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Fibrosis is a common denominator in many pathologies and crucially affects disease progression, drug
delivery efficiency and therapy outcome. We here summarize therapeutic and diagnostic strategies for
fibrosis targeting in atherosclerosis and cardiac disease, cancer, diabetes, liver diseases and viral infec-
tions. We address various anti-fibrotic targets, ranging from cells and genes to metabolites and proteins,
primarily focusing on fibrosis-promoting features that are conserved among the different diseases. We
discuss how anti-fibrotic therapies have progressed over the years, and how nanomedicine formulations
can potentiate anti-fibrotic treatment efficacy. From a diagnostic point of view, we discuss how medical
imaging can be employed to facilitate the diagnosis, staging and treatment monitoring of fibrotic disor-
ders. Altogether, this comprehensive overview serves as a basis for developing individualized and
improved treatment strategies for patients suffering from fibrosis-associated pathologies.

� 2021 Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Identifying targets for therapeutic modulation of fibrosis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.1. Fibrogenic cells as anti-fibrotic targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2. Immune cells as anti-fibrotic targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3. Genes as anti-fibrotic targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4. Messenger RNA nucleotides as anti-fibrotic targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5. miRNA, lncRNA, and sscRNA nucleotides as anti-fibrotic targets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6. TGF-b, NF-jB, Wnt/b-catenin, and p38 MAPK pathway proteins as anti-fibrotic targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.7. Other proteins as anti-fibrotic targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

http://crossmark.crossref.org/dialog/?doi=10.1016/j.addr.2021.113831&domain=pdf
https://doi.org/10.1016/j.addr.2021.113831
mailto:asofias@ukaachen.de
mailto:lconsolino@ukaachen.de
mailto:g.storm@uu.nl
mailto:tlammers@ukaachen.de
https://doi.org/10.1016/j.addr.2021.113831
http://www.sciencedirect.com/science/journal/0169409X
http://www.elsevier.com/locate/adr


Alexandros Marios Sofias, F. De Lorenzi, Q. Peña et al. Advanced Drug Delivery Reviews 175 (2021) 113831
2.8. Metabolites as anti-fibrotic targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3. Therapeutic outlook: Clinical status, drug repurposing and drug delivery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.1. Approved anti-fibrotic agents, clinical trials and drug repurposing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2. Integrating nanomedicine for targeting fibrosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4. Imaging modalities for diagnostic assessment of fibrosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.1. Imaging fibrosis in atherosclerosis and cardiac diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2. Imaging fibrosis in cancer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.3. Imaging fibrosis in diabetes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.4. Imaging fibrosis in liver diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.5. Imaging fibrosis in viral disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5. Diagnostic outlook: Multimodality and molecular probes for imaging fibrosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
6. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Declaration of Competing Interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1. Introduction

Pathological fibrosis is the dysregulated deposition of scar tis-
sue in response to chronic injury and inflammation. This manifes-
tation occurs in many different pathologies, including idiopathic
pulmonary fibrosis (IPF), atherosclerosis, cardiac disease, cancer,
diabetic nephropathy and cardiomyopathy, non-alcoholic steato-
hepatitis, non-alcoholic fatty liver disease, viral pneumonia, viral
hepatitis, and certain autoimmune diseases (Fig. 1a) [1-10].

The formation of pathological fibrosis in these disorders is typ-
ically characterized by an insidious onset. Due to the lack of early
diagnosis, fibrosis progresses unnoticed for years and fibrotic tis-
sue replaces organs’ functional units (e.g., nephrons in the kidneys)
leading to irreversible damage and organ failure. In addition, the
excessive accumulation of extracellular matrix (ECM) components
(e.g., collagen and fibronectin) contributes to an increase in tissue
stiffness [11,12] that forms an inaccessible microenvironment
which hampers drug accumulation, distribution and efficacy.

