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Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive disease that is 
characterized by the pathological deposition of extracellular matrix (ECM) in the 
lung interstitium [1]. IPF is therefore classified as an interstitial lung disease (ILD). 
Roughly 25% of all ILD cases are IPF, which can be distinguished from other forms 
of ILD by the presence of usual interstitial pneumonia and the exclusion of other 
diagnoses (e.g., connective tissue disease, chronic hypersensitivity pneumonitis, 
and asbestosis) [2]. As IPF progresses, functional lung tissue is gradually replaced 
by ECM which significantly hampers gas exchange (i.e., influx of O2 and efflux of 
CO2), thereby leading to progressive breathlessness and, eventually, respiratory 
failure. Because of incomplete global epidemiological data, studies point towards 
an incidence rate for IPF ranging from 2 to 30 cases per 100,000 person-years and 
a prevalence ranging from 10 to 60 cases per 100,000 people [3]. In the worst-
case scenario, these figures translate to an approximate population prevalence of 
200,000 in the United States, 300,000 in Europe, and 960,000 in East Asia. IPF has 
also been shown to be more common in older populations. In fact, the prevalence 
of IPF among adults over the age of 65 has been determined to be ~500 cases 
per 100,000 people [4]. Furthermore, patients suffering from IPF have a poor 
prognosis; studies indicate a median survival time of approximately 3-5 years 
from the time of diagnosis [3].

PATHOGENESIS
After being injured, lungs normally display the ability for self-repair, which refers 
to the gradual replacement of dead and damaged tissue by healthy tissue [5]. This 
self-repair program is comprised of four distinct phases and includes a clotting/
coagulation phase, an inflammation phase, a fibroblast recruitment/proliferation 
phase, and a remodeling phase [6]. In the first phase, following injury, epithelial 
and endothelial cells rapidly secrete cytokines to initiate an anti-fibrinolytic 
coagulation cascade, which leads to the formation of a provisional ECM composed of, 
among other proteins, fibrin and fibronectin [7]. During the ensuing inflammation 
phase, blood vessels at the site of injury dilate and become more permeable, thus 
enabling the recruitment of inflammatory cells (e.g., neutrophils, macrophages, 
lymphocytes, and eosinophils). These cells orchestrate the removal of injured 
cells and debris from the affected tissue [8]. In the third phase, fibroblasts are 
recruited to the site of injury where they start to proliferate – a process induced 
by elevated cytokine secretion during the inflammation phase. Upon activation, 
these fibroblasts turn into myofibroblasts, which are the main producers of ECM 
proteins, such as collagens [9]. Finally, in the last phase, myofibroblasts cause 
contraction of affected tissue, and epithelial as well as endothelial cells proliferate 

and migrate over the newly produced ECM. Afterwards, redundant myofibroblasts 
become senescent or undergo apoptosis [10].

In some cases, this self-repair mechanism becomes disrupted. As a consequence, 
the injured site can develop a profibrotic environment that causes myofibroblasts 
to produce vast quantities of ECM proteins (predominantly collagen type 1) [3]. 
The exact cause of this disruption is unknown, but several risk factors have 
been identified. For example, previous research has shown cigarette smoking is 
strongly associated with IPF, especially when people smoked more than 20 pack-
years [11]. Another risk factor includes occupational exposure to metal, wood, 
coal, and livestock-related dusts. Inhalation of these dusts may contribute to the 
development of IPF [12]. (Chronic) viral infections have been associated with 
the development and exacerbation of IPF as well, though their contribution to 
the pathogenesis remains unclear [13]. Finally, genetics are also involved in the 
pathogenesis, albeit to a relatively low extent (< 5% of the cases). Various genes 
have been associated with the development of IPF, but it is not fully known how 
such genes affect the pathogenesis [14]. To summarize, the pathogenesis of IPF 
remains poorly understood which makes the development of an effective and safe 
drug challenging.

TREATMENTS
To date, limited treatments exist for patients suffering from IPF. Available 
treatments are classified as either pharmacological or non-pharmacological 
interventions. Approved pharmacological interventions include the use of 
pirfenidone (Esbriet®) and nintedanib (Ofev®). Though pirfenidone and 
nintedanib do not actually cure IPF, randomized and placebo-controlled phase 3 
trials have demonstrated both drugs slow the decline in forced vital capacity by 
approximately 50% over the course of 1 year [15,16]. However, the therapeutic 
mechanism of pirfenidone remains unclear, although the drug has been shown to 
have antifibrotic, anti-inflammatory, and anti-oxidant properties in animal models 
of pulmonary fibrosis [17]. The mechanism-of-action of nintedanib has been more 
comprehensively documented; nintedanib is a strong inhibitor of receptor tyrosine 
kinases (e.g., platelet-derived growth factor, fibroblast growth factor, and vascular 
endothelial growth factor receptors) which can lead to attenuation of fibrosis-
related processes [17]. Nevertheless, these drugs can cause serious side effects, 
such as gastro-intestinal bleeding, diarrhea, and liver toxicity [1].
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Aside from prescribing drugs, clinicians are also recommended to provide non-
pharmacological interventions, such as oxygen supplementation, pulmonary 
rehabilitation, and lung transplantation [14,18]. Oxygen supplementation, for 
example, has been shown to reduce exertional dyspnea (i.e., shortness of breath 
during exercise) and thereby improve exercise tolerance [19]. Patients may also 
benefit from pulmonary rehabilitation programs, which involve regular aerobic 
exercise, education, and psychosocial support, because it improves the quality of 
life [20]. Lung transplantation may be considered for patients with moderate to 
severe disease because it significantly improves the survival rate in comparison 
to patients who do not undergo transplantation surgery [14,18]. Due to a shortage 
of donor lungs, however, not all patients are considered for lung transplantations; 
only those with the highest survival probability are selected [21]. Pharmacological 
and non-pharmacological interventions are thus clearly limited. As a result, there 
remains an urgent unmet medical need for more effective and safer drugs to treat 
IPF.

To disrupt the expression of fibrosis-related genes for therapeutic purposes or 
to unravel the pathogenesis of IPF, scientists can exploit RNA interference – a 
powerful endogenous mechanism that can be induced with small interfering RNA 
(siRNA) which leads to specific messenger RNA (mRNA) and protein knockdown 
[22]. Therefore, the main goal of this thesis was to explore the use of siRNA within 
the context of pulmonary fibrosis. First, chapter 2 critically evaluates animal 
studies to determine whether pulmonary administration is a feasible approach 
to achieve site-specific delivery of siRNA in the lungs. Although this approach is 
promising, several key challenges were identified, such as the lacking correlation 
between in vitro and in vivo experiments. To address this issue, we assessed 
whether precision-cut tissue slices could be used as a model to study the effects 
of siRNA. To that end, chapter 3 describes the development of a transfection 
method for lung (and kidney) slices, using self-deliverable (Accell) siRNA, which 
successfully induced mRNA knockdown. With a focus on lung slices, chapter 4 
reports a further extension of the previously developed transfection method by 
also demonstrating knockdown of proteins that are involved in fibrogenesis. In 
addition, preliminary results indicated that knockdown of these proteins also 
affected fibrogenesis. To address concerns with respect to the viability of lung 
slices, chapter 5 delineates the effect of incubator oxygen concentration (20 
vs. 80% O2) on cell death, anti-oxidant transcription, acute inflammation, and 
cell proliferation. Culturing lung slices at 20% O2 dramatically improved their 
viability. Thereafter, chapter 6 presents the application of our transfection 

method to evaluate effects upon knockdown of heat shock protein 47 (HSP47) in 
fibrogenic lung slices. HSP47 was selected as it is involved in collagen maturation 
[23]. Surprisingly, collagen maturation in lung slices was not diminished upon 
knockdown of HSP47. Finally, chapter 7 summarizes key findings, critically 
evaluates them, and presents directions for future research.
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ABSTRACT
Ever since the discovery of RNA interference (RNAi), which is a post-
transcriptional gene silencing mechanism, researchers have been studying the 
therapeutic potential of small interfering RNA (siRNA) to treat diseases that are 
characterized by excessive gene expression. Excessive gene expression can be 
particularly harmful if it occurs in a vulnerable organ such as the lungs as they 
are essential for physiological respiration. Consequently, RNAi could offer an 
approach to treat such lung diseases. Parenteral administration of siRNA has been 
shown to be difficult due to degradation by nucleases in the systemic circulation 
and excretion by the kidneys. To avoid these issues and to achieve local delivery 
and local effects, pulmonary administration has been proposed as an alternative 
administration route. Regarding this application, various animal studies have 
been conducted over the past few years. Therefore, this review presents a critical 
analysis of publications where pulmonary administration of siRNA in animals 
has been reported. Such an analysis is necessary to determine the feasibility of 
this administration route and to define directions for future research. First, we 
provide background information on lungs, pulmonary administration, and delivery 
vectors. Thereafter, we present and discuss relevant animal studies. Though 
nearly all publications reported positive outcomes, several reoccurring challenges 
were identified. They relate to 1) the necessity, efficacy, and safety of delivery 
vectors, 2) the biodistribution of siRNA in tissues other than the lungs, 3) the 
poor correlation between in vitro and in vivo models, and 4) the long-term effects 
upon (repeated) administration of siRNA. Finally, we present recommendations 
for future research to define the route to go: towards safer and more effective 
pulmonary administration of siRNA.

INTRODUCTION
Though substantial obstacles were encountered over the past few decades, gene 
therapy has maintained the interest of numerous researchers as a potential 
approach to treat diseases that are caused by genetic dysregulations. Several gene 
therapy approaches exist (e.g., delivery of DNA into the nucleus, delivery of RNA or 
antisense oligonucleotides into the cytoplasm, and modification of the genome), 
and they are distinguished from each other on the basis of their mechanism and 
outcome (i.e., removing, restoring, or silencing gene expression in cells) [1–3]. For 
instance, successful DNA delivery produces transgene expression in cells to restore 
endogenous protein levels, to introduce novel cellular functions, or to produce viral 
proteins for vaccination purposes [1]. In contrast, cytoplasmic delivery of RNA, 
such as small interfering RNA (siRNA) and micro RNA (miRNA), can induce post-
transcriptional gene silencing through RNA interference (RNAi) (fig. 1) [2]. Lastly, 
recent advancements in genome-editing technologies have enabled the precise 
and accurate removal, correction, or insertion of genes by using programmable 
nucleases (e.g., meganucleases, zinc finger nucleases, transcription activator-like 
effector nucleases, and CRISPR-associated Cas9 nucleases) [3].

Of special interest is cytoplasmic delivery of miRNA or siRNA because transport 
into the nucleus is not required to achieve therapeutic effects. Upon entering 
the cytoplasm, miRNA or siRNA duplexes, which consist of a guide strand and 
a passenger strand, are loaded into an RNA-induced silencing complex (RISC) 
precursor [2]. Subsequent guide strand selection occurs, after which the passenger 
strand is ejected and degraded. Strands that have the lowest 5’ end base-pairing 
strength are most likely selected as a guide strand. Thereafter, the activated RISC 
captures messenger RNA (mRNA) molecules that have a complementary base 
sequence to the guide strand [4]. Then, depending on the associated Argonaute 
(AGO) protein and the base-pairing match between the activated RISC and target 
mRNA, mRNA can either be destabilized or cleaved [5]. Destabilization does not 
necessarily lead to degradation whereas cleaving obviously does. Cleaving only 
occurs if AGO2 is present in the RISC and if base-pairing is (nearly) perfect. As 
miRNA generally pairs imperfectly with mRNA, cleaving is usually only observed 
with siRNA. Another difference between miRNA and siRNA is that miRNA can 
target multiple genes simultaneously while siRNA only targets a single gene 
[6]. Although delivery approaches are similar (i.e., miRNA and siRNA are both 
active in the cytoplasm), siRNA is preferred over miRNA as saturation of miRNA 
processing enzymes may occur [7]. This might lead to more off-target effects and 
less efficient gene silencing with miRNA. In addition, the efficacy and safety of 
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miRNA therapeutics has not yet been explored in clinical trials as only limited 
research has been carried out so far. Therefore, siRNA currently has a greater 
therapeutic potential than miRNA as gene silencing is more effective and more 
specific.

FIGURE 1. siRNA-based RNA interference. Upon internalization of small interfering RNA 
(siRNA) by cells, association occurs with an RNA-induced silencing complex (RISC) precursor 
(a). Subsequent guide strand selection occurs and the passenger strand is ejected from the 
RISC, resulting in activation of the RISC (b). Next, the activated RISC captures messenger RNA 
(mRNA) that bears a complementary sequence (c). Finally, the mRNA is cleaved and ejected 
from the activated RISC, which can be reused again (d).

However, unmodified siRNA has a short half-life in the systemic circulation [8]. 
Firstly, nucleolytic degradation occurs as nucleases are ubiquitous in blood. 
Secondly, rapid renal clearance occurs because siRNA duplexes (~13 kDa, 20-24 
bp) are not retained upon glomerular filtration. As a consequence, parenteral 
administration is not feasible unless delivery vectors are used to protect the siRNA. 
Parenteral administration also exposes the whole human body to siRNA which may 
hamper the delivery efficiency to target tissues or organs. To avoid nucleolytic 
degradation and renal clearance, local drug administration routes have been 
proposed which aim for direct delivery to the site where the therapeutic action is 
desired. Because numerous lung pathologies are caused by excessive transcription 
of genes (e.g., lung cancer, idiopathic pulmonary fibrosis (IPF), asthma, respiratory 

syncytial virus (RSV) infection and influenza infection), pulmonary administration 
has great potential as it provides the opportunity to directly deliver siRNA to 
diseased lung tissue in a minimally invasive manner [9,10]. These lung diseases 
could potentially benefit from the pulmonary administration of siRNA. With 
respect to pulmonary administration of siRNA in animals, various proof-of-concept 
studies have been conducted and reported over the past few years.

Therefore, the principal aim of this review is to present a critical analysis of 
publications that have reported the pulmonary administration of siRNA in animals. 
This is necessary to determine the feasibility of pulmonary administration for 
gene silencing purposes and to define the direction for future research. Firstly, we 
describe background information on fundamental topics (e.g., lungs, pulmonary 
administration, and delivery vectors) to provide insight into relevant concepts and 
technologies. Secondly, we present and discuss publications that have reported 
the administration of siRNA via the pulmonary route in animals. Recent successes 
as well as current challenges are identified. Lastly, we provide recommendations 
for future research based on current challenges as this could, ultimately, prompt 
further research.

RESPIRATORY SYSTEM
Anatomy and physiology
The lungs are fascinating organs and they belong to the respiratory system (fig. 
2). The entire respiratory system includes the upper airways (i.e., the nasal cavity, 
oral cavity, pharynx, and larynx) and the tracheobronchial tree (i.e., the trachea, 
bronchi, bronchioles, alveolar ducts, alveolar sacs, and alveoli) [11]. Importantly, 
the tracheobronchial tree is commonly known as “the lungs”. Humans have two 
lungs which are both located in the thoracic cavity; the right lung consists of three 
lobes and the left lung consists of two lobes. Extensive branching is observed in 
the tracheobronchial tree and it is characterized by asymmetrical dichotomy that 
occurs for approximately 23 generations. This branching substantially increases 
the internal surface area of the lungs (~100 m2) to enable effective gas exchange 
[12]. From a functional perspective, the respiratory system can also be divided 
in two parts: the conductive zone (i.e., the upper airways, trachea, bronchi, and 
terminal bronchioles) and the respiratory zone (i.e., the respiratory bronchioles, 
alveolar ducts, alveolar sacs, and alveoli). The conductive zone conditions and 
conducts atmospheric air, whereas the respiratory zone facilitates the exchange of 
oxygen and carbon dioxide. These processes are assisted by an extensive network 
of arteries, veins, and capillaries.

2
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FIGURE 2. Respiratory system. The respiratory system consists of the upper airways (i.e., 
nasal cavity, oral cavity, pharynx, and larynx) and the tracheobronchial tree (i.e., trachea, the 
bronchi, bronchioles, alveolar ducts, alveolar sacs, and alveoli).

With respect to blood supply, lungs receive blood from the bronchial circulation 
and the pulmonary circulation [13]. The high-pressure bronchial circulation 
supplies nutrients to the lungs as it receives oxygen-rich blood from the bronchial 
arteries, which arise from the aorta. In contrast, the low-pressure pulmonary 
circulation receives oxygen-depleted blood from the pulmonary arteries, which 
emerge from the right ventricle of the heart. Both circulations complement each 
other. However, the bronchial circulation and the pulmonary circulation are 
connected by arteriovenous anastomoses which drain predominantly into the 
pulmonary vein and partially into the bronchial vein [14]. Furthermore, the lungs 
form a remarkably thin interface of approximately 0.2-0.7 μm between the alveolar 
lumen and capillary lumen [15]. This interface, together with the large surface area 
of the lungs, enables rapid and effective physiological respiration. Physiological 
respiration is an essential homeostatic process and refers to the uptake of oxygen 
into the blood and the removal of carbon dioxide from the blood [13].

Because of their importance for homeostasis and vulnerability to diseases, the 
lungs apply several strategies to protect the body from physical, biological, and 
chemical threats. For example, physical threats (e.g., the deposition of atmospheric 
particles) are counteracted by mucociliary clearance which occurs in the 
conducting zone of the tracheobronchial tree [15]. In this zone, inhaled particles 
can be deposited on mucus that covers the airways. Ciliated epithelial cells 
subsequently transport mucus in an upward direction towards the pharynx where 
mucus is either swallowed or expectorated. Furthermore, biological threats (e.g., 

the invasion of infectious agents) are minimized through constant surveillance 
of lung tissue by antigen-presenting cells (APCs) such as dendritic cells (DCs) and 
macrophages [16]. Additional protection against pathogens is provided by the 
pulmonary mucus which contains various antimicrobial, antioxidant, and anti-
inflammatory substances [17]. Lastly, chemical threats (e.g., the introduction of 
toxic substances) are reduced by biotransformation enzymes which are present in 
the lungs, albeit in a lower amount than in the intestines or liver. These enzymes 
perform phase 1 reactions (e.g., oxidation, reduction, and hydrolysis) and phase 2 
reactions (e.g., glucuronidation, sulfation, methylation, acetylation, and glutathione 
conjugation) [18]. However, despite these protection strategies, the lungs remain 
vulnerable.

Pathologies and targets
As mentioned earlier, the lungs are prone to a number of specific diseases that 
contribute substantially to the global burden of disease in terms of hospitalization, 
financial costs, and deaths [9]. If lung diseases are characterized by a genetic 
dysregulation which necessitates gene silencing, pulmonary administration 
of siRNA could be used to inhibit the translation of endogenous or exogenous 
mRNA. Obviously, this requires extensive knowledge on the pathogenesis of 
diseases to accurately identify mRNA targets. Preferably, an mRNA target should 
be specifically related to a disease to minimize off-target effects and it should 
be substantially involved in the pathogenesis to maximize therapeutic effects. 
Therefore, this section aims to describe mRNA target selection of the following 
three common lung diseases: lung cancer, IPF, and influenza.

Currently, lung cancer remains one of the most frequent cause of cancer-related 
deaths worldwide and it is classified as either small-cell lung cancer or non-small-
cell lung cancer [19]. In 2016, 224,390 new lung cancer cases and 158,080 lung 
cancer deaths were predicted in the United States alone [20]. Therefore, there 
is a great medical need for effective treatments because this could significantly 
decrease the burden of disease. As cancer is characterized by excessive 
transcription, siRNA against serine-threonine protein kinase (AKT1) mRNA could 
be a potential target to treat non-small cell lung cancer because it is involved in 
angiogenesis and cell metabolism, proliferation, survival, and growth [21]. Several 
in vitro and in vivo studies have demonstrated the feasibility of this strategy [21–
26].
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IPF is another common lung disease and it is characterized by abnormal 
extracellular matrix (ECM) remodeling after acute lung injury [27]. In healthy 
lungs, there is a dynamic balance between the production, deposition, and 
degradation of ECM. However, this balance is lost in IPF, and ECM production is 
favored over ECM degradation. The degradation of ECM is controlled by matrix 
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) 
[28]. MMPs degrade ECM, whereas TIMPs inhibit MMPs. In IPF patients, TIMP 
expression is increased which results in an increased inhibition of MMP activity 
and, consequently, the preservation of a non-degrading microenvironment [29]. 
Multiple TIMPs (i.e., TIMP-1, TIMP-2, TIMP-3, and TIMP-4) have been identified, 
each with its specific localization in lung tissue [28]. Therefore, a possible approach 
to treat IPF with RNAi would be to administer siRNA against TIMP mRNA via the 
pulmonary route as this could potentially shift the balance of ECM remodeling 
towards degradation.

Lastly, influenza is an infectious disease caused by the influenza virus which 
enters the body via the respiratory system [30]. Seasonal influenza epidemics 
already result in countless hospitalizations, and influenza pandemics pose 
even more danger to humans and society as a whole. Especially young, old, and 
immunocompromised persons are at risk as shown by increased morbidities 
and death rates [31]. Though much research has focused on the development of 
vaccines, they only have a limited efficacy and specificity due to high mutation 
rates of the influenza virus. Novel treatments are therefore urgently needed. Using 
siRNA against mRNA that originates from highly conserved regions of the viral 
genome could offer a potential approach to treat patients who suffer from influenza 
infections and to decrease the transmission rate of the virus between humans. 
For instance, inhibiting the translation of nucleocapsid-encoding mRNA highly 
restricts the viral replication as viral proteins cannot assemble into complete 
virus particles [32]. Moreover, studies have shown that intranasal administration 
of siRNA against nucleoprotein (NP) of influenza can significantly inhibit viral 
replication and improve survival rates in mice upon infection with a lethal dose 
of influenza [32,33].

PULMONARY ADMINISTRATION
Although pulmonary administration of siRNA could potentially be used to treat 
lung diseases, two substantial obstacles should be overcome. First of all, siRNA 
should be transported to a target site in the lungs where therapeutic effects 
are desired. This requires the selection of appropriate inhalation devices such 

as nebulizers, metered-dose inhalers (MDIs), or dry powder inhalers (DPIs). 
Thereafter, siRNA needs to be transported into target cells in order to exert 
biological effects in the cytoplasm. Internalization, however, consists of initial 
endocytosis and subsequent endosomal escape which remains difficult to achieve 
and may necessitate the use of delivery vectors. Therefore, this section aims to 
provide more insight into relevant transport mechanisms and potential inhalation 
devices.

Transport mechanisms
Successful pulmonary administration of siRNA requires initial particle deposition 
near targeted lung cells and subsequent internalization. Deposition of particles 
in the upper airways and the tracheobronchial tree is controlled by several 
mechanisms, including inertial impaction (diameter-dependent), sedimentation 
(diameter-dependent), diffusion (diameter-dependent), interception (shape-
dependent), and electrostatic precipitation (charge-dependent) [34,35]. An 
important variable for particle deposition is the aerodynamic diameter, which is 
calculated from the geometric diameter and the particle density and shape [36]. 
Particles with an aerodynamic diameter greater than 5 µm are more frequently 
deposited in the throat because of inertial impaction, whereas particles in the 
range of 0.1-1 µm are simply exhaled due to limited deposition. In contrast, 
particles with an aerodynamic diameter of 1-5 µm are also deposited in the alveolar 
region [37,38]. Though particle deposition is dependent on the aerodynamic 
diameter, particles are never exclusively deposited in specific regions. For example, 
deposition of particles always occurs to a certain extent in the upper airways even 
when alveolar regions are targeted. Nevertheless, deposition of siRNA at target 
cells alone is not sufficient to produce therapeutic effects.

