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Idiopathic pulmonary ﬁbrosis (IPF) is a chronic disease in
which the lungs become irreversibly scarred, leading to
declining lung function. As currently available drugs do not
cure IPF, there remains a great medical need for more effective
treatments. Perhaps this need could be addressed by gene therapies, which offer powerful and versatile ways to attenuate a
wide range of processes involved in ﬁbrosis. Despite the potential beneﬁts of gene therapy, no one has reviewed the current
state of knowledge regarding its application for treating IPF.
We therefore analyzed publications that reported the use of
gene therapies to treat pulmonary ﬁbrosis in animals, as clinical studies have not been published yet. In this review, we ﬁrst
provide an introduction on the pathophysiology of IPF and the
most well-established gene therapy approaches. We then present a comprehensive evaluation of published animal studies,
after which we provide recommendations for future research
to address challenges with respect to the selection and use of animal models as well as the development of delivery vectors and
dosage forms. Addressing these considerations will bring gene
therapies one step closer to clinical testing and thus closer to
patients.
Idiopathic pulmonary ﬁbrosis (IPF) is a chronic and progressive disease with an unknown cause in which the lungs become irreversibly
scarred. The development of IPF is largely driven by the sustained
and uncontrolled activation of tissue repair mechanisms, resulting
in pathological deposition of extracellular matrix (ECM) in the
lungs.1 This process often begins in both the basal and peripheral
areas of the lungs. As the disease worsens, the lungs become increasingly unable to facilitate gas exchange (Figure 1). Patients will therefore experience increasing breathlessness and, eventually, respiratory
failure. Currently available epidemiological studies point toward an
incidence of 2–30 cases per 100,000 person-years and a prevalence
of 10–60 cases per 100,000 people.3 The prevalence, however, has
been shown to increase with age. Especially older adults (>65 years)
are more frequently diagnosed with IPF (494 cases per 100,000 people).4 Most of these patients have a poor prognosis because the disease
has a highly variable and unpredictable clinical course, with a median
survival time of 2–3 years from the time of diagnosis.5

During the past few decades, numerous processes have been shown to
drive wound healing and tissue repair in the lungs. Following injury, a
range of cell types orchestrate various processes, such as the removal
of damaged tissue by macrophages and tissue re-epithelialization by
progenitor cells.6 In IPF, however, these processes become severely
dysregulated. Although the exact cause of this dysregulation remains
unknown, several risk factors have been identiﬁed. Tobacco smoking,
for example, is a well-recognized risk factor, especially when people
smoked more than 20 pack-years (i.e., 1 pack of 20 cigarettes per
day for 20 years).7 Occupational exposure to metal, wood, and livestock-related dusts have been shown to contribute to the development
of IPF as well.8,9 Also, chronic viral infections caused by the EpsteinBarr virus, cytomegalovirus, human herpesvirus 7, and human
herpesvirus 8 have been associated with IPF.10 In some cases, patients
have a genetic predisposition (i.e., familial IPF). Polymorphisms in
the promotor of MUC5B, for instance, appear to be prognostic and
are observed more often in patients suffering from IPF.9 In the future,
actual gene editing could be a promising avenue to treat patients with
familial IPF. These technologies, however, are still in their infancy, so
further discussion is beyond the scope of this review.
Finding novel drugs to treat IPF is challenging due to the complex
pathogenesis of the disease. In fact, pinpointing a suitable molecular
target is arguably the most difﬁcult aspect. So far, only two drugs have
been approved for the treatment of IPF, namely pirfenidone (Esbriet)
and nintedanib (Ofev). These drugs are to be taken orally. The mechanism of action of pirfenidone remains unclear, whereas nintedanib
has been shown to be a broad-spectrum tyrosine kinase inhibitor.
Clinical trials have demonstrated that both drugs slow the decline
in lung function by 50% during the course of 1 year.11,12 Although
effective in slowing disease progression, these drugs do not cure IPF
and may cause severe side effects (e.g., gastrointestinal bleeding and
diarrhea).1 To improve exercise tolerance in patients, clinicians also
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Figure 1. Gas exchange
O2 and CO2 diffuse across the alveolar-capillary barrier to
maintain homeostasis. (A) This barrier is ~0.8 mm in
healthy alveoli, enabling fast gas exchange.2 (B) In fibrotic
alveoli, the alveolar-capillary barrier is substantially thicker
due to excessive deposition of ECM, thus hampering the
exchange of O2 and CO2.

recommend oxygen supplementation and pulmonary rehabilitation,
the latter of which involves exercise, education, and psychosocial support.9 As a last resort, lung transplantation may be considered for patients, as it improves their life expectancy. Given the limited supply of
donor organs and risks for graft rejection, however, many patients are
not eligible for a lung transplant.13 Clearly, treatment options are
limited. More effective and safer drugs are thus greatly desired.
This need could be addressed by developing gene therapies, which
hold great promise for treating a wide variety of diseases. By introducing genetic material into cells, it has become possible to modulate
molecular targets previously thought to be “undruggable”, a term that
is often used to describe targets that cannot be regulated through conventional means (e.g., with small-molecule drugs). Despite the potential beneﬁts of gene therapy, no one has reviewed the current state of
knowledge regarding its application for treating IPF. The aim of this
literature study was therefore to determine what is known about the
use of gene therapy to treat pulmonary ﬁbrosis in animals. In this
review, we ﬁrst provide background information on the pathophysiology of IPF and the most well-established approaches to gene therapy. We then present an evaluation of published animal studies to
establish whether gene therapy could be a feasible therapeutic
approach. Lastly, we discuss the challenges that need to be overcome
in order to transform gene therapy concepts into drugs that beneﬁt
IPF patients.

macrophages, lymphocytes, and eosinophils).
These cells work closely together to remove
potential microbial threats and dead/damaged
tissue.16 Simultaneous secretion of cytokines
sets off the third phase, in which ﬁbroblasts
are recruited. Upon activation, these ﬁbroblasts
turn into myoﬁbroblasts, which produce a wide
range of ECM proteins, especially collagen type 1.17 In the last phase,
myoﬁbroblasts contract the wound, after which epithelial and endothelial cells are instructed to cover the freshly produced ECM.18 Afterward, remaining myoﬁbroblasts are instructed to undergo apoptosis
or to become senescent.
In the lungs of IPF patients, the tissue repair program is severely dysregulated, favoring the excessive production of ECM proteins and the
maintenance of a pro-ﬁbrotic milieu. Up to this point, the exact cause
of this dysregulation remains unknown. Emerging evidence indicates
that repeated subclinical injuries to the alveolar-capillary barrier and
subsequent failure to repair this barrier contribute to the development
of IPF.19 Failure to adequately repair the alveolar-capillary barrier
could be caused by reduced proliferation and/or enhanced apoptosis
of epithelial cells, although aberrant epithelial-mesenchymal transition (EMT) has also been shown to play a role. Somewhere in this process a point of no return is reached, resulting in the formation of a
pro-ﬁbrotic environment that hinders the resolution of ﬁbrosis
(e.g., due to epigenetic reprogramming and cellular senescence as
well as changes to the matrix organization, composition, and stiffness). Thus far, a wide range of processes have been implicated in
IPF, ranging from activation of the coagulation cascade to myoﬁbroblast activation, and even auxiliary processes such as angiogenesis and
oxidative stress. The extent of involvement of each process, however,
has not been fully characterized yet. This makes the development of
safe and effective drugs particularly challenging.

