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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a disease linked to a high 5-year mortality, with few 

therapeutic options. Prostaglandin (PG)E2 exhibits antifibrotic properties and is reduced in the 

broncho-alveolar lavage from IPF patients. 15-prostaglandin dehydrogenase (15-PGDH) is a 

key enzyme in PGE2 metabolism under the control of transforming growth factor-β and 

microRNA 218. 

We observed that expression patterns of 15-PGDH differ between healthy and IPF lungs, with 

areas of more pronounced expression in IPF. Treatment of mice with SW033291, an inhibitor 

of 15-PGDH, was beneficial against bleomycin-induced lung fibrosis in mice, reducing collagen 

content and improving lung function. These favorable effects were also observed when 

treatment was started after lung injury and established fibrosis. Fibrocytes are bone marrow 

derived cells that have been implicated in fibrotic remodeling. We found that PGE2 inhibited 

human fibrocyte differentiation in vitro both in healthy donors and IPF patients, and observed 

a reduction of fibrocyte counts in bleomycin treated mice after treatment with 15-PGDH 

inhibitor, along with decreased alveolar epithelial cell apoptosis and fibroblast proliferation. In 

precision-cut lung slices from IPF patients, 15-PGDH inhibition increased PGE2 levels and 

decreased collagen secretion. Finally, microRNA 218-5p, which is downregulated in IPF 

patients, suppressed 15-PGDH expression in vivo and in vitro.  

In summary, these data suggest that 15-PGDH plays a crucial role in the metabolism of PGE2 

and inhibition of its activity positively affects the development of lung fibrosis through the 

antifibrotic effects of PGE2. Thus 15-PGDH inhibition might be a promising novel approach for 

the treatment of IPF. 
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Zusammenfassung 

Bei der idiopathischen pulmonalen Fibrose (IPF) handelt es sich um eine Erkrankung mit einer 

sehr niedrigen 5-Jahres-Überlebensrate und nur eingeschränkten therapeutischen 

Möglichkeiten. Prostaglandin E2, ein Gewebshormon aus der Klasse der Eikosanoide zeigt 

deutliche antifibrotische Wirkungen und seine Spiegel sind in der bronchoalveolären Lavage 

von IPF-Patienten reduziert. Der Abbau dieses Mediators wird durch die 15-

Prostaglandindehydrogenase (15-PGDH) vermittelt und dieses Enzym steht unter dem 

Einfluss des transformierenden Wachstumsfaktors β sowie der microRNA 218-5p. 

Unsere Untersuchungen zeigten deutliche Veränderungen in den Expressionsmustern der 15-

PGDH, mit einer markanten Steigerung der Expression in gewissen Arealen in IPF Lungen. 

Die Behandlung von Mäusen mit einem spezifischen Hemmstoff der 15-PGDH, SW033291 

verhinderte die Entwicklung einer durch Bleomycin ausgelösten Lungenfibrose, was sich vor 

allem in einer verbesserten Lungenfunktion, und reduzierten Kollagenablagerungen 

widerspiegelte. Selbst wenn die Behandlung mit SW033291 erst begonnen wurde, nachdem 

sich bereits eine Fibrose entwickelt hatte, konnten wir diese Ergebnisse reproduzieren. 

Fibrozyten sind Zellen die dem Knochenmark entstammen und wurden mit dem fibrotischen 

Umbau verschiedener Gewebe in Verbindung gebracht. Wir konnten die Entstehung dieser 

Zellen aus Leukozyten von IPF-Patienten und gesunden Spendern in in vitro Versuchen mittels 

PGE2 verhindern. Darüber hinaus reduzierte die zusätzliche Behandlung mit SW033291 die 

Fibrozytenzahlen in den Lungen im Vergleich zu den nur mit Bleomycin behandelten Mäusen 

und senkte die Apoptose von alveolaren Epithelzellen sowie die Proliferation von Fibroblasten. 

Die Expression der 15-PGDH wurde sowohl in vitro als auch in vivo durch die microRNA-218-

5p supprimiert. Dies ist von besonderer Bedeutung, weil diese microRNA in IPF-Lungen 

erniedrigt ist. In ex vivo Kulturen von Lungengewebsproben (precision cut lung slices), die aus 

den Lungen von IPF-Patienten gewonnen wurden, konnten wir einen deutlichen Anstieg der 

Eikosanoide und ein Absinken der Kollagensynthese nach 15-PGDH-Inhibitorbehandlung 

nachweisen. 

Unsere Daten zeigen, dass die 15-PGDH eine zentrale Rolle im PGE2-Katabolismus spielt, 

und dass eine Inhibierung dieses Enzyms zu erhöhten PGE2-Spiegeln führt, welche wiederum 

antifibrotische Wirkungen entfalten. Daher könnte die 15-PGDH einen neuen Angriffspunkt in 

der Therapie der IPF darstellen. 
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1 Introduction 

 

1.1 Prostaglandins 

 

Prostaglandins (PG) are a class of lipid mediators that belong to the larger group of 

eicosanoids. Besides prostaglandins, lipoxins (LX), some resolvins (RS), thromboxanes (TX) 

and leukotrienes (LT) are also classified as eicosanoids (Greek “eikosi”, twenty). The term 

prostanoids in turn comprises PGs and TXs. As all eicosanoids, prostaglandins are derived 

from 20 carbon units long, polyunsaturated fatty acids (PUFA) and have great importance as 

signaling molecules under both physiological and pathological conditions. They have first been 

isolated and investigated in the 1930s (1, 2) and have since been extensively studied. PGs 

have been named according to being first isolated from the prostate gland (2) while 

thromboxane received its name in acknowledgment of its critical role in thrombosis and platelet 

aggregation (3). The subscripts (e.g. PGE2) describe the number of double bonds in the 

molecule that depends upon the PUFA from which they are formed. Series 1 prostaglandins 

(e.g. PGE1) are derived from dihomo-ƴ-linolenic acid, series 2 from arachidonic acid, and series 

3 from eicosapentanoic acid (4, 5).  

1.1.1 Prostaglandin synthesis  

The first step in the synthesis of prostaglandins is the liberation of arachidonic acid (AA) (or 

other PUFAs) from membrane phospholipids by cytosolic phospholipase A2 (cPLA2). This is 

followed by oxygenation via cyclooxygenase (COX) 1 or 2 and resulting first in the formation 

of PGG2 and afterwards PGH2. PGH2 is then metabolized via terminal prostaglandin synthases 

to the respective PGs, i.e. PGD2, PGE2, PGF2alpha, PGI2 or TXA2. The most abundant series-2 

PGs are in general considered to be pro-inflammatory. Due to their potent effects, levels of 

PGs need to be tightly controlled, either by hydrolysis or by specific enzymes mediating their 

degradation. 

1.1.1.1 Cyclooxygenases 

COX-1 and -2 are considered the key enzymes of PG synthesis as they are thought to be the 

rate limiting step in PG-generation (6). The fact that PGs play a crucial role in inflammation (as 

illustrated by their contribution to the 4 classic hallmarks of inflammation, which were first 

described by Celsus) is the reason that COX inhibitors are widely used for the symptomatic 

treatment of pain (7). Although this may lead to a wide range of adverse effects (7), COX 
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inhibitors, also referred to as non-steroidal, anti-inflammatory drugs (NSAIDs) are still first-line 

agents for this indication.  

COX-1 and -2 each have two separate activities: cyclooxygenase activity, leading to formation 

of PGG2 from AA, and subsequent peroxidase activity, catalyzing the reaction from PGG2 to 

PGH2. While these two isoforms have an amino acid sequence similarity of approximately 60-

65%, they differ only slightly in their structure, the catalytic center is highly conserved and 

affinity for AA is almost the same (8). Furthermore, they do act as functional and structural 

dimers and present multiple glycosylation sites as confirmed by data from Western blot (8). Of 

note, COX-2 has an additional “side pocket” that allows for the metabolisation of a wider variety 

of substrates, especially endocannabinoids (9). The prostaglandin-endoperoxide synthase 

(PTGS) 1 and 2 genes that encode the two COXs are located on chromosome 9 and 1 

respectively and are conserved in vertebrates (10). As COX-2 can be induced by a variety of 

stimuli, the classical paradigm is that while COX-1 is responsible for the basal synthesis of 

PGs in resting cells, COX-2 is expressed predominantly under inflammatory/activated 

conditions (6). Common stimulators of COX-2 expression include cytokines (e.g. tumor 

necrosis factor (TNF)α) or microbial components (such as lipopolysaccharide (LPS)) (11, 12). 

Although this might be true for a variety of tissues, some organs show considerable COX-2 

expression already under baseline conditions, among them the lung and the kidney (12, 13). 

Furthermore, a recent study found expression of COX-2 at baseline conditions in the 

parenchymal cells of most organs, including the gastrointestinal tract, the nervous system, 

endocrine and exocrine glands and the reproductive organs, although sometimes at low levels 

(14). However, the notion that the gastro-protective effects of prostanoids depend upon COX-

1-mediated synthesis resulted in the introduction of selective COX-2 inhibitors (coxibs) that 

show less gastrointestinal adverse events than classic NSAIDs (15), although these so-called 

Coxibs showed cardiovascular side effects, severely limiting their use (16). The development 

of selective COX-2 inhibitors was facilitated by the larger size of the active site in COX-2 and 

small amino acid differences of the enzymes (17). In the lung, both isoforms are present under 

physiologic conditions, both in mice and men, with predominant expression in alveolar 

epithelial cells (12, 18, 19). The fact that the respiratory tract lining fluid contains extensive 

levels of PGs, predominantly PGE2, reflects the potent biosynthetic capacity of the lungs (20).  

The first widely marketed medication that targeted COX enzymes was acetylsalicylic acid, 

synthesized by Felix Hoffman (21). However, it was not until 1971 that this mechanism was 

unraveled as the reason for its analgesic, anti-inflammatory and antipyretic actions (21, 22). 
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1.1.1.2  Terminal synthases 

The last step towards the formation of the different PGs is catalyzed by the respective terminal 

synthases. Interestingly, most of them were shown to preferentially couple to one of the COX 

isoenzymes (as reviewed in (23)). While the three terminal synthases for PGE2 received the 

most attention (microsomal PGE synthase (mPGES)1, linked to COX-2; mPGES2, no 

preference; cytosolic PGES, linked to COX-1), two synthases for PGD2 have also been 

described (haematopoietic PGDS, linked to COX-1; lipocalin dependent PGDS, no preference) 

(24, 25). For both TXA2 and PGI2 only one terminal synthase exists (both preferentially linked 

to COX-2) (24, 25). In contrast, there are still doubts about specific PGF synthases, as 

enzymes from different families might contribute to PGF2alpha synthesis and this might 

furthermore depend upon the specific tissue (23, 25, 26).  

mPGES1 is, in contrast to mPGES2 and cPGES, considered to be the inducible isoform (25). 

Of note, studies have failed to show in vivo involvement in PGE2 synthesis of mPGES2 and 

cPGES, providing some evidence that mPGES1 is the primary source of PGE2 (27, 28). As 

mPGES1 is coupled preferentially (but not exclusively) to COX-2, it is responsible for the 

increases in PGE2 seen upon stimulation and is also the primary source of PGE2 in the lung 

under basal conditions (29). However, mPGES1 knockout mice lack the phenotype of COX 

and EP4 deficient mice, most notable the patent ductus arteriosus (30), meaning that residual 

synthesis seems to occur. 

1.1.2 Prostaglandin release 

As PGs mostly exert their effects via G-protein-coupled receptors (GPCR) with extracellular 

binding domains, but are synthetized in the cell, they have to cross the cell membrane. 

Although PGs are derived from lipids, they show very limited penetration through intact cell 

membranes (31) as they are charged ions at physiological pH (32). Despite this fact, they were 

widely believed to exit the cell mainly via passive diffusion until the prostaglandin efflux 

transporter multridrug resistant protein (MRP) 4 was shown to transport PGE2 and other PGs 

with high affinity (33). This protein belongs to the subfamily C of ATP-binding cassette 

transporters and, besides prostaglandins, transports a variety of other endogenous 

compounds (e.g. cyclic nucleotides, such as cAMP, bile acids and steroids) but also drugs 

(e.g. antibiotics or diuretics) (34). The hydrolysis of ATP provides the necessary energy for the 

transport of its substrates across membranes. Most of the work concerning its role as a 

prostaglandin efflux transporter focuses on PGE2 and there is evidence that increased MRP4 

expression might play a role in the pro-carcinogenic effects of PGE2 via increasing its 

extracellular levels (35). However, there is evidence that also in the absence of MRP4, PGs 
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can still exit the producer cells, possibly via other MRPs (36). The process of PG synthesis 

and release is illustrated in Figure 1. 

 

1.1.3 Prostaglandin receptors 

PGs exert the majority of their wide effects via activation of multiple receptors. All PG receptors 

are GPCRs and as such, are characterized by their seven transmembrane spanning domain 

and their binding of heterotrimeric G-proteins (mainly Gα, Gβ and Gƴ). If not activated, the Gα-

subunit is bound to GDP and associates with Gβ and Gƴ. Binding of the ligand leads to 

conformational changes that in turn cause dissociation of GDP and, owing to the high GTP 

concentrations in living cells, its replacement by GTP. In response to this, the Gα and the Gβƴ 

separate and induce their respective downstream effects. As the Gα subunit has an intrinsic 

GTPase activity, GTP is hydrolyzed to GDP and the subunits reunite. Activated Gα and Gβƴ 

can regulate adenylyl cyclases and phospholipase C (PLC) while Gα subunits also affect 

cGMP, phosphodiesterases and guanine nucleotide exchange factors (GEF). In contrast, the 

Gβƴ subunit can activate GPCR kinases, thereby regulating GPCR signaling, and controls 

some potassium and calcium channels, as well as phosphoinositol 3 kinase (PI3K) and 

mitogen activated protein kinases (37). In order to “fine-tune” GPCR-signaling, a complex 

machinery exists, consisting for example of GTPase accelerating proteins, or activators of G-

protein signaling (38). 

The Gα subunits can be divided into four families depending upon their primary function. Gαs 

activation stimulates adenylyl cyclase, thereby increasing cAMP formation while Gαi activation 

has the opposite effect. Gαq/ Gα11 activates phospholipase C, resulting in the formation of 

diacyl glycerol and inositol trisphosphate. Gα12/ Gα13 results in the activation RhoGEF (39). 

Prostanoid receptors can be coupled to any of these G subunits. The prostanoid receptors are 

named for the endogenous substrate that binds with the highest affinity, for example I-type 

prostanoid receptor (IP) preferentially binds PGI2. Of note, most prostanoid receptors do show 

cross reactivity with other prostanoids as well, being reflective of their close structural 

resemblance. Interestingly, receptors for the very same prostanoid can be coupled to opposing 

Gαs and Gαi subunits, as it is for example the case for DP1 and 2 and EP3 as opposed to 2 

and 4 receptors. For a graphic summary of G-protein coupling of the receptors see Figure 2.  
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Figure 1. Biosynthetic pathway of prostaglandins as illustrated by the example of PGE2.  The first step 
consists of the cleavage of arachidonic acid (AA) from membrane phospholipids by cytosolic phospholipase A2 
(cPLA2) and is followed by its metabolisation via cyclooxygenase (COX) 1 or 2 to PGG2 and PGH2.Afterwards, 
microsomal PGE-synthase 1 (PGES) catalyzes the final reaction to PGE2 which is then transported out of the cell 
via multi-drug-resistant protein (MRP) 4 to the extracellular space. 
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1.1.3.1 EP-receptors 

EP1 receptor activation has been shown to result in an increase in intracellular Ca2+ 

presumably via activation of Gq/11 protein, subsequent recruitment of PLC and inositol-1,4,5-

trisphosphate (IP3) formation (40). Nevertheless, some authors suggest different mechanisms, 

possibly involving protein kinase C mediated Ca2+ increases (41). Under physiologic 

conditions, the EP1 receptor is, besides other functions, involved in pain responses and blood 

pressure regulation (40). Pulmonary functions include vasoconstriction in human pulmonary 

veins (42), stimulation of surfactant production in rats (43) and wound healing in airway 

epithelial cells (44).  

EP2 receptor activation predominantly leads to Gαs –mediated adenylyl cyclase activation and 

thereby promotes cAMP elevation, resulting in protein kinase A activation which exerts its 

effects via transcription factors, most notably cAMP responsive element binding protein (45). 

The effect on cAMP is shared with the EP4 receptor. Furthermore there is evidence of EP2 

linkage to beta-arrestin1, which usually leads to receptor desensitization, but in EP2 receptors 

activates an additional pathway, resulting in PI3K stimulation (46, 47). Its physiological 

functions include repression of immune functions, but also significant vasodilation as shown in 

EP2-knockout mice (48, 49). In the lung, there is considerable evidence for the protective role 

of EP2 receptors under inflammatory and also fibrotic conditions (50-52). Furthermore, EP2 

also mediates bronchodilation (53), although some of these effects might be mediated by EP4 

receptors in humans (54). 

EP3 receptors are mainly coupled to Gαi subunits and thus exert their actions via inhibition of 

adenylyl cyclase and its downstream effectors. They do in some ways have opposing roles as 

compared to EP2/4 signaling, leading for example to vasoconstriction (42) and platelet 

activation (55). Interestingly, variants exist of EP3 receptors that also couple to other G 

subunits such as Gq, activating the respective downstream signaling pathways (56). 

Furthermore, species-specific splice variants that differ in their subsequent G-protein signaling, 

rate of desensitization or constitutive activity have been described (57-60). In the airways, EP3 

receptors induce bronchodilation and protect from allergic inflammation (61), but also lead to 

vasoconstriction in the pulmonary airways (42). Furthermore, they are responsible for the 

cough inducing effects of PGE2 via sensory nerve depolarization (62). 

EP4 receptors are also coupled to Gαs subunits and thus share a similar signaling pathway 

with EP2 receptors, which delayed its recognition as a receptor in its own right (63). It addition 

to the signaling pathways described for EP2 receptors, the EP4 receptor can also lead to PI3K 

and AKT (64) as well as extracellular signal regulated kinase (ERK) and protein kinase (PK)C 
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activation (65, 66). The EP4 receptor is partly responsible for the anti-inflammatory functions 

of PGE2 in eosinophils and lymphocytes and prevents platelet activation (49, 55, 66). In the 

lungs, the EP4 receptor protects from inflammation and exerts antifibrotic functions (12, 67, 

68). 

Taken together, the PGE2 –activated EP receptors mediate protective functions in the lungs 

which led to the notion that the lungs are “a privileged site for the beneficial actions of PGE2” 

(69). However, PGE2 has been recognized to play important roles in carcinogenesis and is the 

main reason why pharmacologic inhibition of COX-isoenzymes has been explored as a 

chemopreventive option (as recently reviewed in (70, 71)). 

1.1.3.2  DP receptors 

The DP1 receptor shows similar characteristics to EP2 and EP4, being also coupled to a Gαs 

subunit. Besides increasing cAMP levels, it can also function as a transcriptional regulator, for 

example in increasing serum response element (72). It is involved in immune cell function, 

especially in eosinophils, in addition to being a vasodilator (72, 73). In the lung, it has been 

shown that activation of DP1 exerts pro-inflammatory effects (74) and can induce cough via 

sensory nerve stimulation (75). 

The DP2 receptor was first named Chemoattractant Receptor-homologous molecule 

expressed on T-Helper type 2 cells (CRTH2) or GPR44. It is coupled to Gαi subunit and 

decreases cellular cAMP levels, but DP2 can also signal via beta arrestin and PLC and IP3 

(76). It is expressed on a wide variety of immune cells, including Th2 cells, eosinophils and 

basophils, and is involved in chemotactic responses (77). Consequently, antagonism of this 

receptor has been investigated as a target in asthma (78) and other inflammatory lung 

diseases (74). Of note, the antifibrotic effect of PGD2 is probably also mediated via DP2 (79, 

80). 

Although PGD2 is best known for its effects in allergy and especially asthma, it may also exert 

beneficial roles in the lungs, such as in models of fibrosis (80) or acute lung injury (81) although 

others show opposing effects (74). 