After deposition, internalization (i.e., endocytosis and endosomal escape) of 
siRNA is necessary before gene silencing can occur [39]. Endocytosis describes 
the uptake of extracellular substances by cells and can be clathrin-dependent, 
caveolin-dependent, or clathrin/caveolin-independent. In addition, endocytosis 
also includes macropinocytosis. The internalization efficiency and selectivity 
may be improved by conjugating siRNA with a ligand that binds to particular 
receptors (e.g., integrins, g-protein coupled receptors, and receptor tyrosine 
kinases) which are expressed on the surface of targeted cells [39]. Upon successful 
endocytosis, siRNA-containing endosomes are formed which mature from early 
to late endosomes and finally to lysosomes [40]. The endosomal pH decreases 
substantially during the maturation process to promote degradation of its 
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contents. As a consequence, endosomal escape of siRNA is necessary to achieve 
cytoplasmic delivery. Recently, it was shown that endosomal escape of siRNA into 
the cytoplasm is extremely limited (1-2%) [41]. Various approaches have been 
proposed to improve endosomal escape, such as pore formation, pH-buffering 
effects, and fusion in the endosomal membrane [40]. Nonetheless, transport of 
siRNA into the cytoplasm remains complicated, despite these more advanced 
approaches.

Inhalation devices
As mentioned previously, pulmonary administration of siRNA requires the 
selection of an appropriate inhalation device to first facilitate the deposition of 
siRNA in lung tissue. Various types of inhalation devices exist and they exploit 
different mechanisms to generate inhalable aerosols. Inhalation devices are 
classified as nebulizers, soft mist inhalers, MDIs, and DPIs [42]. Nebulizers generate 
liquid aerosols by using either compressed air or ultrasonic power to disperse drug 
solutions (or suspensions) into small droplets with a particular size range [43]. 
Soft mist inhalers differ fundamentally from classical nebulizers as they produce a 
mist of fine aqueous droplets by a vibrating mesh, Rayleigh breakup, or impinging 
jets [44]. MDIs contain drugs formulated with a liquefied propellant to keep the 
mixture under pressure. Upon use, a predetermined amount of drug formulation is 
forced through a nozzle to produce high-velocity liquid aerosols. In contrast, DPIs 
generate inhalable dry powder aerosols by directing airflow, which is generated 
by the user upon inhalation, through a drug powder. This causes dispersion of the 
drug powder according to deagglomeration principles and allows for subsequent 
inhalation of the aerosolized drug [36]. Each type of inhalation device has its 
strengths and weaknesses; and certainly not all inhalation devices are suitable for 
pulmonary administration of siRNA [43,44]. Furthermore, selecting an inhalation 
device should also depend on the nature of the disease which is ought to be treated 
(e.g., acute or chronic).

Ultrasonic and jet nebulizers, for example, are unlikely to be optimal inhalation 
devices for siRNA due to an unfavorable delivery efficiency, drug stability, usability, 
portability, and cost-profile [45,46]. The delivery efficiency, which refers to the 
amount of drug which is actually deposited in the lung, is limited as not all drug 
solution (or suspension) is aerosolized during nebulization. Furthermore, siRNA is 
exposed to high shear forces upon nebulization. Consequently, the potency of siRNA 
may be reduced, though delivery vectors could protect siRNA from nebulization-
induced degradation. In contrast to MDIs and DPIs, nebulizers require long 

administration times, and they demand frequent disinfection to prevent microbial 
contamination. Disposable nebulizers may be used to avoid regular cleaning 
but this could increase the costs. The high intrinsic costs of the nebulizers may 
increase further as more siRNA is required to account for low delivery efficiencies 
and nebulization-induced degradation. Nebulizers also have a limited portability 
due to their size and weight. Soft mist inhalers address several of these issues 
[47]. However, they use liquid formulations which are undesirable due to risks 
of contamination with nucleases or microorganisms. To that end, MDIs may not 
be ideal either. Furthermore, MDIs require a correct inhalation technique and 
coordination which is difficult to achieve by children. The high-velocity aerosols 
generated by MDIs are also likely to cause particle deposition in the throat area, 
thereby limiting the delivery efficiency. DPIs do not have these disadvantages and 
are therefore highly preferred. DPIs do require the development of a dry powder 
formulation. More information on the development of inhalable siRNA powders 
can be found in an excellent review written by Chow and Lam (2015) [48].

DELIVERY VECTORS
To protect siRNA from degradation and to promote cellular internalization of 
siRNA, delivery vectors can be used. Extensive research efforts have resulted in 
numerous types of vectors (fig. 3). Vectors can be classified as viral (e.g., lentivirus, 
adenovirus, and adeno-associated virus vectors) or non-viral (e.g., polymer-based 
and lipid-based systems). Each type of vector has its advantages and disadvantages 
with respect to the efficacy and safety, which in this case should be considered 
within the context of pulmonary administration. Therefore, this section describes 
commonly used vector types and discusses their advantages and disadvantages.
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FIGURE 3. Non-viral delivery vectors. Lipid-based systems include (a) solid lipid nanopar-
ticles, (b) liposomes, and (c) lipoplexes. Polymer-based systems include (d) solid polymer 
nanoparticles, (e) polymersomes, and (f) polyplexes.

Viral
Over the course of time, viruses have evolved to enter cells as efficiently as possible. 
As a result, the viral machinery can be exploited to improve the internalization 
of genetic material. Several viral vectors are available for these purposes such as 
the lentivirus (LV), adenovirus (AV), and adeno-associated virus (AAV) [49–51]. 
Though these vectors can enter dividing and non-dividing cells, they have major 
differences between each other. For instance, the enveloped LV (retroviridae 
family) carries a positive single strand RNA genome. Furthermore, the LV has a 
limited cargo capacity of ~8 kb, despite having a size of ~80-100 nm. In contrast, 
the non-enveloped AV (adenoviridae family) contains a linear double strand DNA 
genome and it has a large cargo capacity of ~37 kb, though it has a size of ~100 
nm. Finally, the non-enveloped AAV (parvoviridae family) has a single strand DNA 
genome, a relatively small size of 25 nm, and a limited cargo capacity of only ~4.7 
kb.

In addition, viral vectors often contain (plasmid) DNA as they have the ability to 
access the nucleus of cells. This (plasmid) DNA could encode short hairpin RNA 
(shRNA) of ~70 bp and produce long-term gene silencing [52,53]. shRNA is an RNA 
molecule with self-complementary sites which anneal to form a tight hairpin turn. 
However, shRNA requires additional preliminary processing to turn into siRNA. 

Firstly, upon successful delivery into the nucleus, (plasmid) DNA is transcribed 
to shRNA by RNA polymerase II or III. Transcribed shRNA is then exported from 
the nucleus via exportin 5, which is a karyopherin that mediates transport of 
molecules between the nucleus and cytoplasm. Next, shRNA is loaded into a 
RISC precursor which contains accessory proteins, such as Dicer and AGO. After 
processing shRNA to duplex siRNA by Dicer, the passenger strand is ejected and the 
RISC is activated to induce long-term post-transcriptional gene silencing through 
RNAi mechanisms, as described earlier.

Although viral vectors have various advantages, they also have disadvantages 
regarding safety, manufacturability, and efficacy. Firstly, viral vectors such as the 
LV and AAV may integrate their viral genomes into the host genome. Depending on 
the integration site, this could have serious consequences, such as tumorigenesis 
[51]. Secondly, it can be challenging to produce viral vectors in a consistent manner 
and in a large quantity. As a result, the clinical applicability as well as the potential 
approval by regulatory authorities may be hampered [49]. Lastly, viral vectors 
can be highly immunogenic. This can be especially problematic when targeting 
mucosal areas and delicate tissues like the lungs which contain many immune cells. 
For example, persons may have pre-existing antibodies against vectors such as the 
AV. Upon pulmonary administration, such vectors can be rapidly neutralized by the 
immune system. These disadvantages, however, may be tackled in the (near) future 
to enable long-term gene silencing in humans (e.g., by selecting rare or synthetic 
viral vector serotypes to minimize the amount of people who have pre-existing 
antibodies against a particular vector).

Non-viral
As an alternative, non-viral vectors can be used to address the disadvantages 
associated with viral vectors. Of special interest are lipid-based and polymer-based 
systems as they are most commonly used [54,55]. Several strategies can be used to 
produce these vectors (e.g., by encapsulation or complexation). For instance, siRNA 
can be encapsulated into a lipid-based or polymer-based solid matrix, yielding solid 
lipid nanoparticles (SLNs) or solid polymer nanoparticles (SPNs). Furthermore, 
encapsulation of aqueous siRNA into vesicles is possible by using amphiphilic lipids 
or amphiphilic polymers to produce liposomes or polymersomes, respectively. 
Lastly, complexation of negatively charged siRNA with positively charged lipids or 
polymers yields lipoplexes or polyplexes, respectively. However, the production of 
non-viral vectors is not limited to these strategies and materials. Though efficacy 
and safety concerns still apply, other approaches and modifications are available as 
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well, such as the use of dendrimers, inorganic nanoparticles, and cell-penetrating 
peptides [56].

Physicochemical properties of non-viral vectors can be modified to improve the 
biocompatibility, to increase internalization, or to achieve active targeting. For 
example, research has shown poly(lactic-co-glycolic acid) (PLGA) nanoparticles 
can be coated with chitosan to successfully change the surface charge from 
negative to positive, without dramatically changing the particle size distribution 
[57]. This could result in an enhanced internalization efficiency due to electrostatic 
attraction as cell membranes are negatively charged. Vectors should remain 
biocompatible or toxic side effects may manifest. The biocompatibility could 
be improved by adding polyethylene glycol (PEG) groups to vector surfaces. 
Consequently, vectors have been shown to exhibit less non-specific interactions 
with cells, though this modification has also been shown to impair endosomal 
escape [58]. Recently, active targeting has received more attention as well, and 
it involves the attachment of affinity ligands (e.g., antibodies, peptides, or small 
molecules) to the vector surface. Affinity ligands bind to receptors that are 
expressed (in excess) on the surface of target cells. Coating vectors with affinity 
ligands could therefore improve the uptake of vectors by particular cells [54].

Despite nearly limitless modifications, researchers have identified serious 
challenges concerning the efficacy and safety of non-viral vectors. Safety issues 
arise from a limited biocompatibility and biodegradability. Biocompatibility 
issues develop when non-viral vectors induce adverse events in biological tissues. 
For instance, non-viral vectors are often composed of cationic polymers (e.g., 
polyethylenimine (PEI) or its derivatives) or lipids (e.g., DOTMA, DOTAP, and 
DOSPA). These components interact with negatively charged components in serum 
which can lead to adverse events [9,54]. Furthermore, biodegradability issues 
occur if vectors persist in biological tissues. Importantly, repeated administration 
of non-biodegradable or slowly-degrading vectors could lead to chronic build-
up of material (especially in the alveolar region) [55]. This could be particularly 
dangerous if vectors are administered via the pulmonary route. In addition, non-
viral vectors are less efficiently internalized than viral vectors, as viral vectors 
have specialized machinery for such purposes. Thus, developing non-viral vectors 
also proves to be difficult.

ANIMAL STUDIES
Though extensive research efforts have focused on the development of delivery 
vectors for siRNA, it remains important to validate their necessity, efficacy, and 
safety in animal studies. Over the past few years, fifteen publications appeared 
which reported the pulmonary administration of siRNA in animals (table 1). Only 
mice have been used as an animal model. These animal studies will be reviewed 
here, according to the type of delivery vector that was used, to identify current 
challenges. In addition, there will be a brief discussion on the predictive value of 
animal models within the context of pulmonary administration.

TABLE 1. Pulmonary administration of siRNA in mice.

Vector Vector system siRNA target Outcomea Reference

N
on

e N/A Xcl1 + Rosas-Taraco et al. (2009) [59]

N/A Luciferase - Moschos et al. (2011) [60]

Vi
ra

l Lentivirus Aimp2-dx2 + Hwang et al. (2010) [61]

Lentivirus Pdcd4 + Hwang et al. (2013) [24]

N
on

-v
ir

al

Polymer-based Akt1 + Jere et al. (2008) [26]

Polymer-based Akt1 + Xu et al. (2008) [25]

Lipid-based N/Ab N/Ac Garbuzenko et al. (2009) [62]

Polymer-based Akt1 + Jiang et al. (2009) [63]

Polymer-based Wt1 + Zamora-Avila et al. (2009) [64]

Polymer-based Egfp + Nielsen et al. (2010) [65]

Polymer-based Egfp + Beyerle et al. (2011) [66]

Inorganic N/Ab N/Ac Taratula et al. (2011) [67]

Polymer-based Luciferase + Okuda et al. (2013) [68]

Lipid-based Mcl1 + Shim et al. (2013) [69]

Polymer-based Ptprc + de Backer et al. (2015) [70]
a Gene silencing effects were observed (+) or not observed (-).
b Fluorescent non-targeting siRNA was used here.
c Gene silencing effects were not observed as these publications only reported 
biodistribution results.

2



3130

Pulmonary administration of small interfering RNA: the route to go?Chapter 2

No vectors
Two publications described the pulmonary administration of siRNA in mice 
without using a delivery vector (naked siRNA). Rosas-Taraco et al. (2009) 
administered siRNA against Xcl1 (mRNA encoding the chemokine XCL1) in mice, 
which were infected for 60 days with mycobacterium tuberculosis, by intratracheal 
instillation [59]. Transient but significant post-transcriptional gene silencing was 
observed during the first five days which suggests successful internalization of 
siRNA by CD8+ and CD4+ T lymphocytes as they are the main XCL1 producers. 
In addition, the authors showed fluorescently labeled siRNA remained confined 
to the lungs. However, long-term effects (i.e., 180 days after administration) 
included overcompensation of XCL1 production. In contrast, Moschos et al. 
(2011) observed no post-transcriptional gene silencing in luciferase-expressing 
mice upon intratracheal administration of siRNA against mRNA which encoded 
luciferase [60]. Furthermore, fluorescently labeled siRNA was shown to partially 
accumulate in the bladder. These findings suggest naked siRNA was transported 
into the systemic circulation and subsequently excreted via the kidneys. This 
is not surprising considering the small size of siRNA that allows for absorption 
into the systemic circulation upon inhalation. Collectively, these studies provide 
inconclusive evidence of successful pulmonary administration of naked siRNA.

Viral vectors
Though viruses have great potential, only two publications reported the use of 
viral vectors. Hwang et al. (2010) has shown Pdcd4 mRNA levels were significantly 
decreased in mice after inhalation of a liquid aerosol containing LV vectors 
encoding shRNA [61]. Furthermore, it was shown that inhibition of PDCD4 synthesis 
increased tumorigenesis by increasing the levels of anti-apoptotic proteins. This 
study aimed to achieve gene silencing via inhalation to identify the function of 
PDCD4. However, no results were reported with respect to the immunogenicity 
and cytotoxicity of LV vectors. More recently, Hwang et al. (2013) described 
inhalation of a liquid aerosol containing LV vectors encoding shRNA against Aimp2-
dx2 mRNA successfully decreased tumorigenesis in AIMP2+/- mice [24]. Although 
the actual gene silencing efficacy in cells was not determined, hyperplasias were 
less frequently detected in mice treated with targeting shRNA (against Aimp2-
dx2) as opposed to mice treated with non-targeting shRNA (negative control). 
Interestingly, both studies indicated successful gene silencing after inhalation 
of LV-based vectors, which contained (plasmid) DNA encoding shRNA. However, 
other viral vectors (e.g., AV and AAV) have not been studied yet. Furthermore, it 
remains unclear if viral vectors are safe to use and if they are immunogenic.

Non-viral vectors
Non-viral vectors are the most popular as eleven publications (out of fifteen) 
report their use. Jere et al. (2008) was the first to report preliminary results 
suggesting that pulmonary administration of biodegradable poly(β-amino ester) 
(PAE) nanoparticles containing siRNA against Akt1 decreased AKT1 protein 
levels in vivo [26]. No comprehensive analysis regarding the safety was provided, 
although the delivery vector was shown to efficiently deliver siRNA into cells 
with a limited toxicity in vitro. Similarly, Xu et al. (2008) also described the use 
of PAE nanoparticles which contained siRNA [25]. This publication represented 
follow-up research based on findings of Jere et al. (2008) and confirmed that Akt1-
targeting siRNA could significantly inhibit lung tumor progression in mice upon 
pulmonary administration. However, no data was shown with respect to the in 
vivo cytotoxicity of the delivery vector. Although gene silencing was not studied 
upon pulmonary administration, Garbuzenko et al. (2009) reported results on the 
biodistribution of fluorescently labeled siRNA encapsulated in DOTAP liposomes 
[62]. According to their results, the majority of siRNA remained in the lungs, 
though small amounts were eventually detectable in the liver and the kidneys.

Jiang et al. (2009) also reported lung tumor progression was significantly 
decreased in mice upon inhalation of liquid aerosols containing siRNA against 
Akt1 mRNA, as shown by a lower incidence of tumors and a smaller size of tumors 
in comparison to the control groups [63]. In this case, folate-chitosan-grafted PEI 
nanoparticles were used as a delivery vector. Importantly, folate-chitosan-grafted 
PEI nanoparticles were less cytotoxic and had a greater transfection efficiency 
than PEI (25k) nanoparticles, as determined in vitro. A study by Zamora-Avila 
et al. (2009) described a different approach as the authors complexed plasmid 
DNA, encoding shRNA that targeted Wilms’ tumor gene 1 (Wt1) mRNA, with PEI 
(25k) [64]. After inhalation, the DNA/PEI polyplexes were shown to significantly 
decrease the size and amount of lung tumor foci in mice. Though the authors did 
not study the cytotoxicity of the complexes, previous research demonstrated 
PEI (25k) is cytotoxic [9]. Furthermore, Nielsen et al. (2010) reported that Egfp-
targeting siRNA in chitosan nanoparticles was successfully delivered in mice by 
intratracheal instillation to reduce EGFP expression [65]. Naked siRNA was also 
administered via the same procedure but produced no observable effects. This 
finding agrees with Moschos et al. (2011). In addition, the authors showed chitosan 
nanoparticles with fluorescently labeled siRNA were deposited in the conducting 
and respiratory zone of the airways.
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More recently, Beyerle et al. (2011) demonstrated intratracheal administration of 
polyplexes, which were composed of Egfp-targeting siRNA and PEI-PEG polymers, 
induced gene silencing in mice which expressed EGFP [66]. The authors also showed 
low molecular weight PEI (8.3k) was less cytotoxic than high molecular weight PEI 
(25k). PEGylation of the polyplexes was shown to reduce the cytotoxicity as well. 
However, the addition of PEG groups substantially increased the immunogenicity 
of the polyplexes. Taratula et al. (2011) reported fluorescently labeled mesoporous 
silica nanoparticles (MSNs) were mainly present in the lungs (~73%) of mice upon 
inhalation of liquid aerosols, though eventually they were also detected in the 
liver (~17%) and kidneys (~9%) [67]. However, the authors did not investigate 
the actual mRNA knockdown in vivo. Next, Okuda et al. (2013) described that 
siRNA against mRNA encoding luciferase was successfully incorporated into 
chitosan nanoparticles which produced gene silencing effects upon intratracheal 
administration in mice [68]. Interestingly, the authors reported gene silencing 
effects of siRNA were higher with a dry powder formulation than with a liquid 
formulation. Higher local concentrations of siRNA could have been achieved 
because the dry powder formulation dissolved in pulmonary lining fluid without 
any further dilution, as opposed to liquid formulations which contained a solvent. 
The biodistribution of siRNA-chitosan nanoparticles was also studied. According 
to the results, fluorescently labeled siRNA was not only present in the lungs but 
also in other organs, such as the liver and the kidneys.

Shim et al. (2013) published that cationic lipoplexes could significantly increase the 
in vivo internalization of siRNA, which targeted myeloid cell leukemia sequence 1 
(Mcl1) mRNA [69]. The authors tested several formulations and EDOPC/cholesterol-
based lipoplexes were shown to exhibit the highest transfection efficiency and the 
lowest cytotoxicity. Intratracheal administration of this formulation was shown to 
reduce tumorigenesis in the lungs of mice. However, no correlation with respect to 
the transfection efficiency and the cytotoxicity was observed between results of in 
vitro and in vivo experiments. Lastly, de Backer et al. (2015) recently demonstrated 
intratracheal administration of Ptprc-targeting siRNA incorporated in pulmonary 
surfactant-coated dextran nanogels generated significant gene silencing effects 
in resident alveolar macrophages of mice, whereas naked siRNA exhibited no 
effects [70]. Collectively, these studies illustrate benefits of using non-viral 
delivery vectors to enhance the delivery of siRNA, though they also demonstrated 
cytotoxicity and immunogenicity issues.

Animal models
As mentioned previously, only mice were used in the aforementioned studies. 
Mice are often used in early animal studies for logistical and economic reasons 
as they are small, reproduce quickly, and cost little. However, the predictive 
value of mice experiments should not be overestimated. Anatomical, histological, 
and physiological differences between species are not only present in the upper 
airways but also in the tracheobronchial tree (table 2) [71–73]. This hampers the 
extrapolation of results to humans. For instance, pharmacokinetic properties such 
as particle deposition and mucociliary clearance are different between species 
and this affects the dose that remains active in the lungs. Furthermore, it is of 
great importance to consider the type of disease; animal models should mimic 
the clinical indication (e.g., asthma, lung cancer, or pulmonary fibrosis) as much 
as possible. To that end, higher order animals such as dogs and monkeys are 
expected to provide more relevant in vivo data than mice regarding the pulmonary 
administration of siRNA [74]. Nonetheless, aside from ethical considerations, the 
use of higher order animals would come at a substantially higher cost. Therefore, 
researchers should always make a rational selection regarding the animal species 
they use in their experiments.

TABLE 2. Species differences of commonly used laboratory animals. Adapted 
from [72,73,75].

Species 
(weight)

Lung
weight (g)

Alveolar 
area (m2)

Branching
(type)

Respiratory 
rate (min-1)

Ventilation 
(L/min)

Mouse (0.02 kg) 0.12 0.07 Monopodial 163 0.025

Rat (0.25 kg) 1.5 0.4 Monopodial 85 0.12

Rabbit (2.5 kg) 18 5.8 Monopodial 51 0.8

Monkey (5 kg) 33 - Monopodial 38 1.67

Dog (10 kg) 100 40.7 Monopodial 23 1.50

Humans (70 kg) 1000 143 Dichotomous 12 7.98
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TOWARDS PROGRESS
Challenges
So far, only limited research has been published regarding the pulmonary 
administration of siRNA in animals. Though the proof of concept was clearly 
demonstrated as nearly all studies reported positive outcomes, several reoccurring 
issues could be identified. For instance, it is currently not known if delivery vectors 
are necessary to achieve gene silencing in vivo as positive and negative effects 
were reported upon pulmonary administration of naked siRNA. Not having to 
use delivery vectors would be beneficial as it partially removes toxicity issues. 
Next, it remains unclear what physicochemical properties of delivery vectors 
favor successful delivery of siRNA into cells. Unfavorable properties are also 
largely unknown due to a tendency of journals to publish only positive results 
instead of negative results. Moreover, most delivery vectors are cytotoxic which 
hampers their clinical use, as shown by in vitro viability data. Biocompatibility 
and biodegradability of delivery vectors are particularly important as the lungs 
are vulnerable to damage. One study reported a decreased cytotoxicity upon 
addition of PEG groups but at the cost of a substantially increased immunogenicity 
[66]. Another challenge is to constrain siRNA to the lungs because various 
publications reported extensive absorption into the systemic circulation and 
subsequent deposition in the liver and kidneys. Furthermore, authors observed 
a poor correlation between in vitro and in vivo data regarding the internalization 
and cytotoxicity of delivery vectors which complicates the selection of delivery 
vectors for in vivo experiments. Lastly, long-term effects upon (repeated) siRNA 
administration are not well understood. Interestingly, Rosas-Taraco et al. (2009) 
reported preliminary evidence that overcompensation of target gene expression 
occurred as a result of siRNA administration. These challenges should be addressed 
to further improve the therapeutic potential of pulmonary siRNA administration.