Pathophysiology of IPF

To fathom the complex pathophysiology of IPF, it is important to be
familiar with the basic principles of tissue repair. In a nutshell, the tissue repair program consists of four different, but overlapping, phases
and involves a clotting/coagulation phase, an inﬂammation phase, a
ﬁbroblast recruitment/proliferation phase, and a remodeling phase.14
The ﬁrst phase starts directly after injury and is marked by the rapid
secretion of cytokines by epithelial and endothelial cells, among
others, to initiate an anti-ﬁbrinolytic coagulation cascade that results
in the formation of a temporary matrix composed of ﬁbrin and ﬁbronectin (FN).15 The ensuing inﬂammation phase is characterized by
the recruitment of various immune cells (e.g., neutrophils,
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Unsurprisingly, the pathophysiology of IPF is immensely difﬁcult to
emulate in animals. In fact, there are currently no animal models
capable of accurately reﬂecting all disease features. Animal models
are therefore not speciﬁc for IPF but offer insights into some aspects
of pulmonary ﬁbrosis. Commonly used approaches to induce pulmonary ﬁbrosis include the use of bleomycin, silica, ﬂuorescein isothiocyanate (FITC), paraquat, or lipopolysaccharide (LPS).20 In most
cases, these substances are administered once, except for bleomycin
and LPS, which may also be administered repeatedly to mimic
chronic injury. These substances cause direct cell damage and/or
inﬂammation, both of which induce a strong and robust tissue repair
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Figure 2. Enhancing expression
To restore or augment the level of a particular protein, synthetic mRNA can be
delivered into the cytosol or artificially constructed pDNA can be introduced into the
nucleus, producing either transient or long-term/permanent effects, respectively.

response, leading to the deposition of ECM proteins. Radiation may
also be used to induce ﬁbrosis but requires genetically susceptible
(C57BL/6) mice. To avoid inducing systemic ﬁbrosis, radiation exposure should be conﬁned to the thoracic area using protective shields.
Transgenic animals overexpressing transforming growth factor b1
(TGF-b1) are also occasionally used, allowing the animals to develop
ﬁbrosis in the absence of signiﬁcant inﬂammation. For more information on these animal models, readers are referred to an excellent review by Moore et al.20

Gene therapy approaches
Enhancing expression

Figure 3. Silencing expression
After entering the cytosol, siRNA can induce RNAi, a process that leads to the
degradation of specific target mRNA. Alternatively, pDNA-encoding shRNA can be
delivered into the nucleus to achieve long-term/permanent gene silencing.

greater control over the duration of effects, thus preventing continuous expression of proteins long after diseases have subsided. Despite
having fewer delivery barriers than pDNA, mRNA also remains challenging to deliver due to its unfavorable physicochemical properties
(e.g., large size, negative charge, and susceptibility to degradation
by nucleases). As such, mRNA cannot be easily transported to and
taken up by cells. Synthetic mRNAs are therefore often incorporated
into non-viral vectors (e.g., nanoparticles or liposomes) for delivery
and protection purposes.
Silencing expression

The ﬁrst studies on gene therapy aimed to restore or augment the
expression of a particular gene.21 In the past, this aim was fulﬁlled
by introducing artiﬁcially constructed plasmid DNA (pDNA) into
the nucleus (Figure 2).22 pDNA refers to circular, double-stranded
DNA molecules that are distinct from a cell’s chromosomal DNA.
The use of pDNA is frequently pursued when long-term or permanent expression is desired. Vectors are required to introduce pDNA
into the nucleus. Depending on the vector type, expression may
persist for a long period of time or indeﬁnitely. For example, lentiviruses (LVs) integrate pDNA into the genome of the host, resulting in
permanent expression at the risk of causing insertional mutagenesis.22 Other viral vectors, such as the adenovirus (AV) or adeno-associated virus (AAV), do not integrate pDNA into the host’s genome at
all (AV) or only to a limited extent (AAV), leading to long-lasting but
ultimately transient expression.23 Non-viral vectors do not result in
permanent expression either; pDNA that is not integrated is eventually lost through dilution effects in dividing cells.24
Nowadays, gene expression may also be restored or augmented by
delivering synthetic messenger RNA (mRNA) into the cytosol.25
One of the key advantages of using mRNA is that, upon internalization by cells, it can be directly translated into protein to exert therapeutic effects intracellularly or extracellularly, without requiring
further transport or processing steps. Another advantage includes
the transient nature of mRNA, which reduces the risks of potential
side effects. As a consequence, mRNA-based therapeutics provide

In 1998, Fire et al.26 published a revolutionary paper on RNA interference (RNAi), a powerful endogenous mechanism that can be
used to knock down virtually any gene. Since its discovery, RNAi
has been rapidly adopted as an indispensable tool in functional genomics and drug development. To induce RNAi, small interfering RNA
(siRNA) or pDNA encoding for short hairpin RNA (shRNA) has to
be delivered into the cytosol or nucleus, respectively (Figure 3).27
siRNAs are short (20–25 bp), double-stranded RNA molecules with
a guide (antisense) and passenger (sense) strand. Upon entering the
cytosol, siRNA is ﬁrst incorporated into an RNA-induced silencing
complex (RISC), after which the passenger strand is released and
the guide strand retained. The activated RISC subsequently binds
mRNA with a complementary sequence to the guide strand. Targeted
mRNA is then cleaved and released, leading to degradation of the resulting mRNA fragments by nucleases. Afterward, the activated RISC
can be reused in a new cycle to degrade another mRNA molecule.
Similar to synthetic mRNA, siRNA generally has a limited intracellular half-life of up to a few days and therefore produces only transient
effects.25,28 Non-viral vectors can be used to improve the uptake of
negatively charged siRNA molecules in the lungs.29 To achieve
long-term or permanent silencing, shRNA-encoding pDNA can be
delivered into the nucleus. shRNA refers to RNA molecules with a
length of 70 bp and self-complementary sites that anneal to form
a tight hairpin loop.30 However, before shRNA can induce gene
silencing, additional processing steps by the ribonucleases Drosha
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required to process pri-miRNA into miRNA. Care should be taken
when selecting this approach because the pri-miRNA processing machinery could become saturated, leading to an altered expression of a
number of endogenously expressed miRNAs. Although often
perceived as advantageous, the pleiotropic effects of miRNA may
also raise safety concerns. For that reason, target mRNA transcripts
of a miRNA must be carefully mapped to avoid repressing the expression of essential genes.
Animal studies

Figure 4. Repressing expression
Upon entering the cytosol, miRNA uses RNAi machinery. Depending on the
sequence complementarity, target mRNA can be either cleaved or destabilized or its
translation can be hindered. To achieve long-term/permanent effects, pDNA encoding pri-miRNA may be delivered into the nucleus.

and Dicer are required to turn it into siRNA. The resulting siRNA
subsequently induces RNAi as described previously. Although this
approach is highly effective at silencing gene expression for long periods of time, it may lead to unwanted side effects. Drosha and Dicer,
for example, are also involved in the processing of endogenously expressed microRNAs (miRNAs), which regulate the expression of
numerous genes. Saturation of this processing machinery could
greatly affect the phenotype of cells.31

Gene therapy clearly provides many opportunities for treating diseases. We therefore reviewed published animal studies because clinical studies have not been published yet. To ﬁnd relevant publications,
we searched the PubMed/MEDLINE database. See Figure S1 for more
information about the literature search. We identiﬁed 53 publications, most of which described the use of a single gene therapy
approach, although some reported the use of two. As illustrated,
initial work in this ﬁeld solely focused on enhancing gene expression
for therapeutic purposes (Figure 5). In recent years, however, interests
have changed in favor of gene silencing, which is currently the most
frequently published approach. Repressing gene expression is reported least often, probably because miRNAs and their effects on diseases are still under thorough investigation. Nevertheless, based on
the number of publications, there appears to be plenty of interest in
exploring the use of gene therapy to treat IPF, regardless of the
approach used. Hence this section presents key ﬁndings and highlights of the identiﬁed animal studies.