The fibrotic cascade involves dynamic cross-talk between mul-
tiple pro-inflammatory cell populations. Inflammatory immune
cells (e.g., macrophages (MU), neutrophils, T cells) are recruited
to the diseased site and secrete a wide array of cytokines, chemoki-
nes and growth factors responsible for amplifying inflammation.
Eventually, these factors activate quiescent fibroblasts, epithelial
and endothelial cells, and promote their differentiation towards
myofibroblasts; a process known as epithelial/endothelial-to-mes
enchymal transition (EMT or EndMT, respectively) [13,14]. A key
molecule in fibrosis development is transforming growth factor
beta (TGF-b), which is an extracellular pro-fibrotic cytokine pro-
duced majorly by infiltrating pro-inflammatory MUs [15-17].
TGF-b induces EMT and EndMT, and activates resident fibroblasts
via modulation of Smad-2/3, several protein kinase families
(MAPK, PI3K), and the Wnt/b-catenin signaling pathway (Fig. 1b)
[15,18-20]. In addition, TGF-b preserves the fibrotic ECM by regu-
lating metalloproteinase expression and upregulating collagen I
production. Moreover, various factors connected to TGF-b (e.g.,
angiotensin II (AngII) [21,22], IL-13 [23,24], IL-3, IL-4 [25], IL-1b,
and the tumor necrosis factor alpha (TNF-a) [26-28]), have been
demonstrated to stimulate the recruitment of pro-inflammatory
immune cells, induce proliferation and activation of fibroblasts,
and enhance the production of ECM components.

Considering the multiple driving factors and their complex role
in fibrosis generation [29-31], and taking into account that fibrosis-
related diseases account for 45% of deaths in the United States [32],
2

it is crucial to develop effective means for diagnosing and treating
fibrosis. To contribute to these efforts, this review aims to examine
the most recent therapeutic and diagnostic strategies against fibro-
sis in atherosclerosis and cardiac disease, cancer, diabetes, liver
diseases, and viral disorders. With respect to therapeutic modula-
tion of fibrosis, we summarize key anti-fibrotic targets at different
levels of transcription and translation, whose regulation can help
to inhibit fibrosis progression. In this regard, we present currently
approved as well as clinically evaluated anti-fibrotic strategies, and
discuss how nanomedicine can potentiate the efficacy of anti-
fibrotic therapies. With respect to fibrosis diagnosis, we performed
a comprehensive analysis of clinical and preclinical imaging tech-
niques used to visualize fibrosis. In this context, we discuss how
the complementary use of multiscale and multimodal imaging, in
conjunction with targeted molecular imaging agents can improve
fibrosis detection, staging and therapy monitoring.

For our review, we performed multiple systematic searches in
the Scopus database. We used standardized keywords related to
fibrosis, fibrotic targets, and fibrosis imaging, and we requested
them to appear in the title, abstract, or keywords of a manuscript.
To reveal recent trends, we narrowed our search down to the last
three years (2018–2020), and also included articles in press in
2021. This process was repeated five times, once for each disease
(atherosclerosis and cardiac disease, cancer, diabetes, liver dis-
eases, viral disorders). This comprehensive manuscript conse-
quently serves as a go-to manual for up-to-date information on
the development of individualized and improved diagnostic and
therapeutic strategies for patients suffering from fibrosis-
associated pathologies.
2. Identifying targets for therapeutic modulation of fibrosis

Anti-fibrotic strategies generally rely on inhibition of pro-
fibrotic cell populations or components of transcription, transla-
tion and/or metabolic processes. In this regard, various pro-
fibrotic cells, genes, mRNAs, proteins, and metabolites have been
modulated using small molecule inhibitors or state-of-the-art
therapies, such as RNA interference or gene editing. This section
provides an overview of these targets in atherosclerosis and car-
diac disease (Fig. 2), cancer (Fig. 3), diabetes (Fig. 4), liver disease
(Fig. 5), and viral disorders (Fig. 6), with heart, lungs, heart and
kidneys, liver, and liver and lungs to be the most studied
organs / tissues per disease, respectively (Table 1).



Fig. 1. Fibrosis development and signaling pathways. (a) The development of fibrosis begins with physiology-disturbing events that cause tissue damage. In response to this
damage, cells secrete inflammatory cytokines that activate fibrogenic and immune cells. Consequently, fibrogenic and immune cells respond to this cascade by producing
cytokines, chemokines, and growth factors aiming to resolve the inflammation. In some cases, the inflammation persists and fibroblasts are continuously activated to
myofibroblasts resulting in excessive fibrotic tissue remodeling. (b) The release of specific signaling molecules by fibrogenic and immune cells initiates a cascade of
interactions that eventually leads to fibrosis. Several signaling pathways have been incriminated for contribution to fibrosis with the canonical TGF-b/Smad-2/3 pathway to
be the most prominent contributor. Non-canonical (i.e., non-Smad-2/3-dependent) pathways, such as the Wnt/b-catenin, the p38 MAPK, the NF-jB, and the PI3K/Akt/mTOR,
further enhance fibrosis and inflammation [13,17,19,20].
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2.1. Fibrogenic cells as anti-fibrotic targets