Perspectives
Pulmonary administration of siRNA, to treat diseases that are caused by genetic 
dysregulations, has been successfully demonstrated in mice. However, some 
challenges were identified, as discussed previously. To address these challenges, 
recommendations for future studies will be provided. First of all, it is currently 
unknown if delivery vectors are truly necessary to achieve sufficient gene silencing 
in vivo. Animal studies that focus on delivery vectors for pulmonary administration 
of siRNA should include naked siRNA to verify if such vectors are necessary. Next, 
(un)favorable physicochemical properties of delivery vectors should be studied to 
identify how they affect the efficacy and safety. Special attention should also be 

given to the biodegradability and biocompatibility of delivery vectors. A design of 
experiment (DOE) approach could be used for this purpose. Additionally, studies 
should include data regarding the immunogenicity of siRNA delivery vectors. 
Pro-inflammatory effects, for example, can be studied by detecting cytokine 
release in broncho-alveolar lavage fluid (BALF) [66]. Furthermore, it is currently 
not fully understood what factors could limit the absorption of vectors into the 
systemic circulation. This requires more biodistribution studies to identify 
physicochemical properties that affect the systemic availability of siRNA. The low 
predictive value of in vitro models should also be addressed. Novel methods are 
desired to accurately predict the internalization of siRNA and the cytotoxicity of 
vectors. Ex vivo technologies (e.g., use of precision-cut lung slices) could be useful 
as they resemble target tissues more closely than cell cultures [76]. Lastly, long-
term effects of repeated siRNA administration via the pulmonary route should 
be studied to determine if adverse effects occur, such as the overcompensation of 
target gene expression.

Aside from the previously mentioned suggestions, there is also another aspect 
that research should focus on. Limited work has been carried out with respect 
to the development of inhalable siRNA formulations. Nearly all animal studies 
reviewed in this article used liquid formulations. Although liquid formulations 
are relatively easy to prepare, they are prone to contamination with nucleases, 
which quickly degrade siRNA. This makes liquid siRNA formulations undesirable, 
especially for long-term storage [48]. As a consequence, dry powder formulations 
of siRNA are greatly desired due to the decreased risk of siRNA degradation 
by nucleases. Moreover, DPIs (i.e., the type of delivery device that is used for 
inhalation of dry powder formulations) have multiple advantages over MDIs 
and nebulizers with respect to the delivery efficiency, usability, portability, and 
cost-profile. Several techniques can be used to produce an inhalable dry powder 
formulation for siRNA, such as spray drying and spray freeze drying [48]. Although 
both techniques produce micron-sized particles, spray drying generates spherical 
or raisin like particles and spray freeze drying creates large porous particles. As 
only a few articles have appeared on this subject, more research should focus on 
the development of siRNA microparticles that are suitable for inhalation [77–79]. 
Furthermore, it would be especially interesting to study the effects of inhalable 
siRNA powder without delivery vectors.
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CONCLUSIONS
Since its discovery, post-transcriptional gene silencing by RNAi has been of 
great interest as a potential treatment for diseases that are characterized by 
the overexpression of particular genes. RNAi limits the overexpression of genes 
by inducing either degradation of mRNA or destabilization of mRNA. This can 
greatly decrease the extent of mRNA translation by ribosomes. As overexpression 
of genes can be especially harmful in vulnerable organs, RNAi could provide an 
approach to treat various lung diseases such as lung cancer, pulmonary infections, 
and inflammatory diseases. However, targeting siRNA to lung tissue is difficult. 
Upon parenteral administration siRNA is degraded by nucleases in the serum 
and excreted by the kidneys. Consequently, pulmonary administration has been 
suggested as an alternative administration technique because local delivery 
can be achieved. Therefore, by reviewing publications that reported pulmonary 
administration of siRNA in animals, this review aimed to determine the feasibility 
of this administration route and to subsequently define the directions for future 
research.

Fifteen publications have appeared about administration of siRNA via the 
pulmonary route, and nearly all of them reported positive outcomes; pulmonary 
administration is a promising administration route for the delivery of siRNA. 
Despite positive results, however, several challenges could be identified. For 
instance, it is not known if delivery vectors are absolutely necessary to achieve 
RNAi in vivo as animal data is inconclusive. Also, little is known regarding long-
term effects that may occur after repeated pulmonary administration of siRNA. 
Furthermore, not enough is known with respect to (un)favorable physicochemical 
properties of vectors and how these properties affect the biodistribution, efficacy, 
cytotoxicity, and immunogenicity in vivo. Another challenging aspect remains the 
poor correlation between in vitro and in vivo models.

These challenges should be addressed in future research. The need to apply 
delivery vectors, for example, can be determined by comparing the efficacy 
of siRNA with and without a delivery vector. Long-term effects should also be 
studied to determine if overcompensation of gene expression occurs. Likewise, 
comprehensive experiments (e.g., by using a DOE approach) are desired to 
elucidate the relationship between (un)favorable physicochemical properties of 
vectors and the efficacy, cytotoxicity, and immunogenicity in vivo. Furthermore, 
the lacking correlation between in vitro and in vivo models should be addressed by 
developing novel testing models (e.g., ex vivo models). Ex vivo models could have a 

higher predictive value than in vitro models as they resemble target tissues more 
closely. Collectively, these future directions define the route to go: towards safer 
and more effective pulmonary administration of siRNA.
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ABSTRACT
Small interfering RNA (siRNA) mediated RNAi interference (RNAi) is a powerful 
post-transcriptional gene silencing mechanism which can be used to study the 
function of genes in vitro (cell cultures) and in vivo (animal models). However, 
there is a translational gap between these models. Hence, there is a need for 
novel experimental models that combine the advantages of in vitro and in vivo 
models (e.g., simplicity, flexibility, throughput, and representability) to study 
the effects of siRNA. This need may be addressed by precision-cut tissue slices 
(PCTS), which represent an ex vivo model that mimics the structural and functional 
characteristics of a whole organ. The goal of this study was to investigate whether 
self-deliverable siRNA (Accell siRNA) can be used in precision-cut lung slices 
(PCLuS) and precision-cut kidney slices (PCKS) to achieve RNAi ex vivo. PCLuS and 
PCKS were prepared from mouse tissue and they were subsequently incubated for 
up to 48 h with no siRNA (untransfected), non-targeting Accell siRNA, or Gapdh-
targeting Accell siRNA. Significant Gapdh mRNA silencing was achieved (PCLuS: 
~55%; PCKS: ~40%) without compromising the viability and morphology of slices. 
Fluorescence microscopy confirmed that Accell siRNA diffused into PCLuS and 
PCKS. Acute inflammation upon incubation was observed in PCLuS and PCKS as 
shown by a higher mRNA expression of pro-inflammatory cytokines Il1b, Il 6, and 
Tnfa, although Accell siRNA appeared to diminish this response in PCLuS after 24 
h. In conclusion, this ex vivo transfection model can be used to evaluate the effects 
of siRNA in relevant biological environments.

INTRODUCTION
Small interfering RNA (siRNA) mediated RNA interference (RNAi) leads to the 
degradation of specific messenger RNA (mRNA), thereby limiting the production 
of a specific protein [1]. To that end, siRNA can be used, for instance, to decrease 
the expression of disease-related genes, to investigate the function of proteins, 
or to establish experimental models of disease. Therefore, the use of siRNA to 
induce RNAi in vitro (cell cultures) and in vivo (animal models) has been described 
in various publications [2–4]. However, there is a big translational gap between in 
vitro and in vivo models. In vitro models are known for their simplicity, flexibility, 
and high throughput but they lack a biological context. Conversely, in vivo models 
generate more biologically relevant data although they are more complex to use. 
Hence, there is an obvious need for novel experimental models that combine the 
advantages of in vitro and in vivo models to study the effects of siRNA.

This need may be addressed by using precision-cut tissue slices (PCTS). PCTS 
refer to viable explants, with a well-defined thickness and diameter, prepared 
from tissue (e.g., lung and kidney) that can be cultured ex vivo [5,6]. In comparison 
to conventional in vitro models, PCTS offer crucial advantages. Firstly, PCTS 
comprise the structural and functional heterogeneity of tissues, including 
cell-matrix interactions and intercellular interactions. Moreover, interspecies 
comparisons regarding biological effects of siRNA are possible as PCTS can be 
prepared from animal and human tissue. PCTS can also be quickly prepared in 
a simple and reproducible manner with specialized equipment that maintains 
the viability of tissue during the slicing process. In addition, several experiments 
can be performed per animal as multiple PCTS can be prepared from a single 
piece of tissue. Lastly, PCTS can be incubated for up to 48-120 h, depending on 
the tissue type and species, which means they can be used to study endogenous 
metabolism, drug effects, and disease mechanisms [5,7–9]. As such, PCTS appear 
to have potential as a novel experimental model to study the effects of siRNA.

Nevertheless, RNAi in PCTS requires the successful delivery of siRNA into the 
cytoplasm of cells. Because siRNA is negatively charged and does not readily pass 
cell membranes, researchers often use cationic nanocomplexes (e.g., polyplexes, 
lipoplexes, or lipopolyplexes) to achieve RNAi in vitro and in vivo [10]. Unfortunately, 
such nanocomplexes have a limited diffusion into PCTS which appears to be 
dependent on particle size and electrostatic interactions between the particle 
and surrounding proteins; this could lead to aggregation of nanocomplexes [11,12]. 
To overcome this obstacle, self-deliverable siRNA could be used. Self-deliverable 
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siRNA, which refers to siRNA conjugated with cell penetrating peptides or sterols, 
requires no complexation with polymers or lipids to enable transport into cells 
[13]. The extent of diffusion through biological tissues is thought to be greater 
for self-deliverable siRNA as it is smaller than conventional nanocomplexes. 
Some publications have described the successful induction of RNAi in vivo upon 
administration of self-deliverable siRNA [14,15]. Accordingly, PCTS could be an 
ideal model to timely assess effects of self-deliverable siRNA in both animal and 
human tissue.

Thus, the principal aim of this study was to investigate whether self-deliverable 
siRNA (Accell siRNA) can successfully silence mRNA expression in precision-cut 
lung slices (PCLuS) and precision-cut kidney slices (PCKS) prepared from mouse 
tissue. These organs were selected as PCLuS and PCKS represent non-solid and 
solid tissue. First, fluorescence microscopy and real-time quantitative polymerase 
chain reaction (qPCR) was used to assess the diffusion of Accell siRNA into slices 
and to determine whether RNAi was successfully induced, respectively. Next, we 
analyzed the adenosine triphosphate (ATP) content and morphology of slices to 
determine whether slices remained viable during transfections. Lastly, we studied 
the mRNA expression profile of pro-inflammatory cytokines (i.e., Il1b, Il6, and 
Tnfa) to determine whether acute inflammation developed upon incubation and 
whether Accell siRNA could affect this (foreign nucleic acids can induce activation 
of the innate immune system) [16].

MATERIALS & METHODS
Animal tissue
Tissue was obtained from C57BL/6J mice, which were housed under controlled 
conditions with a twelve-hour light/dark cycle and free access to water and food 
(Central Animal Facility, University Medical Center Groningen, Groningen, The 
Netherlands). The lungs and kidneys were extracted in a terminal procedure 
conducted under isoflurane/O2 anesthesia (Nicholas Piramal, London, UK). 
Note, prior to being extracted, the lungs were inflated in situ with liquefied and 
pre-warmed (37 °C) support medium containing 1.5% low-gelling-temperature 
agarose type VII (Sigma-Aldrich, Zwijndrecht, The Netherlands) and 0.9% NaCl 
(Merck, Darmstadt, Germany) to provide cutting support during the slicing process 
[5]. After extraction, organs were immediately placed in ice-cold University of 
Wisconsin (UW) preservation solution (DuPont Critical Care, Waukegab, USA). All 
experiments were approved by the Animal Ethical Committee of the University of 
Groningen (permit no. 6416AA).

Preparation of slices
After the organ extraction, slices were prepared with a Krumdieck tissue slicer 
(Alabama Research and Development, Munford, USA), which was filled with ice-
cold Krebs-Henseleit buffer (KHB) supplemented with 25 mM D-glucose (Merck), 
25 mM NaHCO3 (Merck), and 10 mM HEPES (MP Biomedicals, Aurora, USA); 
saturated with carbogen (95% O2 and 5% CO2); and adjusted to a pH of 7.4 [5]. 
To prevent loss of viability, slices were immediately transferred to ice-cold UW 
preservation solution after slicing. PCLuS and PCKS had a wet weight of 5-6 mg and 
4-5 mg, respectively, with an estimated thickness of 250-350 µm and a diameter 
of ~5 mm.

Incubation of slices
Slices were incubated individually in 1 mL pre-warmed and oxygenated culture 
medium at 37 °C under 5% CO2 and 80% O2, while gently shaken (90 cycles 
per minute). PCLuS culture medium was composed of Accell siRNA Delivery 
Media (Dharmacon, Lafayette, USA) supplemented with 100 U/mL penicillin-
streptomycin (Life Technologies, Bleiswijk, The Netherlands), 50 µg/mL 
gentamicin (Life Technologies), and 0.1 mM non-essential amino acids (Life 
Technologies). PCKS culture medium was composed of Accell siRNA Delivery Media 
(Dharmacon) supplemented with 10 µg/mL ciprofloxacin (Fresenius Kabi, Zeist, 
The Netherlands), and 10 mM glucose (Sigma-Aldrich).

Transfection of slices
After the slicing procedure, slices were either sampled directly (0 h) or pre-
incubated for 2 h in culture medium, as described in the previous section. Slices 
were subsequently transferred to 1 mL pre-warmed and oxygenated culture 
medium supplemented with 10 µL Accell siRNA buffer (untransfected), fluorescent 
(red) non-targeting Accell siRNA, non-targeting (control) Accell siRNA, or Gapdh-
targeting Accell siRNA . All Accell products were purchased from Dharmacon. 
Accell siRNA buffer contained 60 mM KCl, 6 mM HEPES, and 0.2 mM MgCl2 (pH 
7.5). Gapdh-targeting siRNA was used to study specific mRNA silencing while non-
targeting siRNA was used to identify potential off-target effects. PCLuS culture 
medium contained 0 or 0.5 µM siRNA, whereas PCKS culture medium contained 0 
or 1.0 µM siRNA. After 24 or 48 h of incubation, slices were collected for analysis.

Fluorescence
Confocal laser scanning microscopy was used to assess the diffusion of Accell 
siRNA into slices. Upon sampling, slices were briefly washed (~5 s) in ice-cold 
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phosphate-buffered saline (PBS), embedded in KP-CryoCompound (Klinipath, 
Duiven, The Netherlands), and stored at -80 °C until use. Cross-sections of 4 µm 
were prepared from the slices by using a cryostat at -20 °C. The sections were 
dried afterwards for 30 minutes at room temperature in the dark. Thereafter, 
ProLong Diamond Antifade Mountant with DAPI (Fisher Scientific, Landsmeer, The 
Netherlands) was applied to the sections, which were subsequently covered with 
glass coverslips. The sections were then cured for 24 h at room temperature in 
the dark. Sections were stored at room temperature in the dark until further use. 
Images were taken with a Leica TCS SP8 confocal microscope (Leica Microsystems, 
Rijswijk, The Netherlands). Imaging of DAPI and fluorescent (red) non-targeting 
siRNA (DY-547) was done through excitation using laser lines at wavelengths of 
405 and 552 nm, respectively.

mRNA expression
Silencing and inflammatory effects of Accell siRNA on mRNA expression were 
determined by qPCR. After transfection, three slices of the same condition were 
pooled, snap-frozen in liquid nitrogen, and stored at -80 °C until further use. As 
column-based RNA isolation procedures are incompatible with agarose-containing 
slices, total RNA of PCLuS was extracted using the Maxwell 16 LEV SimplyRNA 
Tissue Kit (Promega, Leiden, The Netherlands), whereas total RNA of PCKS was 
isolated with the FavorPrep Tissue Total RNA Mini Kit (Bio-Connect, Huissen, 
The Netherlands) [17]. Isolated RNA (750 ng) was reverse transcribed with the 
Reverse Transcription System (Promega), using an Eppendorf mastercycler (25 °C 
for 10 min, 45 °C for 60 min and 95 °C for 5 min). Next, the mRNA expression was 
analyzed by qPCR, using specific primers (table 1) and FastStart Universal SYBR 
Green Master (Roche, Almere, The Netherlands). The qPCR analysis was carried 
out with a ViiA7 real-time qPCR (Applied Biosystems, Bleiswijk, The Netherlands), 
using 1 cycle of 10 min at 95 °C and 40 cycles of 15 s at 95 °C, 30 s at 60 °C, and 30 s 
at 72 °C. Finally, mRNA expression was calculated as fold induction with the 2−ΔΔCt 
method, using 18s as reference gene.

TABLE 1. Primers.

Gene Forward sequence (5’-3’) Reverse sequence (5’-3’)

18s CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA

Gapdh ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG

Il1b TGAGCACCTTCTTTTCCTTCA TTGTCTAATGGGAACGTCACAC

Il6 TGATGCTGGTGACAACCACGGC TAAGCCTCCGACTTGTGAAGTGGTA

Tnfa CTGTAGCCCACGTCGTAGC TTGAGATCCATGCCGTTG

ATP content
The ATP content in slices was quantified to determine whether Accell siRNA 
affected the viability. After transfection, slices were placed individually in tubes 
containing 1 mL of sonication solution (70% ethanol and 2 mM EDTA). The samples 
were subsequently snap-frozen in liquid nitrogen and stored at -80 °C until use. 
Next, the ATP content was analyzed with the ATP Bioluminescence Kit (Roche 
Diagnostics, Mannheim, Germany), as described previously [5]. Obtained ATP 
values (pmol) were normalized with respect to the total amount of protein (µg) 
which was determined with the RC DC Protein Assay (Bio Rad).

Morphology
Morphological analyses were performed to assess whether Accell siRNA affected 
the structural integrity of the slices. After the transfection, slices were fixed in 
4% formalin at 4 °C for 24 h. Next, slices were dehydrated in ethanol baths with 
increasing concentrations. Slices were subsequently cleared in xylene baths. 
Thereafter, slices were horizontally embedded in paraffin and sectioned (4 µm). 
Prior to staining with hematoxylin and eosin (H&E), sections were deparaffinized 
and rehydrated. The microscopic appearance of slices was assessed by evaluating 
the cytoplasm and the shape/staining of nuclei. Sections were scanned with a 
C9600 NanoZoomer (Hamamatsu Photonics, Hamamatsu City, Japan).

Statistics
Statistics were performed with GraphPad Prism 6.0 using one-way analyses 
of variance (ANOVA) followed by post-hoc Tukey’s multiple comparisons tests. 
Differences between groups were considered to be statistically significant when p 
< .05. Note, qPCR data was analyzed statistically by using the ΔCt values, although 
the data is shown as fold induction (2-ΔΔ Ct).
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RESULTS
siRNA diffusion into PCTS
Confocal laser scanning microscopy was used to confirm whether Accell siRNA 
diffused into PCLuS and PCKS after 48 h of incubation (fig. 1). Nuclei were stained 
with DAPI (blue) and showed a staining pattern consistent with morphology data 
(i.e., apoptotic regions at proximal tubules in PCKS). More importantly, fluorescent 
(red) non-targeting siRNA diffused into PCLuS and PCKS, though the extent of 
diffusion was greater in PCLuS than in PCKS.

FIGURE 1. siRNA diffusion into PCTS. Slices were untransfected (a/d) or treated with non-tar-
geting siRNA (b/e) or fluorescent (red) non-targeting siRNA (c/f) for 48 h (n = 4). Slices were 
subsequently collected for analysis by confocal laser scanning microscopy. Cross-sections (4 
µm) were prepared with a cryostat and mounted with ProLong Diamond Antifade Mountant 
with DAPI (blue). Representative images are shown of independent experiments performed 
in triplicate.

siRNA-mediated RNAi in PCTS
qPCR analyses were performed to determine whether siRNA-mediated RNAi 
occurred in PCLuS and PCKS after being incubated with no siRNA (untransfected), 
non-targeting siRNA, or Gapdh-targeting siRNA for 48 h (fig. 2). In PCLuS and 
PCKS, Gapdh-targeting siRNA significantly lowered Gapdh mRNA expression by 
~55% and ~40%, respectively, compared to untransfected slices. Furthermore, 
non-targeting siRNA did not significantly change Gapdh mRNA expression in PCLuS 
and PCKS.

FIGURE 2. siRNA-mediated RNAi in PCTS. Slices prepared from lung (a) and kidney (b) tissue 
were untransfected or treated with non-targeting siRNA or Gapdh -targeting siRNA for 48 h 
(n = 4). Gapdh mRNA expression was analyzed by qPCR, using 18s as a reference gene. Values 
are shown as the mean ± standard error of the mean. Tukey’s test was used to compare all 
means (*** p < .001 and **** p < .0001).

ATP/protein content during siRNA transfections
The ATP/protein content in PCLuS and PCKS was quantified to check if Accell 
siRNA could negatively affect the viability after culturing slices for up to 48 h 
(fig. 3). No significant changes were observed in ATP/protein content between 
PCLuS and PCKS treated with no siRNA (untransfected), non-targeting siRNA, 
and Gapdh-targeting siRNA.

Morphology after siRNA transfections
The morphology of PCLuS and PCKS was evaluated to identify whether Accell 
siRNA affected the structural integrity of slices after 48 h of incubation (fig. 4). 
As shown, PCLuS maintained their structural integrity. No substantial differences 
were observed between untransfected slices and slices treated with non-targeting 
siRNA or Gapdh-targeting siRNA. In general, PCKS maintained their structural 
integrity after 48 h of incubation as well, with no differences between the 
treatment groups, though minor signs of cellular damage (e.g., cellular swelling 
and nuclear dissolution) were observed in proximal tubules.
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FIGURE 3. ATP/protein content during siRNA transfections. Slices prepared from lung 
(a) and kidney (b) tissue were untransfected or treated with non-targeting siRNA or Gapdh -
targeting siRNA for 24 and 48 h (n = 4), after which the ATP/protein content was determined. 
Values (relative to untransfected slices, which are set to 1.0, at 24 and 48 h) are shown as the 
mean ± standard error of the mean. Tukey’s test was used to compare all means.

Acute inflammation in untransfected PCTS
qPCR analyses were also performed to determine whether acute inflammation 
manifested in untransfected PCLuS and PCKS (fig. 5). To that end, mRNA 
expression of Il1b, Il6, and Tnfa was studied over time (0, 24, and 48 h). In PCLuS, 
mRNA expression of these pro-inflammatory cytokines was found to significantly 
increase over time. Tnfa mRNA expression in PCKS had a similar pattern as in 
PCLuS. However, in PCKS, different patterns were observed in Il1b and Il6 mRNA 
expression as it significantly increased during the first 24 h of culturing, after 
which it appeared to decrease again.

Acute inflammation in transfected PCTS
The impact of Accell siRNA on the mRNA expression of pro-inflammatory cytokines 
in PCLuS and PCKS was studied by qPCR as well (fig. 6). After 24 h, non-targeting 
siRNA and Gapdh-targeting siRNA significantly decreased the mRNA expression of 
Il1b and Tnfa in PCLuS by approximately 50%, as compared to untransfected slices. 
Additionally, in comparison to untransfected PCLuS, PCLuS treated with non-
targeting siRNA had a significantly lower (~50%) Il6 mRNA expression after 48 h. 
In contrast, non-targeting siRNA and Gapdh-targeting siRNA did not significantly 
affect mRNA expression of pro-inflammatory cytokines in PCKS over time.

FIGURE 4. Morphology after siRNA transfections. Slices were untransfected (a/d) or treated 
with non-targeting siRNA (b/e) or Gapdh -targeting siRNA (c/f) for 48 h (n = 4). Thereafter, slices 
were collected for morphological analysis. Paraffin sections (4 µm) were stained with H&E 
and subsequently scanned. Representative images are shown of independent experiments 
performed in triplicate.

DISCUSSION
In this study, we set out to explore whether RNAi could be achieved in PCLuS and 
PCKS prepared from mouse tissue. It was found that both PCLuS and PCKS were 
successfully transfected with Gapdh-targeting siRNA. This resulted in significant 
silencing of Gapdh mRNA expression, without affecting the viability, and with 
limited effects on inflammation.
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FIGURE 5. Acute inflammation in untransfected PCTS. Untransfected PCLuS and PCKS 
were sampled directly after slicing (0 h) and after an incubation of 24 or 48 h (n = 3-4). mRNA 
expression of Il1b (a/d), Il6 (b/e), and Tnfa (c/f) was analyzed by qPCR, using 18s as a reference 
gene. Values are shown as the mean ± standard error of the mean. Tukey’s test was used to 
compare all means (* p < .05, ** p < .01, *** p < .001, and **** p < .0001).

