 1X wash buffer B twice (10 minutes each) and
using 0.01X wash buffer B (1 min each) at RT. For preparation of imaging, the
samples were mounted using an optimum volume of Duolink in situ mounting
medium with DAPI and incubated for 15 minutes before being analyzed with LSM
710 Confocal Microscope using 20X objective. Following imaging, the slides were
stored in the dark at 4°C.
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5.10 Mouse tail tendon experiments using P3H1 Null and WT
mice

P3H1 null mice were provided on a C57B6 background by the Bachinger lab (Bi-
ochemistry and Molecular Biology Department, University of Oregon Health &
Science, Portland) and have been described in detail in Vranka et al and Pok-
idysheva et al (Pokidysheva, Mizuno, et al., 2013; Pokidysheva, Tufa, et al., 2013;
Vranka et al., 2010). Mouse housing and breeding was according to international
standards for the use and care of experimental animals and approved by the Up-
per Bavarian government (ROB-55.2-2532.Vet_02-20-62).

5.10.1 Isolation of type | collagen from mouse tail tendon

Collagen Type | was extracted from tail tendon of P3H1 null and WT adult mice
using procedures adapted from Rajan et al and Vranka et al (Pokidysheva, Tufa,
et al.,, 2013; Rajan et al., 2006). Briefly, tail tendons were rinsed with PBS,
chopped and digested with 0.25 mg/mL pepsin (Fisher Chemical, P/1120/46) in
0.1 M acetic acid at 4°C overnight. Undigested tendon was removed by centrifu-
gation at 4.500 rpm for 10 minutes, followed by addition of NaCl to the superna-
tant up to a final concentration of 0.7 M and incubation for 24 to 72 h. Precipitated
type | collagen was centrifuged at 13 000 rpm for 30 minutes and the pellet re-
solved in 0.05 M acetic acid. The resulting solution was dialyzed to 0.05 M acetic
acid at 4°C overnight, and protein concentration estimated by measuring absorb-
ance at 280 nm in a Nanodrop 1000 Spectrophotometer (ThermoFisher) using
known concentrations of rat tail collagen (Sigma Aldrich, C3867) as standard. By
using sodium dodecyl sulfate polyacrylamide gel electrophoresis(SDS-PAGE),
similar amounts of type | collagen were resolved on a 7.5% gel, and identified
with Coomassie Brilliant Blue (R-250, Bio Rad, #161-0436).

The described in-house procedure yields collagen of superior purity as compared
to commercially available rat tail collagen (Sigma Aldrich, C3867, see Figure 26),
but with a a1(l): a2(l) chain stoichiometry of 1:0.94 for mouse type | collagen as
compared to 1:0.55 for rat type | collagen (obtained by iBAQ).
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5.10.2 Proteomic Analysis from P3H1 Null Mice

Per sample each 10 pg of purified mouse tail collagen were reduced by adding
dithiothreitol to a final concentration of 2 mM and incubating at 60°C for 10
minutes. After equilibration to RT, iodoacetamide was added to a total concen-
tration of 6 MM and incubated for 30 minutes at RT in the dark, followed by tryptic
digest (Promega, VA1060) at ratio of 1:20 overnight at 37°C for 18h. Before the
mass spectrometry analysis, samples were trifluoroacetylated and stored at 20
°C.

As described previously, the LC-MS/MS analysis was carried out on a Q-Exactive
HF mass spectrometer digitally paired to an UltiMate 3000 RSLCnhano System
(Thermo Scientific) (Merl-Pham et al., 2019; Philipp et al., 2017). 0.3 pg of puri-
fied collagen protein were briefly loaded into the trap column, then eluted and
separated on the C18 analytical column after 5 minutes (nanoEase M/Z HSS T3
Column, 75 um I.D. X 250 mm length, 100A pore size, 1.8 um particles, Waters)
via a non-linear acetonitrile gradient for 90 minutes. MS and MSMS spectra have

been recorded as described (Merl-Pham et al., 2019).

