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ABSTRACT
Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive disease 
characterized by the pathological deposition of extracellular matrix proteins 
(e.g., collagen type 1) in the lungs. As currently available treatments for IPF 
have a limited efficacy, there remains an urgent medical need for new drugs. 
Developing such drugs, however, is challenging due to the complex pathogenesis 
of IPF. Heat shock protein 47 (HSP47), which is encoded by Serpinh1, could be a 
suitable therapeutic target as it is involved in collagen maturation and because 
it is expressed in myofibroblasts, which are key effector cells in fibrosis. As a 
result, pharmacological inhibition or knockdown of HSP47 can have therapeutic 
effects. The aim of this study was to evaluate the therapeutic potential of Serpinh1-
targeting small interfering RNA (siRNA) in precision-cut lung slices that displayed 
a fibrogenic phenotype. To that end, slices were cultured for up to 144 h with 
transforming growth factor β1 (TGFβ1) to augment fibrogenesis. Self-deliverable 
(Accell) siRNA was used to induce knockdown of mRNA and protein. The results 
showed Accell siRNA was able to successfully knockdown HSP47 in fibrogenic 
slices, without affecting their viability and morphology. Upon knockdown, only the 
secretion of fibronectin was lowered while other aspects of fibrogenesis, such as 
collagen secretion and deposition were unaffected. Further studies are warranted 
to elucidate the therapeutic mechanism of HSP47 knockdown in fibrosis.

INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive respiratory 
disease characterized by the pathological deposition of extracellular matrix (ECM) 
in the lungs [1]. As the disease progresses, lungs lose their ability to facilitate gas 
exchange (i.e., influx of O2 and efflux of CO2), thereby leading to breathlessness and, 
ultimately, death. Systematic reviews of epidemiological studies point towards an 
incidence of 2-30 cases per 100,000 person years and a prevalence of 10-60 per 
100,000 people [2]. In addition, patients suffering from IPF have a poor prognosis 
because the median survival time after diagnosis has been estimated to be 3-5 
years. To date, only two drugs (pirfenidone and nintedanib) have been approved 
for the treatment of IPF. Although pirfenidone and nintedanib do not actually cure 
IPF, they are often prescribed to slow its progression. These drugs, however, have 
also been shown to cause serious side effects, such as gastro-intestinal bleeding, 
diarrhea, and liver toxicity [1]. Therefore, there remains a high unmet medical 
need for more effective and safer drugs to treat IPF.

Developing such drugs, however, is challenging due to the complexity of molecular 
mechanisms that are involved in the pathogenesis of IPF [3,4]. To minimize 
toxic effects and to maximize therapeutic effects, suitable molecular targets 
should remain largely confined to diseased tissue and they should contribute 
sufficiently to the pathogenesis [5]. Myofibroblasts, for example, play a key role 
in the pathogenesis of IPF and are attractive cells to target because they deposit 
excessive amounts of ECM proteins (e.g., collagens and fibronectins) in fibrotic 
lesions [6]. Out of all potential molecular targets in myofibroblasts, heat shock 
protein 47 (HSP47) is particularly interesting as it is crucial for the maturation 
of collagens, such as collagen type 1 (COL1) which is predominantly expressed 
in fibrosis [7]. More specifically, in the endoplasmic reticulum (ER), HSP47 
enables the correct folding of pro-collagen molecules into a triple-helix structure. 
Subsequent trafficking of these molecules from the ER to the Golgi apparatus is 
also mediated by HSP47. Inhibition or knockdown of HSP47 could therefore be a 
promising strategy to prevent further progression of IPF in patients.

So far, research focused on knockdown of HSP47 rather than its pharmacological 
inhibition [8,9]. In fact, one of the major drawbacks of developing inhibitors is 
that compound screening procedures are time-consuming and laborious as active 
human HSP47 is unstable [8,10]. Alternatively, small interfering RNA (siRNA) can 
be used to knockdown HSP47 via RNA interference – a powerful endogenous 
mechanism that leads to transient and specific knockdown of functional gene 
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products, such as messenger RNA (mRNA) and protein [11]. Until now, multiple 
animal studies revealed that knockdown of HSP47 ameliorated fibrosis in various 
models (e.g., renal, peritoneal, pulmonary, hepatic, vocal fold, and skin fibrosis) 
[12–17]. Bleomycin-induced pulmonary fibrosis, for example, was alleviated in 
rats upon intravenous administration of vitamin A loaded liposomes containing 
Serpinh1-targeting siRNA to knockdown HSP47 [14]. Their results also indicated 
that therapeutic effects were attributable not only to impaired collagen deposition 
but also to apoptosis of myofibroblasts. These findings are encouraging and should 
be validated in other experimental models and species.