Slice transfection
To induce RNAi in PCTS, diffusion of Accell siRNA into slices is required. In this 
study, it was demonstrated that fluorescent Accell siRNA diffused into PCLuS 
and PCKS, though the extent of diffusion was greater in PCLuS. Thereafter, we 
showed that RNAi was successfully induced in PCLuS and PCKS with Accell siRNA 
as significantly lower Gapdh mRNA expression was observed in slices treated with 
Gapdh-targeting siRNA. Non-targeting siRNA did not induce significant changes in 
Gapdh mRNA expression, suggesting no off-target effects. Preliminary experiments 
showed lower siRNA concentrations did not result in Gapdh mRNA silencing, 
whereas higher concentrations induced off-target effects (data not shown). 

A previous publication on polyplex-mediated siRNA transfections in PCTS prepared 
from tumor xenografts (solid tissue) described similar mRNA silencing (~50% 
after 96 h of incubation with 1 µM siRNA) but then for Birc5 mRNA [12]. However, 
their transfection technique cannot be compared to the technique presented here

FIGURE 6. Acute inflammation in transfected PCTS. PCLuS and PCKS were untransfected 
or treated with non-targeting siRNA or Gapdh -targeting siRNA for 24 and 48 h (n = 4). mRNA 
expression of Il1b (a/d), Il6 (b/e), and Tnfa (c/f) was analyzed by qPCR, using18s as a reference 
gene. Values are shown as the mean ± standard error of the mean. Tukey’s test was used to 
compare all means (* p < .05, ** p < .01, *** p < .001, and **** p < .0001).

(siRNA polyplexes vs. self-deliverable siRNA) as different target mRNAs (Birc5 
vs. Gapdh) and different tissue types (tumor tissue vs. primary tissue) were used. 
We also attempted to transfect PCTS with Lipofectamine RNAiMAX, which is a 
commonly used lipid transfection reagent to transfect continuous cell lines, but we 
did not observe any mRNA silencing (data not shown). However, such reagents have 
a limited transfection efficiency in primary cells [18]. As PCTS contain primary 
cells, it may have been the case that lipoplexes were unable to be taken up via 
endocytosis or to diffuse into PCTS. Accell siRNA does not depend on endocytosis 
and, consequently, can lead to RNAi in PCTS. In this present study, however, it 
appears a transfection was achieved in the majority of cells that are present in the 
slices, though further research is necessary to obtain direct evidence. To that end, 
immunohistochemistry could be used to identify if the transfection with siRNA 
was uniform. In addition, by using a double-staining for cell-specific markers, 
immunohistochemistry could be used to show which cells are affected by the 
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siRNA [19]. As GAPDH is an intracellular house-keeping enzyme, further research 
on specific cell-matrix and cell-cell interactions was beyond the scope of this study, 
though such interactions could be assessed in future studies with, for instance, in 
situ polymerase chain reaction (PCR) [20].

Interestingly, differences were observed in Gapdh mRNA silencing and siRNA 
diffusion between PCLuS and PCKS. PCKS required a higher concentration of Accell 
siRNA than PCLuS to produce mRNA silencing effects (1 µM vs. 0.5 µM). This might 
be caused by differences in the number of cells and the number of cells per unit 
volume. PCKS are prepared from solid tissue, whereas PCLuS are prepared from 
non-solid lung tissue inflated with agarose, which accounts for a large volume 
in slices. As a result, PCKS contain more cells than PCLuS [5]. Furthermore, the 
greater number of cells per unit volume in PCKS might have also affected the 
diffusion of Accell siRNA by restraining the movement of siRNA from a region of 
high concentration to a region of low concentration. Researchers have previously 
shown that fluorescent lysozyme (~15 kDa) diffused into PCKS prepared from mice 
[21,22]. As such, it is not surprising that Accell siRNA, which has a comparable 
molecular weight to lysozyme, could also diffuse into PCKS. Unlike PCKS, PCLuS 
contained an agarose matrix with a pore size that enabled rapid diffusion of Accell 
siRNA, thereby resulting in a higher mRNA silencing. Though there are differences 
in the diffusion of Accell siRNA between PCLuS and PCKS, it remains striking 
that 55% Gapdh mRNA silencing in PCLuS required 0.5 µM Accell siRNA, whereas 
only 40% Gapdh mRNA silencing in PCKS required 1.0 µM Accell siRNA. This 
suggests that the outermost cells in PCKS were more extensively transfected than 
the outermost cells in PCLuS. Nonetheless, the precise cellular and intracellular 
localization of Accell siRNA remains largely unclear and should be addressed in 
future research.

However, in neither PCLuS or PCKS was GAPDH protein expression affected by 
Gapdh-targeting siRNA after 48 h of incubation, as determined by western blotting 
(data not shown). The discrepancy between Gapdh mRNA expression and GAPDH 
protein expression could have arisen from differences in their intracellular half-
lives. The half-life of Gapdh mRNA in HeLa cells has been previously demonstrated 
to be ~8 h, whereas the half-lives of GAPDH protein in NRK-52E and A549 cells have 
been shown to be greater than 35 h [23–25]. This could mean that equilibration 
between Gapdh mRNA and protein levels requires more time because reductions 
in mRNA do not directly affect protein concentrations. Thus, it is worthwhile to 
select proteins with a quick turnover or to extend the incubation time to allow 

for equilibration between mRNA and protein. However, extending the incubation 
time would require the optimization of incubation conditions in order to prevent 
myofibroblast overgrowth in PCLuS and to prevent apoptosis of the proximal 
tubules in PCKS.

Slice viability
The effects of Accell siRNA on the viability of PCLuS and PCKS was studied from a 
biochemical and morphological perspective. In both PCLuS and PCKS, no significant 
differences in ATP/protein content were observed between untransfected slices 
and slices treated with non-targeting siRNA and Gapdh-targeting siRNA. This 
indicates that the viability of slices was not affected. These results are in line with 
the morphology of the slices. PCLuS maintained all morphological features after 
48 h of incubation. However, both untransfected and transfected PCKS contained 
some apoptotic proximal tubules (marked by loss of nuclei and swelling of cells), 
although the general morphology remained unaffected. Apoptosis in proximal 
tubules has been reported previously and the authors suggested it is caused by a 
disturbed pre-urine flow [8,22]. As such, observed morphological changes in PCKS 
are not attributable to the siRNA.

Slice inflammation
We also showed that acute inflammation developed in untransfected PCLuS and 
PCKS, as marked by a significant increase in mRNA expression of pro-inflammatory 
markers Il1b, Il6, and Tnfa during incubation [16]. Interestingly, in PCKS, mRNA 
expression of Il1b and Il6 appeared to decrease after 24 h, suggesting partial 
resolution. Nonetheless, cytokine production in PCTS is usually not as pronounced 
as immune responses in vivo because immune cells cannot be recruited from the 
blood [26]. As such, the extent of immune responses in PCTS is dependent on 
the number and type of immune cells in the tissue slice. The root-cause of this 
inflammatory response in slices is not fully understood, though it probably results 
from mechanical (e.g., slicing procedure itself) and chemical injury (e.g., warm/
cold ischemia) which can lead to a wound-repair response [27]. Previous literature 
reported similar responses in precision-cut intestinal slices prepared from rat, 
mouse, and human tissue [28]. Furthermore, PCKS prepared from human tissue 
have also been characterized by inflammation upon incubation for up to 48 h [8].

We also studied whether Accell siRNA had an effect on acute inflammation in slices. 
In general, unmodified siRNA can activate the innate immune system via siRNA 
sequence-dependent or sequence-independent recognition by pattern recognition 
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receptors (PRR) such as toll-like receptors (TLR) 3, 7, and 8; protein kinase R 
(PKR); and retinoic-inducible gene 1 (RIG-1) [16]. Activation of these receptors 
sets off an immune signaling cascade which leads to an inflammatory response 
characterized by an increased mRNA expression of pro-inflammatory cytokines 
Il1b, Il6, and Tnfa. Interestingly, non-targeting siRNA and Gapdh-targeting siRNA 
appeared to diminish acute inflammation in PCLuS as demonstrated by decreases 
in Il1b (24 h), Il6 (48 h), and Tnfa (24 h) mRNA expression. These effects were 
observed in PCLuS but not in PCKS. This could perhaps be caused by differences 
in the amount and type of immune cells present in both tissue types, as mentioned 
previously [6]. As these reductions are similar between non-targeting and Gapdh-
targeting Accell siRNA, we hypothesize that Accell siRNA acts as an antagonist on 
siRNA-sequence independent proteins PKR and RIG-1, which are both present in 
the cytoplasm. It could be that the sterol-modification on Accell siRNA inhibits 
the activation of PKR and RIG-1 through steric hindrance and, as a result, prevent 
activation of an immune signaling cascade. Nevertheless, the exact cause of these 
effects remains the subject of speculation. Further analysis was beyond the scope 
of this study.

CONCLUSION
In this study, we have demonstrated that PCLuS and PCKS can be successfully 
transfected with Accell siRNA to induce RNAi. Significant mRNA silencing was 
achieved without compromising the viability and structural integrity of the 
slices. Moreover, Accell siRNA did not induce a pro-inflammatory response in 
either PCLuS or PCKS. As such, this ex vivo transfection model, which combines 
advantages of in vitro and in vivo models (e.g., simplicity, flexibility, throughput, 
and representability), could be used to decrease the expression of disease-related 
genes, to investigate the function of proteins, or to establish experimental models 
of disease in PCTS. Furthermore, PCTS can be prepared from human tissue which 
makes this transfection model particularly useful in translational research.
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ABSTRACT
Small interfering RNA (siRNA) can induce RNA interference, which leads to the 
knockdown of messenger RNA (mRNA) and protein. As a result, siRNA is often used 
in vitro and in vivo to unravel the function of genes and as a therapeutic agent to 
disrupt excessive expression of disease-related genes. However, there is a large gap 
between in vitro and in vivo models in terms of simplicity, flexibility, throughput, 
and translatability. This gap could be bridged by using precision-cut tissue slices, 
which represent viable explants prepared from animal or human tissue that can be 
cultured ex vivo. Previously, we demonstrated that self-deliverable siRNA (Accell 
siRNA) induced significant mRNA knockdown in lung slices. The goal of this study, 
however, was to investigate whether Accell siRNA also induced protein knockdown 
in murine lung slices. Slices were incubated for up to 96 h with no siRNA 
(untransfected), non-targeting siRNA (control), or gene-targeting siRNA (Gapdh, 
Ppib, Serpinh1, and Bcl2l1). Overall, untransfected and transfected slices remained 
viable during an incubation of 96 h. In addition, gene-targeting siRNAs induced 
not only significant and specific mRNA knockdown but also protein knockdown. 
Finally, protein knockdown of fibrogenesis-related targets (Ppib, Serpinh1, and 
Bcl2l1) was shown to influence fibrogenesis on mRNA level, thereby demonstrating 
this model its utility in functional genomics and translational research.

INTRODUCTION
Small interfering RNA (siRNA) is a class of double-stranded RNA molecules that can 
induce RNA interference (RNAi) – a process that leads to the transient knockdown 
of specific gene products, such as messenger RNA (mRNA) and protein [1]. Because 
siRNA can be used to knockdown virtually every gene, researchers can deduce 
the function of genes based on observed phenotypic changes [2]. siRNA can also 
be used therapeutically to disrupt excessive expression of disease-related genes, 
such as collagen expression in fibrosis or oncogene expression in cancer [3]. 
Although RNAi continues to be an indispensable tool in functional genomics and 
drug development, it remains crucial to select appropriate experimental models 
[4]. For example, there is a large translational gap between in vitro and in vivo 
models in terms of simplicity, flexibility, throughput, and translatability [5]. Novel 
experimental models, which combine advantages of in vitro and in vivo models, are 
therefore greatly desired.

This need could be addressed by using precision-cut tissue slices which are viable 
explants with a well-defined thickness and diameter, prepared from animal or 
human tissue (e.g. lungs, kidney, liver, and intestine), that can be cultured ex vivo 
[6]. An important advantage of this model is that the structural and functional 
heterogeneity of organs is conserved, partly due to the presence of cell-matrix 
and intercellular interactions. To that end, tissue slices appear to be a promising 
experimental model to assess the biological effects of siRNA in relevant biological 
environments. We previously demonstrated that self-deliverable siRNA (Accell 
siRNA) disrupted mRNA expression in lung and kidney slices prepared from 
murine tissue [5]. Although significant mRNA knockdown (55%) was achieved 
after an incubation of 48 h, protein knockdown was not observed. This discrepancy 
between mRNA and protein levels could have been caused by differences in their 
respective intracellular half-lives. Longer incubation times may be required for 
protein levels to reflect changes in mRNA levels.

Full potential of this transfection model can only be realized if knockdown 
of protein is also demonstrated. Therefore, the main goal of this study was to 
further characterize and optimize this transfection model to achieve protein 
knockdown in murine lung slices using Accell siRNA. First, we identified whether 
untransfected and transfected slices remained viable during an incubation of 96 
h. The investigated viability parameters included the adenosine triphosphate 
(ATP), protein, and RNA content as well as morphology. Next, we analyzed 
whether various Accell siRNAs (targeting Gapdh, Ppib, Serpinh1, or Bcl2l1) induced 
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mRNA and protein knockdown. mRNA knockdown was studied by real-time 
quantitative polymerase chain reaction (qPCR), whereas protein knockdown 
was investigated by western blotting. Finally, as Ppib, Serpinh1, and Bcl2l1 are 
involved in fibrogenesis, we determined whether protein knockdown affected the 
fibrogenic phenotype of slices [7–9]. To that end, we assessed mRNA expression of 
the following markers: Serpine1, Tnfrsf11b, Fn, Col1a1, and Acta2 [10–15].

MATERIALS & METHODS
Animal tissue
Lung tissue was obtained from 8-12 weeks old C57BL/6J mice that were housed 
under controlled conditions with a 12 h light/dark cycle and free access to 
water and food (Central Animal Facility, University Medical Center Groningen, 
Groningen, The Netherlands). Prior to excision, the lungs were inflated in situ 
with 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) via a terminal procedure conducted 
under isoflurane/O2 anesthesia (Nicolas Piramal, London, UK). Afterwards, the 
lungs were immediately transferred to ice-cold University of Wisconsin (UW) 
preservation solution (DuPont Critical Care, Waukegab, USA). All experiments 
were approved by the Animal Ethics Committee of the University of Groningen 
(permit no. 171290-01-001).

Precision-cut lung slices
As described previously, slices were made 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 (95% O2 and 5% CO2); and adjusted to a pH of 7.4 (fig. 1) [5]. Lung slices 
had a wet weight of 4-5 mg, with an estimated thickness of 250-350 µm and a 
diameter of approximately 5 mm. Slices were incubated individually in 1 mL pre-
warmed and oxygenated culture medium at 37 °C under 80% O2 and 5% CO2, while 
gently shaken (90 cycles per minute). Culture medium was composed of Accell 
siRNA Delivery Media (Dharmacon, Lafayette, USA) supplemented with 100 U/mL 
penicillin-streptomycin (Life Technologies, Bleiswijk, The Netherlands), 50 µg/
mL gentamicin (Life Technologies), and 0.1 mM non-essential amino acids (Life 
Technologies). After slicing, slices were sampled directly or pre-incubated for 2 h 
in culture medium. Thereafter, slices were transferred to culture medium without 
Accell siRNA (untransfected) or with either 0.5 µM non-targeting (control) Accell 

siRNA or gene-targeting Accell siRNA (Gapdh, Ppib, Serpinh1, or Bcl2l1). All Accell 
siRNAs were purchased from Dharmacon. After 48 or 96 h of incubation, slices 
were collected for analysis.

FIGURE 1. Slicing workflow. Murine lungs were first inflated in situ with agarose and then 
excised. Cylindrical tissue cores were subsequently made using a biopsy puncher with a di-
ameter of ~5 mm. Finally, slices were prepared with a Krumdieck tissue slicer, yielding slices 
with a thickness of 250-350 µm that can be cultured ex vivo.

ATP content
ATP was extracted from slices (3 per condition) using ice-cold sonication solution 
(70% ethanol and 2 mM EDTA) and a Minibead-beater for homogenization (1 
cycle of 1.5 min). After centrifuging the homogenate (16,000 x g at 4 °C for 5 
min), the supernatant was collected and subsequently analyzed using an ATP 
Bioluminescence Kit (Roche Diagnostics, Mannheim, Germany), as reported 
previously [6]. Obtained ATP values (pmol) were normalized to total amount 
of protein (µg), which was determined with the RC DC Protein Assay (Bio-Rad, 
Munich, Germany).

Morphology
After fixation in 4% formalin at 4 °C for 24 h, slices (3 per condition) were 
dehydrated in baths with increasing strengths of ethanol. Thereafter, slices were 
cleared in xylene baths and embedded horizontally in paraffin. Prior to staining 
with hematoxylin and eosin (H&E), sections (4 µm) were deparaffinized and 
rehydrated in baths with decreasing strengths of ethanol. Afterwards, sections 
were dehydrated in baths of increasing strengths of ethanol. Finally, slides were 
scanned with a C9600 NanoZoomer (Hamamatsu Photonics, Hamamatsu, Japan).

mRNA expression
Total RNA was isolated from slices (3 per condition) using a Maxwell 16 LEV 
SimplyRNA Tissue Kit (Promega, Leiden, The Netherlands) and the RNA yield was 
quantified with a BioTek Synergy HT (BioTek Instruments, Vermont, USA). Isolated 
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RNA was subsequently reverse transcribed with the Reverse Transcription System 
(Promega), using a thermal cycler (22 °C for 10 min, 42 °C for 15 min, and 95 °C for 
5 min). Next, mRNA expression was assessed by qPCR, using specific primers (table 
1) and FastStart Universal SYBR Green Master (Roche, Almere, The Netherlands). 
The analysis was performed with a ViiA7 real-time qPCR (Applied Biosystems, 
Bleiswijk, The Netherlands), using 1 cycle of 10 min at 95 °C and 40 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 (2-ΔΔCt method), using Ywhaz as a reference gene.

TABLE 1. Primers.

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

Acta2 α-SMA ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA

Bcl2l1 BCL-XL ACATCCCAGCTTCACATAACCC CCATCCCGAAAGAGTTCATTCAC

Col1a1 COL1A1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT

Fn FN CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA

Gapdh GAPDH ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG

Ppib PPIB GGCTCCGTCGTCTTCCTTTT ACTCGTCCTACAGATTCATCTCC

Serpine1 PAI-1 GCCAGATTTATCATCAATGAC
TGGG

GGAGAGGTGCACATCTTTCTCA
AAG

Serpinh1 HSP47 AGGTCACCAAGGATGTGGA CAGCTTCTCCTTCTCGTCGT

Tnfrsf11b OPG ACAGTTTGCCTGGGACCAAA CTGTGGTGAGGTTCGAGTGG

Ywhaz 14-3-3ζ TTACTTGGCCGAGGTTGCT TGCTGTGACTGGTCCACAAT

Protein expression
GAPDH, PPIB, HSP47, and BCL-XL protein expression was determined by western 
blotting. In short, protein was extracted from slices (6-12 per condition) using 
ice-cold RIPA lysis buffer (Fischer Scientific, Landsmeer, The Netherlands) and 
a Minibead-beater for homogenization (five cycles of 45 s Minibead-beating and 
10 min of cooling on ice). Samples were subsequently centrifuged (16,000 x g at 
4 °C for 30 min) and denatured (75 °C for 15 min). Extracted protein (20 µg) was 
separated via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using 10% gels and blotted onto polyvinylidene fluoride membranes using 
a Trans-Blot Turbo Transfer System (Bio-Rad). After blocking in 5% non-fat milk/
TBST (Bio-Rad) for 1 h, membranes were incubated with the primary antibody 
(table 2) overnight at 4 °C followed by incubation with the respective secondary 
antibody for 1 h. Thereafter, protein was visualized with Clarity Western ECL 

blotting substrate (Bio-Rad) using the ChemiDoc Touch Imaging System (Bio-Rad). 
Protein expression was normalized using housekeeping protein vinculin (VCL) as 
internal control.

TABLE 2. Antibodies.

Protein Primary antibody Secondary antibody

BCL-XL (23 kDa) Rabbit anti-BCL-XL
(1:1000, Fischer Scientific)

Goat anti-rabbit HRP
(1:2000, Dako, Santa Clara, USA)

GAPDH (36 kDa) Mouse anti-GAPDH
(1:5000, Sigma Aldrich)

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

HSP47 (47 kDa) Rabbit anti-HSP47
(1:2000, Abcam, Cambridge, USA)

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

PPIB (24 kDa) Mouse anti-PPIB
(1:1000, Fischer Scientific)

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

VCL (116 kDa) Mouse anti-VCL
(1:500, Santa Cruz, California, USA)

Mouse binding protein HRP
(1:1000, Santa Cruz)

Statistics
GraphPad Prism 6.0 was used to analyze data statistically using one-way analysis 
of variance (ANOVA) followed by either Tukey’s multiple comparisons test to 
compare all means within a dataset or Dunnett’s multiple comparisons test to 
compare all means with one control mean. Note, mRNA expression is shown as fold 
induction (2-ΔΔCt), though the data was analyzed using the DCt values. Differences 
between groups were considered significant when p < .05.

RESULTS
Viability of untransfected slices
First, the general viability and morphology of untransfected slices were 
characterized (fig. 2). As such, we investigated the ATP/protein, protein, and 
RNA content as well as the morphology of untransfected slices at 0 h and after 
48 and 96 h of incubation. The ATP/protein content was significantly higher after 
the first 48 h of culturing, after which it appeared to decrease again, albeit not 
significantly. Furthermore, both protein and RNA content significantly decreased 
over time. Generally, the morphology of slices remained good for up to 48 h. After 
96 h, signs of moderate apoptosis manifested in the airways and parenchyma. In 
the airways, moderate karyolysis (nuclei dissolution), pyknosis (nuclei shrinkage), 
and karyorrhexis (nuclei fragmentation) were observed. Furthermore, in some 
cases, airway epithelial cells became squamous (flattened). Karyolysis, pyknosis, 
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and karyorrhexis were also observed to a moderate extent in the parenchyma, 
along with some clusters of apoptotic bodies.

FIGURE 2. Viability of untransfected slices. Untransfected slices were sampled after slicing 
(0 h) and after an incubation of 48 or 96 h (n = 3-6). Aside from ATP/protein (a), protein (b), and 
RNA (c) content, the general morphology was analyzed at 0 h (d), 48 h (e), and 96 h (f). Values 
are shown as the mean ± standard error of the mean. Tukey’s test was used to compare all 
means (* p < .05, ** p < .01, and **** p < .0001).

Viability of transfected slices
Next, we studied whether the use of Accell siRNA affected the viability of lung 
slices, after an incubation of 96 h, with a focus on ATP/protein, protein, and 
RNA content as well as morphology (fig. 3). As illustrated, transfections with 
non-targeting, Gapdh-targeting, Ppib-targeting, Serpinh1-targeting, and Bcl2l1-
targeting siRNA did not significantly change ATP/protein, protein, and RNA 
content in slices. Likewise, no substantial differences in the general morphology 
were observed between untransfected and transfected slices.

FIGURE 3. Viability of transfected slices. Untransfected and transfected slices were sampled 
after an incubation of 96 h (n = 3). Thereafter, the ATP/protein (a), protein (b), and RNA (c) 
content of slices was assessed. In addition, the general morphology of untransfected slices (d) 
and slices transfected with non-targeting siRNA (e), Gapdh-targeting siRNA (f), Ppib-targeting 
siRNA (g), Serpinh1-targeting siRNA (h), and Bcl2l1-targeting siRNA (i) was analyzed. Values are 
shown as the mean ± standard error of the mean. Tukey’s test was used to compare all means.