Repressing expression

The RNAi machinery is also used by miRNAs, which are endogenously expressed, single-stranded RNA molecules with a length of
22 bp.32 In the cytosol, these molecules repress the expression of
genes by cleaving or destabilizing targeted mRNA or by simply hindering translation (Figure 4). Additionally, studies have revealed
that expression of speciﬁc miRNAs is downregulated in various diseases, such as IPF.33 Synthetic miRNAs therefore appear to be promising therapeutic agents. A potential beneﬁt of miRNAs is that they
often target multiple genes simultaneously, whereas siRNA targets
only one speciﬁc gene. In fact, as most miRNAs display partial
sequence complementarity with their corresponding mRNA, an individual miRNA could target up to 100 different mRNAs.33 Because of
this partial sequence complementarity, targeted mRNAs are rarely
cleaved. Instead, while incorporated in the RNAi machinery, miRNAs
either destabilize mRNA molecules by promoting deadenylation and
subsequent decapping or they prevent translation by sterically hindering elongation by ribosomes.
However, despite the potential of miRNA-based therapeutics, several
considerations should be taken into account. Similar to siRNA, synthetic miRNA is negatively charged, meaning its uptake can be
enhanced by using non-viral vectors. Furthermore, delivering miRNA
into the cytosol produces only transient effects. As an alternative,
long-term or permanent expression can be achieved by introducing
pDNA encoding for primary miRNA (pri-miRNA) into the nucleus.
After transcription, the enzymes Drosha and Dicer, among others, are
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Enhancing gene expression in vivo

Seventeen publications described strategies to restore or augment
expression for therapeutic purposes (Table 1). In these studies, either
nanoparticles or viral vectors were used to deliver pDNA into the
nuclei of cells. The use of mRNA-based therapeutics has not been
described for treating pulmonary ﬁbrosis in vivo. Unless stated otherwise, delivery vectors were administered intratracheally (i.t.). In one
of the earliest reports, Epperly et al.34 described that overexpression
of superoxide dismutase 2 (SOD2), which catalyzes the dismutation
of superoxide, protected mice from pulmonary ﬁbrosis after irradiation. It remains unknown, however, whether this result was due to a
direct effect of SOD2 on ﬁbrosis or because SOD2 reduced oxidative
stress and, subsequently, inﬂammation. In a follow-up study, Epperly
et al.35 further investigated the effects of SOD2 overexpression. Surprisingly, the authors observed prolonged survival but no detectable
changes in tissue morphology. The discrepancy between the outcomes of these two studies is likely caused by differences in delivery
vectors (adenoviruses versus liposomes), radiation doses (850–950
versus 2,000 cGy), or animal strains (nude versus C57BL/6 mice).
In the same year, Nakao et al.36 reported that bleomycin-induced
ﬁbrosis in mice could be partially suppressed by overexpressing
SMAD family member 7 (SMAD7), which inhibits TGF-b signaling
by blocking the formation of SMAD2/SMAD4 complexes. However,
inhibiting TGF-b signaling could lead to severe side effects, such as
impaired wound healing and aberrant immune activation.51 The ﬁrst
attempt to treat established ﬁbrosis was described by Sisson et al.37 To
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Figure 5. Publication trends
(A and B) This figure illustrates the total (A) and cumulative
(B) number of publications for each gene therapy approach
(i.e., enhancing, silencing, or repressing gene expression).

however, is that it may lead to bleeding abnormalities, such as pulmonary hemorrhage.

promote ﬁbrinolysis in bleomycin-treated mice, they delivered adenoviruses encoding for plasminogen activator urokinase (PLAU).
Although the deposition of collagen was less extensive in PLAU-overexpressing mice, ﬁbrotic foci contained almost no expression of
PLAU, indicating that the therapy prevented the progression of
ﬁbrosis instead of leading to degradation of existing collagen deposits.
This observation clearly highlights the importance of verifying
whether delivery vectors reach desired target sites.
A few years later, Shimizukawa et al.38 studied whether overexpressing decorin (DCN), a proteoglycan that sequesters TGF-b,
prevented bleomycin-induced ﬁbrosis in mice. In this study, adenoviruses transduced airway and alveolar epithelial cells as well
as alveolar macrophages, resulting in fewer and smaller ﬁbrotic lesions. Empty viruses also exerted antiﬁbrotic effects, albeit less
extensive, probably due to the induction of an antiviral interferon-g response. Around this time, an increasing interest emerged
in attenuating dysregulated epithelial repair to treat ﬁbrosis. The
use of gene therapy to prevent apoptosis of epithelial cells was ﬁrst
studied by Inoshima et al.,39 who described that overexpression of
cyclin-dependent kinase inhibitor 1A (CDKN1) resulted in less cell
death and collagen deposition in bleomycin-treated mice. Watanabe et al.40 reported a similar approach. In this case, the authors
modulated epithelial repair by restoring the expression of hepatocyte growth factor (HGF), which is a potent anti-apoptotic and
mitogenic protein. They administered nanoparticles intravenously
(i.v.) and observed a higher expression of HGF in the lungs and
liver. HGF expression in the liver, however, was higher than that
in the lungs due to interactions between nanoparticles and the hepatic mononuclear phagocyte system. Nevertheless, the therapy
greatly suppressed cell death, inﬂammation, and ﬁbrosis in the
lungs. Although both studies showed promising results, it was
not investigated whether rescued cells displayed harmful phenotypes (e.g., malignant transformation). A different approach to
treat bleomycin-induced ﬁbrosis was presented by Kijiyama
et al.,41 who inhibited activation of the coagulation cascade by augmenting tissue factor pathway inhibitor (TFPI) expression. Overexpressing TFPI suppressed various aspects of ﬁbrosis (e.g.,
collagen deposition and expression of proﬁbrotic cytokines) and
almost completely eradicated procoagulant activity and thrombin
generation in rats. The main disadvantage of this approach,