Traditional in vitro models (cell cultures), however, are not suitable for obtaining 
insights with respect to affected molecular pathways because they lack a 
representative biological context and, accordingly, offer limited insights into tissue-
wide effects upon siRNA-mediated HSP47 knockdown. To that end, precision-cut 
lung slices are interesting as they are viable explants, with a well-defined thickness 
and diameter, that can be cultured ex vivo for up to a few days [18]. The main 
advantage of this model includes its ability to recapitulate important functional 
and structural features of the lungs, such as the presence of different cell types 
and the maintenance of cell-cell and cell-matrix interactions. Thus, lung slices 
can be used to study airway physiology, fibrogenesis, and biotransformation 
[18]. Furthermore, we previously demonstrated lung slices could be successfully 
transfected with self-deliverable (Accell) siRNA, leading to specific and significant 
mRNA and protein knockdown [19,20]. This model could therefore be used to 
characterize the effects of siRNA-mediated HSP47 knockdown in a biologically 
relevant environment.

Motivated by the need for more effective and safer drugs to treat IPF, we aimed 
to investigate the therapeutic potential of Serpinh1-targeting siRNA in lung 
slices. We first confirmed whether fibrogenesis could be augmented in slices 
with transforming growth factor β1 (TGFβ1) – a potent pleiotropic cytokine that 
plays a key role in the development of IPF [4]. Various aspects of fibrogenesis 
were assessed, such as mRNA expression of fibrogenesis-related genes, secretion 
of fibronectin into culture medium, and expression of alpha smooth muscle 
actin (α-SMA). Furthermore, because HSP47 is involved in collagen maturation, 
we also monitored the secretion of COL1 and its incorporation into the ECM as 
well as the formation of fibrillar COL1 and collagen type 3 (COL3) networks. 
After characterizing the effects of TGFβ1 on fibrogenesis, we examined whether 
Serpinh1-targeting Accell siRNA caused knockdown of Serpinh1 mRNA and its 

respective protein HSP47. Finally, we set out to explore whether knockdown of 
HSP47 affected the development of fibrogenesis and the secretion and deposition 
of collagen.

MATERIALS & METHODS
Animals
Lungs were collected from male C57BL/6J mice (10-14 weeks old; 24-30 gram), 
which were maintained under 12 h light/dark cycles, with free access to water and 
food (Central Animal Facility, University Medical Center Groningen, Groningen, 
The Netherlands). Mice were first anesthetized with 5% isoflurane/O2 gas (Nicolas 
Piramal, London, UK). Once rendered unconscious, mice were euthanized by 
exsanguination via the inferior vena cava followed by perforation of the diaphragm. 
Directly afterwards, the lungs were inflated in situ with 1 mL of liquefied and 
pre-warmed (37 °C) support medium containing 1.5% low-gelling-temperature 
agarose (Sigma-Aldrich, Zwijndrecht, The Netherlands) and 0.9% NaCl (Merck, 
Darmstadt, Germany). After exposing the thoracic cavity, the lungs were excised 
and immediately placed in ice-cold University of Wisconsin (UW) preservation 
solution (Dupont Critical Care, Waukegab, USA). The animal experiments were 
approved by the Central Authority for Scientific Procedures on Animals (permit 
number: 20171290) and were conducted conform national and international 
legislation.

Lung slice preparation
After excision of the lungs, lobes were separated from each other and cylindrical 
tissue cores were prepared with a biopsy puncher. To preserve the viability, 
tissue cores were immediately transferred to ice-cold UW preservation solution. 
Slices (wet weight of 4-5 mg; thickness of 250-350 µm; diameter of 5 mm) were 
subsequently prepared with a Krumdieck tissue slicer (Alabama Research and 
Development, Munford, USA), which was filled with ice-cold Krebs-Henseleit buffer 
supplemented with 25 mM D-glucose (Merck), 25 mM NaHCO3 (Merck), and 10 
mM HEPES (MP Biomedicals, Aurora, USA); saturated with carbogen gas (95% 
O2 and 5% CO2); and adjusted to a pH of 7.4 [21]. Directly afterwards, slices were 
transferred to ice-cold UW preservation solution.