1.1.3.3 IP receptors 

Similar to the EP2/4 and DP1 receptor, the (human) IP receptor is predominantly coupled to a 

Gαs subunit (82). It exerts its effects via increased cAMP formation, thereby decreasing Ca2+ 

concentrations. The most prominent result of this cascade is the pronounced vasorelaxation 

especially in the pulmonary circulation that has found widespread therapeutic application in 

the treatment of pulmonary arterial hypertension (83). As PGI2 - the primary ligand - is 
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notoriously unstable (84), agonists have been developed, most of which show some 

crossactivation of other prostanoid receptors (85). In addition to the vasodilatory effects, PGI2 

potently inhibits platelet aggregation (86) and acts in an anti-artherogenic manner (87).In 

addition, antifibrotic effects in a model of pulmonary fibrosis, where it also affects transcription 

via nuclear exclusion of transcription factors (88) have been described (89). 

1.1.3.4 TP receptor 

TP receptors are abundantly expressed on platelets and mediate the potent pro-thrombogenic 

effects of TXA2 via coupling to Gαq and subsequent PLC activation, but G12/13 coupling, followed 

by myosins light chain phosphorylation via RhoA is also involved and two splice variants have 

been described that differ in their affinity for G-protein coupling (90, 91). Similar to PGI2, TXA2 

is unstable in solution, necessitating specific agonists for receptor studies (92). The therapeutic 

effect of acetylsalicylic acid on platelets depends upon the decrease in endogenous TXA2 

caused by irreversible COX-1-inhibition in platelets that results in reduced TP receptor 

activation (93). In addition, some studies describe effects of TP signaling in angiogenesis and 

cardiovascular disease, and in accordance with its role in haemostasis it is also a potent 

vasoconstrictor (93). In the lungs, TP activation was shown to lead to bronchoconstriction (94) 

and increased edema formation in acute lung injury (95). 

1.1.3.5 FP receptor 

FP receptors are coupled to Gαq in humans and activation leads to IP3 and diacylglycerol 

formation and Ca2+ mobilization. In humans, two splice forms have been described (96), with 

the main difference being the sensitivity to inactivation via phosphorylation by PKC (97). FP 

receptor activation via PGF2alpha exerts pro-proliferative effects (98), and also shows great 

importance in parturition (99) as well as intraocular pressure regulation (100). In the lung, FP 

receptor activation has been associated with worsened fibrosis (101). 

 

Figure 2. Gα subunit coupling of the prostaglandin receptors.  All PG-receptors are seven transmembrane, G-
protein coupled receptors.  While most of them couple to a adenylyl cyclase stimulatory subunit (αs), some also 
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show inhibitory properties (αi) and others work via coupling to Gαq/ G11. This is one of the mechanisms that enables 
PGs to exert their widely differing functions.  

1.1.4 Prostaglandin degradation/15-Prostaglandindehydrogenase 

PGs are very potent molecules and the same mediator might exert different and even opposing 

effects, depending upon the spatial context and the expressed receptors (102). Therefore, 

termination of signaling via degradation is a crucial step in their metabolic pathways. In order 

to achieve this, different strategies have evolved. While PGI2 and TXA2 are rapidly degraded 

in plasma or aqueous solutions in a non-enzymatic fashion (half-lives 3 min and 30 seconds 

respectively) (84, 92), similar findings have been described for PGD2 but at much lower rates 

(103). In contrast, PGE2 is much more stable and PGF2alpha withstands non-enzymatic 

degradation best (104).  

In order to terminate their biological activity, they must first be transported into the cell, where 

their degradation takes place. As PGs do not readily cross cell membranes (105) they need to 

be transported. In 1995, a specific prostaglandin transporter (PGT) for eicosanoids was 

discovered (106), belonging to the family of solute carrier organic anion transporters 

(SLCO)/organic anion transporting polypeptides (OATP), and was later termed 

SLCO2A1/OATP2A1. These transporters work by exchanging intracellular with extracellular 

anions, being dependent upon local substrate gradients and pH (107). Interestingly, 

expression of this transporter is highest in the lung, where most degradation of PGE2 takes 

place (108). 

Consequently, PGE2 and PGF2alpha are predominantly metabolized by a specific enzyme, 15-

prostaglandindehydrogenase (15-PGDH) (NAD+ dependent), which catalyzes the reaction of 

the 15-hydroxy group into a keto group, thereby greatly decreasing biological activity (109). 

The cofactor for this reaction is NAD/NADH and the reaction takes place in a stereospecific 

manner (110). The substrate with lowest Km and highest Vmax is PGE1, closely followed by 

PGE2 and PGE3  (109). Besides PGE, PGF2alpha (109) and LXA4 (111) are metabolized at 

relatively high rates. Also PGI2 and PGD2 can be metabolized by 15-PGDH, but at much lower 

rates, thereby casting some doubt on the biological relevance of this process for these 

prostanoids (84, 92, 103, 112).  However, there is also some evidence for a PGD2 specific 

NADP-dependent 15-prostaglandin-D dehydrogenase (113). Another enzyme, carbonyl 

reductase type 1 (CBR1) also shows NAPD-dependent 15-PGDH activity in vitro, but is more 

efficient in reducing PGE2 to PGF2alpha  (114). Thus, NAD-dependent 15-PGDH is considered 

the primary catabolic enzyme of PGE which is corroborated by the finding that loss of function 

mutations lead to increased PGE2 levels in humans (115). Therefore, if not further identified, 

15-PGDH refers to this isoform. The potency of this catabolic pathway is illustrated by the fact, 
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that after a single circulation through the liver or lung (where circulating PGE2 is primarily 

metabolized) 70% and 95% are cleared, respectively (116). The notion that degradation of 

PGs is dependent upon a two-step model of initial cellular uptake via PGT and subsequent 

metabolization by 15-PGDH has been confirmed in an elegant set of experiments by Nomura 

et. al. (117). 

Studies in 15-PGDH knockout-mice revealed multiple roles for this enzyme. The most 

prominent feature in homozygous mice is the persistent ductus arteriosus Botalli that ultimately 

leads to death in the first 48 hours after birth which can be prevented by the application of a 

single dose of a COX-inhibitor within 12 hours postnatally (118). This is due to the crucial role 

of PGE2 in ductus arteriosus closure after birth, mirrored by the fact that also alterations in 

COX expression and EP4-receptors interfere with this important step of postnatal adaption 

(119, 120). The current hypothesis is that in the fetal circulation, PGE2 suppresses smooth 

muscle activity in the ductus arteriosus via the EP4 receptor (120). Once the pup is born, the 

lungs unfold, resistance decreases, and blood circulates through the lungs, where high levels 

of 15-PGDH lead to degradation of PGE2 and thereby terminate EP4 signalling in the ductus, 

resulting in its closure (118, 119). In addition, studies performed in 15-PGDH knockout -mice 

revealed reduced airway hyperresponsiveness in response to methacholine, further 

highlighting the importance of this enzyme in the lung (121). Furthermore there is considerable 

evidence that 15-PGDH knockdown leads to increased cancer susceptibility in mice and many 

types of tumors show downregulation of this enzyme, thereby presumably facilitating the pro-

carcinogenic effects of PGE2 (as reviewed in (122)).  

However, in humans, loss of function of 15-PGDH has only been shown to lead to primary 

hypertrophic osteoarthropathy (PHO), characterized by digital clubbing (115). This has been 

elucidated by studying multiple families with increased incidences of PHO and the subsequent 

finding of mutations in the HPGD gene (115, 123-126). Although studies described 

downregulation of 15-PGDH in pancreatic, colon, breast and lung cancer, and identified it as 

a negative prognostic marker (122, 127-129), in all the investigations into these “knockdown” 

patients (~50), not a single one has been described to have had cancer, and no disposition 

towards malignancies of colon or lung were detected (115, 123-126, 130). Patent ductus 

arteriosus was present only in a few patients, being in stark contrast to the data from mice 

(115, 118, 126). However, ductus closure in human neonates can also be prevented by PGE1 

(7), meaning that reduction of EP receptor signaling is also a crucial step in humans. Thus, 

one explanation for the ductus closure in humans not possessing 15-PGDH might be that in 

the fetal circulation most PGE originates from the placenta, and that therefore, the decrease 
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in concentration achieved by cord clamping might be sufficient in the majority of cases (115).  

A recent work also showed a fundamental contribution of 15-PGDH on regulatory T-cell 

mediated suppression of conventional T-cells via PGE2 metabolite 15-keto-PGE2-dependent 

PPARƴ-signaling (131).  

Interestingly, mutations in the human SLCO2A1 gene revealed a different phenotype, which 

may consist, in addition to PHO, of hereditary enteropathy and patients also experience early 

onset colon adenomas (132, 133). Of note, digital clubbing is less common in these patients 

and seems to rather affect male individuals. 

15-keto-PGE2, the product of this katabolic steps is almost devoid of activity at EP receptors, 

but might still exert actions via PPARƴ-signaling (131, 134). Therefore, also this compound is 

subject to subsequent degradation, resulting in the formation of 13,14-dihydro,15-keto-PGE2  

via Δ13-15-ketoprostaglandin reductase (135) and ultimately PGE-major urinary metabolite 

(136). However, the rate-limiting steps of degradation seem to be internalization by SLCO2A1 

and inactivation via 15-PGDH (117, 135). The processes leading to PGE2 degradation are 

illustrated in Figure 3. 
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Figure 3. Degradation of prostaglandins as shown by the example of PGE2.  After uptake into the cell from 
plasma or extracellular space via the prostaglandin transporter (PTG, aka SLCO2A1/OATP2A1), PGE2 is oxidized 
by 15-prostaglandindehydrogenase (15-PGDH). The resulting metabolite (15-keto-PGE2) is then further broken 
down by Δ13-15-ketoprostaglandin reductase (13-PGR) to 13,14-dihydro,15-keto-PGE2 that leaves the cell via 
diffusion. The final metabolite, PGE-major urinary metabolite (MUM) can be detected in the urine. 
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1.2 Idiopathic pulmonary fibrosis 

1.2.1 Definition 

Idiopathic pulmonary fibrosis (IPF) belongs to the family of interstitial lung diseases (ILD). 

These are defined by interstitial fibrosis, inflammation, and increased cellular proliferation; 

these features are neither caused by cancer nor infection, with fibrosis being the predominant 

finding in most cases (137).  While IPF is probably the single most common ILD, the majority 

of patients ultimately receive a different diagnosis, with chronic hypersensitivity pneumonia, 

autoimmune disease and pulmonary sarcoidosis being the most likely. The defining features 

of IPF are its chronic progressive nature, the lack of causative agents, and the presence of 

specific histologic and radiologic findings. In general, Hamman and Rich are considered to first 

have described IPF, especially in view of its clinical presentation, but reports from autopsies 

and patient histories being consistent with this disease date back until 1887 (138). 

1.2.2 Epidemiology 

In general, IPF has been considered a rare disease, but epidemiological data are often hard 

to interpret, mainly due to unclear definitions (139). Nevertheless, a systematic review gives 

an incidence of fewer than 4 (South America and East Asia) and 3-9 (Europe and North 

America) per 100 000 inhabitants(140), although much higher rates, depending on the 

stringency of diagnostics, ranging up to 17.4 per 100 000 have been reported (139). The 

incidence of IPF seems to increase in recent years; however, whether that is due to an actual 

increase or rather to better diagnostic procedures and heightened scrutiny in the face of 

specific therapies remains unclear (140). Most studies show that more man than women are 

affected (140). Of note, untreated IPF has a serious prognosis, with a median survival of only 

3.8 years (141). New treatment options (as will be discussed below) have been shown to 

significantly increase survival. 

1.2.3 Clinical presentation / Diagnosis 

The most prominent symptoms in ILD are chronic dry cough and dyspnea (especially under 

exercise). Clinical examination might reveal crackles upon auscultation of the lungs. Early 

recognition is crucial, as current antifibrotic drugs are able to significantly slow disease 

progression but do not regenerate fibrotic tissue (142). However, time from onset of symptoms 

to diagnosis can be long, in a single digit percentage of patients probably exceeding 5 years 

(143). This is due to the similarities of IPF symptoms to other diseases, such as heart failure 

or chronic obstructive pulmonary disease, which can both present with exertional dyspnea but 

are 100-1000-fold more common (143-145). 
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For diagnosis, there are certain criteria that must be met, as detailed in the specific guidelines 

(146): 

1. Known causes of other interstitial lung disease should be excluded (especially but not 

limited to exposure to occupational hazards (e.g. birds, mold), autoimmune disease or 

medications (e.g. amiodaron or nitrofurantoin)) 

2. High resolution computed tomography (HRCT) should reveal presence of lesions 

specific for IPF 

3. If lung biopsy is performed, the combination of histologic evaluation and HRCT should 

match specific findings 

HRCT is now considered to be sufficient for final diagnosis without the need for lung biopsy if 

it is consistent with a usual interstitial pneumonia (UIP, the name for the histological and 

radiographic findings indicative of IPF) pattern as studies have shown a positive predictive 

value in 90-100% of cases (146). This includes three hallmarks: i) subpleural, basal 

predominance, ii) reticular abnormality, iii) honeycombing with or without traction 

bronchiectasis, while the absence of these hallmarks or the presence of features that are 

inconsistent with IPF hints towards other pathologies. In other cases, a lung biopsy is 

necessary for further evaluation and might still provide a final diagnosis of IPF. Histology is 

remarkable for the patchy involvement, evidence of marked fibrosis with our without 

honeycombing and the presence of fibroblastic foci (146). 

1.2.4 Pathogenesis and pathophysiology 

Although the ultimate cause for IPF has not been established so far, there is considerable 

evidence for an involvement of both alveolar epithelial cells as well as fibroblasts in the 

pathogenesis and progression of this disease. Furthermore, there are indications that cells of 

the immune system might play a crucial role and that relations to the microbiome might also 

exist (as recently reviewed in (147) and (148)). In general it is believed that via mechanisms 

that are not completely understood, repeated injury to alveolar epithelium leads to denuding of 

this area and to a subsequent increase in fibroblast proliferation and extracellular matrix (ECM) 

production. This in turn not only hinders inflation/expansion of the lung, but also increases the 

distance between blood and airspace, thereby impairing diffusion of oxygen and CO2 that 

strongly depends upon this very distance. Ultimately this causes respiratory failure, and 

necessitates lung transplantation or eventually leads to death. Pathophysiological findings are 

summarized in Figure 4. 
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1.2.4.1 Alveolar epithelial cells 

Alveolar epithelial cells (AEC) are the cells that line the alveoli, the terminal airspace of 

mammalian lungs, where gas exchange takes place. They form one part of the blood-air barrier 

facing the inhaled gases. There are two different types of AECs, type I (ATI) and type II (ATII) 

cells, with tremendously different morphology and function. 

ATI cells line 95% to 99% of the alveoli, although they only account for about 10% of alveolar 

cell counts. This illustrates the vast surface covered by a single cell, as recently modeled in an 

elegant approach by Schneider et al. (149). They share a single basal membrane with 

endothelial cells of the pulmonary capillaries and are thin and flat in order to keep diffusion 

distance low (150, 151). While maintaining barrier integrity might be one of their key functions, 

these cells are also involved in fluid clearance from the alveoli and produce cytokines upon 

stimulation (152, 153). 

ATII cells are cuboidal cells that contain lamellar bodies, rich in phospholipids. This reflects its 

most well-known function namely the production of surfactant, the protein/lipid layer that lowers 

surface tension in the lungs in order to prevent collapse and adhesion (150). Besides, they 

also play a role in host defense and function as “defenders of the alveolus”(154). One of their 

functions that has also received attention in IPF is that they can act as stem cells for alveolar 

regeneration under certain conditions (155).  

The initiating event in pulmonary fibrosis seems to be the loss of epithelial barrier integrity via 

exogenous or endogenous injury, and this is substantiated by the facts that familial interstitial 

fibrosis (FIF) shows genetic alterations in epithelial (barrier) related genes, such as surfactant 

proteins or desmoplakins (as reviewed in (148)). Subsequently, impaired regeneration of the 

epithelial cell layer leads to the initiation of a pro-inflammatory, and - depending upon other 

risk factors - pro-fibrotic response. This view is corroborated by findings that shortened 

telomeres can be found in ATII cells in IPF patients and telomeres are significantly shorter in 

more affected areas and decreased telomere-length is associated with bad prognosis (156). 

Furthermore, mice with selective telomere dysfunction in ATII cells develop pulmonary fibrosis 

(157), and telomerase mutations were present in FIF (148). In addition, mitochondrial 

dysfunction (158) and endoplasmatic reticulum stress (159) are factors that contribute to the 

damage of epithelial cells and also increased apoptosis has been noted (102). In conclusion, 

it is well accepted that increased loss of epithelial cells and decreased regeneration are factors 

that significantly contribute to pulmonary fibrosis. Although the resulting processes are still 

incompletely understood, one factor seems to be the decrease in antifibrotic factors 

synthesized by AECs (e.g.PGE2), thereby leading to aberrant fibroblast activation and ECM 
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deposition (18, 51, 160). Interestingly, also hyperplasia of ATII cells, probably a sign of 

compensatory proliferation, has been described (161). 

1.2.4.2 Fibroblasts 

Fibroblasts are interstitial cells in the lungs that show considerable heterogeneity (162) and 

contribute to its diverse functions depending on their subtype.  

Interstitial fibroblasts are responsible for maintaining the complex structure of the lungs, in part 

via formation of ECM (162). Furthermore, these cells have been strongly implicated in wound 

healing processes, such as post-pneumonectomy lung growth (163). They are localized in the 

alveolar septa. 

Lipofibroblasts are a different population of mesenchymal cells and can be found in close 

proximity to ATII cells and are characterized by containing lipid droplets. These cells seem to 

serve as helper cells under physiologic conditions and take up triglycerides and subsequently 

transfer them to ATII cells, thereby promoting surfactant production (164, 165). 

In fibrosis, both types of fibroblasts can undergo transdifferentiation towards a third identity, 

called myofibroblast (166, 167). Myofibroblasts express alpha-smooth muscle actin (aSMA), 

and thus acquire a contractile phenotype as for example needed in wound closure (168) .The 

physiologic response of fibroblasts to tissue injury consists of activation (including ECM 

synthesis), proliferation and transdifferentiation towards myofibroblasts. This process is 

dysregulated in IPF, thereby leading to excessive fibroblast proliferation and myofibroblast 

formation. The current paradigm is that injured epithelial cells produce soluble factors, such as 

transforming growth factor β1 (TGFβ1), platelet derived growth factor (PDGF) or connective 

tissue growth factor (CTGF) and thereby activate fibroblasts in an attempt to heal damaged 

tissue. In contrast to physiologic wound healing, for reasons described above, epithelial cells 

are not able to inhibit this process anymore and thus, activation of fibroblasts prevails, their 

apoptosis is inhibited and this ultimately leads to the development of pulmonary fibrosis. In 

addition, alterations in signaling confer increased resistance to these inhibitory signals (e.g. 

PGE2) (169). These are the reasons why fibroblasts are considered the main effector cell in 

IPF (167). The histopathologic correlation of this process is the fibrotic focus. 

Indeed, there is evidence that myofibroblast transdifferentiation can be reversed by some 

agents that ameliorate fibrosis in mouse models (166, 170). 

In addition to the described roles, there is also evidence that activated or fibrotic fibroblasts 

can induce alveolar epithelial cell apoptosis, thereby further promoting the described circulus 

vitiosus (171).  
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1.2.4.3 Fibrocytes 

Since the first identification of fibrocytes (172), their role in fibrosis has been investigated. 

Fibrocytes represent a population of bone marrow derived cells that also express 

mesenchymal markers, first and foremost collagen I (resulting in positivity for both CD45 and 

collagen I among others (173)). Under physiologic conditions, similar to fibroblasts, fibrocytes 

seem to be involved in tissue repair and wound healing, as suggested by their ability to quickly 

migrate to sites of injury and enhancement of wound healing (174, 175). In IPF, fibrocytes have 

been identified as a potential biomarker and prognostic tool, and increased fibrocyte counts in 

the peripheral blood of patients are associated with a worsened prognosis and decreased 

survival (176, 177). Interestingly, in mouse models, these cells do not rely on collagen I to 

promote fibrosis, but rather do so via paracrine effects. This was shown in an elegant set of 

experiments, where bone marrow specific deletion of collagen I did not ameliorate fibrosis, but 

prevention of fibrocyte accumulation in the lungs via deletion of their chemokine receptors did 

(174, 178-180). Furthermore, fibrocytes do not seem to contribute to the myofibroblast 

population described above but do accumulate in IPF lungs (167, 176). 