Vascular remodeling affects the development of
ﬁbrosis as well. Farkas et al.,42 for instance,
demonstrated that overexpressing vascular
endothelial growth factor (VEGF), which promotes angiogenesis, aggravated ﬁbrosis in TGF-b1-transgenic rats.
Therefore, Wang et al.43 took the opposite approach and managed
to alleviate bleomycin-induced ﬁbrosis in mice by intravenously
administering adenoviruses encoding for the anti-angiogenic protein
vasohibin 1 (VASH1). After inhibiting angiogenesis, the authors
observed less lymphocyte inﬁltration, cytokine secretion, and ﬁbroblast proliferation. As the course of IPF can also be negatively
impacted by pulmonary hypertension, Shenoy et al.44 explored the effect of overexpressing angiotensin I-converting enzyme 2 (ACE2),
which hydrolyzes angiotensin II (vasoconstrictor) into angiotensin
(1–7) (vasodilator). In bleomycin-treated rats, this approach lowered
the pulmonary arterial pressure and the deposition of collagen. Antiangiogenic and anti-hypertensive therapies could therefore be promising for treating IPF. In the following year, Sakamoto et al.45 reported
that overexpression of ﬁbroblast growth factor 7 (FGF7), a potent
mitogenic protein, improved survival and reduced collagen deposition in mice with bleomycin-induced ﬁbrosis. However, the authors
did observe diffuse hyperplasia of FGF7-positive cells in parenchymal
areas. Yang et al.46 also studied the potential of promoting epithelial
repair. To that end, the authors treated bleomycin-treated mice with
inhibitor of DNA binding 2 (ID2)-encoding adenoviruses, which
were administered intranasally (i.n.). They subsequently observed
that ID2 overexpression stimulated proliferation of epithelial cells
and lowered the extent of ﬁbrosis. These ﬁndings are encouraging
and show that promoting epithelial repair has therapeutic value,
although caution is warranted when selecting delivery vectors. Lentiviruses, for example, might cause hyperplasia in the long run, as they
integrate their genetic material into the host’s genome, possibly resulting in incessant expression of growth factors.
More recently, Gao et al.47 investigated whether inhibition of the interleukin 33 (IL-33)/interleukin 1 receptor-like 1 (IL-1RL1) axis could
prevent bleomycin-induced ﬁbrosis in mice. To inhibit the binding
of IL-33 to its transmembrane receptor IL-1RL1, the authors intranasally administered lentiviruses encoding for soluble IL-1RL1, an
isoform that actually sequesters IL-33. This approach suppressed
inﬂammation, thereby reducing the severity of ﬁbrosis and lowering
mortality rates. A conceptually similar approach was reported by Cipolla et al.,48 who protected mice from bleomycin-induced ﬁbrosis
by overexpressing an interleukin 17 receptor (IL-17R) fusion protein
that functions as a decoy receptor for interleukin 17A (IL-17A). After
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Table 1. Enhancing expression in vivo
Vector

Protein

Route

Treatment

Species

Model

Fibrosis

Year

Ref.

Adenovirus

SOD2

i.t.

prophylactic

mice

radiation

Y

1999

34

Nanoparticles

SOD2

i.t.

prophylactic

mice

radiation

Y

1999

35

Adenovirus

SMAD7

i.t.

prophylactic

mice

bleomycin

Y

1999

36

Adenovirus

PLAU

i.t.

therapeutic

mice

bleomycin

Y

1999

37

Adenovirus

DCN

i.t.

prophylactic

mice

bleomycin

Y

2003

38

Adenovirus

CDKN1

i.t.

prophylactic

mice

bleomycin

Y

2004

39

Nanoparticles

HGF

i.v.

prophylactic

mice

bleomycin

Y

2005

40

Adenovirus

TFPI

i.t.

prophylactic

rats

bleomycin

Y

2006

41

Adenovirus

VEGF

i.t.

prophylactic

rats

TGF-b1-Tg

[

2009

42

Adenovirus

VASH1

i.v.

prophylactic

mice

bleomycin

Y

2010

43

Lentivirus

ACE2

i.t.

prophylactic

rats

bleomycin

Y

2010

44

Adenovirus

FGF7

i.t.

prophylactic

mice

bleomycin

Y

2011

45

Adenovirus

ID2

i.n.

prophylactic

mice

bleomycin

Y

2015

46

Lentivirus

IL-1RL1

i.n.

prophylactic

mice

bleomycin

Y

2016

47

Adenovirus

IL-17R

i.v.

prophylactic

mice

bleomycin

Y

2017

48

Adeno-associated virus

IL-10

i.t.

prophylactic

mice

bleomycin

Y

2018

49

Adeno-associated virus

TERT

i.v.

therapeutic

mice

bleomycin

Y

2018

50

Treatments were either prophylactic when administered during the onset of ﬁbrosis or therapeutic when administered to animals with established ﬁbrosis. Reductions in ﬁbrosis are
indicated by downward-pointing arrows (Y) and aggravations by upward-pointing arrows ([). See Table S1 for more details on respective nanoparticles. ACE2, angiotensin I converting enzyme 2; CDKN1, cyclin-dependent kinase inhibitor 1A; DCN, decorin; FGF7, ﬁbroblast growth factor 7; HGF, hepatocyte growth factor; ID2, inhibitor of DNA binding 2; IL10, interleukin 10; IL-17R, interleukin 17A; IL-1RL1, interleukin 1 receptor-like 1; i.n., intranasal; i.t., intratracheal; i.v., intravenous; PLAU, plasminogen activator urokinase; SMAD7,
SMAD family member 7; SOD2, superoxide dismutase 2; TERT, telomerase reverse transcriptase; TFPI, tissue factor pathway inhibitor; Tg, transgenic; TGF-b1, transforming growth
factor b1; VASH1, vasohibin 1; VEGF, vascular endothelial growth factor.

administering adenoviruses intravenously, the authors observed inhibitory effects on ﬁbrosis, apoptosis, and complement activation. It
remains unknown, however, to what extent these effects were organspeciﬁc, as the adenoviruses could have been taken up by other organs
(e.g., liver and kidneys). Kurosaki et al.49 also alleviated bleomycininduced ﬁbrosis by modulating inﬂammation. In this study, the authors
augmented expression of the anti-inﬂammatory cytokine interleukin
10 (IL-10). While these three studies certainly present promising results, care should be taken with respect to their interpretation, as bleomycin-induced ﬁbrosis is predominantly driven by inﬂammation.
Because inﬂammation is rarely observed in IPF patients after diagnosis,
such therapies may have a limited clinical relevance.9 Unlike the previously discussed studies, Povedano et al.50 actually managed to partially
reverse established bleomycin-induced ﬁbrosis by overexpressing telomerase reverse transcriptase (TERT) to restore the regenerative capacity of the lungs, a therapeutic approach that appears to be promising.
Mice treated with intravenously administered TERT-encoding AAVs
had an improved lung function and tissue morphology. Follow-up
studies should characterize the tumorigenic potential of this therapeutic approach. Taken together, the publications discussed in this section
demonstrate that the expression of speciﬁc genes can be enhanced to
halt or ameliorate ﬁbrosis in vivo.
Silencing expression in vivo

Silencing gene expression is the most frequently published
approach, as evidenced by 31 publications (Table 2). About 50%
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of these studies reported the use of naked siRNA, 25% the use of
siRNA-containing nanoparticles, and 25% the use of shRNA-expressing viral vectors. Often, these agents were administered intratracheally, unless stated otherwise. For the sake of brevity, we
discuss a selection of papers that presented particularly noteworthy
therapeutic approaches, study designs, or ﬁndings. In one of the ﬁrst
studies, Fichtner-Feigl et al.52 revealed that silencing of interleukin
13 receptor subunit alpha 2 (IL-13RA2), which was previously
thought to only serve as a decoy receptor for IL-13, protected
mice from bleomycin-induced ﬁbrosis. The authors characterized
the mechanism driving this effect and discovered that IL-13 activates the TGF-b1 promotor through IL-13RA2 in a STAT6-independent and AP1-dependent manner. Apart from its therapeutic
use, siRNA has also been demonstrated to be an indispensable
tool in loss-of-function studies, as exempliﬁed by Li et al.,53 who
observed more ﬁbrotic lesions in bleomycin-treated mice upon
silencing ACE2. Moreover, this study was among the ﬁrst to show
that locally administered naked siRNA can be used to silence
gene expression in alveolar epithelial cells without using transfection
reagents. The use of naked siRNA was also described by Hecker
et al.,54 who attenuated TGF-b1-induced myoﬁbroblast differentiation as well as collagen deposition by silencing NADPH oxidase 4
(NOX4) in mice exposed to bleomycin or FITC. Immunohistochemical staining, however, revealed a lack of NOX4 silencing in
ﬁbrotic foci, indicating that naked siRNA did not diffuse into the
ﬁbrotic ECM. In the following year, Senoo et al.55 reported that
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Table 2. Silencing expression in vivo
Vector

Target

Route

Treatment

Species

Model

Fibrosis

Year

Ref.