Culturing lung slices
After slicing, slices were either sampled immediately (0 h) or pre-incubated 
individually in 12-well plates containing pre-warmed (37 °C) culture medium 
(1 mL/well) at 5% CO2 and 20% O2, while being horizontally shaken (90 cycles/
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min). Culture medium was composed of DMEM/F-12 + GlutaMAX (Fisher 
Scientific, Landsmeer, The Netherlands) supplemented with 100 U/mL penicillin-
streptomycin (Life Technologies, Bleiswijk, The Netherlands) and 50 μg/
mL gentamicin (Life Technologies). After a pre-incubation of 2 h, slices were 
transferred to culture plates with fresh and pre-warmed culture medium and 
they were incubated for either 48, 96, or 144 h. Culture medium was refreshed 
every 48 h. To boost the development of fibrogenesis, slices were cultured with 
5 ng/mL TGFβ1 (Roche, Basel, Switzerland). Furthermore, slices were incubated 
without Accell siRNA (untransfected) or with either 0.5 μM non-targeting (control) 
Accell siRNA or Serpinh1-targeting Accell siRNA (Dharmacon, Lafayette, USA).

ATP/protein
As described previously, adenosine triphosphate (ATP) and protein content in 
slices (3 per condition) was determined with an ATP Bioluminescence Kit (Roche 
Diagnostics, Mannheim, Germany) and RC DC Protein Assay (Bio-Rad, Munich, 
Germany), respectively [20]. Briefly, slices (1/tube) were homogenized in 1 mL 
of ice-cold sonication solution (70% ethanol and 2 mM EDTA) using a Minibead-
beater (2 cycles of 45 s). After subsequent centrifugation (16,000 x g at 4 °C for 
5 min), ATP levels in the supernatant were measured. To subsequently remove 
sonication solution through evaporation, opened sample tubes were incubated 
overnight at 37 °C. Afterwards, upon reconstitution of the pellet, protein levels 
were determined. ATP values (pmol) were then normalized to the total amount 
of protein (μg).

mRNA expression
Total RNA was isolated from slices (3 per condition) with a Maxwell 16 LEV 
SimplyRNA Tissue Kit (Promega, Leiden, The Netherlands). After assessing yield 
and purity with a NanoDrop ND-100 spectrophotometer (NanoDrop Technologies, 
Wilmington, USA), isolated RNA was reverse transcribed with a Reverse 
Transcription System Kit (Promega) and thermal cycler (22 °C for 10 min, 42 °C 
for 15 min, and 95 °C for 5 min). Real-time quantitative polymerase chain reaction 
(qPCR) was performed with specific primers (table 1), FastStart Universal SYBR 
Green Master Mix (Roche, Almere, The Netherlands), and a ViiA7 qPCR machine 
(Applied Biosystems, Bleiswijk, The Netherlands), which was configured with 1 
cycle of 10 min at 95 °C and 40 consecutive cycles of 15 s at 95 °C, 30 s at 60 °C, 
and 30 s at 72 °C. mRNA expression was calculated as fold induction, using Ywhaz 
as a reference gene.

TABLE 1. Primers.

Gene Protein Forward sequence (5’→3’) Reverse sequence (5’→3’)

Acta2 α-SMA ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA

Col1a1 COL1A1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT

Fn FN CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA

Serpine1 PAI-1 GCCAGATTTATCATCAATGAC
TGGG

GGAGAGGTGCACATCTTTCTC
AAAG

Serpinh1 HSP47 AGGTCACCAAGGATGTGGA CAGCTTCTCCTTCTCGTCGT

Tnfrsf11b OPG ACAGTTTGCCTGGGACCAAA CTGTGGTGAGGTTCGAGTGG

Ywhaz 14-3-3ζ TTACTTGGCCGAGGTTGCT TGCTGTGACTGGTCCACAAT

Protein secretion
Culture medium samples were analyzed with a Mouse Pro-Collagen 1 alpha 1 
(PCOL1A1) ELISA Kit (Abcam, Cambridge, USA) and a Mouse Fibronectin ELISA 
Kit (Abcam), according to the manufacturer’s instructions. In short, samples and 
standards (50 μL/well) followed by antibody cocktail (50 μL/well) were pipetted 
into a pre-coated 96-well plate, which was subsequently incubated for 60 min at 
room temperature on a plate shaker set to 500 rpm. After washing the plate 3 
times, 3,3’,5,5’-tetramethylbenzidine (TMB) substrate (100 μL/well) was pipetted 
in each well, and the plate was incubated for 10 min at room temperature on a 
plate shaker set to 500 rpm. To stop enzymatic conversion of TMB substrate, stop 
solution (100 μL/well) was added to each well. Optical densities were subsequently 
measured with a BioTek Synergy HT (BioTek Instruments, Vermont, USA). To 
account for optical imperfections in the plate, wavelength correction was applied 
by subtracting readings at 550 nm from readings at 450 nm. Finally, PCOL1A1 
and fibronectin concentrations were interpolated from their respective standard 
curves.