1.2.4.4 Other cells involved in IPF 

In addition to the cell types described above, also other populations are involved in this 

disease. There is evidence for the emergence of myofibroblasts from pericytes, but the 

differentiation of epithelial and endothelial cells to myofibroblasts (termed epithelial- or 

endothelial-to-mesenchymal transdifferentiation) probably does not play a role (167, 181). In 

addition, IPF pericytes show increased migratory and invasive behavior as compared to 

pericytes from healthy controls (182). As for endothelial cells there is some evidence that 

increased endothelial nitric oxide synthase in a mouse model is protective, but overall, their 

role in IPF is less clear (183). Also macrophages/monocytes show involvement in the 

pathogenesis of IPF and are able to drive or prevent fibrosis, depending on their phenotype 

and the secreted mediators (as recently reviewed in (184)). 

1.2.4.5 Pathophysiologic changes 

The above mentioned processes ultimately lead to the aberrant ECM formation, corresponding 

thickening of alveolar wall, and, subsequently, replacement of healthy alveoli with fibrotic tissue 

in IPF patients. Initially, this process is reflected in a decrease in total lung capacity and forced 

vital capacity as well as forced expiratory volume/1s in lung function testing, factors that are 

caused by the increasing restriction of lung tissue. Finally, this leads to a worsening of gas 

exchange and results in death due to respiratory failure, although comorbidities such as 
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ischemic heart disease are not uncommon (185). Of note, a decrease in forced vital capacity 

more than 10% as compared to previous values is significantly associated with bad prognosis.  

 

 

Figure 4. Changes in alveolar structure in IPF.  (Left) In the healthy alveolus, endothelial cells of the capillaries 
are directly adjacent to the alveolar epithelium, only separated by one shared basal membrane, and this enable a 
very short diffusion distance for both oxygen and carbon dioxide. Most of the alveolar surface is covered by ATI 
cells while occasional ATII cells are present for surfactant production. (Right) in IPF, apoptosis of ATII and I cells 
leads to partially denuded alveoli that epithelial cells try to repair. In this process, fibroblast proliferation and 
myofibroblast formation is increased and aberrant collagen synthesis occurs, leading to the phenomenon described 
as fibrotic foci. Furthermore, fibrocytes migrate into the tissue. This ultimately results in increased blood air distance 
and thereby hinders gas exchange to the point of respiratory failure.    

 

1.2.5 IPF Therapy 

1.2.5.1 Pharmacotherapy 

Treatment of IPF has been complicated by the fact that this disease is incompletely 

understood. One of the most tragic examples of erroneous pharmacotherapy was the standard 

use of steroids and azathioprine until the 2010s that was later revealed to actually decrease 

survival as compared to placebo (186). This therapeutic approach was due to the fact that 

inflammation has been overestimated as a contributing factor to IPF and the 

immunosuppressive therapies further led to decreased resistance in the patients (186-188). 

Consequently, the improved understanding of this disease has paved the way for further 

developments and there are now two specific anti-fibrotic drugs for the treatment of IPF (188). 

Pirfenidone is considered a first-line treatment for IPF, although its mode of action is still not 

completely understood (189). The breakthrough for this therapy came with the publication of 
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the CAPCITY results from two phase 3 trials that showed beneficial effects on decline of lung 

function and pulmonary fibrosis associated mortality, which were confirmed later (190, 191). 

The mode of action of pirfenidone is predominantly focused on fibroblast biology, reflecting its 

central role in IPF. Pirfenidone has been shown to inhibit fibroblast to myofibroblast 

transdifferentiation, fibroblast proliferation and collagen secretion, hallmarks of IPF. 

Furthermore, it interferes with TGFβ1 signaling as shown by decreased phosphorylation of its 

effector proteins (192). In addition, data from mouse models show profound effects on 

pulmonary cytokines, suggesting that a decrease in pro-fibrotic (e.g. TGFβ1) and an increase 

in anti-fibrotic (e.g. interferon ƴ) mediators might be partly responsible for the beneficial effects 

of pirfenidone (193). Of note, pirfenidone is also an antioxidant (194) and exerts anti-

inflammatory functions (195). In addition, pirfenidone was also shown to decrease fibrocyte 

chemotaxis and fibrocyte counts in mouse models of IPF (196). 

Nintedanib (formerly known as BIBF1120) is a small molecule tyrosine kinase inhibitor that, in 

the nanomolar range, inhibits vascular endothelial growth factor receptors (VEGFR) 1-3, 

fibroblast growth factor receptor (FGFR) 1-4 and PDGF receptors α and β (197). It was 

introduced into clinical practice after the INPULSIS trials as it slowed the decline in forced vital 

capacity (198). Also this compound predominantly exerts its effects via inhibition of fibroblast 

functions. It has been shown to reduce growth factor-induced proliferation and collagen 

secretion in both healthy and IPF lung fibroblasts (199). Furthermore it prevents fibroblast to 

myofibroblast transdifferentiation and has preventive and therapeutic actions in mouse models 

of lung fibrosis. It also has anti-inflammatory properties, reducing pro-inflammatory cytokine 

levels in lung tissue and influx of immune cells into the bronchoalveolar lavage (BAL) in mice 

(200). In contrast to pirfenidone, nintedanib also seems to positively regulate ATII cell gene 

expression, although whether this mechanism is of relevance for its effects is unknown (201). 

Similar to pirfenidone, nintedanib acts on fibrocytes by hindering their synthesis of pro-fibrotic 

factors, migration and differentiation and also reduces their accumulation in a mouse model of 

pulmonary fibrosis (202). 

Although there are other options, such as for example acetylcysteine, the evidence for these 

treatments is scarce and pirfenidone and nintedanib are the only treatments so far that are 

used in clinical practice (203). As these drugs only slow disease progression but are neither 

curative, nor regenerative, other treatment options are urgently needed (142). In addition, the 

focus of current therapeutics on fibroblasts is of concern, as especially rescue of epithelial cells 

might significantly add to the therapeutic efficacy of a treatment (142, 204). 
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1.2.5.2 Non-pharmacologic approaches 

Besides drugs, increasing disease burden might necessitate the initiation of oxygen 

supplementation in order to ameliorate exercise capacity and dyspnea (205) and there is also 

evidence for pulmonary rehabilitation through exercise (206). Ultimately, lung transplantation 

is considered as a valid therapy that improves survival. However, the selection of patients who 

benefit from this therapy, and more importantly, choosing the right time for transplantation can 

prove to be challenging. 5 year post-transplant survival is close to 50% (207, 208). Of note, 

IPF has so far not been reported to reoccur after transplantation (147). 

1.2.6 Eicosanoids in IPF 

Most of the research on eicosanoids in IPF has focused on the role of PGE(2) since it was found 

that PGE2 has potent inhibitory effects on fibroblasts, and that its levels are decreased in the 

BAL of IPF patients as compared to healthy controls (209, 210). Subsequently, a host of 

studies described antifibrotic effects in mouse models (211-213) or in vitro (51, 169, 170, 214). 

Interestingly, PGE2 was shown to be one of the mediators that could regulate the crucial cross 

talk of epithelial cells and fibroblasts, being synthetized by alveolar epithelial cells in sufficient 

extent to suppress fibroblasts proliferation and collagen secretion (12, 18, 160, 215). 

Importantly, it is one of the few molecules that can not only prevent, but also reverse 

myofibroblast differentiation (51, 170). Furthermore it has been shown that PGE2 affects the 

apoptosis paradox in IPF. This term refers to the fact that ATII cell apoptosis is increased, 

while fibroblasts become resistant to apoptosis. PGE2 is able to both prevent apoptosis in ATII 

cells but induce it in IPF fibroblasts, thereby exerting its beneficial actions via a two-pronged 

approach (102, 204). However, there are observations that EP receptor signaling in IPF might 

be dysregulated in fibroblasts, potentially hindering the therapeutic usage of PGE2 (169, 216). 

Besides PGE2, also other eicosanoids have been investigated and there is considerable 

evidence for beneficial effects of PGI2 (89, 217), PGD2 (79, 80) and LXA4 (218, 219). However, 

other members of this family were shown to aggravate fibrosis in mouse models such as LTB4 

(18) or PGF2alpha (101). In the lungs, PGI2 and PGE2 are the prostanoids present at the highest 

concentrations (220). 

Following the insight that PGE2 is decreased in IPF patients, investigations into the mechanism 

for this finding have been initiated. Most of this work focused on the anabolic enzymes, 

predominantly COX-1 and COX-2. Investigations revealed that fibroblasts from both IPF 

patients and bleomycin treated animals are deficient in COX-2 upregulation/PGE2 synthetic 

capacities (160, 221, 222) and this is partly mediated via epigenetic changes (223), but other 

studies revealed increased COX-2 expression in fibrotic foci in IPF lungs (19). Others also 



37 
 

examined COX-1 expression and found a decrease in some cells, but the evidence is more 

scarce (224). Interestingly, TGFβ1 has been shown to be able to induce 15-PGDH in lung 

epithelial cells and microRNAs that suppress 15-PGDH translation are downregulated in IPF 

(225-228). Furthermore, while PGE2 levels in the BAL are decreased, the PGE-MUM 

concentrations are increased in IPF patients (209, 229). 

1.3 Hypothesis 

We therefore hypothesized  

(I) that 15-PGDH is upregulated in IPF and 

(II) that its regulation contributes to the decreased PGE2 levels and thereby 

antagonizes the antifibrotic effects of PGE2 (as illustrated in Figure 5).  

Furthermore we proposed  

(III) that inhibition of this enzyme increases eicosanoid levels in IPF and  

(IV) this in turn exerts protective and therapeutic effects in mouse models of pulmonary 

fibrosis.  

 

Consequently the aim of this thesis was to investigate the contribution of 15-PGDH in IPF. 

Besides the exploration of expression and distribution of 15-PGDH in healthy and in IPF lungs, 

we were especially interested, whether small molecule inhibition of this enzyme will show 

increased eicosanoid levels, and thereby amelioration of the features associated with IPF, and 

might therefore represent a target in this disease. 
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Figure 5. Hypothesis. We proposed that increased 15-PGDH expression in IPF lungs leads to inhibition of PGE2 
signaling via its degradation and this in term contributes to the phenotypic features of IPF. 
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2 Methods 

Most of the methods of this thesis have already been published by the author (12, 230). 

2.1 Reagents 

If not indicated otherwise, all reagents were ordered from Sigma Aldrich (Vienna, Austria). 

PGE2 and  prostanoid receptor antagonists were purchased from Cayman Chemicals (Ann 

Arbor, MI, USA). Vectashield/DAPI mounting medium as well as secondary antibodies and  

HRP/AP conjugated streptavidin was obtained from Vector Laboratories (Burlingam, CA, 

USA). MirVana miRNA mimics and inhibitors as well as transfection reagents were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA) as were buffers and cell culture media and 

antibody host species company number IF/IHC dilution WB dilution

15-PGDH rabbit Abcam 187161 1:500 -

15-PGDH rabbit Abcam 178682 - 1:1000

pro-SP-C rabbit millipore AB3786 1:500 -

CD68 mouse Abcam 955 1:100 -

GAPDH rabbit Cell signaling 2118S - 1:5000

VE-cadherin mouse Santa Cruz sc-9989 1:200 -

aSMA rabbit Abcam 5694 1:1000 -

Vimentin rat R & D systems MAB2105 1:100 -

vWF rabbit Dako A0082 1:500 -

cleaved caspase 3 rabbit Gentaur MAB835-SP 1:50 -

Ki67 rabbit Cell signaling 12202S 1:100 -

COX2 rabbit abcam 15191 1:500 1:1000

COX1 goat santa cruz sc-1754 1:250 1:200

AQP5 rabbit alomone labs AQP-005 1:500 -

beta-actin mouse Sigma A2228 - 1:7500

FSP rabbit millipore 07-2274 1:500 -

F'ab fragments goat Jackson 111-007-003 1:50 -

CD45 rat Sigma SAB4700578 1:100 -

anti rabbit Cy3 goat Invitrogen A-10520 1:500 -

anti rabbit AF488 goat Invitrogen A-11008 1:500 -

anti rabbit AF647 goat Invitrogen A-21244 1:500 -

anti goat AF488 rabbit Invitrogen A-11078 1:500 -

anti rat AF647 goat Invitrogen A-21247 1:500 -

anti rat AF488 goat Invitrogen A-11006 1:500 -

anti mouse AF488 goat Invitrogen A-11001 1:500 -

anti goat HRP rabbit Jackson 305-035-003 - 1:1000

anti mouse HRP goat Jackson 115-036-062 - 1:1000

anti rabbit HRP goat Cell signaling 70745 - 1:10000

primary AB

secondary AB

Table 1. Antibodies (AB) used in Western blots (WB) and immunofluorescence/immunohistochemistry 
(IF/IHC) microscopy. 
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reagents. Primary antibodies were purchased from Merck Millipore (Burlington, MA, USA), Cell 

Signaling (Cambridge, UK) Santa Cruz (Santa Cruz, CA, USA), Abcam (Cambridge, UK), 

Jackson ImmunoResearch (Baltimore Pike, PA, USA) and Sigma. The recently discovered and 

patented 15-PGDH inhibitor SW033291 (231) was purchased from THP Medical Products 

(Vienna, Austria). A list of antibodies used and their dilutions is shown in Table 1. Lycopersicon 

esculentum lectin (fluorescein labeled, 1:50) was from Jackson ImmunoResearch. 

2.2 Patients/ ethical approvals 

All experiments using human tissue or cells were approved by the Ethical Committee of the 

Medical University of Graz. Blood was drawn from healthy volunteers (17-291 ex 05/06) and 

IPF patients (30-537 ex 17/18, defined by typical UIP pattern on HRCT or HRCT and lung 

biopsy) after obtaining informed consent (230). For histology, tissue dating back at least 7 

years was used, thus not requiring informed consent (29-014 ex 16/17). The applied protocol 

and the usage of the IPF tissue (defined by histology of the explants) for precision cut lung 

slices were approved by the institutional ethics committee (976/2010) of the Medical University 

of Vienna and patients' informed consent was obtained before lung transplantation. 

2.3 Histology 

For all histologic methods involving tissue, paraformaldehyde fixation, followed by paraffin-

embedding was used and 5µm sections were prepared on a microtome (Diapath Galileo Auto 

Series 2). In brief, 4% paraformaldehyde (20g) was prepared in Millipore water (350 ml) by 

heating to 55°C while stirring. Afterwards 10 N NaOH was added until the suspension cleared, 

followed by 10x concentrated PBS (50 ml). pH was adjusted to 7.00 with HCl and solution was 

filled up to final volume (500 ml) with Millipore water and kept at 4°C for a maximum of two 

weeks. Before fixation with paraformaldehyde, mice were euthanized with a  pentobarbital 

overdose (150 mg/kg i.p.), exsanguinated and mouse lungs were perfused with PBS. 

Paraformaldehyde (1ml) was injected via the trachea and trapped by tying a thread. After 48 

h in paraformaldehyde, tissue was dissected and lobes were separated, washed in tap water 

and dehydrated in ascending EtOH concentrations and subsequently transferred to butyl 

acetate and finally paraffin. After cutting 5µm sections, these sections were stretched in a water 

bath (38°C), adhered to Superfrost+ slides and left to dry at 40°C. For all following stainings, 

sections were transferred to xylene, followed by descending EtOH concentrations and a final 

wash step in Millipore water. A similar protocol was used for human lung tissue and precision 

cut lung slices.  
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Cultured cells were grown on chamber slides (Thermo Fisher Scientific), fixed using neutral 

buffered formaline, and then subjected to stainings without further antigen retrieval. 

2.3.1 Immunohistochemistry (IHC) 

After rehydration, slides were transferred to preheated citrate buffer (10mM sodium tri-citrate 

in Millipore water, pH=6) and left in the microwave for 2 x 5 min (750 W) for antigen retrieval. 

Afterwards, slides were allowed to cool down for 1 h before they were washed in PBS (which 

was used for all washing steps) and subjected to 0.3% H2O2 incubation to block endogenous 

enzyme activity. Subsequently, slides were blocked with PBS containing 0.3% Triton X, 10% 

serum of secondary antibody host and 4% bovine serum albumin for 2 h to prevent nonspecific 

antibody binding. This was followed by addition of primary antibody overnight at room 

temperature. Vectastain horseradish peroxidase (HRP) or alkaline phosphatase (AP) kits 

(Vectorlabs) were used to detect the signal, according to the manufacturer’s instructions. In 

brief, after thorough washing, incubation with the biotinylated secondary antibody was 

performed for 3 h and was followed by two washing steps and incubation with streptavidin 

bound HRP/AP. Afterwards the signal was detected by incubation with a 3,3’-diaminobenzidin 

(DAB) or fast red detection kit (Vectorlabs). If double labelling was performed, DAB procedure 

was completed first, followed by microwaving, blocking, and incubation with second primary 

antibody and AP kit (12). Methyl green was used as a counterstain. 

2.3.2 Immunfluorescence (IF) 

Staining procedure was essentially the same as for IHC until primary antibody incubation. After 

this, slides were incubated with fluorochrome conjugated secondary antibodies for 2 h and 

finally counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and embedded (Vectastain 

mounting medium) and sealed with nail polish. For human lung tissue, autofluorescence 

quenching was performed according to the manufacturer’s protocol for 3 min (Truestain, 

Vectorlabs). If same species antibodies were used, F’ab fragment blocking steps and 

intermediary microwaving were performed. Cleaved caspase 3 staining was performed by first 

following the IHC procedure for AP staining (as Fast red is also a fluorescent substrate) and 

afterwards microwaving and other antibodies were applied, followed by detection with 

fluorochrome conjugated secondary antibodies. Appropriate isotype controls and omission of 

primary antibody were used as controls in both IF and IHC (12). 

2.3.3 In situ hybridization (ISH) 

In situ hybridization (ISH) was performed using RNAscope kit for 15-PGDH/HPGD and 

BaseScope for pre-miRNA-218 (both ACD, Newark, CA, USA) according to the manufacturer’s 



42 
 

protocol. In brief, slides were baked in the oven at 60°C for 1 h to improve adherence. After 

cooling overnight, rehydration was performed, H2O2 enzyme blocking was done followed by 

antigen retrieval via steaming at 99°C for 30 min and proteinase digestion for 20 min. Probe 

incubation and amplification steps were executed in accordance with the manufacturer’s 

instructions. Detection was performed with an AP system and fast red substrate for 15-PGDH 

single ISH and for pre-miRNA-218, while HRP detection followed by TSA 488 reagent (Thermo 

Fisher Scientific) was used for 15-PGDH in double ISH experiments. If immunofluorescence 

staining for cell markers was also performed, ISH was finished first and this was followed by 

the blocking step and subsequent primary antibody incubation, in accordance with the Method 

described for IF. For fluorescence application, Truestain reagents were used as described 

above, followed by DAPI mounting medium and embedding. For light microscopy, methyl 

green was used as a counterstain. 

2.3.4 Masson’s trichrome staining 

For the histologic evaluation of pulmonary fibrosis in the bleomycin mouse model, sections of 

each lobe were used. After rehydration, sections were incubated in Bouin’s solution (75 ml 

aqueous saturated picric acid solution, 25 ml neutral formaline, 5 ml glacial acetic acid) for 60 

min at 56°C. Afterwards, slides were washed under running tap water until the yellowish hue 

disappeared (typically ~ 10 min) and Masson Goldner Trichrome kit (Carl Roth, Vienna, 

Austria) was used according to the manufacturer’s instructions with some modifications. In 

brief, sections were stained in Weigert’s iron hematoxyline for 4 min and differentiated under 

running tap water for 8 ½ min to visualize nuclei. Subsequently, slides were transferred to 

Goldner’s stain I (Ponceau-Fuchsin) for 7 min, rinsed in acetic acid solution (1% in Millipore 

water) for 30 seconds and connective tissue was decolorized in Goldner’s stain II. This was 

verified by checking decolorization of peri-bronchial connective tissue under the microscope 

and, if deemed sufficient (usually after ~6 min), a second acetic acid wash was started. 