Nanoparticles (siRNA)

IL-13RA2

i.t.

prophylactic

mice

bleomycin

Y

2006

52

–

ACE2

i.t.

prophylactic

mice

bleomycin

[

2008

53

–

NOX4

i.t.

prophylactic

mice

bleomycin, FITC

Y

2009

54

–

PAI1

i.n.

prophylactic

mice

bleomycin

Y

2010

55

Nanoparticles (siRNA)

SPARC

i.t.

prophylactic

mice

bleomycin

Y

2010

56

–

CTNNB1

i.t.

prophylactic

mice

bleomycin

Y

2011

57

Adenovirus (pDNA)

SMAD3

i.t.

prophylactic

mice

paraquat

Y

2012

58

–

TGF-b1, CCL2

i.t.

prophylactic

mice

bleomycin

Y

2012

59

–

FAK

i.t.

prophylactic

mice

bleomycin

Y

2012

60

–

PAI1

i.t.

prophylactic

rats

bleomycin

Y

2012

61

Nanoparticles (siRNA)

HSP47

i.v.

therapeutic

rats

bleomycin

Y

2013

62

Nanoparticles (siRNA)

CCN2

i.t.

prophylactic

rats

bleomycin

Y

2013

63

Lentivirus (pDNA)

CTNNB1

i.t.

prophylactic

mice

silica

Y

2015

64

Lentivirus (pDNA)

JAG1

i.v.

therapeutic

mice

bleomycin

Y

2016

65

–

C3AR, C5AR

i.t.

therapeutic

mice

bleomycin

Y

2016

66

Nanoparticles (siRNA)

AREG, CCN2

i.t., i.v.

prophylactic

mice

bleomycin, TGF-b1-Tg

Y

2016

67

–

DDR2

i.n.

therapeutic

mice

bleomycin, FITC

Y

2016

68

–

CCN1

i.n.

prophylactic

mice

bleomycin

Y

2016

69

Adenovirus (pDNA)

BACH1

i.t.

prophylactic

mice

bleomycin

Y

2017

70

Adenovirus (pDNA)

FUT8

i.v.

prophylactic

mice

bleomycin

Y

2017

71

Lentivirus (pDNA)

miR-18a-5p

i.p.

prophylactic

mice

bleomycin

[

2017

72

–

IL-17A

i.t.

therapeutic

mice

bleomycin

Y

2017

48

Nanoparticles (siRNA) + PGE2

MMP3, CCL12, HIF1A

i.t.

prophylactic

mice

bleomycin

Y

2017

73

–

CHST15

i.n.

prophylactic

mice

bleomycin

Y

2017

74

–

PDE1A

i.n.

prophylactic

rats

bleomycin

Y

2017

75

–

POSTN

i.n.

prophylactic

mice

bleomycin

Y

2017

76

Lentivirus (pDNA)

ZEB1, ZEB2

i.t.

prophylactic

mice

LPS

Y

2018

77

Nanoparticles (siRNA)

PAI1

i.t.

prophylactic

mice

bleomycin

Y

2018

78

Nanoparticles (siRNA)

SPARC, CCR2, SMAD3

i.p.

prophylactic

mice

bleomycin

Y

2018

79

–

LAMA1

i.n.

prophylactic

mice

TGF–b1-Tg

Y

2018

80

Adeno-associated virus (pDNA)

MTA1

i.p.

prophylactic

rats

bleomycin

Y

2020

81

Treatments were either prophylactic when administered during the onset of ﬁbrosis or therapeutic when administered to animals with established ﬁbrosis. Reductions in ﬁbrosis are
indicated by downward-pointing arrows (Y) and aggravations by upward-pointing arrows ([). See Table S1 for more details on respective nanoparticles. AREG, amphiregulin;
BACH1, BTB domain and CNC homolog 1; C3AR, complement C3a receptor 1; C5AR, complement C5a receptor 1; CCL2, C-C motif chemokine ligand 2; CCL12, C-C motif chemokine ligand 12; CCN1, cellular communication network factor 1; CCN2, cellular communication network factor 2; CCR2, C-C motif chemokine receptor 2; CHST15, carbohydrate
sulfotransferase 15; CTNNB1, catenin beta 1; DDR2, discoidin domain receptor tyrosine kinase 2; FAK, focal adhesion kinase; FITC, ﬂuorescein isothiocyanate; FUT8, fucosyltransferase 8; HIF1A, hypoxia inducible factor 1 subunit alpha; HSP47, heat shock protein 47; IL-13RA2, interleukin 13 receptor subunit alpha 2; i.p., intraperitoneal; IL-17A, interleukin
17A; JAG1, jagged canonical Notch ligand 1; LAMA1, laminin subunit alpha 1; LPS, lipopolysaccharide; MMP3, matrix metallopeptidase 3; MTA1, metastasis-associated 1; NOX4,
NADPH oxidase 4; PAI1, serpin family E member 1; PDE1A, phosphodiesterase 1A; PGE2, prostaglandin E2; POSTN, periostin; SMAD3, SMAD family member 3; SPARC, secreted
protein acidic and cysteine rich; ZEB1, zinc ﬁnger E-box binding homeobox 1.

serpin family E member 1 (PAI1) silencing promoted ﬁbrinolysis in
mice with bleomycin-induced ﬁbrosis. In this case, the authors
intranasally administered naked siRNA, which was only taken up
by bronchial epithelium and epithelial cells lining ﬁbrotic foci.
These studies suggest naked siRNA may be unsuitable for silencing
genes that are exclusively expressed in established ﬁbrotic lesions,
possibly due to impaired diffusion.