Baseline mRNA expression in untransfected slices
To avoid silencing genes that are (strongly) down- or upregulated during 
incubation, we determined whether the baseline mRNA expression of Gapdh, 
Ppib, Serpinh1, and Bcl2l1 in untransfected lung slices remained stable during an 

4



7574

siRNA-mediated protein knockdown in precision-cut lung slicesChapter 4

incubation of up to 96 h (fig. 4). As shown, the baseline expression of mRNAs 
targets did not significantly change over time.

FIGURE 4. Baseline mRNA expression in untransfected slices. Untransfected slices were 
sampled after slicing (0 h) and after an incubation of 48 or 96 h (n = 3-6). mRNA expression 
of Gapdh (a), Ppib (b), Serpinh1 (c), and Bcl2l1 (d) was analyzed by qPCR, using Ywhaz as a ref-
erence gene. Values are shown as the mean ± standard error of the mean. Tukey’s test was 
used to compare all means.

mRNA knockdown in transfected slices
To determine whether RNA interference was induced, we analyzed Gapdh, Ppib, 
Serpinh1, and Bcl2l1 mRNA expression in untransfected and transfected lung 
slices which were incubated for 96 h (fig. 5). As demonstrated, Gapdh-targeting, 
Ppib-targeting, Serpinh1-targeting, and Bcl2l1 -targeting siRNA induced significant 
and specific knockdown of respective target mRNAs (knockdown of 65, 95, 70, 
and 45%, respectively, compared to untransfected slices). Furthermore, no non-
specific mRNA knockdown was observed with non-targeting siRNA.

Protein knockdown in transfected slices
GAPDH, PPIB, HSP47, and BCL-XL protein expression was studied to determine 
whether knockdown of the functional gene product was achieved after an 
incubation of 96 h (fig. 6). As shown, Gapdh -targeting, Ppib-targeting, Serpinh1-
targeting, and Bcl2l1-targeting siRNA resulted in significantly lower expression 
of corresponding protein targets by 70, 35, 75, and 50%, respectively, compared 
to untransfected slices. Furthermore, no non-specific protein knockdown was 
induced by non-targeting siRNA.

FIGURE 5. mRNA knockdown in transfected slices. Untransfected and transfected slices 
were sampled after an incubation of 96 h (n = 3). mRNA knockdown of Gapdh (a), Ppib (b), 
Serpinh1 (c), and Bcl2l1 (d) was determined by qPCR, using Ywhaz as a reference gene. Values 
are shown as the mean ± standard error of the mean. Tukey’s test was used to compare all 
means (* p < .05 and *** p < .001).

Fibrogenesis in untransfected slices
Prior to the actual application of this transfection model within the context of 
fibrogenesis, we determined the baseline mRNA expression of fibrogenesis-related 
genes (fig. 7). As such, the mRNA expression of Serpine1, Tnfrsf11b, Fn, Col1a1, and 
Acta2 was studied during an incubation of up to 96 h. Over time, mRNA expression 
of Serpine1, Tnfrsf11b, and Fn significantly increased, whereas expression of Col1a1 
and Acta2 significantly decreased.

Fibrogenesis in transfected slices
Finally, we determined whether protein knockdown of PPIB, HSP47, and BCL-XL 
influenced the expression of fibrogenesis-related genes (fig. 8). Therefore, Serpine1, 
Tnfrsf11b, Fn, Col1a1, and Acta2 mRNA expression was examined in untransfected 
slices and slices treated with non-targeting, Ppib-targeting, Serpinh1-targeting, 
and Bcl2l1-targeting siRNA for 96 h. Compared to slices treated with non-targeting 
siRNA, slices treated with Serpinh1-targeting siRNA had significantly lower 
Serpine1 and Tnfrsf11b mRNA expression, whereas treatment with Ppib-targeting 
and Bcl2l1-targeting siRNA only resulted in significantly lower Tnfrsf11b mRNA 
expression. Fn, Col1a1, and Acta2 mRNA expression was not significantly different 
among the different groups.
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FIGURE 6. Protein knockdown in transfected slices. Untransfected and transfected slices 
were sampled after an incubation of 96 h (n = 3). Protein knockdown of GAPDH (a), PPIB (b), 
HSP47 (c), and BCL-XL (d) was determined by western blotting, using VCL as a housekeeping 
protein. Values are shown as the mean ± standard error of the mean. Tukey’s test was used 
to compare all means (* p < .05 and ** p < .01).

FIGURE 7. Fibrogenesis in untransfected slices. Untransfected slices were sampled after 
slicing (0 h) and after an incubation of 48 or 96 h (n = 6). mRNA expression of Serpine1 (a), 
Tnfrsf11b (b), Fn (c), Col1a1 (d), and Acta2 (e) were analyzed by qPCR, using Ywhaz as a reference 
gene. Values are shown as the mean ± standard error of the mean. Tukey’s test was used to 
compare all means (**** p < .0001).

FIGURE 8. Fibrogenesis in transfected slices. Untransfected and transfected lung slices 
were sampled after an incubation of 96 h (n = 3). Next, mRNA expression of Serpine1 (a), Tn-
frsf11b (b), Fn (c), Col1a1 (d), and Acta2 (e) was analyzed by qPCR, using Ywhaz as a reference 
gene. Values are shown as the mean ± standard error of the mean. Dunnett’s test was used 
to compare means vs. non-targeting siRNA (* p < .05).

DISCUSSION
The main objective of this study was to investigate whether siRNA-mediated 
protein knockdown could be achieved in precision-cut lung slices using Accell 
siRNA. To this end, we first characterized viability parameters of lung slices and 
subsequently assessed effects of siRNA on mRNA and protein expression. In 
general, untransfected and transfected lung slices were shown to remain viable 
for up to 96 h, with moderate signs of apoptosis. More importantly, extending the 
incubation time to 96 h was shown to generate significant mRNA knockdown, 
which also resulted in knockdown of respective proteins. Furthermore, knockdown 
of PPIB, HSP47, and BCL-XL was shown to affect mRNA expression of fibrogenesis-
related genes Serpine1 and Tnfrsf11b, thereby demonstrating the utility of this 
transfection model to study the role of genes in a biologically relevant environment.
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Viability
First of all, untransfected lung slices were characterized with respect to ATP/
protein, protein, and RNA content as well as tissue morphology. Although ATP/
protein levels in untransfected slices remained relatively stable over time, the 
protein and RNA content decreased which suggests a fraction of cells disappeared 
(e.g., due to apoptosis) while the remaining cells remained viable. Morphological 
analyses of untransfected slices revealed similar observations because 
moderate pyknosis (irreversible condensation of chromatin) and karyorrhexis 
(fragmentation of nuclei) were observed after 96 h of incubation. In line with 
our previous study, signs of apoptosis were not observed after an incubation of 
48 h [5]. Other publications describe permissible incubation times for lung slices 
ranging from 24 h up to 15 days, though different viability parameters were 
studied [16–21]. This makes comparisons particularly difficult because not all 
viability parameters are equally informative.

More importantly, no significant differences were observed in ATP/protein, 
protein, and RNA content between untransfected and transfected slices after 96 
h of incubation. The tissue morphology was not affected by siRNA transfections 
either. Previously, we showed Accell siRNA could be used to transfect murine lung 
slices (and kidney slices) without affecting the viability after 48 h of incubation [5]. 
This study complements those findings by demonstrating that lung slices could be 
incubated with Accell siRNA for an extended period of time (96 h). This finding is 
important as commonly used membrane-disruption-mediated (e.g., optoporation, 
electroporation, and micro-injections) and carrier-mediated (e.g., viral vectors, 
lipid-based nanoparticles, and polymer-based nanoparticles) transfection 
technologies can have profound cytotoxic effects [22]. Obviously, though the 
viability of slices was not affected by the Accell siRNAs, care should be taken not 
to extrapolate these findings to all potential siRNA targets. For example, highly 
efficient knockdown of crucial proteins can potentially have detrimental effects 
on the viability of slices.

Knockdown
After confirming stable mRNA expression of Gapdh, Ppib, Serpinh1, and Bcl2l1 
during an incubation of up to 96 h, we observed significant and specific mRNA 
knockdown of respective targets using Accell siRNA. Results presented here 
build on our previous work by demonstrating the utility of Accell siRNA to induce 
transient knockdown of not only Gapdh but also Ppib, Serpinh1, and Bcl2l1 [5]. 
Regarding mRNA knockdown, we observed different efficiencies between the 

tested siRNAs. Sources of variation could involve the abundance of targeted mRNA, 
the efficiency of siRNA sequences, and the applicability of feedback mechanisms. 
For example, although siRNA-mediated RNAi is a catalytic process, knockdown 
does depend on the number of mRNA copies – fewer copies are more easily 
degraded than many copies [23]. Furthermore, the siRNA sequence determines 
the position where mRNA cleavage will occur. Depending on the local secondary 
structure of mRNA, cleavage can be hampered or promoted [24,25]. Lastly, 
feedback mechanisms, such as micro RNA (miRNA) expression and transcriptional 
activation, could be triggered upon siRNA-mediated mRNA knockdown to 
compensate for changes in mRNA levels [26,27]. These factors, or a combination 
thereof, could have contributed to differences in the extent of mRNA knockdown.

Moreover, we observed significant and specific protein knockdown in lung slices 
after an incubation of 96 h. As a result, this transfection model can be applied 
to study the effects of siRNA in a relevant biological environment. Interestingly, 
except for slices treated with Ppib-targeting siRNA, protein knockdown after 
96 h was approximately similar to respective mRNA knockdown, thereby 
suggesting equilibration. Equilibration between mRNA and protein depends on 
the intracellular half-life, which is determined by protein degradation kinetics 
[28]. Perhaps PPIB has a longer intracellular half-life than GAPDH, HSP47, and 
BCL-XL. Usually, secreted proteins have different in vitro degradation kinetics 
than cytoplasmic proteins. Secreted proteins are generally degraded via lysosomal 
degradation, whereas cytoplasmic proteins are degraded by the ubiquitin-
proteasome system [29]. Unlike GAPDH, HSP47, and BCL-XL, the protein PPIB can 
be secreted by cells via the constitutive secretory pathway either spontaneously 
or as a response to oxidative stress [8,9,30,31]. As such, it is possible that relevant 
amounts of PPIB resided in intracellular vesicles ready for secretion, thus avoiding 
degradation by the ubiquitin-proteasome system. Further exploration of specific 
PPIB degradation kinetics, however, was beyond the scope of this study.

Fibrogenesis
As mentioned earlier, we determined whether protein knockdown of PPIB, HSP47, 
and BCL-XL affected the fibrogenic phenotype of slices. First, we assessed the 
baseline expression of fibrogenesis-related genes, such as Acta2, Col1a1, Fn, 
Serpine1, and Tnfrsf11b (table 3). As demonstrated, mRNA expression of Serpine1, 
Tnfrsf11b, and Fn significantly increased, whereas mRNA expression of Col1a1 
and Acta2 significantly decreased. This response could have been induced 
by the release of pro-fibrogenic factors (e.g., growth factors, proteases, and 
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metalloproteinases) from the extracellular matrix (ECM) into culture medium as 
well as by the release of cytokines by cells. As the slicing process partially disrupts 
the ECM, such factors could have diffused into the medium, potentially leading to 
activation of, for example, the transforming growth factor β 1 (TGFβ1) signaling 
pathway – one of the key drivers of fibrogenesis [32,33]. Clearly, these changes 
in mRNA expression may not fully reflect changes in the expression of functional 
gene products (i.e., proteins) but it does provide an indication of an early fibrogenic 
response. Lung slices are therefore particularly useful in fibrosis-related research 
because they display early signs of fibrogenesis as well as acute inflammation, 
which we observed in our previous study [5].

TABLE 3. Fibrogenesis-related genes.

Gene Expression Function Reference

Acta2 (Myo)fibroblasts
Encodes a smooth-muscle protein which 
promotes wound-repair by contracting 
edges of wounds.

[15]

Col1a1 (Myo)fibroblasts
Encodes an important extracellular matrix 
(ECM) constituent to support closure of 
wounds.

[14]

Fn (Myo)fibroblasts
Encodes a glycoprotein of the ECM which 
operates as a ligand for cell surface 
receptors.

[13]

Serpine1 Endothelial cells
(Myo)fibroblasts

Encodes a serine protease inhibitor that 
shields ECM proteins from proteolytic 
degradation.

[10]

Tnfrsf11b (Myo)fibroblasts
Smooth muscle cells

Encodes a biomarker for transforming 
growth factor β1 (TGFβ1) pathway 
activation.

[11], [12]

Finally, we determined whether knockdown of PPIB, HSP47, and BCL-XL affected 
the mRNA expression of fibrogenesis-related genes. As shown, only Serpine1 
and Tnfrsf11b mRNA expression was significantly affected. Though further 
elucidation of causative mechanisms was beyond the scope of this particular study, 
we could speculate on relevant mechanisms. For instance, HSP47 is necessary 
for the appropriate intracellular folding and trafficking of collagen type 1 in 
myofibroblasts, which are key effector cells in fibrogenesis. Accordingly, the 
knockdown of HSP47 leads to the accumulation of misfolded procollagens in 
the endoplasmic reticulum (ER) [34]. Recent research has shown that HSP47 
knockdown induced ER-stress mediated apoptosis in myofibroblasts, thereby 
leading to a lower expression of TGFβ1 [8,35]. A lowered expression of TGFβ1 
could have led to a lowered mRNA expression of Serpine1 and Tnfrsf11b because 

these genes are involved in fibrogenesis [10–12]. Nonetheless, although no major 
inferences can be made regarding the downstream effects of PPIB, HSP47, and 
BCL-XL knockdown in fibrogenesis, the data does illustrate that siRNA-mediated 
protein knockdown can induce phenotypic changes in lung slices, thereby 
demonstrating the potential of this ex vivo transfection model. To go a step 
further, the same transfection technique could be applied to slices prepared from 
human lung tissue. The preparation of human lung slices is similar to the slicing 
procedure presented here, as described by others [36,37]. Briefly, after careful 
inflation of human lung tissue with agarose via the airways, cylindrical tissue 
cores can be prepared with a biopsy puncher, after which slices can be prepared 
using a Krumdieck tissue slicer. As a result, the use of human lung tissue makes 
this transfection technique even more relevant in translational research.

CONCLUSION
The principle aim of this present work was to further characterize and optimize 
an siRNA transfection model for lung slices to achieve protein knockdown using 
Accell siRNA. Overall, lung slices remained viable after an incubation of 96 h, 
though signs of apoptosis were observed. In addition, the viability of slices was 
not significantly affected by transfections with Accell siRNA. More importantly, 
gene-targeting siRNAs induced not only significant and specific knockdown 
of mRNA levels but also knockdown of respective proteins. In the context of 
fibrogenesis, this model was also applied to study whether protein knockdown 
resulted in phenotypic changes. As shown, PPIB, HSP47, and BCL-XL knockdown 
affected mRNA expression of fibrogenesis-related genes (Serpine1 and Tnfrsf11b). 
Collectively, the results illustrate that this ex vivo transfection model can be used 
to study the effects of siRNA in a biologically relevant environment. Moreover, the 
same transfection technique could be applied to lung slices prepared from human 
tissue, thereby further expanding the model its utility in translational research.
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ABSTRACT
Although animal models are often used in drug research, alternative experimental 
models are becoming more popular as they reduce animal use and suffering. Of 
particular interest are precision-cut lung slices, which refer to explants – with a 
reproducible thickness and diameter – that can be cultured ex vivo. Because lung 
slices (partially) reflect functional and structural features of whole tissue, they are 
often applied in the field of immunology, pharmacology, toxicology, and virology. 
Nevertheless, previous research failed to adequately address concerns with respect 
to the viability of lung slices. For instance, the effect of oxygen concentration on 
lung slice viability has never been thoroughly investigated. Therefore, the main 
goal of this study was to investigate the effect of oxygen concentration (20 vs. 80% 
O2) on the degree of cell death, anti-oxidant transcription, acute inflammation, and 
cell proliferation in lung slices. According to the results, slices incubated at 20% O2 
displayed less cell death, anti-oxidant transcription, and acute inflammation, as 
well as more cell proliferation, demonstrating that these slices were considerably 
more viable than slices cultured at 80% O2. These findings expand our knowledge 
on lung slices and their use as an alternative experimental model in drug research.

INTRODUCTION
Though animal research is of vital importance in drug research, it is crucial 
that researchers use alternative experimental models to reduce animal use and 
suffering. To that end, researchers could use precision-cut lung slices, which are 
explants – with a reproducible thickness and diameter – that can be cultured 
ex vivo [1]. Advantages of this model include its ability to (partially) reflect the 
functional and structural heterogeneity of whole tissue and to decrease animal use 
as more experimental conditions can be tested per animal. Usually, lung slices are 
made of tissue obtained from guinea pigs, mice, non-human primates, pigs, rats, 
rabbits, or sheep [2–8]. More importantly, lung slices can also be prepared from 
human tissue, thereby further expanding the translational value and significance 
of this model [9]. As a result, lung slices have been used as an experimental model 
in the field of immunology, pharmacology, toxicology, and virology [10–13].

In the past, some researchers have reportedly incubated lung slices for as little 
as just a few hours, although others have cultured lung slices for up to a few 
weeks [14,15]. Unfortunately, previous research predominantly focused on the 
application of lung slices as an alternative experimental model but generally failed 
to accurately address concerns regarding their viability. For example, the effect 
of oxygen concentration on the viability of lung slices has not been thoroughly 
investigated. Previously, we cultured lung slices at 80% O2, whereas others 
incubated lung slices at ~20% O2 [3,16,17]. In addition, slices prepared from 
different organs (e.g., intestine, liver, and kidney) are typically incubated at 80% 
O2 as well [1,18]. Because a decreasing viability can hamper the use and application 
of slices as an alternative experimental model, it is important to further investigate 
whether the oxygen concentration can affect the viability of lung slices.

Therefore, in this study we examined the effect of oxygen concentration (20 vs. 80% 
O2) on the degree of cell death, anti-oxidant transcription, acute inflammation, and 
cell proliferation in lung slices. First, we studied cell death, with a focus on general 
viability markers (i.e., ATP, protein, and RNA content) as well as tissue damage and 
DNA fragmentation [19]. Furthermore, we checked whether caspase-dependent 
apoptosis was triggered by examining accumulation of cleaved CASP3 (cl-CASP3), 
which is an executioner caspase that can be activated via extrinsic (death signal) 
or intrinsic (mitochondrial) pathways [20]. Because oxidative stress can lead to 
cell death, transcription of NRF2-downstream (anti-oxidant) target genes was 
investigated to estimate whether oxidative stress might have developed in lung 
slices [21]. In addition, to characterize acute inflammation, we analyzed mRNA 
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expression of pro-inflammatory cytokines as well as the release of respective 
proteins into culture medium [22]. Finally, cell proliferation in slices was assessed 
by measuring mRNA expression of proliferation-related genes and by staining lung 
slices for Ki67 – a marker of proliferation [23].

MATERIALS & METHODS
Animal tissue
Lung tissue was obtained from male C57BL/6J mice (10-14 weeks old; 24-30 gram), 
which were housed under controlled conditions with a 12 h light/dark cycle and 
ad libitum access to water and food (Central Animal Facility, University Medical 
Center Groningen, Groningen, The Netherlands). Mice were anesthetized with 
isoflurane/O2 (Nicolas Piramal, London, UK) and sacrificed by exsanguination 
via the inferior vena cava followed by perforation of the diaphragm. Directly 
afterwards, 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 inflation and excision, lungs were immediately transferred to 
ice-cold University of Wisconsin 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 conducted 
conform criteria set out in national and international legislation.

Precision-cut lung slices
Slices (wet weight of 4-5 mg; thickness of 250-350 μm; diameter of 5 mm) were 
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 [3]. After slicing, slices were sampled directly (0 h) or 
pre-incubated in 12-well plates (1 slice/well) containing 1 mL/well of pre-warmed 
(37 °C) PneumaCult-ALI culture medium (Stemcell Technologies, Grenoble, 
France), which was supplemented with 100 U/mL penicillin-streptomycin 
(Life Technologies, Bleiswijk, The Netherlands) and 50 μg/mL gentamicin (Life 
Technologies), at 5% CO2 and either 20 or 80% O2. Culture plates were gently 
shaken at 90 cycles/min. After a pre-incubation of 2 h, slices were transferred to 
culture plates with fresh and prewarmed culture medium and they were incubated 
for 48 or 96 h, after which samples were taken. Culture medium of slices that were 
incubated for 96 h was refreshed after 48 h.

ATP/protein content
Intracellular adenosine triphosphate (ATP) was extracted from slices (3 per 
condition), which were individually stored in 1 mL of ice-cold sonication solution 
(70% ethanol and 2 mM EDTA) at -80 °C, as previously described [3]. Briefly, slices 
were homogenized using a Minibead-beater (2 cycles of 45 s) and subsequently 
centrifuged (16,000 x g at 4 °C for 5 min). The obtained supernatant was analyzed 
with an ATP Bioluminescence Kit (Roche Diagnostics, Mannheim, Germany). 
Calculated ATP values (pmol) were then normalized to the total amount of protein 
(μg), which was determined for individual slices using an RC DC Protein Assay 
(Bio-Rad, Munich, Germany).

Cytokine release
Culture medium samples (from 3 wells) were analyzed with a Mouse IL-1β 
DuoSet enzyme-linked immunosorbent assay (ELISA), Mouse IL-6 DuoSet 
ELISA, and Mouse TNF-α DuoSet ELISA (Bio-Techne, Abingdon, UK), according 
to the manufacturer’s instructions. Optical densities were measured with a 
BioTek Synergy HT (BioTek Instruments, Vermont, USA). To correct for optical 
imperfections in the plate, wavelength correction was applied by subtracting 
readings at 540 nm from readings at 450 nm.

mRNA expression
Total RNA was extracted from slices (6 per condition) with a Maxwell 16 LEV 
SimplyRNA Tissue Kit (Promega, Leiden, The Netherlands), after which the RNA 
yield and purity was quantified using a NanoDrop ND-100 spectrophotometer 
(NanoDrop Technologies, Wilmington, USA). Next, the extracted 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). Thereafter, the real-
time quantitative polymerase chain reaction (qPCR) analysis was conducted with 
specific primers (table 1), FastStart Universal SYBR Green Master Mix (Roche, 
Almere, The Netherlands), and a ViiA7 real-time qPCR (Applied Biosystems, 
Bleiswijk, The Netherlands), using 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.
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TABLE 1. Primers.