Connective tissue was counterstained using aniline blue (2.5% in 2% acetic acid solution) for 

5 min, followed by a washing step in distilled water and incubation in acetic acid solution (6 

min). Afterwards, slides were dehydrated and cover slipped.  

2.4 Cell culture 

All cell culture experiments were performed in a cell culture facility equipped with a laminar 

flow bench in an S2 lab and cell lines were routinely tested for the presence of mycoplasma 

contamination. Passaging in 75 cm2 flasks was done by adding 5 ml of trypsin/EDTA, for 5 min 

at 37°C or until cells were detached and 10 ml medium with 10% fetal bovine serum (FBS) 
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were added for neutralization. Cells were then cultured further/used for experiments. Cell lines 

(MRC-5 and A549 cells) were acquired from the ZMF core facility. 

2.4.1 MRC-5 cell culture 

MRC-5 cells were kept in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin. For 

experiments, cells were seeded at 2 x 105 in 6 well plates and grown to confluence for 3 days. 

Cells were then starved with OPTI-MEM for 24h and afterwards treated with indicated 

concentrations of TGFβ1 for three days. 

2.4.2 A549 cell transfection/culture 

A549 cells were kept in DMEM supplemented with 10% FBS plus 2mM L-glutamine. For 

microRNA transfection in 24 well plates, 6x concentrated miRNA was added to 100 µl Opti-

MEM followed by 1 µl of Lipofectamine RNAiMAX reagent. After mixing, followed by incubation 

for 20 minutes at room temperature, 30 000 passaged A549 cells were added in 500 µl of 

medium and the plate was rocked back and forth. Final concentration of miRNA-mimic, -

inhibitor and -negative control was 30 nM. Cells were harvested at indicated time points, in 

TRIZOL for quantification of mRNA and in RIPA buffer for Western blot analysis. 

2.4.3 Primary human lung fibroblast isolation and culture 

Both healthy and IPF fibroblasts were a kind gift from the Ludwig Boltzmann Institute for Lung 

Vascular Research and were isolated from 5 healthy controls and 4 confirmed IPF patients as 

described elsewhere (232). In brief, lung tissue was minced with scissors to pieces <1mm3 and 

left in 100 mm petri dishes in in DMEM supplemented with 10% heat inactivated FBS, 1% 

penicillin/streptomycin until fibroblasts grew out. These cells were used until passage 9. For 

experiments involving myofibroblast formation, 70 000 cells were seeded in 24 well plates, 

cultured in medium for 1 day and then starved without FBS for 1 additional day. Afterwards 

veh/TGFβ1 was added (2ng/ml) in the presence of vehicle or SW033291 (1µM). After 3 days, 

cells were harvested. 

2.4.4 Fibrocyte isolation and culture 

For the isolation of fibrocytes, blood was collected with citrate as an anticoagulant. Peripheral 

blood mononuclear cells (PBMCs) were then isolated as previously described (230). In brief, 

collected blood was centrifuged for 20 min at 300 x g to obtain the cellular fraction while plasma 

was discarded. Afterwards, dextran sedimentation was performed for 30 min and resulting 

supernatant was transferred on a Histopaque 1077 density gradient, followed by centrifugation 

for 20 min at 300 x g. Cells on the interface were considered PBMC, counted and assessed 
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for purity in a hemocytometer. Fibrocytes were further isolated as described (233). In order to 

remove remaining platelets, PBMCs were washed 6 times, by resuspending them in 1 ml PBS 

and adding 9 ml of PBS. After the final wash step, cells were counted again, and seeded in 8 

well chamber slides (300 000 per well) in the presence of indicated treatments or respective 

vehicle. After 5 days of treatment (media changed and substance added every other day), cells 

were stained with Hemacolor rapid staining for blood smears (Merck, Vienna, Austria). Six 

photomicrographs of the corners of the chamber slide wells of each treatment were taken at a 

200 x magnification, and the percentage of fibrocytes of total cells was assessed by a blinded 

observer. 

2.4.5 Alveolar epithelial cell isolation and culture 

Mouse alveolar epithelial cells were isolated and cultured as previously described from male 

Balb/c mice, 6-8 weeks old (12). After mice were euthanized (150mg/kg pentobarbital i.p.), an 

18G cannula was inserted in the trachea, tied in place, and mice were exsanguinated via 

severing the abdominal aorta and vena cava and lungs were perfused with HEPES buffered 

saline solution until they appeared whitish (~10 ml). Subsequently, lung and heart were 

removed en bloc and 1 ml of dispase (50 U/ml) followed by 0.5 ml of low-melt agarose was 

injected into the tracheal cannula and left to harden on ice. Lung lobes were separated and 

incubated in a falcon containing dispase solution (50 U/ml) for 40 min at room temperature. 

Thereafter, tissue was minced thoroughly, aspirated through an 18 G for further 

homogenization and filtered through 100 µm and 40 µm cell strainers. Resulting single cells 

were washed and counted using a hemocytometer and were further processed using the 

EasySep-kit (StemCell, Vancouver, CA) for negative magnetic isolation of epithelial cells 

according to the manufacturer’s instructions. Cells were adjusted to a concentration of 1 x 108 

cells/ml and epithelial cell enrichment cocktail containing antibodies against leukocytes, 

erythrocytes and endothelial cells was added (50 µl/ml single cell suspension). After washing 

and centrifugation (10 min 8° C at 130 x g) biotin selection cocktail (100 µl/ml single cell 

suspension, containing biotinylated secondary antibody complexes) was added, followed by 

washing and centrifuging, and incubation with magnetic nanoparticles (50 µl/ml single cell 

suspension). After the terminal washing step, cells were incubated in a magnet for 5 min, and 

unlabeled cells in the supernatant were poured into a new falcon, washed and incubated in the 

magnet again. Afterwards, the supernatant was poured off, cells were washed, enumerated 

and seeded at a density of 1 x 106 cells/cm² in laminin pre-coated plastic ware. Cells were left 

to become adherent until day three whereupon medium (epithelial cell medium, Cell Biologics, 

Chicago, IL, USA) was changed every day. Treatments were performed on day 6 after isolation 
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and lasted for 8 h. We also performed experiments in specific-pathogen free mice, in order to 

exclude possible interferences by subclinical infection.  

2.4.6 Human lung microvascular endothelial cell cultures 

Human lung microvascular endothelial cells (HMVEC-L) were cultured as previously described 

(234). Cells and EGM-2 MV medium were purchased from Lonza (Basel, Switzerland) and 

cells were used until passage 8. All plates used were pre-coated with 1% gelatin to promote 

adhesion and passaging was done according to the manufacturer’s instructions. For 

measurements of barrier function, cells were seeded at a density of 80 000 cells/cm2. 

2.5 Mouse bleomycin experiments 

10-12 weeks old female C57/Bl6 J mice were used for all animal experiments. All animal care 

complied with national and international guidelines. The experimental protocols used in this 

study were approved by the Austrian Federal Ministry of Science, Research and Economy 

(BMWFW-66.010/0142-WF/V/3b/2016) and performed in accordance with the European 

Communities Council Directive of 24 November 1986 (86/609/EEC). Mice were housed in 

individually ventilated cages (4-5 per cage) under controlled conditions of temperature (set 

point 21°C), air humidity (set point 50%) and a 12 h light/dark cycle (lights on at 6:00 a.m.) and 

habituated to the environment for at least one week. Standard chow and water was provided 

ad libitum. Mice were randomly assigned before treatment.  

2.5.1 Experimental design 

1.25 U/kg of bleomycine in 0.9% NaCl or vehicle only were instilled into the lungs via 

intratracheal (i.t.) administration (235) using a Hamilton syringe in a total volume of 50 µl, in 

two equal dosings of 25 µl each, set 10 min apart. For this procedure, mice were anesthetized 

using ketamine (75 mg/kg) and xylazine (7.5 mg/kg) via intraperitoneal injection. After absence 

of pain reactions, mice were suspended in an 80° angle on their incisors on a wooden board 

and, through a stereomicroscope, the larynx was visualized using a forceps. A blunted and 

curved 21 G needle was inserted into the trachea to instill bleomycin/vehicle. Mice were put 

on a heating pad (37°C) and their eyes were covered with pre-wetted dabbers to prevent 

drying. When mice sufficiently recovered from anesthesia, they were put back into their cages. 

For pharmacologic studies, mice received the 15-PGDH inhibitor SW033291, 10 mg/kg in 

cremophor/EtOH/ 5% glucose solution or vehicle intraperitoneally (i.p.) twice daily. 

Accordingly, mice were separated into 4 groups.  

-Group 1 vehicle (0.9%NaCl i.t.)/ vehicle (cremophor/EtOH/ 5% glucose solution i.p. twice 

daily)  
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-Group 2 vehicle (0.9%NaCl i.t.)/ SW033291, (10 mg/kg i.p. twice daily) 

-Group 3: bleomycin 1,25 U kg (i.t.) / vehicle (cremophor/EtOH/ 5% glucose solution i.p. twice 

daily)  

-Group 4: bleomycin 1,25 U kg (i.t.)/ SW033291, (10 mg/kg i.p. twice daily). 

Two different sets of experiments were conducted, and each was at least done twice. 

2.5.1.1 Preventive model 

For the preventive approach, inhibitor (SW003291) treatment was started on the same day 

when mice received bleomycin (Figure 6). After 21 days, mice were euthanized, and BAL was 

performed via an 18G cannula. 1 ml of PBS containing 0.1 mM EDTA was instilled into the 

lung and collected (236) and thereafter, lungs were perfused with 10 ml PBS until free of blood. 

Lungs were dissected, snap frozen in liquid nitrogen, pulverized using a sonicator (Bandelin 

Sonopuls, HD2070; 30 x 4, 70%) and subsequent analyses were performed. From some mice, 

bone marrow was obtained as described previously (237) to determine PGE2 levels. To this 

end, the isolated femur was cut open at the ends and was perfused with 1 ml of BAL buffer, 

followed by centrifugation. Processing for histological assessments is described in detail in 

subchapter “Histology”. 

 

Figure 6. Treatment regimen for the protective bleomycine model.  Starting on day 0, bleomycin (bleo) or 
vehicle (veh) was given intratracheally (i.t.) and at the same time, twice daily treatment with the 15-PGDH inhibitor 
SW033291 (SW) or matching vehicle was started intraperitoneally (i.p.). Mice were sacrificed on day 21. 

 

2.5.1.2 Therapeutic model 

For the therapeutic approach, treatment with SW033291 or vehicle was started on day 11 after 

bleomycin instillation (Figure 7). This represents a time point, where the inflammatory phase 

is over and is thus thought to better resemble the human disease of IPF (188, 238, 239). 

Processing of lungs was done in a similar manner as described for the preventive model, 



47 
 

except that mice were in addition subjected to lung function measurements before BAL. 

 

Figure 7. Treatment regimen for the therapeutic bleomycine model.  Starting on day 0, bleomycin (bleo) or 
vehicle (veh) was given intratracheally(i.t.) and beginning on day 11,mice were treated twice daily with the 15-PGDH 
inhibitor SW033291 (SW) or matching vehicle intraperitoneally (i.p.). Mice were sacrificed on day 21. 

2.5.2 Histologic evaluation 

All histologic evaluations were performed in a double-blinded manner, meaning that both the 

person taking the photomicrographs and the person(s) evaluating these were unaware of the 

experimental condition. For fibrosis grading, Masson’s trichrome stained whole lung sections 

were photographed (60-70 photomicrographs per lung at a 200 x magnification) and graded 

according to the Modified Ashcroft Scale (240). For all other evaluations (fibrocytes, 

proliferating/apoptotic ATII cells and proliferating fibroblasts), 10 photomicrographs per lung 

were taken at a 400 x magnification and double stained cells were counted manually using 

ImageJ (241). 

2.5.3 Hydroxyproline measurements 

As a measurement for collagen accumulation in mouse lungs, hydroxyproline measurements 

were performed. ~10 mg of pulverized lung tissue was dissolved in the 10 x volume ddH2O 

and an equal volume of 12N HCl was added and incubated for 3 hours at 120° C. Afterwards, 

samples were centrifuged (10 000 x g for 3 min) and 5 - 10 µl of the resulting supernatants 

were pipetted onto a 96-well plate. Thereafter, samples were left to dry and the subsequent 

steps were performed using the Biovision (San Francisco,CA, USA)  hydroxyproline kit, 

according to the manufacturer’s instructions. In brief, 100 µl of Chloramin T reagent were 

added to the samples and standards, incubated for 5 min at room temperature and 

subsequently, 100 µl of p-dimethylaminobenzaldehyde (DMAB) reagent were put into each 

well, incubated for 90 min at 60°C, and thereafter, samples were measured using a microplate 

reader at a wavelength of 560 nm. Hydroxyproline concentrations were calculated after 

background subtraction related to a linear standard curve. 

2.5.4 Lung function measurements 

Lung function was assessed by using the FlexiVent system (SCIREQ, Montreal, PQ, Canada), 

as described previously (74), with some modifications (211, 242). After anesthesia (ketamine 
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(150 mg/kg) and xylazine (15 mg/kg)), mice were tested for the absence of pain reactions and 

received rocuronium bromide (5 mg/kg i.p.) after connection to the respirator unit and initiation 

of mechanical ventilation (89). After a total lung inflation maneuver, three snapshot-150 v5.1 

perturbations (resulting in data for resistance, dynamic compliance and elastance), two quick 

prime-3 and two prime-8 perturbations (resulting in data for airway resistance, tissue 

dampening, tissue elasticity and total lung capacity) and two volume-guided, ramp-form 

pressure volume curve maneuvers (resulting in form of deflating pressure volume loop, static 

compliance, static elastance and hysteresis/area) were performed and this whole process was 

repeated twice. Only measurements with a coefficient of dispersion higher than 0,95 were 

accepted. 

2.6 In vivo transfection 

Mice were anesthetized for in vivo transfection using ketamine (75 mg/kg) and xylazine (7.5 

mg/kg) via intraperitoneal injection as described above. Invivofectamine 3.0 reagent kit was 

used according to the manufacturer’s instruction with some modifications (243). For a single 

dose 2.5 µl of negative control stock (50 µM) /miRNA mimic stock (50 µM) was mixed with 2.5 

µl of complexation buffer and 5 µl of Invivofectamine was added, the solution was vortexed 

and incubated at 50°C for 30 minutes. Subsequently, 50 µl of sterile PBS were added, resulting 

in a final concentration of 2.08 µM. Mice received 50 µl by intratracheal instillation separated 

in two equal volumes as described above, resulting in a delivery of 58 ng mimic/mg body weight 

(243). After 24 h, mice were euthanized as described above, lungs were perfused, snap frozen 

and subsequently pulverized in liquid nitrogen. 10 mg of powder were dissolved in RIPA buffer 

and subjected to Western blotting. 

2.7 15-PGDH activity assay 

For assessment of 15-PGDH activity, tissue pulverized in liquid nitrogen was dissolved in the 

10 x volume of 0.1 M potassium phosphate buffer pH 7.5 and homogenized by a sonicator as 

previously described (244). All centrifugation steps were done at 4°C, and sonication was done 

on ice. One centrifugation step was performed to remove remaining tissue pieces and debris 

(20 min, 10 000 x g) and the supernatant was transferred to an ultracentrifuge (60 min, 105 

000 x g). The resulting pellet was discarded and supernatant was used for activity 

measurements. 

100 µl were added to a reaction mixture, containing 5 mM NH4Cl, 1 mM NAD+,100 µM 

ketoglutarate monosodium salt, 0,1mM dithiothreitol and 5 Units glutamate dehydrogenase in 

50 mM Tris/HCl, pH 7.5. The reaction was started by the addition of heptatritiated PGE2 
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(PerkinElmer, Waltham, MA, USA) to the samples and to the according standards of 

recombinant 15-PGDH (Cayman Chemicals). The reaction was performed at 37°C for 30  min 

and 300 µl of activated charcoal (10%) and dextran T70 (1%) were added. After 15 min, vials 

were centrifuged at 3000 x g (15 min) and the supernatant was transferred to scintillation vials, 

scintillation cocktail (1 ml, Perkin Elmer) was added, vials were vortexed and samples were 

measured on a beta counter. Specific activity was inferred from the standard curve and 

normalized to the protein content as determined by the bichinonic acid method. 

2.8 PGE2 radioimmunoassay 

The radioimmunoassay (RIA) was performed as previously described (245). Serum from 

rabbits immunized against PGE2 was used for this assay. GelPhos (0,1% gelatin in PBS) was 

used as a diluent for all steps. Samples or standards of unlabeled PGE2 were incubated 

overnight at 4°C with heptatritiated PGE2 (activity being in the range of 10 000 to 14 000 cpm), 

and 100 µl antiserum (diluted 1:1350) in a working volume of 2 ml. The next day, 300µl of 

activated charcoal (10%) were added, vials were incubated for 15 min at 4°C to allow 

adherence of unbound PGE2 to charcoal and vials were centrifuged at 3000 x g for 15 min at 

4°C. Supernatants were transferred to scintillation vials, scintillation cocktail was added, vials 

were vortexed and samples were measured on a beta counter. Blanks were subtracted from 

all values, and concentration was calculated from % inhibition of binding as compared to 

binding in the absence of unlabeled PGE2. The IC50 was 91.1 ± 8.95 pg/ml (n=14) and detection 

limit, defined as 10% inhibition of binding was at 9.85 ± 1.15 pg/ml (n=14). For cell culture 

experiments, standard curves were also done in the presence of medium in order to exclude 

nonspecific binding. 

2.9 Western blot 

Western blots were performed as described with some modifications (12, 230). Cells or tissues 

were lysed in RIPA buffer or extraction buffer (50 mM TRIS, 10 mM EDTA, 1% v/v Triton X), 

containing protease inhibitor cocktail (Roche, Basel, Switzerland) and 1 mM 

phenylmethylsulfonyl fluoride. For cells, buffer was pipetted into the wells, incubated until cells 

were visibly dissolved and additional detachment was achieved by scratching and pipetting up 

and down. Powdered tissue was further homogenized by sonication on ice (2x 10x, 40%). 

Subsequently, samples were centrifuged at 14 000 x g for 20 min at 4°C and pellets were 

discarded while supernatants were frozen at -20°C. The supernatants were analyzed for their 

protein content by using the Pierce BCA-kit (Thermo Fisher Scientific, Waltham, MA, USA), 

and 15 µg protein per sample were separated by SDS-PAGE on a 4-20% TRIS-glycine 
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gradient gel (Thermo Fisher Scientific) with voltage and time according to the manufacturer’s 

instructions. The protein was blotted onto a polyvinylidene fluoride membrane (Bio-Rad, 

Vienna, Austria) using the iBlot dry transfer system (Thermo Fisher Scientific). Membranes 

were blocked with 5% non-fat dry milk for one hour at room temperature and target proteins 

were immunochemically detected using specific antibodies (Table 1) dissolved in the blocking 

solution overnight. These were visualized with the respective horseradish peroxidase (HRP)-

conjugated antibodies and HRP detection substrate (Bio-Rad). Chemoluminescence was 

recorded by a ChemiDoc Touch Imaging system (Bio-Rad). After stripping the membranes 

with stripping buffer (Restore PLUS, Thermo Fisher Scientific), membranes were reprobed 

with housekeeping protein antibodies and further processed as described above. 

Densitometric analysis of the protein bands was performed by using the Imagelab Software 

(Bio-Rad). 

2.10 Real-time quantitative polymerase chain reaction 

For relative quantification of mRNA expression, real-time PCR was performed as described 

previously (12). Powdered tissue or cells were dissolved in 1 ml RNAzol RT or 500µl of TRIZOL 

(Thermo Fisher Scientific) and RNA was isolated according to the manufacturer’s instructions. 