Protein expression
Western blotting was used to analyze α-SMA and HSP47 expression in lysate, 
whereas dot blotting was used to evaluate COL1 content in lysate and culture 
medium. Lysate was prepared by isolating protein from slices (3 per condition) 
with ice-cold RIPA lysis buffer (Fisher Scientific, Landsmeer, The Netherlands) 
and a Minibead-beater for homogenization. After centrifuging the lysate (16,000 
x g at 4 °C for 30 min), the supernatant was collected and analyzed to determine 
the protein concentration. To investigate protein expression through western 

6



123

Knockdown of HSP47 and its effect on fibrogenic precision-cut lung slices

122

Chapter 6

blotting, protein (10 μg) was heated (75 °C for 15 min) and then separated through 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), using 10% 
gels, and blotted onto polyvinylidene fluoride (PVDF) membranes using a Trans-
Blot Turbo Transfer System (Bio-Rad). To examine COL1 content by dot blotting, 
undiluted culture medium samples (2 μL/dot) and diluted protein lysates (2 μg/2 
μL/dot) were aspirated onto nitrocellulose blotting membranes (Bio-Rad), which 
were air-dried for 5-10 min. Regardless of the blotting technique, subsequent 
membrane processing steps were similar. After blocking in 5% non-fat milk/TBST 
(Bio-Rad) for 1 h, PVDF and nitrocellulose membranes were incubated overnight (at 
4 °C) with primary antibodies (table 2), followed by an incubation with appropriate 
secondary antibodies for 1 h. Clarity Western ECL blotting substrate (Bio-Rad) 
and a ChemiDoc Touch Imaging System (Bio-Rad) were used to visualize protein 
bands/dots. Vinculin (VCL) was used as a loading control during western blotting.

TABLE 2. Antibodies.

Protein Primary antibody Secondary antibody

α-SMA Mouse anti-α-SMA
(A2547, 1:5000, Sigma-Aldrich)

Rabbit anti-mouse HRP
(P0260, 1:5000, Dako, Santa Clara, 
USA)

COL1 Rabbit anti-COL1
(ab34710, 1:2000, Abcam)

Goat anti-rabbit HRP
(P0448, 1:2000, Dako)

HSP47 Rabbit anti-HSP47
(ab109117, 1:2000, Abcam)

Goat anti-rabbit HRP
(P0448, 1:2000, Dako)

VCL
Mouse anti-VCL
(sc-73614, 1:500, Santa Cruz, California, 
USA)

Rabbit anti-mouse HRP
(P0260, 1:5000, Dako)

Tissue stainings
Slices (3 per condition) were fixed in formalin (4%) at 4 °C for 24 h, after which 
they were dehydrated in graded ethanol baths, cleared in xylene, and embedded 
horizontally in paraffin. Before staining, sections (4 μm) were deparaffinized 
in xylene and rehydrated in graded ethanol baths. Tissue morphology was 
investigated with a routine hematoxylin and eosin (H&E) staining, and fibrillar 
COL1 and COL3 networks were visualized with a Picro Sirius Red Stain Kit (Abcam). 
High-resolution digital data was then obtained by scanning stained sections with 
a C9600 NanoZoomer (Hamamatsu Photonics, Hamamatsu, Japan). To quantify 
total fibrillar COL1 and COL3 content in slices, Aperio ImageScope (V12.3.3) and 
its built-in Aperio Positive Pixel Count Algorithm (V9) were used. The staining 
intensity was calculated as the percentage of strong positive pixels vs. total pixels.

Statistics
GraphPad Prism (version 6.0) was used to analyze data with a two-way analysis of 
variance (ANOVA) followed by Bonferroni’s multiple comparisons test. Differences 
were considered to be statistically significant when p < .05.