Fibrogenic cells (e.g., fibroblasts and stellate cells) have been
extensively evaluated as anti-fibrotic targets. For example, myofi-
broblasts were modulated using icosabutate in atherosclerosis
and liver fibrosis. Icosabutate alleviated hepatic fibrosis by reduc-
ing myofibroblasts and by limiting the number of infiltrating
MUs in mice [33]. Additionally, the drug enabled downregulation
3

in the metabolic cascade of arachidonic acid; a key lipid mediator
in cardiac fibrosis and inflammation [34].

Fibroblasts also play a prominent role in cancer-related fibrosis,
where they are involved in the communication between stroma
and cancer cells. The use of pirfenidone (approved for (IPF)), inhib-
ited the differentiation of both lung fibroblasts and cancer-
associated fibroblasts (CAF) towards the myofibroblast phenotype
(i.e., the active differentiated fibroblast population responsible



Fig. 2. Fibrosis targets in atherosclerosis and cardiac disease. (a) Investigations on fibrosis development in atherosclerosis and cardiac disease primarily focus on the
myocardium and major vessels. The liver and kidneys, as well as intestinal metabolites, have also been examined with the purpose of ameliorating cardiovascular fibrosis. (b)
At the macroscopic level, key cell populations in mediating fibrosis are cardiac myofibroblasts, senescent cells, and regulatory T cells. Genetic targets, such as DNA, RNA,
proteins and metabolites are also evaluated as anti-fibrotic targets. (c) Various therapeutic entities are explored to inhibit fibrosis, with viral vector-mediated gene delivery
and small molecules being the most commonly used ones. Color-coding: the analysis of manuscripts described in section 2 revealed the frequency in which each organ,
therapeutic target, and therapeutic intervention are investigated for anti-fibrotic purposes in atherosclerosis and cardiac disease; light green = low frequency;
green = medium frequency; dark green = high frequency.

Fig. 3. Fibrosis targets in cancer. (a) Several types of cancer show strong fibrotic manifestation. Non-small cell lung cancer, intrahepatic cholangiocarcinoma and pancreatic
cancer are prototypic examples of cancers characterized by excessive fibrotic tissue. (b) Various cells, such as cancer-associated fibroblasts, peripheral monocytes, and
pancreatic and hepatic stellate cells, serve as anti-fibrotic targets. In addition, various DNA, RNA, protein and metabolite targets are investigated as potential anti-fibrotic
targets; at the protein level, bolding (e.g., TGF-b/Smad) indicates the targeting of multiple protein targets within the highlighted signaling pathway. (c) Majorly small
molecules but also nucleotide and aminoacidic therapeutics are used to ameliorate fibrosis in cancer. Color-coding: the analysis of manuscripts described in section 2
revealed the frequency in which each organ, therapeutic target, and therapeutic intervention are investigated for anti-fibrotic purposes in cancer; light red = low frequency;
red = medium frequency; dark red = high frequency.
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for the vast production of a-SMA and fibronectin [35]) in a non-
small cell lung cancer model. Pirfenidone, besides reducing a-
SMA expression in TGF-b-activated fibroblasts, also attenuated
IL-6 signaling (a major pro-fibrotic and pro-inflammatory cytokine
[36]) [37]. In addition to pirfenidone, also nintedanib (approved for
IPF) has been evaluated as CAF inhibitor in cancer, in an intrahep-
atic cholangiocarcinoma model [38]. Nintedanib reduced a-SMA
and pro-tumorigenic IL-6 and IL-8 cytokine expression by CAF. This
4

tumor model employed is particularly interesting, because the
cross-talk between fibroblasts and intrahepatic cholangiocarci-
noma cells results in a very aggressive cancer phenotype [39].