These steps were followed by DNA removal with a kit (Ambion DNA removal kit, Thermo Fisher 

Scientific). 1 µg of total RNA was reverse transcribed using the iScript cDNA Synthesis Kit 

(Biorad, Hercules, CA, USA) according to the manufacturer's instruction; real-time PCR was 

performed using SsoAdvanced™ Universal SYBR® Green Supermix with PrimePCR™ 

SYBR® Green Assay primers for human HPGD and GAPDH and mouse Hpgd, Sftpc, Gapdh, 

Col1a1 and Hprt1(all Biorad). For all primers, initial test runs were performed with dilutions of 

pooled cDNA to establish the linear range of the reaction, and final experiments were 

performed accordingly. Reaction was performed in a CDX ConnectTM Real-Time PCR 

detection system with CFX ManagerTM software 3.1(Biorad). The quantification of mRNA 

expression relative to vehicle was calculated with the 2-ΔΔCT method (cells) and as 

housekeeping gene minus gene of interest (mouse lung). 

2.11 Precision-cut lung slices 

Precision-cut lung slices (PCLS) were obtained from IPF patients undergoing lung 

transplantation and were prepared as previously described with some modifications by the 

Ludwig Boltzmann Institute for Lung Vascular Research (246). Fresh lung tissue was cut to 

pieces and cylindrical cones, similar to punch biopsies, with a diameter of 8 mm were obtained. 

These were then sliced (200 µm ± 20 µm sections) with a Krumdieck live tissue microtome in 
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Earle’s balanced salt solution (EBSS), enriched with 25 mM HEPES and 17 mM glucose. 

Incubation medium, that furthermore contained MEM aminoacids MEM vitamins, Na-Pyruvate, 

L-Glutamin ) and penicillin (100 U/ml)/streptomycin (100 µg/ml) was used to wash slides 7 

times for 30 min at 37°C. After overnight incubation, indicated treatments were added for 3 

days (Figure 8). Afterwards, supernatants were collected and tissue was fixed with neutral 

buffered formalin and further processed as described in the histology section.  

 

Figure 8. Schematic representation of the culture of precision cut lung slices. 

 

2.12 Enzyme linked immunosorbent assay 

Enzyme linked immunosorbent assay (ELISA) for the determination of Collagen 1 alpha 1 

(COL1A1)/pro collagen 1 alpha 1 was done using the Duo set kit from bio-techne (Minneapolis, 

MN, USA) according to the manufacturer’s instructions. Supernatants from PCLS were used 

and standard curve preparation was done in the presence of medium and values were obtained 

by subtracting absorption at 540 nm from that at 450 nm on a microplate reader. For calculating 

concentrations of collagen in supernatants, Log Log standard curves were used and data were 

normalized to protein concentrations in the supernatants. 

 

2.13 High performance liquid chromatography tandem mass 

spectrometry 

It should be noted that none of the mass spectrometry procedures were performed by the 

author himself, but in collaboration with Dominique Thomas, Pharmazentrum Zafes, Frankfurt. 

However, for the completeness of this dissertation, mass spectrometry data are integral, and 

will thus be included as previously published (12, 230). 

2.13.1 Prostanoids 

In brief, 200 µl supernatant were spiked with the isotopically labeled internal standards and 

extracted using ethyl acetate. The chromatographic separation of the analytes was carried out 
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using a chiral column Lux Amylose-2 (150 x 2 mm I.D., 3 µm) coupled to a Synergi Hydro-RP 

column (150 x 2 mm I.D., 4-µm; both from Phenomenex, Aschaffenburg, Germany) under 

gradient conditions. Water and acetonitrile, both containing 0.1% formic acid were used as 

mobile phases and sample run time was 22 minutes. The MS/MS system consisted of a hybrid 

triple quadrupole-ion trap mass spectrometer QTrap 5500 (Sciex, Darmstadt, Germany) 

equipped with a Turbo-V-source operating in negative ESI mode. Analysis was done in MRM 

mode with a dwell time of 50 ms for all analytes. 

For both sphingolipids and prostanoids, data was acquired using Analyst Software V 1.6 and 

quantification was performed with MultiQuant Software V 3.0 (both Sciex, Darmstadt, 

Germany), employing the internal standard method (isotope dilution mass spectrometry). The 

coefficient of correlation was at least 0.99. Variations in accuracy were less than 15% over the 

whole range of calibration, except for the lower limit of quantification, where a variation in 

accuracy of 20% was accepted. 

2.13.2 Combined specialized pro-resolving mediators and 

prostanoids 

Prostanoids and specialized pro-resolving mediators were quantified by UHPLC coupled to 

tandem mass spectrometry after solid-phase extraction (SPE). 80 µl supernatant from IPF 

PCLS were spiked with 20 µl of the isotopically labeled internal standards (Cayman Chemical, 

Ann Arbor, USA), 200 µL PBS, 400 µL citric acid buffer (pH = 5.7) and 90 µL BHT (0.1% in 

methanol). Sample was loaded on Biotage Express ABN cartridges (Biotage, Uppsala, 

Sweden) and eluted with methanol (+2% ammonia solution) after washing with methanol/water 

1:1 (v/v, + 2% formic acid) followed by water. Samples were evaporated to dryness in amber 

glass vials and reconstituted in 50 µL acetonitrile/water 2:8 (v/v, +0.0025% formic acid). 

The chromatographic separation of the analytes was carried out using an Acquity UPLC BEH 

C18 2.1x100mm column, 1.7 µm (Waters, Eschborn, Germany) equipped with a precolumn 

VanGuard 2.1 x 5 mm, 1.7 µm (Waters, Eschborn, Germany) under gradient conditions. Water 

and acetonitrile, both containing 0.0025% formic acid were used as mobile phases and sample 

run time was 15 minutes. The LC-MS/MS analysis was carried out using an Agilent 1290 

Infinity LC system (Agilent, Waldbronn, Germany) coupled to a hybrid triple quadrupole linear 

ion trap mass spectrometer QTRAP 6500+ (Sciex, Darmstadt, Germany) equipped with a 

Turbo-V-source operating in negative ESI mode. Analysis was done in MRM mode with a dwell 

time of 5 ms for all analytes. 
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Data were acquired using Analyst Software V 1.6.2 and quantification was performed with 

MultiQuant Software V 3.0 (both Sciex, Darmstadt, Germany), employing the internal standard 

method (isotope dilution mass spectrometry). The coefficient of correlation was at least 0.99. 

Variations in accuracy were less than 15% over the whole range of calibration, except for the 

lower limit of quantification, where a variation in accuracy of 20% was accepted. 

2.14 Electric cell substrate impedance sensing 

Mouse alveolar epithelial cells (MAEC) or human lung microvascular endothelial cells 

(HMVEC-L) were seeded on precoated (laminin 1 oder gelatin) biochips with golden electrodes 

and grown to confluence (Applied Biophysics, Troy, NY, USA) (12). For MAEC, 96 well plates 

(interdigitated finger design, 20) and for HMVEC-L 8W10E+ chips were used. On the day of 

experiments, cells were starved with respective media, containing 2% FBS, for at least one 

hour. The electrical resistance of the cell monolayers was measured at a frequency of 4000 

Hz by using Electrical Cell-Substrate Impendance Sensing (ECIS; Applied Biosphysics). All 

measurements were conducted for at least 8 hours and values were normalized to a starting 

point of the experiments.  

2.15 Statistical analysis 

All statistical analysis was performed using Graph Pad Prism® 6 (GraphPad Software, Inc. 

CA, USA). Comparisons of two groups were performed using paired or unpaired two tailed 

Student’s t-test; if values were calculated as percent of vehicle and compared against vehicle, 

a one sample t-test was performed. For multiple comparisons one-way ANOVA followed by 

Tukey’s post hoc test for comparing all groups was used for more than three groups. For 

exactly three groups, a Newman-Keuls post hoc test was used (247). A two-way ANOVA for 

repeated measurements with Bonferroni’s post hoc test to compensate for multiple 

comparisons was used for time courses and Gehan-Breslow test was applied to compare 

survival curves. Mann-Whitney test was employed for non-parametric data such as scores, or 

if normality of data was not confirmed. Significance was set at p< 0.05. All data are given as 

mean ± SEM. Where applicable, normality was confirmed by using Kolmogorov-Smirnov 

testing. 
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3 Results 

 

3.1 Preparatory chapter: Alveolar epithelial cells  

Before we set out to investigate the effects of 15-PGDH inhibition in IPF, we elucidated whether 

prostanoid synthesis was present in alveolar epithelial cells, as these had been reported to 

express 15-PGDH in mice (248) and in a human cell line (A549 cells) prostaglandin 

concentrations were increased upon inhibition of this enzyme (231). The direct comparison of 

murine primary alveolar epithelial cells and A549 cells with regard to prostaglandin metabolism 

was performed in order to reveal whether we could apply this cell line for subsequent 

experiments.  . Furthermore, we also investigated whether the described barrier-enhancing 

effects of alveolar epithelial cell supernatants (249) were due to PGE2 synthesis and 

subsequent EP4 receptor activation. In addition, we assessed which COX isoforms are 

expressed in mouse lungs in vivo, as an approach to correlate our in vitro findings with 

mechanisms in epithelial-to-endothelial crosstalk in vivo. 

 

Importantly, most of the results of this chapter have already been published in  

Bärnthaler, T; Maric, J; Platzer, W; Konya, V; Theiler, A; Hasenöhrl, C; Gottschalk, B; 

Trautmann, S; Schreiber, Y; Graier, WF; Schicho, R; Marsche, G; Olschewski, A; Thomas, D; 

Schuligoi, R; Heinemann, A. 

The Role of PGE2 in Alveolar Epithelial and Lung Microvascular Endothelial Crosstalk.  

Scientific Reports (2017) 7 (1): 7923. doi: 10.1038/s41598-017-08228-y,(12). 

 

 

3.1.1 Isolated alveolar epithelial cells express according markers and form 

a monolayer 

After isolation of alveolar epithelial cells from mice, we investigated the phenotype of these 

cells in order to confirm their identity. We differentiated them for 6 days on laminin I coating in 

order to induce monolayer formation, as has been described (250). We observed marked 

staining of cell junctions and whole cells using an aquaporin 5 (AQP5) antibody, a marker of 

alveolar epithelial cells and this was prevented by pre-incubation with the appropriate blocking 
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peptide (Figure 9 A,C). When measuring transepithelial resistance on the ECIS device, we 

found values between 600 and 700 ohm, which was much higher than blanks (Figure 9 E). 

Because the culture conditions described in this study induce differentiation of alveolar 

epithelial cells towards an ATI-like phenotype (as witnessed by barrier formation and AQP5 

expression), cells will be referenced as “ATI-like” cells.  

3.1.2 Murine ATI-like cells and the human alveolar epithelial cell line A549, 

produce prostaglandins 

After we knew that our cells were indeed alveolar epithelial cells, we set out to investigate the 

production of prostanoids in these cells and which COX isoform is responsible. To this end, 

we treated the cells with LPS, a known stimulator of PG production (230) in the absence and 

presence of COX inhibitors. We found that murine ATI-like cells produce vast amounts of PGE2 

already at baseline and this was further increased by LPS stimulation. However, both at 

baseline and in response to LPS, a pan-COX (diclofenac, 10 µM) and a specific COX-2 inhibitor 

(NS398, 1 µM) markedly reduced PGE2 levels to the same extent (Figure 10 A). As COX-2 is 

in general considered to be upregulated upon stimuli, we wanted to exclude the possibility that 

our culture conditions are responsible for COX-2 induction. To prevent upregulation of COX-

2, we pre-treated cells for 3 days with the corticosteroid dexamethasone (251). Interestingly, 

dexamethasone pretreatment prevented the upregulation of PGE2 production by LPS, but 

showed only a minor and non-significant effect on baseline production (Figure 10 B). Mass 

spectrometry revealed – besides PGE2 - high production of 6-keto-PGF1alpha and much lower 

levels of other prostanoids; all of them showed a trend towards increased levels after LPS 

stimulation (Figure 10 C,D). Also in A549 cells, a human alveolar epithelial cell line, PGE2 

production was dependent upon COX-2, but overall levels were much lower. Interestingly, 

dexamethasone pretreatment completely abrogated PGE2 in A549 cells (Figure 11). 
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Figure 9. Isolated alveolar epithelial cells express aquaporin 5 and form a monolayer. (A,C,D) 6 days cultured 
alveolar epithelial cells or (B) endothelial cells were incubated with (A,B) anti- AQP5 antibody, (C) matching isotype 
control or (D) anti- AQP5 antibody pre-incubated with blocking peptide. (E) Electrical resistance of 6 days cultured 
alveolar epithelial cells is shown. Dotted line shows the value of blank wells.  n=3-5 scale bar is 10 µm, modified 
from (12). 
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Figure 10. Murine ATI-like cells release PGE2. (A,B,C,D )Primary ATI-like cells were isolated and kept in culture 
for 6 days. After 6 days, medium was changed and cells were pretreated with (A) either diclofenac (diclo, 10 µM), 
NS398 (1 µM), or vehicle (Veh) for 20 min; (B) dexamethasone-pretreatment (dexa 1 µM) was performed for three 
days. Thereafter, cells were stimulated with LPS (10µg/ml) or vehicle (Veh). (C,D) ATI-like cells were treated with 
(C) vehicle or (D) LPS for 8 h and prostanoid levels were determined in the supernatants by mass spectrometry 
(n=3). Statistical analysis was performed using (A,B) One Way ANOVA and Bonferroni’s post-hoc (n=5), *=p<0.05; 
**=p<0.01; ***=p<0.001, modified from (12). 
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Figure 11. A549 cells release PGE2. (A,B) A549 cells were kept in culture for 3 days. On the third day, cells were 
pretreated (A) with either diclofenac (Diclo, 10 µM), NS398 (NS 1 µM), or vehicle (Veh) for 20 min; (B) 
dexamethasone-pretreatment (Dexa 1 µM) was performed for two days. Thereafter, cells were stimulated with LPS 
(10µg/ml) or vehicle (Veh). Statistical analysis was performed using (A, B) two-tailed t-test for A549, n=6, 
***=p<0.001 n.d…not detected, modified from (12). 

 

3.1.3 Murine ATI-like cells and the human alveolar epithelial cell line A549, 

express key enzymes of prostaglandin production 

As we could see that PGE2 is produced by both human and mouse alveolar epithelial cells 

which is in accordance with the literature (18), we wanted to investigate the expression of the 

COX isoenzymes. In order to control for changes under inflammatory conditions, we also 

treated cells with LPS, an agent that has been shown to upregulate COX-2 expression and 

increase prostaglandin synthesis (251, 252). Western blotting data revealed the expression of 

both isoforms in mouse cells, but only COX-2 could be detected in A549 cells (Figure 12 and 

13, respectively). As expected, LPS stimulation upregulated COX-2, but did not alter COX-1 

expression. In ATI-like cells, dexamethasone inhibited LPS-induced COX-2 upregulation but 

had no detectable impact on baseline levels, which is in accordance with the findings for PGE2 

synthesis. In contrast, in A549 cells, dexamethasone caused a downregulation of COX-2 

already in the absence of LPS. The expression of COX isoenzymes for ATI-like cells was also 

confirmed by immunofluorescence staining. Furthermore these cells also express 15-PGDH 

(Figure 14). 
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Figure 12. ATI-like cells express COX-1 and COX-2.  Mouse primary ATI-like cells were treated with vehicle 
(Veh), LPS (10 µg/ml) and/or dexamethasone (dexa; 1 µM) and (A) COX-2 or (B) COX-1 expression was determined 
by Western blot. Inserts on the right show typical blots (lanes vehicle: 1,5,9; LPS: 2,6,10; dexamethasone: 3,7,11; 
LPS + dexamethasone: 4,8,12). Beta actin blot was probed on the same blot after stripping of the membrane. 
Statistical analysis was performed using One-Way ANOVA and Bonferroni’s post-hoc test, n=5.; **=p<0.01; 
***=p<0.001, modified from (12). 
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Figure 13. A549 cells express COX-2.  A549 cells were treated with vehicle (Veh), LPS (10 µg/ml) and/or 
dexamethasone (dexa; 1 µM) and COX-2 expression was determined by Western blot. Inserts on the right show 
typical blots (lanes vehicle: 1,5,9; LPS: 2,6,10; dexamethasone: 3,7,11; LPS + dexamethasone: 4,8,12). Statistical 
analysis was performed using One-Way ANOVA and Bonferroni’s post-hoc test, n=6.; *=p<0.05 **=p<0.01; 
***=p<0.001, modified from (12). 

 

Figure 14. ATI-like cells express key enzymes of prostaglandin metabolism.  (A,B,C) 6 days cultured alveolar 
epithelial cells were incubated with (A) anti COX-1 antibody, (B) anti COX-2 antibody and (C) anti 15-PGDH 
antibody. n=3-5, scale bar is 10 µm, modified from (12). 

 

3.1.4 ATII cells express COX in situ 

As expression of COX-2 could still be an isolation artefact, we stained lungs of specific 

pathogen free mice for COX isoenzyme expression. We found colocalization of both COX-1 

and COX-2 in ATII cells (as determined by pro-surfactant protein (SP)C immunoreactivity). 

COX-2 in the lungs was predominantly localized to pro-SP-C positive cells, while COX-1 was 

also expressed in other cell types, as would be expected (Figure 15). This was reflected by the 

fact that pro-SP-C positive cells accounted for 84 ± 7.6% of all COX-2 positive cells but only 

for 18.2 ± 2.8% of COX-1 positive cells. In addition, we also found evidence of 15-PGDH 
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expression in these mouse lungs, in a pattern consistent with alveolar epithelial cell expression 

(Figure 16). 

 

Figure 15. Murine ATII cells express COX-1 and COX-2 in situ.  Lungs of specific pathogen free mice were 
stained with antibodies directed against (A) COX-2, (D) COX-1 and (B,E) pro-SP-C. (C,F) Overlays were created 
using DAPI as nuclear counterstain. Arrows show double positive cells. Photomicrographs are representative for 4 
independent experiments. Scale bar is 20 µm, modified from (12). 

 

Figure 16. 15-PGDH is expressed in mouse lungs.  Lung sections from healthy specific pathogen-free BALB/c 
mice were stained with a 15-PGDH-antibody (brown). Counterstaining for nuclei was done using methyl green. Red 
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arrows show positive cuboidal cells in alveolar walls, most likely corresponding to alveolar type II cells. Pink arrows 
show positive cells in alveolar spaces, most likely corresponding to alveolar macrophages. Scale bar: 20 µm. 
Images are representative for 3 independent experiments. 

3.1.5 Murine ATI-like cell supernatants promote lung endothelial barrier 

function via EP4 receptor activation and PGE2 

It has been shown that PGE2 from alveolar epithelial cells inhibits fibroblast proliferation and is 

involved in crosstalk with alveolar macrophages (18, 253). As we could also observe that 

alveolar epithelial cells secrete high amounts of PGE2 and that its biosynthetic enzymes are 

present in healthy lungs, we wanted to investigate, whether alveolar epithelial cell-derived 

prostaglandins might exert effects on other, directly adjacent cells, the microvascular 

endothelium. To this end, we measured transendothelial resistance of HMVEC-L in the ECIS 

device and added supernatants (also referred to as conditioned medium) from isolated alveolar 

epithelial cells. Interestingly, we found a significant increase upon addition of these 

supernatants that was partially blocked if ATI like cells were pretreated with COX inhibitors 

(Figure 17 A,B). As this proved that the barrier function-modulating effects depend on PGs, we 

next set out to investigate the responsible prostanoid receptor subtype. As we could already 

show that EP4 receptor activation leads to increased endothelial barrier function (254), we 

added a specific antagonist for this receptor, ONO AE3-208. We found that EP4 receptor 

antagonism led to an even greater inhibition than COX inhibitors, which could be explained by 

the fact that residual PGE2 synthesis took place (Figure 17 C,D). As IP-agonism has also been 

shown to increase endothelial barrier function(255), and 6-keto-PGF1alpha was present in high 

concentrations, we wanted to know whether PGI2 might also play a role. However, we could 

not observe any changes in the barrier promoting effects of supernatants using a specific IP 

antagonist (Figure 17 E,F). Therefore, the effect of alveolar epithelial cell-derived PGE2 on 

barrier function might contribute to protective effects of these cells in acute lung injury models 

(256). 