RESULTS
TGFβ1 did not influence the viability and morphology of slices
To determine whether slices remained viable upon exposure to TGFβ1, we analyzed 
the protein, ATP/protein, and RNA/protein content as well as the morphology (fig. 
1). As shown, TGFβ1 did not significantly influence protein, ATP/protein, and RNA/
protein content. Regardless of whether TGFβ1 was added to the culture medium, 
the protein content remained relatively stable over time, whereas the ATP/protein 
content gradually increased. The RNA/protein content, however, was marked by 
an initial increase after 48 and 96 h of incubation, after which it decreased to 
approximately the same levels as observed at 0 h. Furthermore, no substantial 
differences in the morphology were observed between slices incubated with or 
without TGFβ1. During incubation, moderate signs of tissue damage manifested 
in both the airways and parenchyma. Condensation and fragmentation of nuclei, 
for example, appeared already after 48 h of incubation. Nevertheless, the overall 
morphology of the airways and parenchyma did not substantially change from 
48 h onwards and remained sufficiently preserved for up to 144 h of incubation. 

TGFβ1 augmented the development of fibrogenesis in slices
To establish whether TGFβ1 augmented fibrogenesis in slices, we investigated 
the expression of fibrogenesis-related genes, secretion of fibronectin into culture 
medium, and expression of α-SMA (fig. 2). As demonstrated, TGFβ1 significantly 
increased mRNA expression of all tested fibrogenesis-related genes. Over time, 
mRNA expression of Col1a1, Fn, Serpine1, Serpinh1, and Tnfrsf11b steadily increased, 
although Acta2 mRNA expression was marked by a strong initial decrease followed 
by a modest increase. Treating slices with TGFβ1 also further increased the 
secretion of fibronectin into culture medium. Interestingly, α-SMA expression 
declined in slices that were not treated with TGFβ1, albeit not significantly. 
Treating slices with TGFβ1, however, resulted in stable α-SMA levels over time.
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FIGURE 1. Effect of TGFβ1 on the viability and morphology of slices. Slices were sampled 
after slicing (0 h) and after 48, 96, or 144 h of incubation without or with 5 ng/mL TGFβ1 (n = 3). 
Protein, ATP/protein, and RNA/protein content (a) were analyzed to assess the viability, and HE 
stainings were performed to investigate the morphology (b). Values are shown as the mean 
± standard error of the mean.

TGFβ1 promoted collagen secretion and deposition in slices
To identify whether TGFβ1 stimulated collagen maturation in slices, we monitored 
the secretion of COL1 as well as its incorporation into the ECM (fig. 3). As 
illustrated, the secretion of PCOL1A1 into culture medium gradually increased 
over time, and treatment with TGFβ1 further boosted this increase after 144 h of 
incubation. In contrast, the presence of COL1 in culture medium decreased over 
time and was unchanged by TGFβ1. COL1 content in the lysate, however, increased 

over time and appeared to further increase, albeit not significantly, upon exposure 
to TGFβ1. Similar effects were observed in sections stained with picrosirius red 
because networks of fibrillar COL1 and COL3 became more extensive throughout 
the entire slice, and TGFβ1 augmented this increase.

Accell siRNA did not affect the viability and morphology of slices
To check whether Accell siRNA affected the viability of TGFβ1-treated slices, we 
assessed protein, ATP/protein, and RNA/protein content as well as the tissue 
morphology (fig. 4). As displayed, Accell siRNA did not significantly affect 
protein, ATP/protein, and RNA/protein content in slices. Similarly, no substantial 
differences were observed with respect to the morphology of untransfected and 
transfected slices.

Accell siRNA induced knockdown of mRNA and protein in slices
To confirm whether siRNA-mediated RNA interference was induced in slices 
treated with TGFβ1, we examined expression of Serpinh1 mRNA and its respective 
protein HSP47 (fig. 5). As depicted, specific and significant mRNA (~65%) and 
protein (~90%) knockdown was observed in slices that were treated with 
Serpinh1-targeting siRNA for 96 and 144 h. Non-targeting (control) siRNA did not 
induce non-specific effects.