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

Casp3 ATGGAGAACAACAAAACCTCAGT TTGCTCCCATGTATGGTCTTTAC

Ccna2 AAGAGAATGTCAACCCCGAAAAA ACCCGTCGAGTCTTGAGCTT

Ccnb1 CTTGCAGTGAGTGACGTAGAC CCAGTTGTCGGAGATAAGCATAG

Ccnd1 GCGTACCCTGACACCAATCTC ACTTGAAGTAAGATACGGAGGGC

Ccne1 CTCCGACCTTTCAGTCCGC CACAGTCTTGTCAATCTTGGCA

Gclc GGGGTGACGAGGTGGAGTA GTTGGGGTTTGTCCTCTCCC

Gclm AGGAGCTTCGGGACTGTATCC GGGACATGGTGCATTCCAAAA

Hmox1 AAGCCGAGAATGCTGAGTTCA GCCGTGTAGATATGGTACAAGGA

Il1b TGAGCACCTTCTTTTCCTTCA TTGTCTAATGGGAACGTCACAC

Il6 TGATGCTGGTGACAACCACGGC TAAGCCTCCGACTTGTGAAGTGGTA

Mki67 ATCATTGACCGCTCCTTTAGGT GCTCGCCTTGATGGTTCCT

Nqo1 AGGATGGGAGGTACTCGAATC AGGCGTCCTTCCTTATATGCTA

Srxn1 CCCAGGGTGGCGACTACTA GTGGACCTCACGAGCTTGG

Tnfa CTGTAGCCCACGTCGTAGC TTGAGATCCATGCCGTTG

Txnrd1 CCCACTTGCCCCAACTGTT GGGAGTGTCTTGGAGGGAC

Ywhaz TTACTTGGCCGAGGTTGCT TGCTGTGACTGGTCCACAAT

Protein expression
Protein was isolated from slices (6 per condition), using ice-cold RIPA lysis buffer 
(Fischer Scientific, Landsmeer, The Netherlands) and a Minibead-beater for 
homogenization (five cycles of 45 s Minibead-beating and 10 min of cooling on 
ice), as described previously [16]. After centrifugation of the lysate (16,000 x g 
at 4 °C for 30 min), the supernatant was collected and analyzed to determine 
the protein concentration. Samples were subsequently boiled (100 °C for 15 min) 
to denature protein. Thereafter, protein (20 μg) was separated through sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), using 10% gels, 
and blotted onto polyvinylidene fluoride membranes using a Trans-Blot Turbo 
Transfer System (Bio-Rad). Afterwards, membranes were blocked in 5% non-fat 
milk/TBST (Bio-Rad) for 1 h, after which they were incubated overnight with 
primary antibody (table 2) at 4 °C, followed by incubation with the respective 
secondary antibody for 1 h. Finally, protein was visualized with Clarity Western 

ECL blotting substrate (Bio-Rad) using the ChemiDoc Touch Imaging System (Bio-
Rad). Protein expression was normalized against vinculin (VCL), which was used 
as a loading control.

TABLE 2. Antibodies.

Protein Primary antibody Secondary antibody

cl-
CASP3

Rabbit anti-CASP3 (cleaved form)
(ab13847, 1:500, Abcam, Cambridge, 
USA)

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

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

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

Stainings
Slices (3 per condition) were fixed in 4% formalin at 4 °C for 24 h, after which they 
were dehydrated in baths with increasing strengths of ethanol. Next, slices were 
cleared in xylene baths and embedded horizontally in paraffin. Before staining, 
sections (4 μm) were deparaffinized and rehydrated in baths with decreasing 
strengths of ethanol. Tissue damage was visualized with a routine hematoxylin and 
eosin (H&E) staining, whereas DNA fragmentation was revealed with a terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) Assay HRP-DAB Kit 
(Abcam). Furthermore, proliferation was assessed with an immunohistochemical 
staining for Ki67. Briefly, sections were subjected to heat-mediated (80 °C) antigen 
retrieval in 10 mM Tris/1 mM EDTA (pH 9.0) for 15 min, blocked in 2% BSA/2% 
human serum in PBS, incubated with rabbit anti-Ki67 (ab15580, 1:750, Abcam) for 
1 h, washed with 0.05% Tween 20 in PBS (3 times for 5 min), incubated with goat 
anti-rabbit HRP (P0160, 1:50, Dako) for 30 min, washed with 0.05% Tween 20 in 
PBS (3 times for 5 min), incubated with ImmPACT NovaRED Peroxidase Substrate 
(VectorLabs, Burlingame, USA) for 5 min, counterstained with hematoxylin for 1-2 
seconds, and mounted with DEPEX (Sigma-Aldrich). Stained sections were scanned 
with a C9600 NanoZoomer (Hamamatsu Photonics, Hamamatsu, Japan). Semi-
quantitative tissue damage scores were assigned to the airways and parenchyma 
in a blinded manner by two independent observers, using a custom scoring 
system (supplementary information 1). DNA fragmentation and proliferation 
were quantified with Aperio ImageScope (V12.3.3), employing the built-in Aperio 
Positive Pixel Count algorithm (V9). For each sample (biological replicate), three 
entire slices (technical replicates) were analyzed using the default algorithm 
settings to count negative, weak positive, medium positive, and strong positive 
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pixels in scanned whole-slide images. To avoid inclusion of pixels reflecting non-
specific staining, the staining intensity was calculated as the ratio of strong 
positive pixels vs. total pixels (supplementary information 2).

Statistics
GraphPad Prism (version 6.0) was used to analyze data using two-way analyses 
of variance followed by Bonferroni’s post-hoc test to compare means between 
incubation conditions at specific timepoints. Differences between groups were 
considered to be statistically significant when p < .05.

RESULTS
Characterization of general viability markers
To identify potential changes in viability, we quantified ATP, protein, and RNA 
content in slices (fig. 1). According to the results, exposure to 20% O2 elevated 
the ATP, ATP/protein, and RNA content in slices over time. In contrast, these 
parameters gradually declined in slices that were incubated at 80% O2. The protein 
content, however, remained similar between the tested oxygen concentrations.

FIGURE 1. Characterization of general viability markers. Slices were collected after slicing 
(0 h) and after 48 or 96 h of incubation at either 20 or 80% O2 (n = 3-6). ATP (a), protein (b), 
ATP/protein (c), and RNA (d) content in slices was measured to identify potential changes in 
viability. Values are shown as the mean ± standard error of the mean. (* p < .05, ** p < .01, 
and **** p < .0001)

Evaluation of tissue damage
To reveal potential tissue damage in the airways and parenchyma, we conducted 
an HE staining (fig. 2). As shown, slices incubated at 20% O2 displayed fewer signs 
of tissue damage than slices cultured at 80% O2. With respect to the airways, 
the epithelium generally maintained its pseudostratified structure at 20% O2. 
After exposure to 80% O2, however, epithelial cells detached from the basement 
membrane, leading to the flattening of remaining cells. Substantial differences 
in tissue damage were also observed in the parenchyma. More specifically, 
hyperoxic incubation conditions (80% O2) led to more extensive karyolysis (nuclei 
dissolution), pyknosis (nuclei shrinkage), and karyorrhexis (nuclei fragmentation) 
in the parenchyma. Furthermore, alveolar macrophages were abundant in slices 
cultured for 96 h at 20% O2 but not in slices cultured at 80% O2.

Localization of DNA fragmentation
To investigate cell death in slices, we performed TUNEL stainings, which can be 
used to reveal DNA fragmentation – a hallmark sign of apoptosis and necrosis (fig. 
3). As illustrated, DNA fragmentation became considerably more apparent in slices 
after 48 h of incubation, regardless of the oxygen concentration. However, after 
96 h of incubation at 20% O2, the degree of DNA fragmentation in slices declined 
to original levels, whereas it continued to increase in slices cultured at 80% O2. 
Furthermore, instances of DNA fragmentation were spread uniformly throughout 
the entire slice and marked both the airways and parenchyma.

Activation of caspase-dependent apoptosis
To check whether caspase-dependent apoptosis was triggered in slices, we 
examined Casp3 mRNA expression and accumulation of its functional protein 
cl-CASP3 (fig. 4). Even though caspase-dependent apoptosis is regulated on a 
post-translational level by cleavage of CASP3, we measured Casp3 mRNA levels 
to determine whether its expression was strongly up- or downregulated in 
slices during incubation. As illustrated, both Casp3 mRNA and cl-CASP3 became 
gradually more abundant in slices incubated at 20% O2. In contrast, slices cultured 
at 80% O2 displayed negligible changes in these parameters.
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FIGURE 2. Evaluation of tissue damage. Samples were taken after slicing (0 h) and after 48 
or 96 h of incubation at either 20 or 80% O2 (n = 3-6). HE stainings were carried out to study 
tissue damage in the airways (a) and parenchyma (b). Arrows point towards macrophages. In 
addition, tissue damage scores were assigned to the airways (c) and parenchyma (d). Scores 
ranged from 0 (no tissue damage) to 4 (severe tissue damage). Plotted values represent an 
average of the scores assigned by two independent observers and are accompanied with the 
arithmetic mean (horizontal line).

FIGURE 3. Localization of DNA fragmentation. Slices were sampled after slicing (0 h) and 
after 48 or 96 h of incubation at either 20 or 80% O2 (n = 3). TUNEL stainings were performed 
to assess DNA fragmentation in the airways (a) and parenchyma (b). Subsequent algorithmic 
analysis revealed TUNEL positive pixels (c). Values are shown as the mean ± standard error 
of the mean. (* p < .05)
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FIGURE 4. Activation of caspase-dependent apoptosis. Samples were obtained after slicing 
(0 h) and after 48 or 96 h of incubation at either 20 or 80% O2 (n = 3-4). Baseline mRNA ex-
pression of Casp3 (a) was examined via qPCR, whereas cleavage of CASP3 (b) was investigated 
by western blotting. Values are shown as the mean ± standard error of the mean. (** p < .01)

Transcription of NRF2-downstream target genes
To estimate whether oxidative stress might have developed in slices, we studied 
mRNA expression of NRF2-downstream target genes (fig. 5). As demonstrated, 
NRF2-downstream target genes were clearly transcribed more profusely in slices 
cultured at 80% O2. Transcription of NRF2-downstream target genes increased 
after 48 h of incubation, albeit to a different extent depending on the oxygen 
concentration. Interestingly, after 96 h of incubation at 20% O2, mRNA expression 
of NRF2-downstream target genes either leveled off or declined, whereas mRNA 
expression continued to increase in slices that were cultured at 80% O2.

Expression of pro-inflammatory cytokines
To establish whether acute inflammation manifested in slices, we measured Il1b, 
Il6, and Tnfa mRNA expression and release of respective proteins (i.e., IL-1β, IL-6, 
and TNF-α) into culture medium (fig. 6). As shown, Il1b mRNA expression strongly 
decreased over time regardless of the oxygen concentration, whereas Tnfa mRNA 
expression remained unchanged. mRNA expression of Il6, however, appeared to 
be affected by oxygen levels because it was elevated in slices exposed to 80% O2. 
In addition, time-dependent differences were observed in the release of IL-6 and 
TNF-α into culture medium, but no oxygen-dependent effects were discovered 
(IL-1β was not detectable). Release of IL-6 and TNF-α occurred mainly during the 
first 48 h of incubation, after which it declined again.

FIGURE 5. Transcription of NRF2-downstream target genes. Slices were sampled after 
slicing (0 h) and after 48 or 96 h of incubation at either 20 or 80% O2 (n = 3). qPCR was used 
to analyze Gclc (a), Gclm (b), Hmox1 (c), Nqo1 (d), Srxn1 (e), and Txnrd1 (f) mRNA expression 
because they are NRF2-downstream target genes. Values are shown as the mean ± standard 
error of the mean. (* p < .05, ** p < .01, *** p < .001, and **** p < .0001)

Induction of proliferation-related genes
To explore the induction of proliferation in slices, we assessed mRNA expression 
of proliferation-related genes (i.e., Mki67, Ccna2, Ccnb1, Ccnd1, and Ccne1) (fig. 7). 
Distinct expression patterns were observed for slices incubated at 20 and 80% 
O2. Exposure of slices to 20% O2 resulted in a strongly increased expression of the 
previously mentioned genes. This observation was not made for slices cultured 
at 80% O2. Instead, at 80% O2, mRNA expression of proliferation-related genes 
remained relatively unchanged or diminished over time.
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FIGURE 6. Expression of pro-inflammatory cytokines. Samples were taken after slicing (0 h) 
and after 48 or 96 h of incubation at either 20 or 80% O2 (n = 3). qPCR was used to assess Il1b 
(a), Il6 (b), and Tnfa (c) mRNA expression. Release of IL-6 (d) and TNF-α (e) into culture medium 
was quantified by ELISA. Values are shown as the mean ± standard error of the mean. (* p < 
.05 and *** p < 0.001)

Localization of proliferating cells
To localize proliferating cells in slices, we stained tissue sections for Ki67 – a 
protein that is expressed in proliferating cells (fig. 8). As displayed, profound 
differences were observed in the Ki67 staining intensity between slices incubated 
at 20 and 80% O2. Incubating slices at 20% O2 led to a progressive increase in 
the Ki67 staining intensity, which was 3-fold lower in slices cultured at 80% O2. 
Although Ki67 was detected throughout the entire slice when cultured at 20% O2, 
at 80% O2 Ki67 remained mostly confined to the airways and was only sporadically 
observed in the parenchyma.

FIGURE 7. Induction of proliferation-related genes. Slices were collected after slicing (0 h) 
and after 48 or 96 h of incubation at either 20 or 80% O2 (n = 3). qPCR was also used to study 
mRNA expression of proliferation-related genes Mki67 (a), Ccna2 (b), Ccnb1 (c), Ccnd1 (d), and 
Ccne1 (e). Values are shown as the mean ± standard error of the mean. (** p < .01, *** p < 
0.001, and **** p < 0.0001)

DISCUSSION
The main objective of this study was to investigate the effect of oxygen 
concentration (20 vs. 80% O2) on the extent of cell death, anti-oxidant transcription, 
acute inflammation, and cell proliferation in lung slices. Our study provides 
considerable insights into the effect of oxygen concentration on the viability of 
lung slices. More specifically, lung slices cultured at 20% O2 displayed less cell 
death, anti-oxidant transcription, and acute inflammation, as well as more cell 
proliferation, demonstrating these slices were significantly more viable than slices 
incubated at 80% O2. 
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FIGURE 8. Localization of proliferating cells. Samples were obtained after slicing (0 h) and 
after 48 or 96 h of incubation at either 20 or 80% O2 (n = 3). Ki67 stainings were performed 
to localize proliferating cells in the airways (a) and parenchyma (b). Subsequent algorithmic 
analysis revealed Ki67 positive pixels (c). Values are shown as the mean ± standard error of 
the mean. (** p < .01 and *** p < .001)

First of all, overall changes in viability were identified by measuring ATP, protein, 
and RNA content in slices. Remarkably, the ATP and RNA content gradually 
increased in slices that were incubated at 20% O2, whereas these parameters 
progressively declined in slices cultured at 80% O2 (protein content remained 
unaffected). The decline in ATP content suggests mitochondrial functionwas 
severely hampered in slices exposed to 80% O2. Severe mitochondrial impairment 
typically leads to a switch from apoptosis, which is an energy-requiring process, 
to necrosis and an inflammatory response [20]. In addition, ATP depletion can 
activate AMPK, thereby leading to subsequent activation of P53, which can induce 
either apoptosis or cell-cycle arrest [24]. Furthermore, the decline in RNA content 
also indicates more cell death occurred in slices exposed to 80% O2 because RNA is 
rapidly degraded during necrosis and apoptosis [25]. In contrast, the ATP and RNA 
content in slices incubated at 20% O2 could have increased due to cell proliferation, 
which requires ATP in order to replicate cellular contents [26].

We subsequently stained sections with H&E to reveal potential tissue damage in 
lung slices. In general, slices incubated at 20% O2 exhibited fewer signs of tissue 
damage than slices cultured at 80% O2. Furthermore, tissue damage was already 
observed after 48 h of incubation, after which it leveled off. For example, tissue 
damage in the airways was predominantly characterized by the detachment of 
perishing epithelial cells from the basement membrane, while remaining epithelial 
cells flattened to cover the denuded surface. These features are usually observed 
in response to injury of the airways [27]. Tissue damage in the parenchyma 
was marked by instances of pyknosis, karyolysis, and karyorrhexis. In addition, 
apoptotic bodies were particularly prominent in slices cultured at 80% O2. These 
findings are in agreement with our previous study where we also observed signs 
of tissue damage in slices cultured at 80% O2 [16]. Alveolar macrophages were only 
abundant in slices cultured at 20% O2 for 96 h. This indicates that the viability of 
alveolar macrophages can be affected by the oxygen concentration.

Thereafter, TUNEL stainings were used to evaluate DNA fragmentation, which is a 
clear sign of cell death [19]. Interestingly, after 48 h of incubation, slices cultured 
at either 20 or 80% O2 displayed a comparable increase in the extent of DNA 
fragmentation. This initial increase suggests cell death was a result of mechanical 
and/or chemical stress that slices were subjected to during their preparation (e.g., 
shear stress, warm/cold ischemia, and nutrient depletion). Strikingly, after 96 h of 
incubation, slices cultured at 80% O2 accumulated even more DNA fragmentation 
over time, whereas DNA fragmentation in slices incubated at 20% O2 dropped to 
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initial levels. The observed increase in DNA fragmentation at 80% O2 could be 
attributed to an increased production of reactive oxygen species (ROS), which can 
cause cell death if ROS production exceeds the capacity of anti-oxidant systems 
[28]. However, a downside of TUNEL stainings is that no inferences can be made 
regarding the molecular mechanism of cell death as both apoptotic and necrotic 
cells demonstrate DNA fragmentation. Furthermore, because the lungs contain 
over 40 different cell types, it was not possible to exactly determine what cell type 
survived or died [29].

To determine whether caspase-dependent apoptosis was triggered in slices, we 
examined accumulation of its functional gene product cl-CASP3. Interestingly, cl-
CASP3 gradually became more abundant in slices incubated at 20% O2, whereas 
at 80% O2 cl-CASP3 content remained unchanged over time. This finding indicates 
caspase-dependent apoptosis was responsible for cell death in lung slices cultured 
at 20% O2, although care should be taken not to overinterpret this finding because 
it does not mean other cell death mechanisms were not involved. Interestingly, 
recent studies have also implicated cl-CASP3 as an inducer of proliferation in 
neighboring cells, thereby triggering tissue regeneration [30]. Nevertheless, the 
lack of unchanged cl-CASP3 content in slices incubated at 80% O2 does suggest 
caspase-dependent apoptosis did not substantially contribute to cell death [31]. 
Instead, necrosis or caspase-independent apoptosis could have been considerably 
more prominent in slices cultured at 80% O2 because these processes are marked 
by a strong decline in ATP content, which we observed as well. The TUNEL staining 
supports this notion because DNA fragmentation, which results from apoptosis and 
necrosis, was more extensive in slices that were cultured at 80% O2 [32]. Therefore, 
depending on the oxygen concentration, cell death was probably induced via 
different cell death mechanisms, which are neither isolated or mutually exclusive.

To estimate whether oxidative stress might have developed in slices, we assessed 
the transcription of NRF2-downstream anti-oxidant target genes (i.e., Gclc, Gclm, 
Hmox1, Nqo1, Srxn1, and Txnrd1). Typically, as a response to elevated ROS formation, 
NRF2 translocates to the nucleus, where it binds to anti-oxidant response elements, 
which are upstream of many anti-oxidant genes, including those tested in this study 
[21]. According to the results, mRNA expression of the tested NRF2-downstream 
target genes was more prominent in slices cultured at 80% O2, suggesting that 
the oxygen concentration affected the formation of ROS. Unfortunately, because 
the protein content in slices was too low, it was not possible to further investigate 
NRF2 accumulation in the nuclei of cells. However, an increased accumulation 

of NRF2 in the nucleus, does not necessarily demonstrate the development of 
oxidative stress, which refers to an actual imbalance between the formation of 
oxidizing species and a cell its ability to detoxify the reactive intermediates. As 
such, our observations only demonstrated cells were strengthening their defenses 
to deal with potentially elevated ROS formation at higher O2 levels. Although 
extensive characterization of oxidative stress was beyond the scope of this study, 
future studies could consider the use of immunohistochemistry to detect nuclear 
accumulation of NRF2 and the measurement of oxidized and reduced glutathione 
to monitor oxidative stress [33].

Furthermore, because necrosis can lead to acute inflammation, mRNA expression 
of pro-inflammatory cytokines was analyzed as well as the secretion of respective 
functional gene products. Over time, only Il6 mRNA expression was elevated 
upon exposure to 80% O2. The discrepancy between Il6 mRNA and IL-6 protein 
levels is likely caused by differences in their control mechanisms. IL-6 is stored 
in intracellular vesicles and can be rapidly secreted by cells, thus representing an 
acute response to injury [34]. Meanwhile, Il6 mRNA expression in slices cultured 
at 80% O2 may have been induced via the nuclear factor kB (NF-kB) pathway due 
to persistent ROS formation, leading to differences between Il6 mRNA and IL-6 
protein levels. In addition, although variable over time, cytokine release was not 
dependent on the oxygen concentration. However, previously published results 
demonstrated a much stronger induction of Il1b, Il6, and Tnfa mRNA expression 
in slices incubated at 80% O2 [3]. Importantly, in our previous study we used 
Accell siRNA delivery medium and in our current study we used PneumaCult-
ALI medium, which contains hydrocortisone – a known immunosuppressive 
molecule. The presence of hydrocortisone (480 ng/mL) readily explains the 
observed suppression of acute inflammation [35]. It is certainly interesting to 
further characterize immunological properties of lung slices in terms of available 
immune cells and their phenotypes.

We subsequently investigated cell proliferation in slices by measuring mRNA 
expression of proliferation-related genes (i.e., Mki67, Ccna2, Ccnb1, Ccnd1, and 
Ccne1) as these genes are predominantly transcribed in proliferating cells [36,37]. 
Strikingly, mRNA expression of proliferation-related genes increased at 20% O2 
and decreased at 80% O2. This highlights how the oxygen concentration not only 
affects cell death, anti-oxidant transcription, and acute inflammation but also 
cell proliferation. Perhaps, proliferation was impaired at 80% O2 due to AMPK-
mediated activation of P53, which is known to induce cell-cycle arrest [38]. P53 can 
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also be activated in cells upon exposure to severe stress and/or damage, such as 
DNA mutations, to prevent proliferation of abnormal cells [39]. Moreover, because 
expression of cyclins (i.e., Ccna2, Ccnb1, Ccnd1, and Ccne1) is strictly confined to 
specific cell-cycle transitions, our data clearly demonstrates cells in slices cultured 
at 20% O2 progressed through all cell cycles [39]. However, given that these 
findings are based on changes in mRNA expression, results should be treated 
with care as it is not possible to determine which and how many cells proliferated.

Finally, because differences in mRNA expression of proliferation-related genes 
were observed, we continued to check the localization of proliferating cells by 
staining for Ki67, which is a marker of cell proliferation [23]. After 48 and 96 h of 
incubation, slices incubated at 20 and 80% O2 displayed substantial differences in 
Ki67 staining intensity. More specifically, at 20% O2 Ki67 was abundant throughout 
the entire slices (i.e., airways and parenchyma), indicating extensive cell 
proliferation, whereas at 80% O2 Ki67 remained mostly confined to the airways. 
Furthermore, our Ki67 staining results are in line with mRNA expression data of 
proliferation-related genes as we observed substantial oxygen-dependent effects 
as well. Cell turnover in the lungs is normally very low, though injury can induce 
proliferation of progenitor cell populations (e.g., basal cells, airway secretory Club 
cells, and alveolar epithelial type 2 cells) to repopulate damaged areas [40,41]. As a 
result, these cell populations probably proliferated in slices. Nevertheless, further 
research is necessary to confirm this hypothesis. To that end, flow cytometry could 
be used to obtain both qualitative and quantitative insights into cell proliferation 
in slices.

CONCLUSION
The effect of oxygen concentration (20 vs. 80% O2) on the extent of cell death, anti-
oxidant transcription, acute inflammation, and cell proliferation in lung slices was 
investigated. The presented findings clearly illustrate lung slices cultured at 20% 
O2 displayed less cell death, anti-oxidant transcription, and acute inflammation, 
as well as more proliferation, demonstrating these slices were significantly more 
viable than slices incubated at 80% O2. We are confident that these findings expand 
our knowledge on lung slices and their optimal culturing conditions as well as their 
use as an alternative experimental model in drug research.

SUPPLEMENTARY INFORMATION 1 – MORPHOLOGY
SCORING SYSTEM
Introduction
Within the context of tissue damage, this protocol was used to assign morphological 
scores to hematoxylin and eosin (H&E) stained sections prepared from precision-
cut lung slices. The airways and parenchyma were evaluated separately. Scores 
ranged from 0 (no tissue damage) to 4 (severe tissue damage) and, if applicable, 
were rounded to the nearest half (e.g., 2.5 or 3.5). Scoring was performed in a 
blinded manner by two independent observers, and Cohen’s weighted k was 
calculated to determine the inter-observer agreement (kairways = 0.348 and 
kparenchyma = 0.559). In addition, correlation analyses revealed a significant positive 
correlation between the two observers (fig. S1). The next two sub-sections will 
present scoring criteria as well as sample figures.