3.1.6 Inhibition of 15-PGDH increases PG levels 

Given the beneficial effects of PGE2 in our investigations and the expression of 15-PGDH in 

ATII cells, we wanted to investigate whether inhibition of this enzyme might further increase 

prostaglandin release. Although this had been shown for whole lungs, there were no data 

concerning isolated epithelial cells (231). Our results show that inhibition of 15-PGDH with 

SW033291 (500 nM) increases PGE2 as well as Δ 12-PGJ2 and 6-keto-PGF1alpha levels in those 

cells (Figure 18), which are considered a major source of PGs in the lungs [45]. Neither TXB2, 

nor PGF2alpha showed significant differences, probably due to low levels of basal secretion (0.3 

± 0.02 ng/ml and 0.9 ± 0.013 ng/ml respectively). 
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Figure 17. Conditioned medium (CM) from ATI-like cells promotes endothelial barrier function via PGE2 
induced EP4 receptor activation.  HMVEC-L were grown on gold microelectrodes and were pretreated 
(arrowhead) with vehicle, (C,D) EP4 antagonist ONO AE3-208 (EP4 Ant; 300 nM) or (E,F) IP antagonist Cay10441 
(IP-Ant; 1µM). CM from ATI like cells treated with (A-F) vehicle or (A,B) diclofenac (diclo 10µM) and NS398 (1µM) 
was added (indicated by arrows). To detect differences in barrier function (measured as change in resistance), Δ% 
values were calculated. The normalized electrical resistance values of the first black line were subtracted from those 
of the second and are given in B, D, F. Statistical analysis was performed using two-way ANOVA and Tukey’s 
multiple comparison test for A, C, and E and one-way ANOVA followed by Bonferroni’s post hoc test for B, D, and 
F; n=5, * p<0.05; ** p<0.01; *** p<0.001; * vs vehicle; # vs CM alone, modified from (12). 
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Figure 18. Inhibition of 15-PGDH increases eicosanoid levels in isolated alveolar epithelial cells.  Cells were 
grown to confluence for 6 days and treated with vehicle or SW033291 (500 nM). After incubation for 20 minutes, 
vehicle (left) or LPS (10 µg/ml) (right) was added. Two-tailed one-sample t-test against 100% was performed. n=3-
4, *=p<0,05, **=p<0,01, ***=p<0,001 
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3.2 Main chapter: 15-PGDH in IPF 

The data contained in this chapter are currently under review for publication. 

3.2.1 IPF patients show differing expression of 15-PGDH 

In order to investigate the expression of 15-PGDH in human lungs, we stained tissue from both 

IPF patients and donor lungs by means of IHC (Figure 19). Using a specific antibody we found 

pronounced staining in certain areas of IPF lungs, predominantly where alveoli were still 

preserved. In healthy donor lungs, the pattern was quite evenly distributed throughout the 

whole lungs. Interestingly, severely fibrotic tissue in IPF showed almost no staining in all 

investigated patients. Subsequently, we wanted to determine which cells express 15-PGDH 

and further corroborate our findings. To this end, we detected 15-PGDH by in situ hybridization 

and co-stained specific cell types with according markers. In these experiments we found that 

in IPF lungs, 15-PGDH was predominantly expressed in endothelial cells, alveolar 

macrophages and alveolar epithelial cells (Figure 20). However, in healthy lungs, 15-PGDH 

predominantly co-localized with von Willebrand Factor (vWF), a marker for endothelial cells 

(Figure 21). Also in ISH experiments, alveolar structures in IPF showed an increase in 15-

PGDH expression as compared to donor lungs, but fibroblastic foci, as defined by dense 

accumulations of vimentin-positive cells were almost devoid of staining. 
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Figure 19. Staining patterns for 15-PGDH differ between healthy donors and IPF patients.  (A-D) 
Immunohistochemistry with an antibody against 15-PGDH (brown) was performed on biopsy samples from IPF 
patients and control lung sections from organ donors. Nuclei were counterstained with methyl green. (A,B) 15-
PGDH is expressed in lungs from healthy donors, mainly in the alveolar walls. (C,D) IPF patients showed foci of 
more intensive staining. Images are representative for 5 controls and 5 IPF patients. (A,C) Scale bars indicate 200 
µm and (B,D) 20 µm, respectively 

 

Figure 20. 15-PGDH mRNA is expressed in IPF lungs in alveolar epithelial and endothelial cells, as well as 
macrophages, but neither in vimentin- nor smooth muscle actin- positive cells. In situ hybridization for 15-
PGDH mRNA and immunostaining for indicated antibodies was performed. (A) Arrows indicate 15-PGDH/ CD68 
double positive cells, arrowhead indicates a 15-PGDH negative, aSMA positive cell. (B) Arrows indicate 15-PGDH/ 
pro-SP-C double positive cells, arrowheads indicate 15-PGDH/ VE-cadherin double positive cells. (C) Arrows 
indicate 15-PGDH positive/ vimentin negative cells, Images are representative for 5 IPF patients. Scale bar indicate 
20 µm, insets show 15-PGDH positive cells. 
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Figure 21. 15-PGDH mRNA is expressed in endothelial cells in healthy lungs.  ISH for 15-PGDH was 
performed on (A,C) healthy and (B,D) IPF lungs, and section were stained with (A,B) lycopersicon esculentum 
lectin (LEL) to visualize ATI cell surface or (C,D) von Willebrand Factor (vWF) to visualize endothelial cells.(C,D) 
Arrows indicate 15-PGDH/ vWF double positive cells. Insets show 15-PGDH positive cells.  Images are 
representative for 5 IPF patients and 5 controls. Scale bar indicates 20 µm. 

 

3.2.2 15-PGDH activity in total lung tissue is not significantly different in 

IPF patients and healthy controls 

Considering these results, we were interested, whether we could detect differences in the 

activity of 15-PGDH in total lung tissue. To this end, we obtained samples from explanted IPF 

and non-used donor lungs, pulverized them in liquid nitrogen and thereafter performed the 15-

PGDH activity assay. Although we could detect activity in both samples, we could not measure 

significant differences between patients and healthy controls. There was even a slight but non-
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significant trend towards increased activity in donor lungs that might be explained by the fact 

that IPF samples were from end stage disease where fibrotic tissue is even more prevalent 

(Figure 22). 

 

 

Figure 22. 15-PGDH activity does not differ between healthy donors and IPF patients.  Homogenized lung 
tissue activity of 15-PGDH was not significantly different between controls and IPF patients (n=5, Student’s t-test). 

 

 

3.2.3 Mouse lungs show 15 PGDH activity and mRNA expression  

As 15-PGDH expression patterns differed in control and IPF lung tissue, thereby corroborating 

our initial hypothesis, we wanted to investigate the effects of 15-PGDH inhibition on hallmarks 

of pulmonary fibrosis in a mouse model. To this end, we had to confirm the preliminary findings 

concerning murine 15-PGDH expression obtained by isolation of ATII cells and IHC. To 

achieve this, we performed ISH and an activity assay for 15-PGDH on murine lungs. We found 

considerable expression at the mRNA level and even higher values for activity than obtained 

from human samples (Figure 23). For comparison, we used kidney samples from the same 

mouse strain, where we could also measure 15-PGDH activity, albeit at lower levels. Thus, we 

deemed it feasible to start with mouse experiments.  
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Figure 23. Murine lungs show high levels of 15-PGDH mRNA and enzyme activity. (A) ISH for 15-PGDH 
mRNA (red) and counterstaining with methyl green were performed on C57/Bl6 mouse lungs. This image is 
representative for 5 lungs. (B) 15-PGDH activity was measured in lung and kidney homogenates of C57/Bl6 mice. 
n=3-4. 

 

3.2.4 Inhibition of 15-PGDH protects mice from pulmonary fibrosis 

In order to investigate the protective effects of 15-PGDH inhibition in IPF, we used the 

bleomycin model, an established model of pulmonary fibrosis in mice. Bleomycin is a 

chemotherapeutic agent with the main side effect of pulmonary fibrosis in humans (7). It is 

usually applied into mouse lungs via intratracheal application. In the protective setting, used 

here, and indicated by schemes on the top of the graphs, treatment was started concomitantly 

with induction of fibrosis by bleomycin. The histologic evaluation, via modified Ashcroft scaling 

of Masson-trichrome stained lung sections, revealed marked attenuation of fibrosis in the 15-

PGDH inhibitor treated group (Figure 24). To account for the heterogeneous distribution of 

fibrosis in this model, which is reminiscent of the appearance in humans (147), we evaluated 

sections from every lung lobe in a double-blinded fashion. For the same reason, we also 

pulverized whole lung tissue and aliquots were used in the further experiments. We performed 

measurements of hydroxyproline content in the lungs, which is a surrogate for collagen levels 

as this is its predominant source. This analysis also showed that 15-PGDH inhibition prevented 

the bleomycin-induced increases in total lung collagen (Figure 25 A). In addition, 15-PGDH 

inhibition protected mice from bleomycin-induced weight loss and death (Figure 25 A,B). 
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Figure 24. Inhibition of 15-PGDH protects mice from histological features of fibrosis.  Lobes from mice treated 
with (A) vehicle (veh), (B) bleomycin (1,25 U/kg, Bleo)  and (C) 15-PGDH inhibitor ((SW+Bleo; SW033291 10 mg/kg 
twice daily, start at day 1) were stained with Masson’s trichrome staining and (D) 60-70 photomicrographs were 
scored using modified Ashcroft scale. Mann Whitney test was performed (n=7-8). ***=p<0.001 (A-C) Scale bar is 
1mm. 
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Figure 25. Inhibition of 15-PGDH protects mice from bleomycin induced fibrosis. (A) Mice treated with Vehicle 
(veh), bleomycin (1,25 U/kg, Bleo)  and 15-PGDH inhibitor ((SW+Bleo; SW033291 10 mg/kg twice daily, start at 
day 1) were sacrificed on day 21 and lung tissue was used for hydroxyproline measurements.  (B) Survival over 
time during the experiment was recorded. (C) Weight was measured once daily and the last observation was carried 
forward for deceased mice. One-way ANOVA, followed by Newman-Keuls-test was used in A (n=8-12). For C, two-
way ANOVA for repeated measurements followed by Bonferroni’s post-hoc test was applied. For B, Gehan-Breslow 
test was used (n=8-20). *=p<0.05, **=p<0.01,  for (C) #=p<0.05 SW+ Bleo vs Bleo 

3.2.5 Inhibition of 15-PGDH increases PGE2 levels in murine lungs and 

bone marrow 

In order to confirm the effects of our treatment on PGE2 levels, we measured them in both 

bone marrow and lung tissue from mice in the protective model. We could observe that in the 

lungs, bleomycin alone led to a significant increase in PGE2 levels and this was further elevated 

by 15-PGDH inhibition (Figure 26). In the bone marrow, however, bleomycin alone did not 

increase PGE2 levels, but 15-PGDH inhibition did (Figure 27). 
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Figure 26. Inhibition of 15-PGDH further increases pulmonary PGE2 levels in the bleomycin model. 
Pulverized lung tissue was used for mass spectrometry measurements. Mann-Whitney test was performed, n=5-
10 *p<0.05 

 

 

Figure 27. Inhibition of 15-PGDH increases bone marrow PGE2 levels in the bleomycin model. Femur was 
perfused with 1 ml of PBS and PGE2 concentration was measured by radioimmunoassay. Mann-Whitney test was 
performed, n=5, *=p<0.05 

3.2.6 Inhibition of 15-PGDH protects ATII cells from apoptosis and 

promotes their proliferation in bleomycin-treated mice 

As exaggerated apoptosis and subsequent loss of ATII cells is a hallmark of IPF, strategies to 

prevent this phenomenon might exert beneficial effects (102). As PGE2 was increased in the 

lungs in our experiments and has been shown to protect ATII cells from apoptosis (102), we 

wanted to know, whether 15-PGDH inhibition might show similar effects. We therefore stained 

mouse lungs with antibodies against caspase 3 and pro-SP-C to detect apoptotic ATII cells. 
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As has been described, we found greatly increased apoptosis of ATII cells upon bleomycin 

treatment (257). The percentage of apoptotic cells in the bleomycin treated mice was in good 

agreement with earlier observations (257). Treatment with the 15-PGDH inhibitor decreased 

apoptosis to almost baseline levels showing pronounced protection (Figure 28). In addition, 

we wanted to establish whether our treatment might also increase ATII cell proliferation. To 

this end we used immunohistochemical staining for Ki-67, a proliferation marker, and pro-SP-

C. We found that while bleomycin alone led to a small increase in proliferation as has been 

described (258), additional treatment with the 15-PGDH inhibitor led to a further significant 

increase (Figure 29).  

 

Figure 28. ATII cells are protected from apoptosis by inhibition of 15-PGDH in the bleomycin model. (A-C) 
Apoptotic cells (red) and ATII cells (green) were stained with antibodies for  cleaved caspase (cl-casp) 3 and pro-
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SP-C, respectively; A, B and C show photomicrographs of lungs from animals treated with vehicle (veh), bleomycin 
(Bleo) and bleomycin/15-PGDH inhibitor (SW + Bleo), respectively and arrows indicate double positive cells.  Insets 
show (A) a cell positively stained for pro-SP-C / but negative for cleaved caspase 3, (B) positive for both pro-SP-C 
/cleaved caspase 3 and (C) a cell negative for pro-SP-C but positive for cleaved caspase 3. (D) Double positive 
cells were counted in a double-blinded fashion (in 10 high-power field images per lung) and the percentage of 
apoptotic cells was calculated. One-way ANOVA, followed by Newman-Keuls-test was used for D. Scale bars show 
20 µm *=p<0.05, ***=p<0.001 

 

 

 

Figure 29. ATII cell proliferation is stimulated by inhibition of 15-PGDH. (A-C) Proliferating cells (brown) and 
ATII cells (red) were stained with antibodies for Ki-67 and pro-SP-C, respectively; A, B and C show 
photomicrographs of lungs from animals treated with vehicle (veh), bleomycin (Bleo) and bleomycin/15-PGDH 
inhibitor (SW + Bleo), respectively and arrows indicate double positive cells.  Insets show (A) a cell positively stained 
for pro-SP-C / but negative for Ki-67, (B) cell negative for pro-SP-C but positive for Ki-67and (C) positive for both 
pro-SP-C / Ki-67. (D) Double positive cells were counted in a double-blinded fashion (in 10 high-power field images 
per lung) and the percentage of proliferating cells was calculated. One-way ANOVA, followed by Newman-Keuls-
test was used for D. Scale bars show 20 µm *=p<0.05, **=p<0.01, ***=p<0.001 
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3.2.7 Inhibition of 15-PGDH prevents fibroblast proliferation in bleomycin-

treated mice 

Excessive proliferation of fibroblasts is one of the main characteristics in IPF and is also 

increased in isolated fibroblasts as compared to healthy controls as well as in the bleomycin 

mouse model (259, 260). As PGE2 is a known suppressor of fibroblast proliferation (18), we 

wanted to know whether this effect could also be detected in our approach. We performed 

immunohistochemistry for Ki-67, and vimentin, a marker of mesenchymal cells/fibroblasts. This 

revealed a pronounced increase of fibroblast proliferation in the bleomycin treated mice as 

compared to vehicle. Additional treatment with the 15-PGDH inhibitor decreased numbers of 

proliferating fibroblasts (Figure 30).  

 

3.2.8 Pulmonary fibrocyte accumulation is reduced upon 15-PGDH 

inhibition in bleomycin-treated mice 

As both pirfenidone and nintedanib –among other targets– inhibit pulmonary fibrocyte 

accumulation, we wanted to assess whether these cells are also influenced by 15-PGDH 

inhibition. Furthermore, the expression of EP2 and EP4 receptors on these cells has been 

described and we found increased PGE2 levels in the lungs and bone marrow of bleomycin 

treated mice that were treated with 15-PGDH inhibitor (261). We visualized these cells by co-

staining for CD45 and fibroblast specific protein (FSP) (202) and could show that bleomycin 

indeed increases fibrocyte counts in the lungs as has been described (196, 202). This was 

prevented by treating animals receiving bleomycin with the 15-PGDH inhibitor (Figure 31). 
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Figure 30. Fibroblast proliferation is decreased by inhibition of 15-PGDH. (A-C) Proliferating cells (brown) and 
fibroblasts (red) were stained with antibodies for Ki-67 and vimentin, respectively; A, B and C show 
photomicrographs of lungs from animals treated with vehicle (veh), bleomycin (Bleo) and bleomycin/15-PGDH 
inhibitor (SW + Bleo), respectively and arrows indicate double positive cells.  Insets show (A) a cell positively stained 
for vimentin / but negative for Ki-67, (B) cell positive for both vimentin / Ki-67 and (C) a cell negative for vimentin 
but positive for Ki-67 (D) Double positive cells were counted in a double-blinded fashion (in 10 high-power field 
images per lung). One-way ANOVA, followed by Newman-Keuls-test was used for D. Scale bars show 20 µm, 
**=p<0.01, ***=p<0.001 
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Figure 31. Inhibition of 15-PGDH reduces fibrocyte counts in the bleomycin model. (A-C) Fibrocytes were 
visualized by immunostaining sections for CD45 (green) and fibroblast specific protein (FSP, red); A, B and C show 
photomicrographs of lungs from animals treated with vehicle (veh), bleomycin (Bleo) and bleomycin/15-PGDH 
inhibitor (SW + Bleo), respectively and arrows indicate double positive cells. Double positive cells were counted in 
a double-blinded fashion (in 10 high-power field images per lung). One-way ANOVA, followed by Newman-Keuls-
test was used for D. Scale bars show 20 µm, *=p<0.01, ***=p<0.001 

 

3.2.9 Human fibrocyte differentiation is inhibited by PGE2 

The effects of PGE2 on fibrocytes have not been investigated so far. Therefore, we used an 

established assay for fibrocyte differentiation from peripheral blood and found that PGE2 

decreased fibrocyte differentiation in a concentration-dependent manner and that this was 

mediated via EP2 and EP4 receptor activation, as both antagonists could block parts of the 

PGE2 effect (Figure 32 B,C). Furthermore, we also wanted to determine whether PGE2 only 
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blocks differentiation or whether it also acts on already differentiated fibrocytes. To this end, 

we allowed cells to differentiate in the presence of vehicle and PGE2 treatment was started 

after the first 5 days, and thereafter for 5 more days. We found that even under these 

circumstances, fibrocytes were significantly decreased by PGE2 (Figure 32 D). In order to 

evaluate our model we also used nintedanib and pirfenidone and both compounds significantly 

inhibited fibrocyte differentiation to a similar extent as PGE2 but much higher concentrations 

were needed (Figure 32 E).  

 

Figure 32. PGE2 inhibits fibrocyte differentiation in vitro. (A-C,E) Peripheral blood mononuclear cells from 
healthy donors were differentiated and after 5 days cells were stained with DiffQuick. Scale bar shows 50 μM. (B,C) 
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Fibrocytes from healthy donors were counted and the effects of (B) PGE2, in the absence and presence of the (C) 
EP2 antagonist (PF04418948 1 μM) and the EP4 antagonist (ONO AE3 208 1µM) were determined. (D) Fibrocytes 
were differentiated for 5 days and afterwards treatment with vehicle or PGE2 was initiated for additional 5 days. 
(E)Fibrocytes were cultured for 5 days in the presence of vehicle (veh), pirfenidone (Pirf,500 µM) nintedanib (Nint, 
1 µM) or PGE2 (100 nM). One-way ANOVA for repeated measurements, followed by Tukey’s test was used for 
(B,C,E) and Student’s t-test for (D) (n=7-9). *=p<0.05, **=p<0.01, ***=p<0.001 

 

3.2.10 Fibrocyte differentiation in IPF patient-derived blood is 

inhibited by PGE2 

As there are findings describing reduced expression and aberrant signaling of the EP2 receptor 

in IPF fibroblasts (169, 216), we wanted to know whether this might also be true in fibrocytes. 

To this end we differentiated fibrocytes from peripheral blood of IPF patients and treated them 

with PGE2. However, also in IPF patients, fibrocyte differentiation was abrogated by PGE2 

(Figure 33). This seems to be irrespective of the obtained treatment, but n-numbers were too 

low for statistical analysis. 