6



127

Knockdown of HSP47 and its effect on fibrogenic precision-cut lung slices

126

Chapter 6

FIGURE 2. Effect of TGFβ1 on the development of fibrogenesis in slices. Slices were col-
lected after slicing (0 h) and after 48, 96, or 144 h of incubation without or with 5 ng/mL 
TGFβ1 (n = 3). Expression of fibrogenesis-related genes (a), secretion of fibronectin into cul-
ture medium (b), and expression of α-SMA (c) were analyzed to examine the development of 
fibrogenesis. Values are shown as the mean ± standard error of the mean. (* p < .05, ** p < 
.01, *** p < .001, and **** p < .0001)

FIGURE 3. Effect of TGFβ1 on collagen secretion and deposition in slices. Slices were 
sampled after slicing (0 h) and after 48, 96, or 144 h of incubation without or with 5 ng/mL 
TGFβ1 (n = 3). PCOL1A1 and COL1 into culture medium (a) was examined to monitor secretion, 
whereas COL1 content in lysate (b) was investigated to track its incorporation into the ECM. 
Also, networks of COL1 and COL3 were quantified (c) and visualized (d) with picrosirius red 
stainings. Values are shown as the mean ± standard error of the mean. (* p < .05 and *** p 
< .001)
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FIGURE 4. Effect of Accell siRNA on the viability and morphology of slices. Untransfected 
and transfected slices were collected after 96 or 144 h of incubation with 5 ng/mL TGFβ1 
(n = 3). Protein, ATP/protein, and RNA/protein content (a) were measured to study the viabil-
ity, and HE stainings were conducted to assess the morphology (b). Values are shown as the 
mean ± standard error of the mean.

FIGURE 5. Effect of Accell siRNA on mRNA and protein knockdown in slices. Untransfect-
ed and transfected slices were sampled after 96 or 144 h of incubation with 5 ng/mL TGFβ1 
(n = 3). Expression of Serpinh1 mRNA (a) and its respective protein HSP47 (b) were analyzed 
to confirm activation of siRNA-mediated RNA interference. Values are shown as the mean ± 
standard error of the mean. (* p < .05, ** p < .01, *** p < .001, and **** p < .0001)

HSP47 knockdown altered the secretion of fibronectin by slices
To study whether knockdown of HSP47 affected fibrogenesis in TGFβ1-treated 
slices, we measured expression of fibrogenesis-related genes, secretion of 
fibronectin into culture medium, and expression of α-SMA (fig. 6). As shown, no 
significant differences were observed between untransfected and transfected 
slices with respect to the expression of fibrogenesis-related genes and α-SMA. 
However, in comparison to untransfected slices, the secretion of fibronectin into 
culture medium was significantly lower (~30%) when slices were incubated with 
Serpinh1-targeting siRNA for 144 h.

HSP47 knockdown did not diminish collagen secretion and deposition 
in slices
To identify whether HSP47 knockdown diminished collagen maturation in slices, 
we studied the secretion of COL1 as well as its incorporation into the ECM (fig. 7). 
As demonstrated, no significant differences were observed between untransfected 
and transfected slices with respect to the secretion of PCOL1A1 and COL1 into 
culture medium. Nor was the incorporation of COL1 in the ECM affected. Likewise, 
no differences were observed regarding the formation of fibrillar COL1 and COL3 
networks.
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FIGURE 6. Effect of HSP47 knockdown on the development of fibrogenesis in slices. Un-
transfected and transfected slices were collected after 96 or 144 h of incubation with 5 ng/
mL TGFβ1 (n = 3). Expression of fibrogenesis-related genes (a), secretion of fibronectin into 
culture medium (b), and expression of α-SMA (c) were measured to identify potential down-
stream effects on fibrogenesis after knockdown of HSP47. Values are shown as the mean ± 
standard error of the mean. (* p < .05)

FIGURE 7. Effect of HSP47 knockdown on collagen secretion and deposition in slices 
Untransfected and transfected slices were sampled after 96 or 144 h of incubation with 5 ng/
mL TGFβ1 (n = 3). Secretion of PCOL1A1 and COL1 into culture medium (a) and COL1 content 
in lysate (b) were examined to identify potential downstream effects of HSP47 knockdown 
on COL1 maturation. Networks of COL1 and COL3 were quantified (c) and visualized (d) with 
picrosirius red stainings to spot potential differences in fibrillogenesis upon knockdown of 
HSP47. Values are shown as the mean ± standard error of the mean.
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DISCUSSION
The main goal of this study was to collect further insights into the therapeutic 
potential of HSP47 knockdown to treat IPF by investigating the effects of Serpinh1-
targeting siRNA in lung slices. Our study demonstrated that slices remained viable 
for up to 144 h of incubation upon exposure to TGFβ1 and after transfections 
with Accell siRNA. Furthermore, TGFβ1 was shown to substantially augment 
fibrogenesis in slices as well as collagen secretion and deposition. We also observed 
specific and significant knockdown of HSP47 (~90%) in slices that were cultured 
with Serpinh1-targeting siRNA for 96 and 144 h. Knockdown of HSP47, however, 
only affected secretion of fibronectin into culture medium but no other aspects 
of fibrogenesis (e.g., mRNA expression of fibrogenesis-related genes, α-SMA 
expression, and secretion of collagen and its incorporation into the ECM).