Notwithstanding this potential delivery issue, naked siRNA can still
be used to suppress the development of ﬁbrosis in unaffected areas
of the lungs. For instance, Kim et al.57 studied whether silencing of
catenin beta 1 (CTNNB1), which mediates Wnt/b-catenin signaling,
conferred protection against bleomycin-induced ﬁbrosis. Inhibiting
this pathway with naked siRNA successfully reduced collagen content
in the lungs of mice without affecting inﬂammation. Clearly, siRNA
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can also be used to block other signaling pathways. Dong et al.,58 for
example, silenced SMAD3 expression to prevent TGF-b1 signaling.
As a result, the authors observed fewer histopathological changes in
mice with paraquat-induced ﬁbrosis. In a follow-up to Kim et al.,57
who showed that CTNNB1 silencing suppressed bleomycin-induced
ﬁbrosis, Wang et al.64 conducted a study to determine whether similar
effects could be observed in mice with silica-induced ﬁbrosis. Testing
therapies in different models is helpful, as pathological features differ
greatly from one another (e.g., cell damage by bleomycin versus stimulation of tissue response by silica particles).82 Ultimately, this study
supports previously reported ﬁndings, as silicotic nodules were
considerably smaller and less abundant in treated mice. It remains
unclear, however, which cells are most affected upon silencing of
CTNNB1. Some evidence indicates the involvement of pulmonary
capillary endothelial cells (PCECs), as illustrated by Cao et al.,65
who discovered that Wnt/b-catenin signaling in PCECs contributes
to ﬁbrosis by upregulating jagged canonical Notch ligand 1 (JAG1),
which in turn enhances Notch signaling in nearby perivascular ﬁbroblasts. In fact, silencing JAG1 using intravenously administered
shRNA-expressing lentiviruses was shown to suppress established
bleomycin-induced ﬁbrosis in mice. Inhibiting these signaling pathways thus appears to be a powerful strategy to control the phenotype
of myoﬁbroblasts. Having said that, little is known about long-term
implications; perhaps, compensation mechanisms become activated
to counteract antiﬁbrotic effects.83
The merit of testing gene therapies in different ﬁbrosis models has also
been demonstrated by Yoon et al.,67 who explored whether silencing of
growth factors amphiregulin (AREG) and cellular communication
network factor 2 (CCN2) protected bleomycin-treated and TGF-b1transgenic mice from ﬁbrosis. Regardless of the ﬁbrosis model and
administration route (intranasal or intravenous), siRNA-containing
nanoparticles markedly improved the morphology of lung tissue and
reduced the production of COL1A1 and FN. This study also showed
that, when administered intratracheally, nanoparticles were easily
taken up by airway and alveolar epithelial cells, mesenchymal cells,
macrophages, and T cells. Zhao et al.68 also used two ﬁbrosis models
(i.e., established bleomycin and FITC-induced ﬁbrosis). After silencing
discoidin domain receptor tyrosine kinase 2 (DDR2) expression in
mice using intranasally administered naked siRNA, the authors
observed reduced myoﬁbroblast differentiation in both models. Interestingly, because DDR2 is primarily expressed by mesenchymal cells in
ﬁbrotic lesions, this study suggests naked siRNA does diffuse into
ﬁbrotic lesions, thereby contradicting previously discussed publications. This discrepancy, however, cannot be readily explained and requires follow-up research to characterize the diffusion kinetics of naked
siRNA in established ﬁbrotic lesions. The same recommendation applies to research carried out by Kurundkar et al.,69 who suppressed
bleomycin-induced ﬁbrosis in mice by intranasally administering
naked siRNA to silence expression of the growth factor cellular
communication network factor 1 (CCN1), thus inhibiting TGF-b1/
SMAD2–3 signaling. CCN1 is usually expressed in areas of active
ﬁbrosis, but because the siRNA was delivered during the onset of
ﬁbrosis, it was not possible to determine whether naked siRNA could
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affect established ﬁbrotic lesions. As an alternative, TGF-b1/
SMAD2–3 signaling may also be inhibited by silencing the expression
of fucosyltransferase 8 (FUT8), which facilitates TGF-b1 and plateletderived growth factor subunit b (PDGFb) activation through core fucosylation, as described by Sun et al.71 In this study, bleomycin-treated
mice were injected intravenously with shRNA-expressing adenoviruses, resulting in less collagen deposition.
More recently, therapies are being developed using multiple siRNAs, as
they allow for simultaneous suppression of various pathways. On top of
that, the use of multiple siRNAs in combination with an antiﬁbrotic
compound could be even more efﬁcacious due to synergistic effects, as
demonstrated by Garbuzenko et al.73 This study elegantly showed that
bleomycin-induced ﬁbrosis in mice was suppressed more effectively by
nanoparticles containing prostaglandin E2 (PGE2) as well as siRNAs targeting matrix metallopeptidase 3 (MMP3), C-C motif chemokine ligand
12 (CCL12), and hypoxia inducible factor 1 subunit alpha (HIF1A) than
by nanoparticles containing either PGE2 or siRNAs alone. An alternative
approach to reduce the accumulation of myoﬁbroblasts was tested by
Ding et al.,78 who attempted to promote ﬁbrinolysis by silencing PAI1
while inhibiting C-X-C chemokine receptor type 4 (CXCR4)-mediated
recruitment of ﬁbrocytes. In this case, the authors encapsulated siRNA
and cyclam derivatives with a high afﬁnity for CXCR4 in nanoparticles,
which exerted strong antiﬁbrotic and anti-inﬂammatory effects in mice
with bleomycin-induced ﬁbrosis. Therapeutic effects, however, were
mostly due to silencing of PAI1 because CXCR4-inhibiting nanoparticles alone produced only modest effects. Ding et al.79 also developed
a combinatorial therapy to treat ﬁbrosis. Their aim was to determine
whether simultaneous silencing of secreted protein acidic and cysteine
rich (SPARC), C-C motif chemokine receptor 2 (CCR2), and SMAD3
could protect mice from bleomycin-induced ﬁbrosis. siRNAs were therefore encapsulated in nanoparticles and administered intraperitoneally
(i.p.). Although the authors did not characterize the biodistribution of
these nanoparticles, they did observe successful silencing of respective
target genes in the lungs, leading to reduced collagen deposition and
inﬂammation. Whether simultaneous silencing of SPARC, CCR2, and
SMAD3 produced synergistic effects remains unknown, as the effects
of individual siRNAs were not tested. In any case, these studies show
that the expression of speciﬁc genes can be silenced to attenuate a myriad
of ﬁbrosis-related processes, using either naked siRNA, siRNA-containing nanoparticles, or shRNA-expressing viral vectors.
Repressing expression in vivo

Only a few studies have examined whether miRNA supplementation is
suitable for treating ﬁbrosis (Table 3). In these studies, miRNA levels in
animals were supplemented using either naked miRNA, cholesterolconjugated miRNA, or pri-miRNA-expressing viral vectors/nanoparticles. These agents were administered intratracheally, unless speciﬁed
otherwise. In one of the ﬁrst reports, Xiao et al.84 examined whether
supplementation of miR-29b attenuated established bleomycininduced ﬁbrosis. To supplement miR-29b, the authors intravenously
injected mice with pri-miRNA-encoding nanoparticles, resulting in
reduced collagen deposition and macrophage inﬁltration. However,
a-smooth muscle actin (a-SMA) expression remained unaffected.
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Table 3. Repressing expression in vivo
Vector

miR

Route

Treatment

Species

Model

Outcome

Year

Ref.

Nanoparticles (pDNA)

29b

i.v.

therapeutic

mice

bleomycin

Y

2012

84

Cholesterol-conjugated miR

29b

i.v.

prophylactic

mice

bleomycin

Y

2014

85

Cholesterol-conjugated miR

486-5p

i.t.

prophylactic

mice

bleomycin, silica

Y

2015

86

–

503

i.t.

prophylactic

mice

silica

Y

2017

87

Lentivirus (pDNA)

18a-5p

i.p.

therapeutic

mice

bleomycin

Y

2017

72

–

30a

i.t.

prophylactic

mice

bleomycin

Y

2017

88

Lentivirus (pDNA)

200b/c

i.t.

prophylactic

mice

LPS

Y

2018

77

–

542-5p

i.v.

therapeutic

mice

silica

Y

2018

89

Treatments were either prophylactic when administered during the onset of ﬁbrosis or therapeutic when administered to animals with established ﬁbrosis. Reductions in ﬁbrosis are
indicated by downward-pointing arrows (Y) and aggravations by upward-pointing arrows ([). See Table S1 for more details on respective nanoparticles.