 

Figure 33. PGE2 inhibits fibrocyte differentiation in vitro. (A-D) Peripheral blood mononuclear cells from (A) IPF 
patients treated with either (B) nintedanib, or (C) pirfenidone or (D) untreated patients, were differentiated in the 
presence of increasing concentrations of PGE2 and after 5 days, cells were stained with DiffQuick and counted. 
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One-way ANOVA for repeated measurements, followed by Tukey’s test was used for A, while statistics were not 
calculated for other panels due to low n-numbers (n=9 for A and 5, 2 and 2 for B, C and D respectively). *=p<0.05,, 
***=p<0.001 

3.2.11 Fibrocytes express EP receptors 

As earlier reports investigated EP receptor expression in lysates of differentiated fibrocytes 

with the potential of contamination of other cell types (261) we decided to use a more direct 

method. To this end, we differentiated fibrocytes for 5 days and afterwards performed in situ 

hybridization for EP2 and EP4 receptors, as these were the ones that mediated the effects of 

PGE2. Using this approach, we found that cells showing fibrocyte morphology (i.e. elongated, 

spindle shaped appearance) expressed both of these receptors, while they were negative for 

15-PGDH mRNA. As EP2 receptor expression has been shown to be impaired in IPF patients, 

we also performed the same experiment on fibrocytes from IPF patients. However, also there, 

both EP receptor mRNAs were still expressed which provided an explanation for the finding 

that PGE2 was still able to reduce fibrocyte differentiation. In contrast, 15-PGDH mRNA was 

also not expressed in IPF patient-derived fibrocytes (Figure 34). 

 

3.2.12 Pulmonary fibroblasts do not express 15-PGDH 

As reports show expression of 15-PGDH in various fibroblast cell lines (262), we wanted to 

investigate, whether inhibition of this enzyme might alter fibroblast phenotypes. Most 

importantly, we wanted to know, whether inhibiting 15-PGDH might, by acting via increased 

PGE2 levels, prevent and/or reverse myofibroblast formation, as has been described for PGE2 

(51, 170). To this end, we used MRC5 cells, a lung fibroblasts cell line, as well as primary 

fibroblasts from donor and IPF lungs. Surprisingly, we found no effect 15-PGDH inhibition 

whatsoever, although TGFβ1 treatment induced myofibroblast formation as witnessed by 

aSMA induction (Figure 35). Thus, we analyzed expression of 15-PGDH with both qPCR as 

well as Western blot and found that neither protein, nor mRNA was expressed in fibroblasts 

from IPF patients or healthy donors (data not shown). This finding is consistent with the results 

of 15-PGDH mRNA expression in lung tissue that showed almost no signal in vimentin 

expressing cells (cf. Figure 20 C) 
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Figure 35. Inhibition of 15-PGDH shows no effect on TGFβ1-induced myofibroblast formation. (A,B) Primary 
lung fibroblasts isolated from (A) healthy donors and (B) IPF patients were treated with TGFβ1 (TGF, 2ng/ml) and 
the 15-PGDH inhibitor (SW, SW033291, 1 µM) or respective vehicles for three days and aSMA induction was 
investigated by Western blot. (C) MRC5 cells were treated with TGFβ1 (TGF) and a 15-PGDH inhibitor (SW, 
SW033291, 1 µM) or respective vehicles for three days and aSMA induction was investigated by Western blot. For 
(A,B) One-way ANOVA, followed by Newman-Keuls test was used, while One-way ANOVA, followed by Tukey’s 
test was employed for (C). *=p<0.05,, ***=p<0.001 

 

3.2.13 15-PGDH inhibition ameliorates established fibrosis in the 

bleomycin model 

Considering the multiple beneficial findings of our preventive approach in the bleomycin model, 

we wanted to assess the effects of this treatment in a more relevant model. It has been shown 

that the early phase of the bleomycin model until day 7- 9 is predominantly characterized by 

inflammation (239). Thus, we applied a bleomycin model, where treatment with the 15-PGDH 

inhibitor was started at day 11 after bleomycin instillation, the timepoint where the acute 

inflammatory phase is considered to have passed (239). Also in this therapeutic model, we 
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saw a profound anti-fibrotic effect of 15-PGDH inhibition. Not only was histologic fibrosis 

reduced, but we could also observe that the initial weight loss was abrogated, once 15-PGDH 

inhibitor treatment was started (Figure 36). As decreased lung function is a crucial factor in the 

pathophysiology of IPF, we also investigated it in the bleomycin model. Also in this model, we 

found fundamental improvements in 15-PGDH inhibitor-treated mice as compared to mice that 

were treated with bleomycin only (Figure 37). To determine, whether the changes we could 

observe at the cellular level (i.e. increased ATII cell survival and decreased fibroblast 

proliferation) in the protective model, we analyzed pro-SP-C and COL1a1 gene expression as 

well as hydroxyproline levels in the mouse lungs. We could show that also in this therapeutic 

model, inhibition of 15-PGDH resulted in a reduction of fibrosis as assessed by reduced 

collagen and increased pro-SP-C in the inhibitor-treated mice (Figure 38). 
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Figure 36. Inhibition of 15-PGDH decreases histological features of established fibrosis and abrogates 
weight loss. Lobes from (A) vehicle, (B) bleomycin (1,25 U/kg, Bleo)  and (C) 15-PGDH inhibitor ((SW+Bleo; 
SW033291 10 mg/kg twice daily, start at day 11) treated mice were stained with Masson’s trichrome staining and 
(D) 60-70 photomicrographs were scored using modified Ashcroft scale. (A-C) Scale bar is 1 mm. (E) Weight was 
measured once daily and the last observation was carried forward for deceased mice. (D) Mann-Whitney test was 
performed (n=6).  (E) Two-way ANOVA for repeated measurements followed by Bonferroni’s post-hoc test was 
applied(n=9-16). *=p<0.05, **=p<0.01, in (E) ###=p<0.001 SW+ Bleo vs Bleo 
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Figure 37. Inhibition of 15-PGDH ameliorates bleomycin-induced pulmonary fibrosis-associated changes 
in lung function in a therapeutic model.  (A) Static compliance, (B) Total lung capacity, (C) tissue dampening 
and (D) tissue elasticity were measured on day 21. One-way ANOVA, followed by Newman-Keuls-test was used 
for A-D (n=9-16),  *=p<0.05, **=p<0.01, ***=p<0.001 
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Figure 38. Inhibition of 15-PGDH ameliorates bleomycin-induced pulmonary fibrosis in a therapeutic model. 
(A) Hydroxyproline levels, as a measure for lung collagen, were assayed from pulverized lung homogenates. (B,C) 
qPCR for (B) collagen type 1 alpha 1 and (C) pro-surfactant protein C were performed from lung homogenates and 
normalized to HPRT1 as a housekeeping gene. One-way ANOVA, followed by Newman-Keuls-test was used. 
*=p<0.05, **=p<0.01, ***=p<0.001  

 

3.2.14 miRNA 218-5p regulates 15-PGDH expression 

Next we wanted to investigate which processes might be responsible for the selective 

upregulation of 15-PGDH in the alveolar walls. Although TGFβ1 has been described to 

increase 15-PGDH levels (129), we found evidence in the literature that 15-PGDH levels are 

suppressed by certain miRNAs in cell culture (228). Interestingly, the very same miRNA 

(miRNA 218-5p) has been shown to be downregulated in IPF (226, 227). We therefore set out 

to investigate, whether the described effects of this miRNA might also be present in lung 

epithelial cells. To this end, we used A549 cells and transfected them with inhibitors and mimics 

of miRNA 218-5p. As expected, inhibiting miRNA 218-5p led to an upregulation of 15-PGDH, 
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while mimics suppressed its expression (Figure 39 A,B,D). As A549 cells are a cancer cell line 

and might thus not represent truly physiologic circumstances, we also performed in vivo 

transfection experiments. Also in murine lungs, transfection with a mimic of miRNA 218-5p 

caused a decrease of 15-PGDH protein after 24 hours (Figure 39 C,E). Thus, we set out to 

investigate the situation in human lungs. We found by employing double in situ hybridization 

that cells which express 15-PGDH mRNA also show expression of pre-miRNA 218 (Figure 

40). Interestingly, miRNA 26a-5p also has been shown to be decreased in IPF and TargetScan 

(version 7.2, http://www.targetscan.org) (263) revealed it as a potential regulator of 15-PGDH. 

In A549 cells, a mimic of this miRNA also showed suppression of 15-PGDH (Figure 41). 

 

 

Figure 39. miRNA 218-5p is a regulator of 15-PGDH in vitro and in vivo. (A,B) A549 cells were transfected with 
an inhibitor (inh) or a mimic (mim) of miRNA 218-5p or a respective negative control (neg control), the mRNA 
expression levels were measured (A) 24 h later, and (B) a time course for 15-PGDH protein expression was 
performed. (D) A representative blot for the 72 h time point is shown. (C) Mouse lungs were transfected with a 
mimic of miRNA 218-5p or a respective negative control (neg control) and 24 h later, lungs were harvested, 
pulverized on liquid nitrogen, and analysed for 15-PGDH protein levels on Western blot. In (E) a representative blot 
is shown. (A) One-way ANOVA, followed by Newman-Keuls-test was performed, while for B two-way-ANOVA, 
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followed by a Bonferroni post hoc test was done and for C a student’s t-test was used. *=p<0.05, **=p<0.01, 
***=p<0.001 

 

 

Figure 40. 15-PGDH mRNA and pre-miRNA-218 are expressed in the same cells in healthy human lungs. (A-
D) In situ hybridization for (A) pre-miRNA 218a and (B) 15-PGDH mRNA was performed, sections were 
counterstained with (C) DAPI and (D) an overlay is shown. The photomicrograph is representative for 5 healthy 
lungs. Scale bars indicate 20 µm, insets show a double positive cell. 
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Figure 41. miRNA 26a-5p regulates 15-PGDH in vitro. (A) A549 cells were transfected with a mimic of miRNA 
26a-5p or a negative control, harvested after 72h and Western blot was performed. (B) shows a representative 
Western blot. (A) Statistical differences were tested by Student’s t-test. ***p<0.001 

 

3.2.15 Inhibition of 15-PGDH increases eicosanoid and decreases 

collagen secretion in IPF precision-cut lung slices 

Since we could observe that, although 15-PGDH is partly upregulated in IPF lungs, there are 

fibrotic areas that show almost no expression, and these do very likely increase as the disease 

progresses, we wanted to know whether inhibition of 15-PGDH might still be a valid approach. 

To this end, we used precision-cut lung slices (PCLS) from IPF lungs of patients who received 

a donor lung (i.e. representing end stage disease). To our surprise, we observed up to 10-fold 

increased PGE2 levels upon addition of the 15-PGDH inhibitor as compared to vehicle treated 

controls (Figure 42 A). Furthermore, collagen secretion was significantly reduced upon 15-

PGDH inhibition (Figure 42 B) and showed an inverse correlation to PGE2 levels (Figure 42 

C). Reduced collagen staining on PCLS was also observed (Figure 43). Mass spectrometry 

revealed the presence of other prostanoids, some of which also showed a trend towards 

increased levels after 15-PGDH inhibition (Figure 42 D). Of note, we could not detect 

specialized pro-resolving mediators (SPM). We also stained PCLS for collagen and found 

reduced staining, consistent with an anti-fibrotic action of the 15-PGDH inhibitor (Figure 43). 
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Figure 42. Inhibition of 15-PGDH increases PGE2 levels and decreases collagen secretion in precision-cut 
lung slices (PCLS) from patients with IPF. PCLS from IPF patients were incubated with a 15-PGDH inhibitor 
(SW033291) at the indicated concentrations for 72 hours, and thereafter (A) PGE2 and (B) collagen 1a1 levels were 
measured in the supernatants. (C) Linear regression analysis was performed. (D) Eicosanoids were measured by 
mass spectrometry. For A and B, a two-tailed one-sample t-test against 100 % was performed while for D two-way 
ANOVA for repeated measurements followed by Bonferoni’s post-hoc test was applied. *=p<0.05, **=p<0.01, 
***=p<0.001, n.d. not detected 
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Figure 43. Morphology of vehicle and 15-PGDH inhibitor treated PCLS. Collagen 1a1 was stained by 
immunofluorescence on PCLS treated with (A) vehicle or (B) 15-PGDH inhibitor (SW033291, 10µM), scale bar is 
100µm. Photomicrographs are representative for 2 patients. 
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4 Discussion 

Taken together, we show herein conclusive further evidence for the beneficial role of 

eicosanoids and, more specifically PGE2, in the lungs.  

The first part of this thesis focused on the production of PGE2 by alveolar epithelial cells and 

its influence on neighboring cells. These data expand earlier knowledge, concerning the 

central role of PGE2 as a locally acting mediator that influences various lung cells. These 

include macrophages (253) as well as alveolar epithelial cells in an autocrine manner (102) 

and, probably most importantly, fibroblasts (165, 215). In a set of experiments we could show 

that alveolar epithelial cells in mice express COX-2 (18), as has been described also in men 

(19), although COX-1 was also present. This is of particular interest as our investigations 

revealed that PGE2 production by isolated alveolar epithelial cells and in a human cell line 

primarily depends upon COX-2, as underpinned by the fact that its inhibition via NS398 almost 

completely abrogated PGE2 synthesis, similar to a non-selective COX-inhibitor. When we 

further examined the possibility of COX-2 induction during culture conditions in alveolar 

epithelial cells, we found that the glucocorticoid dexamethasone did not reduce baseline COX-

2 expression, but prevented the LPS-induced increase of both COX-2 protein and PGE2 levels. 

This was in contrast to A549 cells, where dexamethasone even reduced baseline COX-2 levels 

and PGE2 production. Furthermore, in these cells, we were not able to detect COX-1, as 

described by others (251). Therefore, our data show that in primary alveolar epithelial cells 

isolated from adult mice, baseline COX-2 and PGE2 is only marginally influenced by 

dexamethasone treatment. This is in stark contrast to the data obtained from fetal rat ATII cells, 

where dexamethasone was shown to upregulate PGE2 production (165). Interestingly, in this 

study, PGE2 increased lipofibroblast free fatty acid release that resulted in increased SP-C 

production by alveolar epithelial cells. Thus, this process might represent a specific mechanism 

that is important in lung maturation (as witnessed by the routine application of corticosteroids 

to induce SP-C production) which can no longer be observed in adults. Alternatively, 

differences in culture conditions could be responsible for the observed alterations. While our 

protocol with 6 days in culture resulted in the formation of ATI-like cells, the shorter duration in 

the study by Torday et. al. might better preserve the ATII cell phenotype (250). Hence, these 

data show a complex regulatory role of glucocorticoid signaling on COX-2 and PGE2, 

depending upon the exact cell type and probably also developmental stage. However, we do 

think that the difference between murine ATI-like and human A549 cells in PGE2 secretion 

rather reflects the phenotypic characteristics of A549 cells associated with their identity, e.g. 

A549 being a cancer cell line. Although A549 cells are often used as a surrogate for ATII cells, 
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they do show discrepancies. For example, it has been described that SP-C production, a 

hallmark of ATII cells, is quite low in A549 cells (264). In our hands, in contrast to primary cells, 

these cells produced relatively low levels of PGE2 and show complete abrogation of PGE2 

synthesis in response to dexamethasone (12). The data presented herein thus urge caution 

when using A549 cells to model the alveolar epithelium. 

In our subsequent experiments on human microvascular endothelial cells, we wanted to 

investigate whether PGE2 secreted by alveolar epithelial cells might be responsible for the 

earlier described barrier enhancing effect of alveolar epithelial cell-conditioned medium (249). 

We could reproduce the findings that addition of conditioned medium leads to increased barrier 

function and we could also show that this is blunted by the pre-incubation of epithelial cells 

with COX-inhibitors. Consistent with our data on PGE2 synthesis, both the selective COX-2- 

and the non-selective COX-inhibitor showed similar efficacy. The observation that IP-

antagonism did not prevent conditioned medium-induced increases in barrier function was 

somewhat surprising, as PGI2 has been shown to increase endothelial barrier function (255, 

265) and its metabolite, 6-keto-PGF1alpha was present in the supernatants. Analysis of the 

effects of a specific agonist revealed only minor increases in barrier function upon IP receptor 

activation and led us to hypothesize that this receptor might be more relevant in pulmonary 

artery endothelial cells (255, 265). However, the fact that EP4 receptor-antagonism also 

prevented the effects of conditioned medium, establishes PGE2 as the agent that mediates 

this epithelial-to-endothelial crosstalk. The possible COX-2-dependent synthesis of PGE2 in 

vivo under physiologic conditions is corroborated by the fact that we also observed COX-2 and 

COX-1 in alveolar epithelial cells in situ in specific-pathogen free mice, where COX-2-inducing 

subclinical infections are highly unlikely. These data hint towards a remarkable contribution of 

PGE2 to the maintenance of pulmonary endothelial barrier function via activation of the EP4 

receptor. Indeed, a study using ATII cell-specific COX-2 knockout mice found that their 

deficiency in PG-synthesis results in a greater influx of inflammatory cells in LPS-induced lung 

injury. Furthermore, these mice showed exaggerated inflammation as assessed by 

histopathology, consistent with endothelial barrier dysfunction (256). These findings are similar 

to preliminary data from our lab that show increased neutrophil influx and edema formation in 

the LPS model in diclofenac-treated mice (data not shown). Therefore, it seems reasonable to 

deduce that ATII cell derived PGE2 protects the pulmonary endothelial barrier from injury, and 

thus contributes to host protection. This might also be true for its effects on alveolar 

macrophages, where potent anti-inflammatory effects have also been described (253), 

suggesting a two-pronged approach. Together with observations from our lab (67), these data 

add to the recognized beneficial effects of PGE2 in the lungs (69). Thus, further investigations 
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into its potential in the treatment of human disease characterized by exaggerated inflammation 

and loss of endothelial barrier function, such as acute respiratory distress syndrome are 

warranted. 

Subsequently, we wanted to investigate, whether we would be able to increase PGE2 synthesis 

by alveolar epithelial cells. We could show that isolated alveolar epithelial cells as well as 

mouse lungs express 15-PGDH, as has been described (248).Of note, we found slight 

increases of PGE2 in alveolar epithelial cells upon treatment with a specific 15-PGDH inhibitor 

(SW033291) (231). SW033291 has previously been shown to increase PG levels in the lungs, 

colon, bone marrow and liver. Furthermore it exerted beneficial effects in mouse models of 

DSS-induced colitis, liver regeneration and stem cell engraftment in bone marrow 

transplantation and tissue repair in general (231) and increases bone formation (266). These 

data provided us with the rationale to further investigate the effects of 15-PGDH inhibition and 

its expression in idiopathic pulmonary fibrosis.  

 

Figure 44. Graphical Abstract. 
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In the main chapter of this thesis, we could show that 15-PGDH expression in IPF is altered 

and one likely explanation for this is represented by miRNA-dependent pathways. In both 

mouse models and human tissue explants, inhibition of 15-PGDH increased PGE2 levels and 

reduced hallmarks of pulmonary fibrosis. 

When investigating 15-PGDH expression in IPF and human donor lungs, we observed vast 

discrepancies between the two different readouts we used. When applying a histologic 

approach (i.e. ISH and IHC) we detected abundant expression of 15-PGDH in biopsies (IHC) 

and post-explant samples (ISH) from IPF lungs in still intact tissue, predominantly in alveolar 

walls, that was much more pronounced than in healthy controls. However, areas of 

pronounced fibrosis and fibroblastic foci showed almost no detectable 15-PGDH in IHC as 

corroborated by the fact that vimentin expressing cells did not express 15-PGDH mRNA in 

ISH. When we subsequently measured 15-PGDH activity of lung tissue lysates from healthy 

controls and IPF patients, we found that there was no difference at all. Although we 

hypothesized that this variance might be explained by the predominance of fibrotic tissue at 

later stages, as the lung tissue used for activity assays was from patients receiving lung 

transplants (i.e. end-stage disease) we could not prove our assumption by histology alone. 