First of all, we analyzed protein, ATP/protein, and RNA/protein content as well 
as the morphology to unravel whether slices remained viable upon exposure to 
TGFβ1. In general, slices were viable and their morphology remained sufficiently 
preserved for up to 144 h in the presence of TGFβ1. Comparable observations 
were made when rat lung slices were cultured for 72 h with 10 ng/mL TGFβ1 
as no differences in ATP/protein content were detected [22]. Another study 
demonstrated human lung slices also maintained their mitochondrial activity 
and morphology for up to 120 h when treated with a ‘fibrosis cocktail’, which 
was composed of 5 ng/mL TGFβ1, 5 μM platelet-derived growth factor AB, 10 
ng/mL tumor necrosis factor alpha, and 5 μM lysophosphatidic acid [23]. Though 
not strictly classifiable as precision-cut lung slices, human lung explants (2 mm3) 
were also recently shown to remain viable during 7 days of incubation with 10 ng/
mL TGFβ1 [24]. Nevertheless, due to the pleiotropic nature of TGFβ1, it cannot be 
ruled out that no other aspects of viability were affected (e.g., cell proliferation).

After confirming that slices maintained their viability, we investigated whether 
TGFβ1 induced fibrogenesis. As demonstrated, mRNA expression of Acta2, 
Col1a1, Fn, Serpine1, Serpinh1, and Tnfrsf11b was clearly increased by TGFβ1, 
which orchestrates myofibroblast differentiation and activation pathways 
[25]. Remarkably, in our current study, we observed a much greater induction 
of fibrogenesis-related genes than in our previous study [20]. This could be 
explained by differences in incubator oxygen concentration; slices cultured at 
20% O2 (current study) are considerably more viable than slices incubated at 80% 
O2 (previous study). Secretion of fibronectin, which is a glycoprotein that connects 
ECM proteins to cells via integrins, was also increased upon exposure to TGFβ1 

[26]. Although we did not investigate its deposition into the ECM, a previous study 
showed fibronectin was generally more abundant in the outermost region of human 
lung slices that were treated with a ‘fibrosis cocktail’ [23]. Lastly, TGFβ1 appeared 
to only affect α-SMA expression after 96 h of incubation, albeit not significantly. 
As discussed in a previous study, an incubation of 48 h might have been too short 
to induce significant differences [23].

We then assessed whether TGFβ1 promoted the secretion of COL1 and its deposition 
into the ECM as well as the formation of fibrillar COL1 and COL3 networks. Slices 
cultured with TGFβ1 clearly displayed more pronounced COL1 secretion and 
deposition. For example, the secretion of PCOL1A1, as determined by an ELISA, 
was significantly increased in TGFβ1-treated slices. In contrast, the COL1 content 
in culture medium appeared to decrease over time and was not affected by TGFβ1. 
This discrepancy could be explained by differences between the immunogens used 
for raising respective antibodies. More specifically, the PCOL1A1 ELISA contained 
antibodies raised against the N-terminal pro-peptide chain of procollagen, whereas 
the COL1 antibody was raised against COL1 with a triple-helix structure. As the 
PCOL1A1 ELISA cannot differentiate between cleaved or uncleaved PCOL1A1 
molecules, the PCOL1A1 and COL1 content in culture medium indicates COL1 was 
either incorporated into the ECM or misfolded (because the triple-helix could not 
be recognized). Incorporation of COL1 into the ECM, however, is more likely to 
have occurred as COL1 content in lysate increased and fibrillar COL1 and COL3 
networks became more extensive, as revealed by picrosirius red stainings.