This suggests that miR-29b affects ECM synthesis but not the accumulation of myoﬁbroblasts. In follow-up research, Montgomery et al.85
further studied the effects of miR-29b. In this study, bleomycin-treated
mice were injected intravenously with nuclease-resistant cholesterolconjugated miR-29b. These constructs were taken up by the lungs,
where they suppressed the production of collagen and pro-inﬂammatory cytokines. As a next step, all miRNA-mRNA interactions should
be comprehensively mapped to determine how miR-29b affects
ﬁbrosis. Cholesterol-conjugated miRNAs were also used by Ji et al.,86
who protected mice from bleomycin and silica-induced ﬁbrosis by supplementing miR-486-5p. Subsequent analyses revealed that miR-4865p reduced collagen deposition at least partially by binding SMAD2
mRNA in the 30 untranslated regions (UTRs), thereby inhibiting
TGF-b1 signaling. To assess the effects of miR-503 supplementation,
Yan et al.87 administered naked miRNA to silica-treated mice and
observed reduced EMT as well as fewer histopathological changes.
The initiation of EMT was probably hampered due to interactions between miR-503 and the 30 UTR of phosphatidylinositol 3-kinase
(PI3K) mRNA. In addition, although the distribution of naked miR503 in the lungs was not studied, these ﬁndings do indicate that not
only naked siRNA, but also naked miRNA, is able to transfect lung cells
without the use of transfection reagents.
As silencing of miR-18a-5p aggravated ﬁbrosis in vivo, Zhang et al.72
examined whether supplementing miR-18a-5p conferred protection
against established bleomycin-induced ﬁbrosis. Mice were injected
intraperitoneally with pri-miRNA-encoding lentiviruses, which transduced cells in lung tissue and subsequently reduced collagen deposition
by inhibiting TGF-b1/SMAD2-3 signaling. Soon after, Zhang et al.88 reported that miR-30a supplementation suppressed myoﬁbroblast accumulation and reduced the number of ﬁbrotic lesions in mice that
were exposed to bleomycin. However, whether miR-30a is suitable for
treating ﬁbrosis remains to be seen, as it also targets B-cell lymphoma
6 protein (BCL6), tumor suppressor p53 (P53), and runt-related transcription factor 2 (RUNX2), among others, potentially causing a wide
range of side effects. The effect of miR-200b/c on ﬁbrosis was evaluated
by Cao et al.77 Supplementing miR-200b/c in LPS-treated mice
improved the visual appearance of the tissue and lowered the production of TGF-b1. EMT was also attenuated, probably because miR-

200b/c regulates zinc ﬁnger E-box binding homeobox 1 (ZEB1) and
ZEB2, which are known to promote EMT. Lastly, Yuan et al.89 investigated whether intravenously injected nuclease-resistant naked miR542-5p reversed established silica-induced ﬁbrosis in mice. This
approach effectively suppressed the production of COL1A1 and FN
as well as the extent of EMT. miR-542-5p was also shown to bind to
the 30 UTR of integrin alpha 6 (ITGA6) mRNA, leading to impaired
focal adhesion kinase (FAK)/PI3K/AKT signaling. Taken together,
the publications discussed in this section demonstrate that miRNAbased therapeutics have great potential as they repress multiple
ﬁbrosis-related genes simultaneously. Despite these promising ﬁndings,
not all miRNA-mRNA interactions have been mapped, raising safety
concerns, as side effects may eventually develop. Transcriptome
proﬁling techniques, such as next-generation sequencing, should be
used more often to characterize such interactions.
Challenges and future directions

Throughout the years, considerable progress has been made
regarding the application of gene therapy for treating pulmonary
ﬁbrosis in vivo. Indeed, this literature study conﬁrmed that gene therapy offers exciting and promising new avenues to attenuate a wide
range of processes involved in the development of ﬁbrosis (Figure 6).
Although all three gene therapy approaches (i.e., enhancing, silencing,
or repressing expression) were shown to be efﬁcacious, the use of
siRNA appears to be the most promising, as it has a more favorable
safety proﬁle than miRNA and because siRNA has to cross fewer biological barriers than pDNA. At this point, it is difﬁcult to designate a
speciﬁc target that is the most suitable, as practically all of them attenuated ﬁbrosis. This could indicate that gene therapies should target
various processes simultaneously. In most cases, therapies either suppressed or halted the progression of ﬁbrosis. In an exceptional case,
however, established ﬁbrosis was partially reversed (i.e., by augmenting the expression of TERT); follow-up studies are warranted to check
whether this approach is safe. Despite these encouraging ﬁndings, we
identiﬁed several challenges that should be addressed before
advancing therapies to clinical trials. In this section, we discuss these
challenges—which concerns the selection and use of animal models as
well as the development of delivery vectors and dosage forms—and
provide recommendations for future research.
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Figure 6. Successful gene therapy approaches
Enhancing gene expression and supplementing miRNA
levels are denoted by upward-pointing arrows ([) and
gene silencing by downward-pointing arrows (Y).

Rethinking the selection and use of animal models

Careful selection of animal models is required to advance our understanding of proposed therapies in animals with pulmonary ﬁbrosis.
So far, the use of bleomycin is most frequently reported (Figure 7).
Only a few publications describe the use of different models, and even
fewer describe the use of more than one model. Although the bleomycin
model has provided valuable insights into the pathogenesis of pulmonary ﬁbrosis and potential therapeutic targets, it does not recapitulate
all pathophysiological features of IPF, nor do other models address all
aspects. Actually, each model displays a distinct pathological phenotype.20,82,90 Silica-induced ﬁbrosis, for example, is characterized by
low-to-moderate inﬁltration of immune cells as well as the formation
of nodular ﬁbrotic lesions, whereas bleomycin- and paraquat-induced
ﬁbrosis are marked by severe inﬂammation and more diffuse ﬁbrosis.82
On top of that, paraquat is also known to cause hemorrhagic lesions.
Given these differences, it is important to determine whether successful
therapies also produce antiﬁbrotic effects in other relevant non-bleomycin models. Furthermore, emerging evidence has revealed that aged
mice are more susceptible to ﬁbrosis and display impaired resolution
and regeneration after injury, thus reﬂecting the pathogenesis of IPF
more accurately.91 Evaluating gene therapies in aged mice could therefore be a worthwhile endeavor when antiﬁbrotic effects have already
been demonstrated in young mice. However, using aged mice is not recommended in early stages of research due to considerable ﬁnancial and
practical hurdles associated with maintaining a cohort of aged animals.
Another problem is that most therapies were administered in a prophylactic manner before or shortly after exposing animals to ﬁbrogenic
agents, such as bleomycin (Figure 8). This is a problem, as patients
are typically diagnosed with established ﬁbrosis and because the onset
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of experimental ﬁbrosis is often driven by inﬂammation, meaning therapeutic outcomes are more
likely to be confounded by anti-inﬂammatory effects of therapies.20 Bleomycin, for example, triggers severe inﬂammation during the ﬁrst 2 weeks
post-exposure. The contribution of inﬂammation
to IPF, however, is less straightforward.92 In fact,
immunosuppressive therapies have been shown
to increase mortality and hospitalization among
patients, as revealed by the PANTHER-IPF trial
(ClinicalTrials.gov: NCT00650091), in which a
combination of prednisone, azathioprine, and
N-acetylcysteine was compared with a placebo.93
Furthermore, there are notable differences in molecular and histological features between early
and established ﬁbrosis; some processes are
more prominent in an early stage (e.g., acute
inﬂammation), whereas others become more
prominent later on (e.g., collagen crosslinking).94 This results in a
time-dependent synthesis of ECM proteins.95 Targeting processes
that exclusively occur in early ﬁbrosis is therefore more likely to prevent
the progression of ﬁbrosis instead of improving established ﬁbrotic lesions. To improve their clinical translation, gene therapies should be
administered to animals when inﬂammation has largely subsided and
ECM deposition has commenced (e.g., 14–28 days after intratracheal
instillation of bleomycin).20 This enables scientists to determine
whether established ﬁbrosis is amenable to proposed gene therapies.
Developing delivery vectors and dosage forms