However, a recent study (267) examined the transcriptome of IPF lungs and compared scarred 

and non-scarred tissue to healthy lungs. Interestingly, these data support our findings as, in 

accordance to our results, they found increased levels of 15-PGDH in intact but decreased 

levels in scarred IPF tissue as compared to healthy controls. Consequently, these findings 

highlight the long recognized fact that IPF is a highly heterogeneous disease, both in a 

temporal and spatial context and that this should be taken into account when comparing 

different readouts. The data concerning the expression patterns of 15-PGDH complement 

earlier findings that reported diminished COX-2 expression in IPF tissue and fibroblasts (221-

223, 268) but pronounced COX-2 staining especially in the metaplastic epithelium covering 

fibrotic foci and in non-fibrotic areas (19, 229). We therefore hypothesize that the combination 

of lowered PGE2 synthesis by IPF fibroblasts and the increased expression of 15-PGDH in 

intact tissue, predominantly alveolar walls, ultimately leads to the decreased PGE2 levels that 

have been reported in the BAL of IPF patients (209). The dynamics of IPF might lead to 

different priorities of these two factors, depending upon the disease stage: initial increases in 

15-PGDH in alveolar walls might at first decrease PGE2 levels, while later on, the hampered 

capacity for PGE2 synthesis by the expanding fibroblasts plays the major role. Of note, the 

seemingly contradictory results that PGE-MUM is increased (229) while BAL PGE2 is 

decreased in IPF patients cannot possibly be caused by decreased synthesis alone. In 

contrast, our data provide a reasonable explanation wherein increased catabolism of PGE2, 



96 
 

together with locally increased COX-2 expression (and therefore probably increased PGE2 

formation) leads to the observed findings. 

Another pathway for regulating PGE2 levels, which we did not address in this study, is the 

trans-membrane-transport of this compound. Interestingly, deletion of SLCO2A1, the 

transporter that mediates cellular uptake of PGE2, the step usually thought to precede its 

inactivation (117), was shown to worsen pulmonary fibrosis in the bleomycin model (248). The 

mechanisms involved remain unclear, especially as, contrary to prior expectations, deletion 

led to decreased pulmonary PGE2 levels. The worsened phenotype was explained by altered 

distribution of PGE2 in the lungs, as BAL levels were increased, although later studies failed to 

reproduce the reduction of PGE2 in lung homogenates of SLCO2A1 knockout mice and 

showed increased levels instead (269). Furthermore, no cell membrane-associated expression 

of MRP4 in pulmonary epithelial cells has been described so far, as would be required for 

directed transport (270). Therefore, these data in fact hint towards involvement of PGE2 

distribution at least in mouse models, but some inconsistencies remain and the existing 

knowledge does not support SLCO2A1 inhibition as a valid strategy to increase PGE2 in IPF. 

Of note, we recently described the potent thromboxane-synthase inhibiting properties of 

imatinib and nilotinib, two BCR-ABL tyrosine kinase inhibitors, used in the treatment of chronic 

myeloid leukemia, at concentrations that are routinely achieved in patients. This in turn resulted 

in an increased PGE2 secretion by immune cells via substrate shift of PGH2 from TX- to PGE-

synthase (230). Interestingly, imatinib also showed great promise in mouse models of 

pulmonary fibrosis (271), but did not achieve therapeutic effects in humans suffering from IPF 

(272). One of the reasons for this could be the fact that, in contrast to immune cells, TX-

synthesis in IPF lungs is quite low, as observed in PCLS, and further inhibition does not 

increase the already much higher PGE2 levels. However, at least some of the beneficial effects 

of imatinib in the bleomycin model are mediated via tyrosine kinase inhibition, a mechanism 

shared with nintedanib, albeit the affinity for specific receptors differs (202). 

After we found considerable expression of 15-PGDH in human lungs, we further investigated 

its expression and activity in mouse lungs. Investigations by in situ hybridization and activity 

measurements revealed expression at the mRNA level and functionality of this enzyme. When 

comparing to either mouse kidneys or human lungs, murine lungs showed the highest activity. 

However, the discrepancy to human tissue, where activity was lower, might be due to delays 

in the homogenization process and freeze-thaw steps, both caused by the necessary transport 

of samples from the transplantation center, rather than true differences in activity. Following 

these findings, we tested whether 15-PGDH inhibition would prevent the pathological changes 
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in the bleomycin model. Although this model has been criticized, as it does not exactly 

recapitulate the pathognomonic features described in IPF, it is still the most widely used model 

to assess new therapeutic approaches (239). Major differences are represented by the facts 

that distribution of fibrosis is rather peri-bronchial (as compared to sub-pleural in IPF) and that 

it is usually self-limiting and fibrosis resolves over time (as compared to the chronic progressive 

disease in humans). However, both antifibrotic drugs, nintedanib and pirfenidone that are used 

for the treatment of IPF patients, show potent effects in the bleomycin model. We found a 

variety of beneficial effects of 15-PGDH inhibition in the protective model; the 15-PGDH 

inhibitor did not only prevent weight loss in response to bleomycin, but also reduced mortality 

and, most importantly, protected from fibrosis as assessed by histologic and biochemical 

readouts. Many of these effects have already been published for PGE2 (211, 213, 268, 273) 

and were thus conclusive with the fact that PGE2 in the lungs was increased by the inhibitor 

treatment in bleomycin treated mice. Besides these assays, we also wanted to investigate on 

which cells are involved in these effects. The conceptual framework for these investigations 

was the so-called apoptosis paradox, referring to the increased epithelial and decreased 

fibroblast apoptosis/increased fibroblast proliferation that is considered one of the driving 

factors in IPF. Importantly, PGE2 has been implicated as a mediator that could counteract 

these processes by exerting differential effects on fibroblasts and alveolar epithelial cells, 

thereby restoring physiologic conditions (102). However, while in vitro data show inhibition of 

fibroblast proliferation and ATII cell apoptosis by PGE2 (18, 102), to the best of our knowledge, 

the presence of these effects in the bleomycin model has not been investigated so far. By co-

staining cell markers for fibroblasts or ATII cells with those for proliferation or apoptosis, we 

indeed unraveled a regulation of these parameters by 15-PGDH inhibitor treatment. We found 

a pronounced decrease in apoptotic ATII cells and proliferating fibroblasts in the bleomycin-

mice receiving 15-PGDH inhibitor treatment. Especially ATII cell apoptosis was almost 

reversed to vehicle levels. Interestingly, ATII cell proliferation was slightly increased by 

bleomycin alone, but further increased by blocking 15-PGDH. Beneficial effects of increased 

ATII cell proliferation were revealed by studies using keratinocyte growth factor (258). Thus, 

we could show that blocking of 15-PGDH reverts the bleomycin induced pro-fibrotic changes 

in fibroblast and alveolar epithelial cell apoptosis/proliferation. As these alterations are deemed 

the hallmarks and driving forces of disease-progression in IPF (274), the potential of a single 

compound that acts on both of them can hardly be overstated. This is in line with earlier work, 

as targeting both epithelial cells and fibroblasts has been considered crucial for the effective 

treatment of IPF (204). However, current drugs are focused predominantly on suppression of 
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fibroblasts, and considerations concerning the long term safety of this one-sided approach 

have arisen (142).  

Interestingly, we were not able to assess the effect of 15-PGDH inhibition on lung fibroblasts, 

as - contrary to earlier reports (262) – neither primary lung fibroblasts form IPF patients and 

donors nor MRC5 cells did express this enzyme. This is in accordance with the data from ISH 

experiments where we detected negligible co-localization of vimentin and 15-PGDH mRNA. 

Consistent with these results, addition of the 15-PGDH inhibitor did not cause any observable 

changes in TGFβ1-induced myofibroblast formation. Furthermore, TGFβ1 treatment did not 

result in increased 15-PGDH expression in primary lung fibroblasts as has been described for 

A549 cells, as neither mRNA nor protein could be detected (225). In contrast, PGE2 itself was 

described to exert multiple suppressing effects on fibroblasts, including the reversion of a 

myofibroblast phenotype (170). These disappointing in vitro results in the presence of such 

potent in vivo effects highlight the importance of in vivo testing for specific problems that involve 

complex paracrine processes which are still not completely understood. 

A somewhat unexpected finding was the revelation that 15-PGDH inhibitor-treated mice show 

pronounced inhibition of bleomycin-induced pulmonary fibrocyte accumulation. Although EP 

receptor expression on this cell type has been described (261), to the best of our knowledge, 

no effect of PGE2 has been shown on these cells so far. In subsequent experiments, we found 

a pronounced inhibition of fibrocyte differentiation from healthy human peripheral blood 

mononuclear cells by PGE2, with almost complete suppression at a concentration of 100 nM. 

These results are similar to that observed for nintedanib and pirfenidone, which were used as 

positive controls. Further investigations showed that this effect was mediated via EP2 and EP4 

receptors. As EP2 receptor signaling was shown to be impaired in IPF fibroblasts (216) we 

obtained blood from IPF patients and therein investigated again the impact of PGE2 on fibrocyte 

differentiation. We found that PGE2 was still able to suppress fibrocyte differentiation with 

similar potency as observed in healthy donors and this was probably independent from the 

treatment that IPF patients received. By using ISH, we could show that cells with the 

phenotypic characteristics of fibrocytes express EP2 and EP4 receptors but not 15-PGDH in 

both healthy donors and IPF patients. Together with the fact that also already differentiated 

fibrocytes were reduced by PGE2 treatment, these data provide a further rational for the use 

of EP-receptor agonists in IPF.  

The fact that we could not find increased fibrocyte differentiation in IPF patients as compared 

to healthy donors might seem surprising at first but could be caused by multiple factors. First, 

our study was not designed to detect such differences but only wanted to assess the potential 
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of PGE2 to act on fibrocytes also in patients. Thus, healthy donors were chosen randomly from 

a donor pool, mainly composed of students (20-25 years old) and these were not matched in 

any way to the much older (mean age 74.5 ± 10.4) and predominantly male (7:2) IPF patients. 

As fibrocytes have been implicated in wound healing under physiologic conditions, the slightly 

increased levels of differentiation in the donors might simply be reflective of the higher 

regenerative capacity of younger individuals (275). 

In order to further strengthen our investigations, we decided to assess 15-PGDH inhibition in 

a different model of bleomycin-induced pulmonary fibrosis. As described above, the early 

phase of this model until day 9 is primarily characterized by acute and ongoing inflammation. 

This results in the fact that some anti-inflammatory treatments lead to prevention of fibrosis if 

given early enough, but do neither reduce fibrosis once established nor are beneficial in 

patients (276). In contrast, antifibrotics, such as pirfenidone that are used for the treatment of 

IPF also exert beneficial functions in established fibrosis (271, 277). This is especially relevant 

for strategies that interfere with eicosanoid signaling, such as PGE2, as we and others have 

described potent anti-inflammatory effects of PGE2 in the lungs (69, 278). However, also in the 

therapeutic approach, we found considerable amelioration of bleomycin-induced pulmonary 

fibrosis in 15-PGDH inhibitor-treated mice. Although we did not reassess in depth the effects 

on fibroblast and ATII cell proliferation/apoptosis, we found an abrogation of the bleomycin 

effects on COL1A1 and SFTPC levels at the mRNA level, consistent with findings in the 

preventive model. Earlier reports describe improvements in methacholine-induced 

hyperresponsiveness in global 15-PGDH knock out (KO) mice (121). As decreased lung 

function and ultimately respiratory failure are the most clinically relevant manifestations of IPF, 

the abrogation of the detrimental bleomycin-induced changes on respiratory parameters by 

15-PGDH inhibition further strengthens the feasibility of this therapeutic approach.  

One finding in our mouse model differs from earlier reports. A study comparing the 

aforementioned 15-PGDH-KO mice with wild type mice found no effect on static compliance, 

tissue elastance and septal thickening in bleomycin-induced lung fibrosis (89). An important 

caveat in the interpretation of data from KO mice is the vast discrepancy of findings concerning 

the genetic alteration of prostaglandin biosynthesis. For example, whereas some studies found 

considerable pro-fibrotic effects in COX-2-KO mice (89), others report merely effects on lung 

function but not fibrosis (279) while another even shows increased levels of PGE2 and no effect 

on fibrosis (280). Similar concerns are true for the receptors involved, where different groups 

came to partly contradictory conclusions. These include findings showing contribution of FP, 

but not IP, DP or EP receptors (101), while another study describes effects of IP but not EP 
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receptors (89) and others report involvement of DP receptors (80) in the bleomycin mouse 

model. This is further complicated by the fact that pharmacologic inhibition of COX (281) or 

agonism at PG-receptors yield partly opposing results, with clear beneficial roles for PGI2 (217, 

282), PGE2 (211-213, 268) and some evidence for a role of PGD2 (283). One likely explanation 

for this discrepancy could be that compensatory mechanisms are activated by deletion of a 

single gene, as has been shown for PGE2 levels in COX-2-KO mice (256, 280) and a recent 

report asked for cautious interpretation of data from genetically modified mice (239). However, 

our data clearly demonstrate that pharmacologic inhibition of 15-PGDH is beneficial in a 

therapeutic model in mice which is in accordance with the limited data on post treatment with 

a non 15-PGDH-degradable PGE2 analogue (212) and that inhibition of 15-PGDH also 

ameliorates lung function and reduces hydroxyproline content, the gold standard of fibrosis 

evaluation (239). 

In addition to the data already obtained, we wanted to assess the mechanisms that might 

govern 15-PGDH expression. A recent publication described profound suppressing effects of 

a microRNA, miRNA 218-5p on the levels of 15-PGDH protein and subsequent PGE2 

catabolism in synovial mesenchymal stem cells (228). The fact that miRNA 218-5p is 

decreased in IPF lungs (226) made it an interesting target for further investigations, as we 

hypothesized that the subsequent lack of 15-PGDH mRNA inhibition might contribute to 

increased 15-PGDH levels. We could indeed observe a regulatory role of a specific inhibitor 

and mimic of this miRNA in A549 cells. However, with regard to the above mentioned 

differences of A549 cells to normal alveolar epithelial cells, especially concerning prostanoid 

synthesis, we wanted to confirm our data in a more relevant model. Although the binding site 

for miRNA 218-5p in the 15-PGDH 3’ untranslated region shows a slightly different sequence 

in mice (thereby reducing likelihood of binding) (263), we could observe a reduction in 

pulmonary 15-PGDH levels upon intratracheal transfection with the miRNA mimic. 

Interestingly, TGFβ1 stimulation has been shown to both increase 15-PGDH levels (225) and 

decrease miRNA 218-5p in A549 cells (284). Thus, together with these observations, our data 

suggest that 15-PGDH expression is regulated by miRNA 218-5p. Interestingly, both 

decreased miRNA-218-5p and increased 15-PGDH expression have been associated with a 

downregulation of epithelial, and upregulation of mesenchymal, markers (284, 285), features 

that are hypothesized to play a role in IPF, although probably not as epithelial to mesenchymal 

transition sensu stricto (181, 286). Of note, miRNA 26a-5p has been shown to have beneficial 

effects in the bleomycin model and is downregulated in IPF (287). Also, miRNA 26a-5p was 

identified as a potential regulator of 15-PGDH as was confirmed in A549 cells. Taken together, 

these data provide further evidence for the dysregulation of 15-PGDH under fibrotic conditions 
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in the lung and unravel a novel mechanism in this context. Anyhow, further studies assessing 

the therapeutic effect of miRNA-218-5p mimics on bleomycin induced fibrosis are warranted. 

However, the fact that miRNAs show incredible versatility and thus possibly influence 

thousands of mRNAs due to their short binding sequence might complicate future 

investigations.  

As overall levels of 15-PGDH showed a tendency to decrease in end-stage IPF lungs, as 

suggested by histology and activity assays and confirmed by transcriptomics (267) we wanted 

to investigate PCLS from explant IPF lungs. The fact that also in these lungs inhibition of 15-

PGDH caused increases in eicosanoids and decreases in collagen secretion show that this 

approach is a valid therapeutic strategy even when intact tissue, harboring the areas of 

increased 15-PGDH expression, is almost gone. The finding that PGE2 and collagen levels are 

inversely correlated in the supernatants is consistent with, but not proof of a suppressing effect 

of PGE2 on collagen secretion as has been described in fibroblasts (288). Mass spectrometry 

analysis of the supernatants revealed a trend towards increased PGF2alpha levels, as 15-PGDH 

is also a katabolic enzyme for this prostanoid, even though with nearly tripled Km and lower 

Vmax (109).  PGF2alpha has been shown to exert detrimental effects in IPF and the bleomycine 

model (101). In our study we found that its levels were much lower than PGE2 and far below 

the stimulatory concentration required for increased collagen transcription (101). Furthermore, 

collagen synthesis was decreased in PCLS in response to 15-PGDH inhibition and not 

increased. These facts hint towards negligible effects of PGF2alpha in our PCLS model. 

Furthermore, later observations found even decreased PGF2alpha levels after bleomycin 

treatment, casting some doubt on the relevance of these findings (248). However, a 

combination of an antagonist for the FP receptor and a 15-PGDH inhibitor might represent an 

even better therapeutic option. Further, 6-keto-PGF1alpha, the stable metabolite of PGI2, showed 

a trend towards an increase upon 15-PGDH inhibition, also in line with earlier observation (112) 

and was present at the highest concentrations at baseline conditions. This is of special interest 

in the light of recent findings that describe beneficial effects of IP receptor-agonism in IPF (88). 

Finally, the surprising fact that no detectable levels of specialized pro-resolving mediators were 

present in PCLS supernatants, although LXA4 is a substrate of 15-PGDH (289), is probably 

best explained by the transcellular pathway of lipoxin synthesis that usually involves peripheral 

blood cells such as  neutrophils and platelets (290, 291). However, most platelets and 

neutrophils would be expected to be flushed out during the washing steps in PCLS preparation. 

In addition, neutrophils undergo rapid apoptosis if no further stimuli are present and would 

accordingly not be expected to survive during further culture (292). Furthermore, only very low 

levels of these mediators are present without additional stimuli (e.g. LPS) (293). Last, although 
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alveolar macrophages are known to produce LXs (293) these cells might also be removed 

during the necessary washing steps and percentages of these cells are lower in IPF BAL (294). 

One important caveat in our studies might be the pro-carcinogenic effect of 15-PGDH 

inhibition. However, although there is evidence of decreased 15-PGDH in multiple human 

cancer types (122, 127-129), there is not a single documented case of unusual cancer 

manifestations in humans with a 15-PGDH loss of function mutation. While these mutations 

are not very common and it might be argued that n-numbers are too low, alterations in 

SLCO2A1, which are equally rare, are associated with a highly increased risk of 

gastrointestinal adenomas (132, 133). Furthermore, other consistent phenotypic changes, 

except PHO and digital clubbing have not been described in 15-PGDH mutations. 

Nevertheless, it can be difficult to infer the effects of pharmacological treatments from knock-

out phenotypes as has also been shown in this study. Moreover, even if 15-PGDH inhibitor 

treatment might lead to an increased risk for colon carcinoma, these tumors can often be 

detected early on by colonoscopy (295). In addition, these tumors are thought to take a decade 

or more to arise (295), and current median survival in IPF is at about 3.8 years (141). Other 

side effects of 15-PGDH inhibition could be related to pregnancy and reproduction but are 

highly unlikely to play a role in the treatment of IPF as this affects predominantly males and is 

rare in people less than 50 years old (146). Furthermore, there might be effects on blood 

pressure, as also the PGI2 metabolite 6-keto-PGF1alpha was slightly increased and PGE2 itself 

acts vasodilatory in some vascular beds (48). However, PGI2 is hydrolyzed to its much less 

active metabolite in a non-enzymatic manner (84) and we did not observe hypotension in our 

mouse experiments, which is in stark contrast to EP4 agonists (296). 

In conclusion, our data show pronounced beneficial effects of 15-PGDH inhibition in pulmonary 

fibrosis models in mice and human IPF tissue. Not only could we demonstrate an amelioration 

of biochemical (hydroxyproline content) and functional (lung function) readouts in the 

bleomycin model upon inhibitor treatment, but we could also provide evidence of a restoration 

of physiological homeostasis on a cellular level. Besides the reduction of fibrocyte 

accumulation, 15-PGDH inhibition governs opposing effects on fibroblast proliferation and 

alveolar epithelial cell apoptosis, resulting in disruption of the fibrotic circulus vitiosus. Together 

with the alterations in 15-PGDH expression observed in IPF, these data provide considerable 

evidence for a causal involvement of this enzyme in disease-associated reductions of PGE2 

levels. We therefore suggest 15-PGDH as a therapeutic target in IPF, a condition that still has 

limited therapeutic options and high mortality. 
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