Next, we validated whether our previously published transfection method could 
still be used to achieve mRNA and protein knockdown without affecting the 
viability and morphology of slices [19,20]. This was required as different incubation 
conditions (i.e., incubator oxygen concentration, culture medium composition, and 
presence of TGFβ1) were used in our current study. As hypothesized, non-targeting 
and Serpinh1 -targeting siRNA did not affect the viability or morphology of slices. 
Furthermore, Serpinh1-targeting siRNA induced significant mRNA and protein 
knockdown. These findings correlate well with our previous study and illustrate 
the usefulness of Accell siRNA to induce RNA interference in slices [20]. Given that 
slices used in our current study were significantly more viable than those used 
in our previous study, we should consider our current findings as more relevant 
(i.e., slices represented the cellular microenvironment more accurately). Although 
other aspects of viability were not evaluated, sufficient evidence was collected to 
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confirm that Accell siRNA could be used to investigate potential therapeutic effects 
of HSP47 knockdown in slices with a fibrogenic phenotype.

After confirming protein knockdown, we attempted to identify whether 
fibrogenesis was altered in slices. As shown, HSP47 knockdown neither affected 
mRNA expression of fibrogenesis-related genes nor expression of α-SMA. Aside 
from contradicting our previously published results (i.e., knockdown affected 
Serpine1 and Tnfrsf11b mRNA expression in slices), our current findings also 
contradict other published studies which demonstrated that knockdown of HSP47 
rapidly (within 24 h) lowered mRNA expression of Acta2 and Col1a1 in primary 
mouse dermal fibroblasts, primary mouse hepatic stellate cells, and mouse embryo 
fibroblasts (NIH/3T3 cells) [17,20,27]. The quick onset of effects in vitro can be 
partially explained by differences in the used transfection techniques. For instance, 
cationic lipid-based transfection reagents (e.g., Lipofectamine) are typically taken 
up very quickly by cells (within a few hours), whereas uptake of Accell siRNA 
requires more time [20]. Furthermore, as matrix stiffness regulates cell behavior, 
it cannot be ruled out that myofibroblasts cultured on plastic were phenotypically 
different from those in slices [28]. Surprisingly, the secretion of fibronectin was 
lowered after knockdown of HSP47. This effect is not fully understood because, 
in mouse embryo fibroblasts, HSP47 has been shown not to interact directly 
with fibronectin or to affect its secretion, although the authors did demonstrate 
secreted fibronectin fibrils were thinner and shorter in the absence of HSP47 
[29]. Yet, Serpinh1 -targeting siRNA has been demonstrated to attenuate TGFβ1-
induced fibronectin expression in normal adult human kidney cells (HK-2 cells) 
[30]. Further studies are warranted to determine whether the lowered fibronectin 
secretion also affected matrix organization in slices.

Finally, we analyzed whether collagen secretion and deposition were diminished 
in slices treated with Serpinh1-targeting siRNA. Unfortunately, we were unable 
to identify any effects. Perhaps, residual HSP47 (10%) was sufficient for the 
secretion of procollagen molecules, because HSP47 has been previously shown to 
be essential for loading procollagen into special secretory vesicles as they do not 
fit into conventional vesicles [29]. Additionally, these findings contrast not only in 
vitro studies but also in vivo studies, which reported decreased collagen deposition 
in various fibrosis models (e.g., pulmonary, hepatic, renal, peritoneal, and dermal 
fibrosis) [12–17,29,31]. These studies, however, did not provide mechanistic 
insights into therapeutic effects over time; potential effects were only explored 
after 3 or 4 weeks of frequent siRNA administration. Therefore, it is not entirely 

clear whether effects were caused by impaired collagen synthesis/secretion or by, 
for example, the incorporation of misfolded or overmodified collagen molecules 
into the ECM, which could have subsequently become more fragile and prone to 
degradation by matrix metalloproteinases. It would be interesting to further study 
the ECM organization in lung slices after 3 or 4 weeks of incubation with Serpinh1-
targeting siRNA, though this is currently not feasible due to viability concerns.

CONCLUSION
The principle aim of this study was to explore the therapeutic potential of Serpinh1-
targeting siRNA in lung slices that displayed a fibrogenic phenotype. First of all, we 
clearly demonstrated key aspects of fibrogenesis were augmented in slices treated 
with TGFβ1 without affecting the viability and morphology. We subsequently 
showed that slices with a fibrogenic phenotype were successfully transfected 
with Accell siRNA, thereby resulting in specific mRNA and protein knockdown. 
Surprisingly, knockdown of HSP47 in slices was found to significantly lower the 
secretion of fibronectin but not the secretion or deposition of collagen. Although 
the exact source of therapeutic effects of Serpinh1-targeting siRNA have not been 
fully elucidated, the prospect of having a potential target for treating IPF with 
siRNA should serve as a strong incentive for future research.
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