In addition to the pathological formation of fibrosis, radiation
treatment has also been incriminated for induction of fibroblast
activation and cell senescence. This phenomenon eventually leads
to a positive feedback loop with further fibroblast activation. In
this situation, adipocytes act in a radio-protective manner, via



Fig. 4. Fibrosis targets in diabetes. (a) Diabetic cardiomyopathy and diabetic nephropathy are the two major complications of high-glucose conditions. The resulting chronic
inflammation leads to severe fibrosis and loss of function in these organs. (b) Cardiac fibroblasts in the heart, as well as mesangial and tubular cells in the kidneys, are the
primary targets of anti-fibrotic treatments. At the microscopic level, various RNA variants (i.e., mRNA, lncRNA, circRNA, miRNA), functional proteins in the NRF2, TGF-b/
Smad3 and NF-jΒ pathway, as well as the proteasome, are explored as potential anti-fibrotic targets; at the protein level, bolding (e.g., NRF2) indicates the targeting of
multiple protein targets within the highlighted signaling pathway. (c) Given the prominent involvement of RNA analogues in the progression of diabetic fibrosis, RNA
interference appears as an appealing therapeutic intervention. Color-coding: the analysis of manuscripts described in section 2 revealed the frequency in which each organ,
therapeutic target, and therapeutic intervention are investigated for anti-fibrotic purposes in diabetes; light blue = low frequency; blue = medium frequency; dark blue = high
frequency.

Fig. 5. Fibrosis targets in liver diseases. (a) Fibrotic liver is the major investigated organ in case of the various liver diseases (e.g., NAFLD, NASH). (b) Several cell populations,
such as M2-like macrophages, hepatic stellate cells, and lipid-associated macrophages are essential regulators of fibrosis promotion in the liver. Major subcellular targets
include various DNA, RNA components (e.g., mitochondrial DNA, TGF-b2 mRNA, mTORmRNA), proteins (e.g., c-secretase, the inflammasome, YAP), and metabolites. (c) Given
the high number of proteins that are considered anti-fibrotic targets in liver diseases, small molecule inhibitors (e.g., neratinib) appear as the first choice among the various
therapeutic interventions. Color-coding: the analysis of manuscripts described in section 2 revealed the frequency in which each organ, therapeutic target, and therapeutic
intervention are investigated for anti-fibrotic purposes in liver diseases; light yellow = low frequency; yellow = medium frequency; dark yellow = high frequency.
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secretion of adiponectin, which reduces fibroblast activation and
cell senescence [40]. A similar result has also been shown in case
of liver fibrosis, where the presence of adiponectin inhibited the
activation of hepatic stellate cells (HSC) [41]. These examples
strongly support the investigation of intercellular cross-talk as a
strategy to minimize pathological and treatment-induced fibrosis.

Finally, direct inhibition of HSC and Kupffer cells (NB: immune
cells are extensively analyzed in the following section) has also
5

been considered in case of HIV infection. CD4+ T cell depletion is
the hallmark of HIV infection [42]. Reduction of the intestinal
CD4+ T cells enables the translocation of the intestinal microbiome
to the liver portal system resulting in hepatocyte injury. These phe-
nomena induce the production of pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns
(DAMP), as well as the direct activation of Toll-like receptor 4
(TLR4). This danger signaling, together with ROS generation, result



Fig. 6. Fibrosis targets in viral disorders. (a) Liver and lungs are the major recipient organs of virus-associated fibrotic complications. (b) Distinct cell populations, such as
neutrophils and hepatic stellate cells, can be targeted to resolve viral fibrosis and inflammation progression. At the sub-cellular level, inhibition of various DNA, RNA, and
protein targets (e.g., IL-21 gene, TGF-bmRNA, and various proteins in the NF-jΒ, MAPK, and TGF-b signaling pathways) are investigated as fibrotic targets; at the protein level,
bolding (e.g., MAPK) indicates the targeting of multiple protein targets within the highlighted signaling pathway. (c) Viral vector-mediated gene delivery, as well as the use of
miRNAs and small molecules are prototypic examples of therapeutics used in viral-derived fibrosis. (d) Major types of viruses causing fibrosis are COVID-19 in the lungs, and
hepatitis B and C (HBV/HCV) in the liver. Additionally, picornavirus and rhinovirus are critical co-morbidities in patients with cystic fibrosis. Color-coding: the analysis of
manuscripts described in section 2 revealed the frequency in which each organ, therapeutic target, and therapeutic intervention are investigated for anti-fibrotic purposes in
viral disorders; light gray = low frequency; gray = medium frequency; dark gray = high frequency.