Once therapeutic concepts have been identiﬁed, steps can be made to
develop suitable dosage forms. Pulmonary administration is clearly
preferred, as it leads to site-speciﬁc delivery of genetic material in
the lungs while limiting adverse effects in other organs, including
the undesired accumulation of delivery vectors in the liver.96 Local
administration also vastly improves the half-life of genetic material
due to the avoidance of renal clearance and nucleolytic degradation.
However, before selecting inhalation devices and formulations, delivery vectors may have to be developed to ensure that genetic material is
delivered (in)to targeted cells, such as macrophages, epithelial cells, or
myoﬁbroblasts. Out of all developed delivery vector technologies,
ionizable lipid nanoparticles are the most clinically advanced.97 The
ﬁrst-in-class siRNA-based therapeutic patisiran, sold under the brand
name Onpattro, also utilizes ionizable lipid nanoparticles and was
approved for medical use in the United States and European Union
in 2018.98 The advantage of ionizable lipid nanoparticles is that
they can be used to efﬁciently transfer siRNA, miRNA, and mRNA
into the cytosol of cells. Common side effects of patisiran are mild
in nature and include peripheral edema and infusion-related
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Figure 7. Animal models
(A and B) This figure depicts the total (A) and cumulative
(B) number of publications for each disease model (e.g.,
bleomycin, radiation, silica).

reactions. While such side effects do not necessarily preclude therapeutic success, frequent administration and corresponding side effects may cause patients to either refrain from or discontinue therapy.
Depending on the type of genetic material and targeted cells, transport and uptake may be relatively easy or (extremely) difﬁcult. Uptake
of siRNA and miRNA, for instance, can occur without using delivery
vectors, whereas uptake of pDNA into the nucleus cannot, thus
requiring the use of nanoparticles or viral vectors. The use of delivery
vectors, however, greatly affects which cells can be reached. Myoﬁbroblasts, for example, are embedded in vast quantities of collagen-rich,
tightly crosslinked ECM, which restricts the diffusion of large molecules and nano-sized structures.15 In fact, delivery vectors with a
diameter larger than 60 nm do not diffuse through dense ECM at
all.99 Contributing factors include steric interactions (collisions
between genetic material and matrix proteins), hydrodynamic interactions (reduced motion of surrounding water molecules), and electrostatic interactions (attractive or repulsive forces between charged
components).100 The diffusion of naked siRNA and miRNA is probably impaired to some degree as well because these molecules were
predominantly detected in bronchial epithelium but not so much
within ﬁbrotic lesions. It is therefore crucial to determine whether
naked or encapsulated genetic material reaches desired target cells;
clinical data are lacking and greatly desired.

inhalers, DPIs are preferred for the delivery of genetic material, which
is considerably more stable in a dry state than in an aqueous solution.101 DPIs are also relatively inexpensive and effectively deposit
medication in the lungs, as long as the powder particles have an aerodynamic diameter between 1 and 5 mm.102 Nevertheless, it is currently
not clear whether DPIs are suitable for patients who suffer from IPF;
the delivery of powder particles to ﬁbrotic lesions might be severely
impaired due to distortions in the lung architecture. There are indications, however, that DPIs are suitable for treating IPF patients. In
2016, Galecto Biotech (Copenhagen, Denmark) successfully
completed a phase 1b/2a trial (ClinicalTrials.gov: NCT02257177) to
examine the safety, tolerability, and pharmacokinetics of galectin 3 inhibitor GB0139 (which was taken once daily with a DPI for 2 weeks)
in healthy volunteers and IPF patients. Although results from this
clinical trial have not been published yet, Galecto Biotech recently
announced in a press release that the DPI formulation of GB0139
was safe and tolerated by patients. Galecto Biotech has therefore
launched an international phase 2b trial (ClinicalTrials.gov:
NCT03832946) to further assess the clinical efﬁcacy and safety of
GB0139 in IPF patients. Further studies are clearly required to
conﬁrm whether DPIs are indeed well tolerated by IPF patients and
to determine whether dry powder formulations are deposited in the
subpleural regions where ﬁbrotic lesions are present.
Conclusions

Selecting inhalers also requires careful thought. Commonly used inhalers include nebulizers, soft-mist inhalers, dry powder inhalers
(DPIs), and pressurized metered-dose inhalers.96 Out of all these

Considerable progress has been made toward the development of gene
therapies for treating IPF. This literature study conﬁrmed that various
gene therapy approaches were successfully applied in vivo to attenuate
Figure 8. Treatment strategy
(A and B) This figure shows the total (A) and cumulative (B)
number of publications for each treatment strategy.
Treatments were prophylactic when administered during
the onset of fibrosis or therapeutic when administered to
animals with established fibrosis.
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a wide range of ﬁbrosis-related processes, including myoﬁbroblast differentiation, ECM synthesis, EMT, and many more. The use of siRNA
appears to be the most promising, as it has a more favorable safety proﬁle than miRNA and because siRNA has to cross fewer biological
barriers than pDNA. However, it is currently not possible to pinpoint
a speciﬁc (drug) target that is most suitable, as nearly all of them attenuated ﬁbrosis. In most cases, therapies either slowed or stopped the progression of ﬁbrosis. In an exceptional case, however, established ﬁbrosis
was shown to be partially reversed by augmenting the expression of
TERT. Despite these promising results, we identiﬁed several challenges
in terms of the design of animal experiments as well as the development
of delivery vectors and dosage forms. To predict therapeutic outcomes
in patients with IPF more accurately, antiﬁbrotic effects of gene therapies should be explored in different ﬁbrosis models when inﬂammation
has largely subsided and ﬁbrosis has clearly commenced. In addition, it
is imperative to validate whether genetic material, be it naked or formulated in delivery vectors, reaches targeted cells, especially when they are
localized within ﬁbrotic lesions. Effective therapies should preferably be
administered using DPIs, as inhalation typically realizes site-speciﬁc delivery in the lungs while limiting side effects in other organs. However, as
the lung architecture in IPF patients is distorted, clinical trials should be
initiated to investigate whether DPIs are effective and well-tolerated.
Addressing these considerations will bring potentially life-saving gene
therapies one step closer to clinical trials, and thus closer to patients.
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