FIGURE S1. Correlation analysis. Morphology scores for the airways (a) and parenchyma (b) 
were assigned in a blinded manner by two independent observers. Subsequent correlation 
analyses (c) revealed significant positive correlations between scores assigned by observer 
A and B.
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Airways
Airway scoring criteria (table S1) is accompanied with sample figures (fig. S2).

TABLE S1. Airway scoring criteria.

Score Damage Criteria

0 None The epithelium is clearly pseudostratified and healthy. Cilia can be 
observed as well.

1 Minimal
Epithelial cells start to flatten but are still connected to the 
basement membrane. Nuclei start to become pyknotic. Cilia may 
still be present at this stage.

2 Minor Some epithelial cells start to lack nuclei. Cells are still connected to 
the basement membrane and cilia might still be observable.

3 Moderate Aside from losing nuclei, epithelial cells start to detach from the 
basement membrane. Cilia are no longer present.

4 Severe
Nearly all epithelial cells have detached from the basement 
membrane. Cells that are still attached become strongly flattened 
to cover the remaining basement membrane.

FIGURE S2. Airways. Morphology scores reflected no (0), minimal (1), minor (2), moderate 
(3), or severe (4) tissue damage in the airways.

Parenchyma
Parenchyma scoring criteria (table S2) is accompanied with sample figures (fig. S3).

TABLE S2. Parenchyma scoring criteria.

Score Damage Criteria

0 None The tissue looks healthy and there are no signs of damage. 
Furthermore, erythrocytes may be observed.

1 Minimal A small number of cells become pyknotic. These cells can be 
distinguished from normal nuclei as they are dark and small.

2 Minor As apoptosis progresses, some apoptotic bodies can be observed. 
In addition, pyknosis is becoming more prevalent in the tissue.

3 Moderate The tissue is now characterized by the clear presence of apoptotic 
bodies. Furthermore, pyknosis occurs throughout the entire tissue.

4 Severe
In this stage, a huge number of apoptotic bodies can be observed. 
The apoptotic bodies tend to cluster. Regions with no nuclei are 
clearly visible.

FIGURE S3. Parenchyma. Morphology scores reflected no (0), minimal (1), minor (2), moderate 
(3), or severe (4) tissue damage in the parenchyma.
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SUPPLEMENTARY INFORMATION 2 – APERIO POSITIVE 
PIXEL ALGORITHM
The Aperio Positive Pixel algorithm (V9) is often applied to quantify a specific 
stain in scanned whole-slide images, based on certain color specifications. Default 
algorithm settings can be used to detect brown (DAB) and red (e.g., NovaRED) 
stainings against a blue (hematoxylin) stained background. In addition, the 
algorithm can be used to distinguish specific staining from non-specific staining 
when the staining intensity is calculated as the ratio of strong positive pixels vs. 
total pixels (fig. S4). This technical feature was very useful when analyzing Ki67-
stained sections as airway epithelial cells displayed minor non-specific staining, 
whereas other cell types did not.

FIGURE S4. Aperio Positive Pixel algorithm. The default Aperio Positive Pixel algorithm (V9) 
can be applied to avoid detection of non-specific staining in the airways.
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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 
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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.
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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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PRECISION-CUT LUNG SLICES IN FIBROSIS RESEARCH
Idiopathic pulmonary fibrosis (IPF) is an incurable respiratory disease that is 
characterized by the pathological deposition of extracellular matrix (ECM) 
proteins in the lung interstitium [1]. Because approved treatments only slow the 
progression of IPF, there remains a great medical need for more effective and 
safer drugs. Unfortunately, the development of such drugs is challenging as the 
pathogenesis of IPF is not fully understood. To unravel the molecular mechanisms 
that drive the development of IPF and to lower the expression of fibrosis-related 
genes for therapeutic purposes, RNA interference (RNAi) can be exploited. RNAi is 
an endogenous mechanism that can be induced with small interfering RNA (siRNA) 
to achieve specific knockdown of messenger RNA (mRNA) and protein [2]. For that 
reason, siRNA is often used in vitro (cell cultures) and in vivo (animal studies). 
There is, however, a considerable gap between these models in terms of simplicity, 
flexibility, throughput, and translatability [3]. Appropriate experimental models 
are therefore required and they should recapitulate as many features of fibrosis as 
possible (e.g., cell-matrix interactions, cell heterogeneity, and immune responses).

Precision-cut lung slices are, accordingly, a useful model to fill this gap and can 
provide in-depth insights into fibrosis as slices retain structural and functional 
characteristics of the lungs [4]. Furthermore, the onset of wound-repair 
(fibrogenesis) can be studied in ‘healthy’ slices upon culture as a result of the 
slicing process and can be augmented with transforming growth factor β1 (TGFβ1), 
whereas the end-stage disease (fibrosis) can be assessed in slices prepared from 
leftover fibrotic tissue (i.e., surgical waste from IPF patients). Because lung slices 
can be prepared from either animal (e.g., guinea pigs, mice, non-human primates, 
pigs, rats, rabbits, or sheep) or human tissue, they also allow for the identification 
of potential species differences [3,5–11]. In addition, multiple slices with well-
defined dimensions (i.e., the diameter, and thickness) can be quickly prepared 
from a single organ using specialized equipment, thereby increasing the number 
of experimental conditions that can be tested with a single animal. As a result, lung 
slices are well-suited not only to investigate fibrogenesis and fibrosis but also to 
contribute to the reduction, refinement, and replacement of animal experiments, 
while bridging the translational gap between in vitro and in vivo models as well as 
animal models and clinical studies.

As we wanted to study whether siRNA could attenuate fibrosis in lung slices, an 
appropriate transfection technique had to be selected because siRNA, which is 
negatively charged, cannot readily pass cell membranes [12]. Popular transfection 

techniques for in vitro experiments include the use of viral vectors, electroporation, 
and nanoparticles [13]. These techniques, however, are not suitable for transfecting 
slices. Even though viral vectors can enter cells in an efficient and evolutionary-
optimized manner, they might also exert potent immunogenic effects, which are 
undesirable as inflammation influences fibrogenesis and fibrosis [14]. Although 
electroporation has been previously used to transfect brain slices, there are major 
concerns regarding its cytotoxic effects; because electroporation temporarily 
adjusts plasma membrane properties, other extracellular substances may also 
enter cells [15,16]. Using nanoparticles is also not recommended because they do 
not diffuse uniformly throughout the entire slice [17,18]. Electrostatic interactions 
between nanoparticles and outermost cells probably obstruct their diffusion into 
deeper tissue regions. Evidently, another technique had to be used to transfect 
lung slices.

To transfect lung slices without affecting their viability, we used self-deliverable 
(Accell) siRNAs. Accell siRNAs are duplex oligonucleotides that are chemically 
modified to facilitate internalization by cells and to circumvent degradation 
by nucleases. Though the exact modifications are unknown, inspection of the 
manufacturer’s patent portfolio revealed the internalization of Accell siRNA 
is probably facilitated by a lipid-conjugate, which can be either cholesterol, 
cholestanol, stigmasterol, cholanic acid, or ergosterol, that is attached to the sense 
strand of siRNA via an alkyl chain of 5 to 8 carbon atoms long [19]. Because of its 
increased lipophilicity, Accell siRNA is likely to enter cells via initial insertion 
of the lipid-conjugate into the plasma membrane followed by absorption of the 
siRNA molecule. We showed Accell siRNA uniformly transfected lung slices, 
thereby leading to specific and significant mRNA and protein knockdown. mRNA 
knockdown required 48 h of incubation, whereas protein knockdown required at 
least 96 h [3,20]. The time required for protein knockdown was substantial as the 
lifespan of slices was initially limited to 96 h. This means valuable experimentation 
time was restricted.

To address this limitation, we investigated whether the viability of lung slices could 
be improved by lowering the incubator oxygen concentration (from 80 to 20% O2). 
In our study, we observed that lung slices cultured at 20% O2 displayed fewer signs 
of cell death, anti-oxidant transcription, and acute inflammation as well as more 
cell proliferation. As the viability of lung slices was substantially improved by 
lowering the incubator oxygen concentration, we could also extend the incubation 
time from 96 to 144 h. Perhaps, the incubation time can be even further extended 
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by optimizing the culture medium composition (i.e., by adding growth factors) 
[21]. Although most studies describe culture times of a few days (24-96 h), some 
studies report culture times of a few weeks (table 1) [8,22–26]. However, it remains 
difficult to compare these studies as they analyzed different viability parameters, 
which are not always equally informative. To that end, complementary techniques 
should be used, such as a combination of biochemical and morphological analyses. 
Ultimately, the value of tissue slices comes from the fact that it represents a mini-
model of an organ, so slices should retain their functional and structural features 
for as long as possible.

TABLE 1. Overview of studies with precision-cut lung slices.

Time Species Analytical technique Reference

24 hours Mouse LIVE/DEAD assay (esterase activity & membrane 
permeability) [22]

48 hours Rat AlamarBlue assay (oxidoreductase activity) [8]

72 hours Sheep MTT assay (oxidoreductase activity) [23]

96 hours Pig Light microscopy (bronchoconstriction & ciliary 
activity) [24]

1 week Rat H&E staining (morphology) [25]

2 weeks Human WST-1 assay (oxidoreductase activity) & LIVE/DEAD 
assay [26]

4 weeks Sheep LIVE/DEAD assay [27]

KNOCKDOWN OF HSP47 IN FIBROGENIC SLICES
After developing a transfection method for lung slices, we evaluated the therapeutic 
effect and mechanism of Serpinh1-targeting siRNA to treat fibrosis. Serpinh1 was 
selected as it encodes heat shock protein 47 (HSP47), which is a molecular chaperone 
that resides in the endoplasmic reticulum (ER) and it is essential for the folding 
and intracellular trafficking of procollagen molecules [28,29]. Targeting HSP47 
instead of ECM proteins, such as collagen type 1 (COL1), has an advantage because, 
upon knockdown, myofibroblasts become apoptotic due to sustained ER stress, 
which is caused by the accumulation and aggregation of misfolded procollagen 
molecules [30]. Knockdown of HSP47 is therefore hypothesized to not only halt 
progression of fibrosis but also alleviate existing fibrosis as myofibroblasts may 
disappear from fibrotic lesions. So far, encouraging results have been obtained as 
described by several publications which demonstrated Serpinh1-targeting siRNA 

alleviated pulmonary, hepatic, renal, peritoneal, dermal, and vocal fold fibrosis in 
animal models [31–36]. Furthermore, Nitto Denko Corporation (Osaka, Japan) and 
Bristol-Myers Squibb (New York, United States) are currently conducting clinical 
studies with vitamin A coupled liposomes that contain Serpinh1-targeting siRNA 
(ND-L02-s0201/BMS-986263) (table 2). The sponsors of these studies postulate 
that coating liposomes with vitamin A improves their uptake by myofibroblasts. 
Therefore, HSP47 appears to be a promising therapeutic target for knockdown by 
siRNA to treat fibrotic diseases.

TABLE 2. Overview of clinical studies with ND-L02-s0201/BMS-986263.

Identifier Phase Status Time Size Subjects

NCT01858935 1 Completed 05/2013 → 02/2014 56 Healthy volunteers

NCT03241264 1 Completed 08/2016 → 10/2016 12 Healthy volunteers

NCT02227459 1b/2 Completed 10/2014 → 05/2016 25 Patients with hepatic 
fibrosis

NCT03538301 2 Recruiting 06/2018 → 03/2020 120 Patients with IPF

NCT03420768 2 Recruiting 02/2018 → 07/2020 165 Patients with hepatic 
fibrosis

To characterize the therapeutic effects of Serpinh1-targeting siRNA for treating 
fibrosis, we treated lung slices with TGFβ1 and Serpinh1-targeting Accell siRNA. 
After 144 h of incubation, multiple aspects of fibrogenesis were analyzed, such as 
mRNA expression of fibrogenesis-related genes, fibronectin secretion into culture 
medium, and expression of alpha smooth muscle actin (α-SMA) as well as collagen 
secretion and its deposition into the ECM. Although robust and specific knockdown 
of HSP47 (~90%) was achieved, we did not observe diminished collagen secretion 
or deposition. This finding contradicts previous research where HSP47 knockdown 
was found to suppress collagen secretion by fibroblasts [36]. It cannot be ruled 
out, however, that residual HSP47 (~10%) in lung slices was sufficient for the 
secretion of procollagen molecules. Apoptosis of myofibroblasts is also unlikely 
to have occurred as mRNA expression of fibrogenesis-related genes and expression 
of α-SMA remained stable upon knockdown of HSP47. Perhaps, misfolded and 
aggregated procollagen molecules in the ER were degraded through autophagy, 
which could have prevented ER stress and subsequent apoptosis [37]. Nevertheless, 
many questions regarding the role of HSP47 in fibrosis remain unanswered.
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As reported previously, six animal studies clearly showed therapeutic effects of 
Serpinh1-targeting siRNA after 3 to 4 weeks of frequent administration [31–36]. 
Unfortunately, those studies did not provide data with respect to the effects 
over time. Consequently, no insights into the exact therapeutic mechanism was 
obtained. Their findings would have been even more interesting if they also 
monitored collagen secretion/synthesis and deposition over time. It is possible that 
knockdown of HSP47 only affected collagen folding but not its secretion, thereby 
leading to the gradual incorporation of misfolded collagens into ECM which could 
have made the ECM more vulnerable to degradation by matrix metalloproteinases. 
Additionally, apoptosis of myofibroblasts might have been prevented by rapid 
elimination of misfolded and aggregated procollagen molecules through autophagy. 
To determine whether autophagy played a role, it would be interesting to repeat 
the experiments and include the use of an autophagy inhibitor. More research on 
the therapeutic effects of Serpinh1-targeting siRNA is therefore greatly desired.

The emergence of new analytical techniques could help us to study the therapeutic 
potential of Serpinh1-targeting siRNA. Transcriptome profiling, for example, has 
recently been used to rapidly characterize the complete set of RNA transcripts 
in lung slices [38]. Nevertheless, this technique is usually applied to analyze 
whole tissue and does not reveal phenotypes of individual cells or cell types. 
Characterizing phenotypes of individual cells (or cell types) in a heterogeneous 
multicellular environment would greatly advance research as it avoids masking 
effects caused by the inability to detect relevant changes in non-abundant cells. 
To that end, laser-capture microdissection or fluorescence-activated cell sorting 
followed by single-cell transcriptome profiling could be used to detect altered 
gene expression in specific structures (e.g., airways) or cells (e.g., myofibroblasts), 
respectively [39]. Extensive characterization of the extracellular matrix (ECM), 
which comprises ~300 different types of proteins, also deserves more attention 
because immunohistochemical stainings would be impractical to use [40,41]. 
Stable isotope labeling and liquid chromatography/mass spectrometry based 
isotopomer analysis, for example, could offer insights into the composition of the 
ECM and the synthesis rate of its constituents [42].

DELIVERY OF SIRNA TO MYOFIBROBLASTS
In case knockdown of HSP47 turns out to be a successful approach to treat IPF, 
steps can be made towards the development of a dosage form for Serpinh1-targeting 
siRNA. Parenteral administration of siRNA is not preferred as siRNA is rapidly 
excreted via the kidneys and degraded by nucleases in the serum [2]. To avoid 

these issues and to achieve site-specific delivery of siRNA in the lungs, pulmonary 
administration would be an attractive option. Before selecting an inhalation device 
and developing an inhalable formulation, strategies should be identified to ensure 
siRNA is delivered to the target cells (myofibroblasts). To that end, siRNA has to 
cross several biological barriers. Upon inhalation, siRNA is first dissolved in mucus 
of the airways and alveolar lining fluid [43]. These fluids reduce direct contact 
between siRNA and cells. While dissolved in mucus and alveolar fluid, siRNA needs 
to avoid mucociliary clearance and macrophage-mediated phagocytosis [44]. To 
reach myofibroblasts, siRNA molecules should subsequently cross the respiratory/
alveolar epithelium, after which they need to diffuse through the ECM [45]. In 
IPF patients, this ECM is abundant and tightly cross-linked, thereby limiting the 
diffusion of large molecules. Reaching myofibroblasts, however, it not sufficient to 
achieve knockdown as siRNA is negatively charged and does not easily enter cells.

Though some animal studies reported knockdown can be achieved with naked 
siRNA, it might be necessary to use delivery vectors to overcome these barriers 
[46,47]. In recent years, considerable progress has been made regarding 
the development of delivery vectors for siRNA, including but not limited to 
nanoparticles and bioconjugates [48,49]. The use of nanoparticles, however, is 
not recommended for siRNA delivery to myofibroblasts. The main issue with 
nanoparticles is their extremely limited diffusion through (fibrotic) ECM. In fact, 
nanoparticles larger than 60 nm, cannot diffuse through dense, collagen-rich, ECM 
at all [50]. Alternatively, siRNA can be conjugated with cell-penetrating peptides 
(e.g., transportan and penetratin) or lipid molecules (e.g., sterols and fatty acids) 
to enable delivery to myofibroblasts [48,51]. siRNA bioconjugates are smaller than 
traditional nanoparticles (7.5 nm vs. 100-200 nm) and are expected to have the 
ability to pass through the alveolar epithelium and ECM [52]. It is also strongly 
recommended to further modify the chemical structure of siRNA to make it more 
resistant to degradation by nucleases. Sugars, backbones, and bases, for example, 
can be chemically modified without affecting the biological activity of siRNA [53].

Aside from being effective in the desired target cell, myofibroblasts, it is also 
important to evaluate the safety, stability, and commercial viability of siRNA 
bioconjugates. For instance, siRNA bioconjugates should have a limited toxicity 
and immunogenicity. Because siRNA introduced into the body can potentially 
activate the innate immune system via pattern recognition receptors (PRRs), care 
should be taken to minimize off-target effects by optimizing the siRNA sequence 
and by chemically modifying selected sequences to circumvent activation of PRRs 
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[53]. The stability of siRNA bioconjugates is also an important aspect, albeit often 
overlooked. siRNA bioconjugates should remain stable not only during storage 
but also during manufacturing, handling, and administration [54]. Especially 
peptide-based bioconjugates require special attention as peptides are vulnerable 
to aggregation and oxidation. Lipid-based siRNA bioconjugates are therefore 
preferred. Finally, to make a difference in the lives of IPF patients, scientists should 
make sure that the production of siRNA bioconjugates is commercially viable.

TOWARDS PULMONARY ADMINISTRATION OF SIRNA
Pulmonary administration has been proposed as a strategy to achieve local 
delivery of siRNA [49]. This requires the selection of an appropriate inhalation 
device, such as a nebulizer, soft mist inhaler, metered-dose inhaler, or dry-powder 
inhaler (DPI) [2]. Among these options, DPIs are preferred for the delivery of 
siRNA, which is much more stable in a dry state than in a liquid formulation [55]. 
Nonetheless, it is not known if DPIs are suitable for patients suffering from IPF. The 
delivery of a dry powder to fibrotic lesions, for instance, could be impaired due to 
distortions in the tissue architecture. There are some indications, however, that 
DPIs can be used to treat IPF patients. For example, after successfully completing a 
phase 1b/2a trial with patients suffering from IPF (NCT02257177), Galecto Biotech 
(Copenhagen, Denmark) has started a phase 2b trial (NCT03832946) to investigate 
the efficacy and safety of galectin-3 inhibitor TD139, which is to be taken twice-
daily with a DPI. Results from their phase 1b/2a trial have not been published yet, 
but the initiation of a phase 2b trial suggests encouraging results were obtained.

If the use of DPIs is well-tolerated in IPF patients, the preparation and formulation 
of siRNA-containing dry powders can be considered. Spray or spray-freeze drying 
can be used to prepare dry powders with an aerodynamic size distribution (1-3 
μm) that allows for particle deposition in the entire lung, including the alveolar 
region [56]. Both particle engineering techniques are based on the atomization 
of a drug solution or suspension into small droplets, which are either dried due 
to solvent evaporation (spray drying) or sublimation (spray-freeze drying) [55]. 
Obviously, each technique has its strengths and weaknesses. Spray drying is 
known for its robustness, high throughput, and scalability, but the heat exposure 
has the potential to affect the stability of temperature-sensitive drugs [57]. As 
an alternative, spray-freeze drying can be used for such drugs, despite being 
more expensive, considerably slower, and prone to batch-to-batch variation [56]. 
Currently, it is not clear which particle preparation technique is preferred for 

siRNA. Some studies have demonstrated that both techniques result in siRNA-
containing dry powders with good aerodynamic properties [58,59].

Regardless of the powder preparation technique, excipients should be carefully 
chosen as they directly affect the overall performance of DPIs. Because of its 
potency, siRNA is likely to be administered at a relatively low dose [55]. This 
means a bulking agent (e.g., sugars or polyols) is required to convey the siRNA. 
Nevertheless, not all bulking agents are equally appropriate. To deliver siRNA 
into fibrotic lungs, it would be preferred to use quickly-dissolving and non-
reducing bulking agents with good dispersion properties, such as inert (poly-)
saccharides [60]. It might also be necessary to add a dispersion enhancer, which 
can be used to lower cohesive forces between powder particles. Leucine, for 
example, is a dispersion enhancer that can be used to prepare powder particles 
with a corrugated surface, thereby improving dispersibility [61]. The tolerability 
of excipients, however, should not be ignored. Mannitol, for example, has been 
previously used to prepare inhalable siRNA-containing dry powders, though it 
is also used in bronchial provocation challenges to induce an asthmatic response 
[58,60,62,63]. As a result, mannitol is probably not suitable for IPF patients because 
it may lead to coughing, airway irritation, and bronchospasms [63].

CONCLUSION
In this thesis, we set out to explore the use of siRNA within the context of pulmonary 
fibrosis. On the basis of published animal studies, we first evaluated whether 
pulmonary administration can be used to deliver siRNA into the lungs (chapter 2). 
Although this approach is promising, several problems were identified, such as the 
lacking translatability between in vitro and in vivo models. To address this issue, 
we developed and optimized a transfection method for lung slices to induce not 
only mRNA knockdown but also protein knockdown (chapter 3 and 4). Before the 
transfection method was applied to investigate the effects of siRNA, we performed 
an extensive optimization with respect to the viability of lung slices (chapter 5). 
Thereafter, we assessed the therapeutic potential of Serpinh1-targeting siRNA in 
lung slices that displayed a fibrogenic phenotype (chapter 6). Although we did not 
observe diminished collagen secretion and deposition in slices upon knockdown 
of HSP47, we strongly believe future studies should be conducted to elucidate the 
role of HSP47 in fibrosis as therapeutic effects observed in vitro (cell cultures) may 
not be entirely representative of what actually happened in vivo (animal studies). 
We hope that our research will serve as a basis for such studies.
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SUMMARY
Idiopathic pulmonary fibrosis (IPF) is a progressive disease that is marked by 
uncontrolled deposition of extracellular matrix (ECM) proteins in the lungs, leading 
to breathlessness and, eventually, respiratory failure. Clinicians often prescribe 
drugs (e.g., nintedanib or pirfenidone) to slow the decline in lung function. As these 
drugs have a limited efficacy and do not cure the disease, there remains an unmet 
medical need for safer and more effective drugs. Developing such drugs, however, 
is notoriously difficult because the pathogenesis of IPF is not fully understood. 
To knockdown expression of fibrosis-related genes for therapeutic purposes or 
to investigate the pathogenesis of IPF, small interfering RNA (siRNA) could be 
used. siRNAs are double-stranded oligonucleotides that induce RNA interference, 
thereby leading to specific knockdown of messenger RNA (mRNA) and protein 
levels. The principal aim of this thesis was to evaluate whether siRNA can be used 
to treat pulmonary fibrosis.