The acquired spectra were analyzed in the MaxQuant software (version 2.3.0.1,
MPI Biochemistry Martinsried) applying default settings (Tyanova et al., 2016).
Searches were performed within the MaxQuant software using the Andromeda
search tool (Jurgen Cox et al., 2011) against the Swissprot mouse protein data-
base (Release 2020 _02, 17061 sequences) additionally allowing for oxidation of
proline and lysine as variable modifications. LFQ (ratio count 1,(Jirgen Cox et
al., 2014)), iBAQ (Schwanhausser et al., 2013), and TOP3 (Silva et al., 2006)
quantification based on unique peptides were included. Identifications were fil-
tered for a peptide-spectrum-match and 1% false discovery rate of protein. The
resulting list of protein groups including intensities, LFQ intensities, iBAQ, and
TOP3 values were used for the calculation of sample purity and chain stoichi-

ometries.

5.10.3 Analysis of amino acids

Analysis of amino acids was carried out by the Molecular Structure Facility at UC
Davis (University of California, USA). In brief, 200 ul of type | collagen solution
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were transferred to a hydrolysis tube and dried, followed by liquid phase hydrol-
ysis using 200 pl 6N HCI (1% phenol) for 24h at 110°C. The hydrolysate was
dried and dissolved in 50 pl Lithium citrate buffer containing 5 nmol S-aminoethyl-
cysteine (AE-Cys) as internal standard and analyzed on a Hitachi L-8800 amino

acid analyzer.

5.10.4 Isolation of RNA and protein from mouse tendon of P3H1 null and
WT mice

RNA and protein were simultaneously extracted from mouse tendon using proto-
cols adapted from Grinstein et al, Vorreiter et al, and Chey et al (Chey et al.,
2011; Grinstein et al., 2018) as follows: Mouse tendons were washed with sterile
PBS, chopped into small pieces, and homogenized in Qiazol lysis reagent using
a TissueLyser Il (Qiagen) in accordance with the manufacturer's instructions. For
RNA extraction, 1-bromo-3-chloropropane was added, followed by vigorous
shaking for 15s, 10 minutes of incubation, and centrifugation at 15.000 x g at 4°C
for 20 minutes. The lower organic phase was kept on ice for isolation of protein
(see below, isolation of protein). The upper colorless agqueous phase containing
the RNA was transferred into clean tubes and 0.5 ml isopropanol added per ml
Qiazol. Samples were vortexed for 10s, incubated for 10 minutes, and the RNA
pelleted by centrifugation for at least 1h at 4°C, at 15.000 x g, the pellet was
rinsed twice with 75% ethanol, allowed to dry, and finally resuspended in 12 ul
RNAse free water. The concentration of RNA was measured in a Nanodrop 1000
Spectrophotometer (ThermoFisher).

For the isolation of protein, the interphase was carefully separated from the lower
phase and discarded. Approximately 2.5 volumes of 100% ethanol were added
to 1 volume of protein-containing solution (organic phase). Then, approximately
1 volume of bromochloropropane was added and samples were thoroughly
mixed. Approximately 2 volumes of water were added, and, after repeated mix-
ing, samples were centrifuged for 30 minutes at 12.000xg. The colorless agueous
supernatant at the top was discarded followed by addition of approximately 3 vol-
umes of 100% ethanol to the lower phase and the interphase, for precipitation of
protein. Samples were thoroughly mixed and centrifuged for 15 minutes at

12.000x g. The occured protein pellet was rinsed once with 1 ml of 100% ethanol,
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briefly left to dry at room air, followed by resuspending in 4% SDS containing 1X
protease inhibitor cocktail (Roche) and quantification using the Bradford assay kit
(Bio-Rad). Gene expression analysis by gRT-PCR and WB was performed as
described initially. Primers were synthesized by Eurofins and are listed in table 2.

Primary antibodies are given in Table 3.

5.11 Statistical analysis

GraphPad Prism v8.0 analysis (GraphPad Software, CA, San Diego, USA) was
used for statistical analysis. Data were shown as mean + standard error of mean
(SEM). Paired t-test or one-way ANOVA with Tukey’s multiple comparison test
was used for statistical analysis. Significance is demonstrated as follows:
*p<0.05, **p<0.01, ***p<0.001.
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