We first determined – based on literature – whether pulmonary administration 
is suitable to achieve site-specific delivery of siRNA in the lungs (chapter 2). 
Local administration is preferred as it has clear advantages over systemic 
administration. More specifically, pulmonary administration of siRNA avoids 
rapid excretion via the kidneys and degradation by nucleases in the blood; these 
events occur immediately after intravenous administration. For that reason, we 
investigated published animal studies that reported pulmonary administration 
of siRNA. The majority of such publications reported positive outcomes, meaning 
knockdown was observed after pulmonary administration of siRNA. Still, several 
reoccurring challenges were identified and related to 1) the necessity, efficacy, 
and safety of delivery vectors, 2) the biodistribution of siRNA in tissues other than 
the lungs, 3) the poor correlation between in vitro and in vivo models, and 4) the 
long-term effects upon (repeated) administration of siRNA.

To address the poor translation from in vitro to in vivo models, we assessed if 
precision-cut tissue slices could be used as an experimental model to study the 
effects of siRNA (chapter 3). Precision-cut tissue slices are viable explants with 
well-defined dimensions that can be cultured ex vivo for up to a few days, while 
retaining functional and structural features. Because siRNA does not readily 
pass cell membranes, scientists often use lipid or polymer-based nanocarriers 
to achieve knockdown effects. Nanocarriers, however, have a limited diffusion 
into slices as they are too big. To deliver siRNA in lung and kidney slices, we used 
self-deliverable (Accell) siRNA, which is conjugated with a sterol moiety to enable 

passive diffusion across cell membranes. In this chapter, we demonstrated Accell 
siRNA induced specific mRNA knockdown in lung and kidney slices, after an 
incubation of 48 h, without compromising the viability and morphology. Protein 
knockdown was unfortunately not observed.

With a focus on lung slices, we continued to further optimize our transfection 
method by also demonstrating protein knockdown (chapter 4). Because protein 
knockdown was not detected after 48 h, we hypothesized that the discrepancy 
between mRNA and protein knockdown was caused by differences in their 
respective half-lives. Longer incubation times might be necessary for protein levels 
to reflect changes in mRNA. We therefore cultured lung slices for up to 96 h with 
Accell siRNA that targeted either Gapdh mRNA or mRNA of fibrogenesis-related 
genes (i.e., Ppib, Serpinh1, or Bcl2l1). The results showed gene-targeting siRNAs 
did not only induce significant and specific mRNA knockdown but also protein 
knockdown. Although the transfections with Accell siRNA did not negatively affect 
the viability or morphology of lung slices, we did observe that slices displayed 
moderate signs of cell death inherent to the incubation. Optimizations regarding 
the viability of slices were therefore desired.

As oxygen can exert unintended electron transfer reactions with cellular 
constituents, we studied whether the viability of lung slices could be improved 
by lowering the incubator oxygen concentration from 80 to 20% O2 (chapter 5). 
Our study revealed lung slices cultured at 20% O2 displayed fewer signs of cell 
death, anti-oxidant transcription, and acute inflammation as well as more cell 
proliferation, demonstrating these slices were considerably more viable than 
those incubated at 80% O2. These findings are important for several reasons. 
For example, because precision-cut tissue slices derive their value from the fact 
that it represents a mini-model of an organ, structural and functional features 
should be preserved for as long as possible. On top of that, the results suggested 
the permissible incubation time could be extended from 96 to 144 h. Therefore, 
these findings greatly expanded our knowledge on lung slices and their improved 
culturing conditions.

Finally, we examined the effect and mechanism of Serpinh1-targeting siRNA in lung 
slices that displayed a fibrogenic phenotype (chapter 6). Serpinh1 was selected as 
a target because it encodes heat shock protein 47 (HSP47), which is a molecular 
chaperone that resides in the endoplasmic reticulum and it is essential for the 
maturation of collagen molecules. Several in vitro and in vivo studies demonstrated 



156 157

SummaryAppendix 1

knockdown of HSP47 alleviated fibrosis. Accordingly, we cultured lung slices 
with Serpinh1-targeting siRNA for up to 144 h, after which multiple aspects of 
fibrogenesis were analyzed, such as mRNA expression of fibrogenesis-related 
genes, fibronectin secretion into culture medium, expression of alpha smooth 
muscle actin (α-SMA), and maturation of collagen. Though strong knockdown of 
HSP47 was achieved, collagen maturation was not diminished. We believe future 
studies are warranted to elucidate the role of HSP47 in fibrosis as previously 
reported effects observed in vitro may not be entirely representative of what 
actually happened in vivo. We hope this research will serve as a basis for those 
studies.
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SAMENVATTING
Idiopathische longfibrose (IPF) is een progressieve ziekte die wordt gekenmerkt 
door een ongecontroleerde afzetting van extracellulaire matrix (ECM) eiwitten 
in de longen, wat leidt tot kortademigheid en longfalen. Artsen schrijven vaak 
medicijnen voor, zoals nintedanib of pirfenidone, om de achteruitgang in 
longfunctie te vertragen. Omdat deze medicijnen de ziekte niet genezen, blijft er 
een behoefte aan veiligere en effectievere geneesmiddelen. Het ontwikkelen van 
zulke medicijnen is echter moeilijk omdat de pathogenese van IPF niet volledig 
duidelijk is. Om expressie van fibrose-gerelateerde genen te verminderen voor 
therapeutische doeleinden of om de pathogenese van IPF te onderzoeken, kan 
small interfering RNA (siRNA) gebruikt worden. siRNA’s zijn dubbelstrengs 
oligonucleotiden die RNA-interferentie induceren, wat leidt tot de afbraak van 
specifiek messenger RNA (mRNA) en daarmee tot een verlaagde productie van 
eiwit waarvoor het mRNA codeert. Het doel van dit proefschrift was om te 
onderzoeken of siRNA gebruikt kan worden om IPF te behandelen.

Eerst hebben we – op basis van gepubliceerde literatuur – onderzocht of pulmonale 
toediening geschikt is om lokale afgifte van siRNA in de longen te bewerkstelligen 
(hoofdstuk 2). Lokale toediening heeft de voorkeur omdat het snelle excretie van 
siRNA via de nieren en afbraak door nucleasen in het bloed vermijdt. Om die reden 
hebben we gepubliceerde dierstudies onderzocht die pulmonale toediening van 
siRNA rapporteerden. Het merendeel van de publicaties beschreven positieve 
resultaten, wat betekent dat knockdown werd waargenomen na pulmonale 
toediening van siRNA. Ook hebben we uitdagingen geïdentificeerd. Deze waren 
over het algemeen gerelateerd aan 1) de noodzaak, werkzaamheid en veiligheid 
van afleveringsvectoren, 2) de biodistributie van siRNA in andere weefsels dan 
de longen, 3) de slechte correlatie tussen in vitro en in vivo modellen, en 4) de 
langetermijneffecten na (herhaaldelijke) toediening van siRNA.

Om de slechte vertaling van in vitro naar in vivo modellen aan te pakken, hebben we 
onderzocht of precision-cut tissue slices gebruikt kunnen worden om de effecten 
van siRNA te bestuderen (hoofdstuk 3). Precision-cut tissue slices zijn levensvatbare 
weefselplakjes met consistente dimensies die enkele dagen ex vivo kunnen worden 
gekweekt, met behoud van functionele en structurele kenmerken. Omdat siRNA 
niet gemakkelijk wordt opgenomen door cellen, gebruiken wetenschappers 
vaak liposomen of andere nanodeeltjes om siRNA alsnog in een cel te krijgen. 
Nanodeeltjes hebben echter een beperkte diffusie in weefselplakjes door sterische 
hindering omdat ze te groot zijn. Daarom behandelden wij plakjes van long- en 

nierweefsel met chemisch-gemodificeerd (Accell) siRNA, wat is geconjugeerd met 
een sterolgroep om passief transport door celmembranen mogelijk te maken. In dit 
hoofdstuk hebben we aangetoond dat Accell siRNA specifieke mRNA knockdown in 
long- en nierplakjes veroorzaakte na een incubatie van 48 uur. Bovendien hebben 
we aangetoond dat Accell siRNA geen invloed had op de vitaliteit en morfologie 
van de weefselplakjes. Eiwitknockdown werd helaas niet waargenomen.

Voor longplakjes hebben we deze transfectiemethode verder geoptimaliseerd zodat 
ook eiwitknockdown mogelijk werd (hoofdstuk 4). Aangezien eiwitknockdown niet 
werd gedetecteerd na 48 uur, verwachtten we dat de discrepantie tussen mRNA 
en eiwitknockdown werd veroorzaakt door het verschil in halfwaardetijd tussen 
mRNA en eiwit. We hebben daarom longplakjes 96 uur gekweekt met Accell siRNA 
dat gericht was op Gapdh mRNA of mRNA van fibrogenese-gerelateerde genen 
(namelijk Ppib, Serpinh1 of Bcl2l1). De resultaten toonden aan dat gen-gerichte 
siRNA’s niet alleen significante en specifieke mRNA knockdown induceerden, maar 
ook eiwitknockdown. Hoewel de behandeling met Accell siRNA geen invloed had 
op de vitaliteit of morfologie van longplakjes, zagen we wel tekenen van celdood 
als gevolg van de relatief lange incubatietijd. Vandaar dat het belangrijk was om 
de kweekcondities te optimaliseren zodat longplakjes voor een langere periode 
vitaal blijven.

Omdat een hoge concentratie zuurstof ongewenste oxidatie van cellulaire 
componenten kan veroorzaken, hebben we onderzocht of de levensvatbaarheid 
van longplakjes kon worden verbeterd door de zuurstofconcentratie van de 
incubator te verlagen van 80 naar 20% O2 (hoofdstuk 5). Ons onderzoek toonde 
aan dat longplakjes die gekweekt waren in 20% O2 minder tekenen vertoonden van 
celdood, antioxidant transcriptie en acute inflammatie terwijl meer celproliferatie 
werd waargenomen, wat aangeeft dat deze plakjes aanzienlijk vitaler waren dan 
plakjes die geïncubeerd werden in 80% O2. Deze bevindingen zijn om diverse 
redenen belangrijk. Omdat weefselplakjes hun waarde ontlenen aan het feit dat het 
een geminiaturiseerd model van een orgaan vertegenwoordigt, moeten structurele 
en functionele eigenschappen zo lang mogelijk worden geconserveerd. Daarnaast 
suggereerden de resultaten ook dat de incubatietijd kon worden verlengd van 96 
naar 144 uur. Derhalve hebben deze bevindingen onze kennis over longplakjes 
aanzienlijk uitgebreid.

Tot slot hebben we het effect en het mechanisme van Serpinh1-gericht siRNA 
onderzocht in longplakjes die een fibrotisch fenotype vertoonden (hoofdstuk 6). 
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Serpinh1 werd als target gekozen omdat het codeert voor heat shock protein 47 
(HSP47) – een moleculaire chaperonne die zich in het endoplasmatisch reticulum 
bevindt en essentieel is voor de productie van collageen. In de literatuur zijn er 
verschillende in vitro en in vivo studies gepubliceerd waarin werd aangetoond dat 
knockdown van HSP47 een therapeutisch effect had op fibrose. Daarom kweekten 
we longplakjes 144 uur met Serpinh1-gericht siRNA, waarna verschillende aspecten 
van fibrogenese werden geanalyseerd, zoals mRNA-expressie van fibrogenese-
gerelateerde genen, fibronectine secretie, expressie van alpha smooth muscle actin 
(α-SMA) en productie van collageen. Ondanks sterke knockdown van HSP47 was 
de productie van collageen niet verminderd. Wij zijn daarom van mening dat er 
in de toekomst onderzoek zou moeten worden uitgevoerd om de rol van HSP47 
bij fibrose verder op te helderen, aangezien eerder gerapporteerde effecten die in 
vitro zijn waargenomen mogelijk niet representatief zijn voor wat er feitelijk in vivo 
is gebeurd. We hopen dat ons onderzoek als basis voor zulke studies zal dienen.
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DANKWOORD
In den beginne was er niet zo veel, behalve een idee en een enorme nieuwgierigheid. 
Maar, na vier jaar slice-experimenten, data-analyses, bescheiden haarverlies, 
gepubliceerde manuscripten en geaccepteerde abstracts ligt er een proefschrift. 
Hoewel tijdens een promotietraject de focus voor een aanzienlijk deel op het 
product – het proefschrift – ligt, is de reis ernaartoe ook niet geheel onbelangrijk. 
Het is immers deze reis die ons vormt tot zelfstandige en kritische wetenschappers. 
Deze reis bewandelde ik niet alleen, en de totstandkoming van dit proefschrift 
is dan ook een product van gezamenlijke inspanningen. Daarom wil ik met dit 
dankwoord mijn dankbaarheid uitspreken naar een aantal mensen die een 
belangrijke bijdrage hebben geleverd aan de totstandkoming van dit proefschrift 
en/of die mijn tijd op de afdeling onvergetelijk hebben gemaakt.

Eerst wil ik mij wenden tot mijn eerste promotor: Prof. Dr. Erik Frijlink. Beste Erik, 
ik ben je zeer erkentelijk dat je mij de mogelijkheid hebt gegeven om, onder jouw 
supervisie, mijn promotieonderzoek uit te voeren bij de afdeling Farmaceutische 
Technologie en Biofarmacie (FTB). Bedankt voor het vertrouwen! Ik ben je veel 
dank verschuldigd voor jouw deskundigheid, betrokkenheid en hartelijkheid. Jouw 
steun en feedback hebben dit proefschrift zeker completer gemaakt. Dankzij jouw 
inspanningen kunnen mijn collega’s en ik niet alleen fascinerend onderzoek doen, 
maar ook interessante congressen bezoeken en boeiende cursussen volgen. Ook 
ben ik je enorm dankbaar voor mijn postdoc-aanstelling bij de afdeling FTB. Zo kan 
ik mij als wetenschapper verder ontwikkelen en kan ik nog even genieten van al 
jouw verhalen over wetenschappelijke, zakelijke en maatschappelijke contexten.

Prof. Dr. Peter Olinga, mijn tweede promotor, heeft ook een essentiële rol gespeeld 
bij de totstandkoming van dit proefschrift. Beste Peter, jij hebt mij wegwijs gemaakt 
in de befaamde en wonderlijke wereld van fibrose-onderzoek en weefselplakjes. 
Heel veel dank voor het delen van jouw kennis, enthousiasme en ideeën! Jouw 
feedback op manuscripten, abstracts en posters was altijd erg waardevol. Heel 
erg bedankt ook voor je laagdrempeligheid; ik kan altijd bij je binnenlopen, of ik 
nu een afspraak heb gemaakt of niet. Ondanks dat jouw kantoor ietwat ‘amorf’ is, 
voel ik mij er altijd welkom. Ook ben ik je erg dankbaar voor het herkennen van 
mijn interesse in de commerciële aspecten van wetenschappelijk onderzoek. Dat 
waardeer ik ten zeerste. Dankzij onder andere jouw vertrouwen blijft het niet bij 
‘slechts’ een interesse.

Graag wil ik ook Dr. Wouter Hinrichs, mijn copromotor, bedanken voor zijn 
inspanningen, deskundigheid en vriendelijkheid. Beste Wouter, hoewel mijn 
proefschrift toch iets minder farmaceutische technologie omschrijft dan wat we 
in eerste instantie voor ogen hadden, heb je een heel belangrijke rol gespeeld in 
mijn ontwikkeling als onderzoeker en daarvoor ben ik je zeer erkentelijk. Jouw 
deskundige, constructieve en snelle feedback op mijn stukken beschouwde ik altijd 
als erg leerzaam. Zeker gedurende werkbesprekingen was jouw wetenschappelijke, 
maar ook pragmatische, insteek heel waardevol. Waar Peter en ik soms neigden 
naar langdradigheid, wist jij de materie perfect samen te vatten. Bovendien ben 
je niet alleen een wetenschapper waar ik tegen opkijk, maar je bent ook een 
onderzoeker met een heel goed gevoel voor humor!

Tegenwoordig is het alom bekend dat samenwerkingsverbanden een positieve 
bijdrage kunnen leveren aan de kwaliteit van wetenschappelijk onderzoek. Dat 
heb ik tijdens mijn promotieonderzoek ook mogen ervaren. Daarom wil ik van 
deze gelegenheid gebruikmaken om Prof. Dr. Barbro Melgert te bedanken. Mijn 
onderzoek begon immers met het transfecteren van 3T3 cellen met siRNA om te 
onderzoeken wat de invloed is van osteoprotegerin op de ontwikkeling van fibrose 
– onderdeel van een onderzoekslijn die jij eerder hebt opgezet. Jouw kritische 
blik op mijn manuscripten was altijd van onschatbare waarde. Bovendien is jouw 
enthousiasme voor wetenschappelijk onderzoek heel aanstekelijk. Ik overdrijf 
niet als ik zeg dat je een voorbeeld bent voor veel (jonge) onderzoekers. Ik kijk 
er enorm naar uit om in de toekomst, gedurende mijn postdoc project, met jou te 
blijven samenwerken!

Ook wil ik mij wenden tot Prof. Dr. Wim Jiskoot, Prof. Dr. Joke Bouwstra en Prof. Dr. 
Liesbeth de Lange. Gedurende mijn studie biofarmaceutische wetenschappen aan de 
Universiteit Leiden ben ik tijdens verschillende onderzoeks- en literatuurprojecten 
door jullie begeleid; iets wat ik als bijzonder leerzaam en plezierig heb ervaren. 
Het is lastig om op papier uit te drukken hoe dankbaar ik jullie ben en hoezeer ik 
jullie waardeer. Een eenvoudig ‘dankjewel’ is bij lange na niet genoeg. Jullie zijn 
een enorme inspiratie voor mij en hebben een heel belangrijke rol gespeeld in mijn 
academische vorming. Ik hoop, op termijn, anderen te kunnen inspireren zoals 
jullie mij hebben geïnspireerd. Heel erg bedankt voor de mogelijkheden die jullie 
mij gegeven hebben om mijzelf te ontwikkelen.

Veel van mijn experimenten voerde ik uit in het ‘Groothuis Slicelab’. Onder het 
genot van wat achtergrondmuziek en goed gezelschap (Carin Biel, Emilia Bigeava, 
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Miriam Boersema, Konstanze Gier, Emilia Gore, Yvette Jansen, Rick Mutsaers, 
Dorenda Oosterhuis, Gerian Prins, Kurnia Putri, Suriguga, Isabel Stribos en Louise 
van Wijk) waren de slices zo gemaakt. Heel erg bedankt voor jullie steun, hulp 
en gezelligheid! Graag wil ik ook Max Beugeling, Leonie Beljaars, Annemarie 
Broesder, Rick Heida, Renée van der Kooij, Imco Sibum, Yu Tian en Caroline Visser 
bedanken. Mede dankzij jullie heb ik het enorm naar mijn zin gehad tijdens mijn 
promotieonderzoek. Verder wil ik ieder ander bedanken die werkzaam is bij de 
afdeling FTB. Jullie maken de afdeling zoals die is: vol sfeer, kennis en kunde!

Naast mijn werk in de laboratoria van de afdeling FTB stond ik ook met enige 
regelmaat in de laboratoria van de afdeling Farmacokinetiek, Toxicologie en 
Targeting (FTT). Marina de Jager, Eduard Post en Catharina Reker-Smit hebben 
mij destijds geholpen om wegwijs te worden, zodat ik vlot aan de slag kon met 
het kweken van cellen en het uitvoeren van verscheidene analytische technieken. 
Vandaar dat ik jullie graag wil bedanken voor jullie tijd en moeite! Ik zou ook 
een speciaal woord van dank willen richten aan Adhyatmika, Roberta Bartucci, 
Fransien van Dijk en Anienke van Veen. Het was nuttig om met jullie te sparren 
over wetenschappelijke zaken. Ook hebben we hilarische momenten gedeeld, waar 
ik goede herinneringen aan heb overgehouden. Heel erg bedankt daarvoor!

Tijdens een promotieonderzoek leer je heel veel over allerlei aspecten van 
onderzoek doen. Denk aan het kritisch analyseren van literatuur, het opzetten 
van experimenten en het analyseren van resultaten. Een ander belangrijk en 
deugdelijk aspect betreft het begeleiden van studenten. Daarom wil ik van deze 
gelegenheid gebruikmaken om mijn dank uit te spreken voor het voortreffelijke 
werk van mijn studenten Nalinie Maggan, Delphine Willaert, Kaling Xian, Khaled El 
Amasi, Marina Roest en Jaïr Tan. Heel erg bedankt voor jullie tomeloze inzet! Met 
een onuitputtelijk enthousiasme hebben jullie een belangrijke bijdrage geleverd 
aan dit proefschrift. Het was mij een genoegen om jullie begeleider te zijn. Ik wens 
jullie veel succes en plezier toe met al jullie toekomstplannen.

Mijn ouders en broer wil ik ook bedanken. Mam, pap en Kevin, het is moeilijk om 
de woorden te vinden die recht doen aan mijn liefde, waardering en dankbaarheid 
voor jullie. Van kleins af aan stimuleerden jullie met bevlogenheid de ontwikkeling 
van mijn interesses in de exacte wetenschappen, met in het bijzonder biologie en 
farmacie. Na mijn studie aan de Universiteit Leiden en een promotietraject aan de 
Rijksuniversiteit Groningen komt nu de kers op de taart: het bemachtigen van een 
doctoraatsdiploma. Hoewel mijn verhalen over mislukte experimenten misschien 

niet altijd even coherent waren, wisten jullie mij altijd op te beuren, zodat ik weer 
met frisse moed verder kon. Vanuit een grenzeloze waardering voor wie jullie zijn 
en wat jullie doen, wil ik jullie intens bedanken… voor alles!

Ten slotte wil ik mijn partner Michel bedanken. Lieve Michel, ook jij hebt een 
wezenlijke bijdrage geleverd aan de totstandkoming van dit proefschrift. Jouw 
onvoorwaardelijke steun en liefde maakten de laatste loodjes een stuk minder 
zwaar! Hoewel werk en privé onmogelijk gescheiden te houden was gedurende 
een promotietraject, weet ik dat je altijd voor mij klaarstaat. Dit waardeer ik ten 
zeerste. Wat ik óók enorm waardeer, is dat je regelmatig met mij meeging naar het 
laboratorium, wanneer ik in het weekend samples moest nemen. Dan dronken we 
altijd even wat koffie, thee of warme chocolademelk. Lieve Michel, ik kan het niet 
vaak genoeg zeggen, ik ben je enorm dankbaar en ik kijk uit naar alle activiteiten 
die we in de toekomst gaan ondernemen!
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Mitchel Ruigrok was born in Leiden (The 
Netherlands) on the 15th of May, 1992. From 
an early age, he demonstrated a keen interest 
in biology and chemistry. For that reason, it 
was not surprising that Mitchel decided to 
pursue a bachelor’s degree in pharmaceutical 
sciences at the University of Leiden. To 
finalize his bachelor’s degree program, he 
conducted a research internship of 10 weeks 
in the department of Drug Delivery 
Technology at the University of Leiden. Under 
supervision of Prof. Dr. J. Bouwstra, Prof. Dr. 
W. Jiskoot, and P. Schipper (M.Sc.), Mitchel 
investigated whether gold-coated surfaces 
could be chemically modified to bind proteins 
in a pH-sensitive manner. After receiving his 
bachelor’s degree (2013), he pursued a 
master’s degree in pharmaceutical sciences 

at the University of Leiden. As a part of his master’s degree program, Mitchel first 
performed a research internship of 9 months in the department of Drug Delivery 
Technology at the University of Leiden. Supervised by Prof. Dr. J. Bouwstra, Prof. 
Dr. W. Jiskoot, and P. Schipper (M.Sc.), he developed antigen- and adjuvant-coated 
microneedles for transdermal vaccination purposes. Mitchel subsequently 
conducted a research internship of 6 months at Coriolis Pharma in Martinsried 
(Germany). Under supervision of Prof. Dr. W. Jiskoot, Dr. A. Hawe, and D. Weinbuch 
(M.Sc.), he investigated whether nanoparticulate impurities found in 
pharmaceutical-grade sucrose could affect the stability of therapeutic proteins. 
After receiving his master’s degree cum laude (2015), Mitchel started a PhD project 
in the department of Pharmaceutical Technology and Biopharmacy at the 
University of Groningen (The Netherlands). Supervised by Prof. Dr. Erik Frijlink, 
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