Alexandros Marios Sofias, F. De Lorenzi, Q. Peña et al. Advanced Drug Delivery Reviews 175 (2021) 113831
in activation of liver resident macrophages (i.e., Kupffer cells) [43].
Consequently, activated Kupffer cells secrete pro-inflammatory
and pro-fibrotic signals (e.g., TGF-b1) that further promote liver
fibrosis via activation of HSC [44]. Therefore, inhibition of these
cells can be considered as a relevant anti-fibrotic strategy for HIV
patients.

2.2. Immune cells as anti-fibrotic targets

In addition to fibrogenic cells, also myeloid and lymphoid
immune cells have been investigated as anti-fibrotic targets.
CD206+ MUs (M2 MU) have been associated with the activation
of fibroblasts and fibrogenesis (apart from their well-known
cancer-promoting actions) [45]. The loading of siRNA in nanohy-
drogel particles decorated with a-mannosyl targeting units
enabled the delivery of siRNA to M2 MU, making the particles a
promising carrier for in vivo RNA interference applications [46].
The same nanoparticle platform was used as a carrier for CSF-1R
siRNA delivery into M2 MU [47].

A fundamental study on the mechanism of HSC activation links
the absence of liver MU and infiltrating granulocytes, as well as the
presence of mitochondrial DNA, with the progression of hepatic
fibrosis. Upon the release of efferocytosis-related factors by hepa-
tocytes, mitochondria respond by releasing mitochondria-derived
DAMP (mito-DAMP), with mitochondrial DNA being the prevailing
active component. The danger signaling resulted in elevation of
TGF-b1 and collagen deposition, while depletion of MUs and gran-
ulocytes further amplified fibrosis. The latter observation suggests
that delayed clearance of mito-DAMP causes activation of HSC and
fibrosis [48], highlighting the homeostatic importance of
clearance-mediating (efferocytotic) phagocytes.

Subsets of MU have also emerged as essential regulators in
fibrosis promotion [49,50]. In metabolic-associated fatty liver dis-
ease (MAFLD), a novel MU type present in fibrotic areas was iden-
tified. In MAFLD, the resident Kupffer cells are progressively
6

replaced by infiltrating MU derived from the bone marrow. It
was identified that a specific mononuclear myeloid subtype,
namely lipid-associated MU (LAM), was characterized by high
osteopontin expression and found to be localized in tissue areas
with high desmin expression [51] (NB: desmin is typically overex-
pressed by HSC in fibrotic areas [52]). The fact that LAM were
found to express high levels of the cytokine osteopontin indicates
their contribution to fibrosis development, since osteopontin has
been associated with activation of fibroblasts and HSC, and with
promotion of lung and liver fibrosis [53,54]. As such, novel efforts
to reprogram hepatic myofibroblasts into hepatocytes [55] should
also consider the modulation and polarization of adipose-tissue
derived LAM.

Other myeloid cells prominently involved in inflammatory lung
diseases [56,57] and fibrosis development [58,59] are neutrophils,
which as a unique feature contain neutrophil extracellular traps
(NET), composed of DNA fibers and cytoplasmic proteins. NET pro-
vide a solid defensive mechanism against pathogens, but they can
also cause tissue damage via induction of hyper-inflammatory
reactions. NETs have been shown to activate fibroblasts [60] and
upregulate fibrotic mediators such as matrix metalloproteinase-2
[61], and have been incriminated for worsening various inflamma-
tory diseases such as cystic fibrosis, systemic lupus erythematosus,
and heart disease [62-64]. Post-mortem lung biopsies revealed NET
to be present in patients with COVID-19, covering lung airways,
contributing to interstitial inflammation, and being part of thrombi
in the vascular compartments [65]. This evidence suggests NETosis
as a major anti-inflammatory and anti-fibrotic target in the man-
agement of COVID-19 repercussions.

A key cell population for the regression of atherosclerosis and
heart disease are regulatory T cells, which belong to the lymphoid
cell lineage [66,67]. The use of the fatty acid propionate enabled
attenuation of fibrosis and other types of cardiovascular damage.
Experiments in mice showed that these disease-regression effects
were attributable to the regulation of CD25+ Foxp3+ T cells [68,69].



Table 1
Fibrosis targets in atherosclerosis and cardiac disease (green), cancer (red), diabetes (blue), liver diseases (yellow), and viral disorders (gray).

No Disease category Investigated
tissue

Therapeutic target Type of
target

Treatment Type of
treatment

Nanobiotechnology
tools

Outcome Ref.

1 Atherosclerosis
Liver disease

Myofibroblasts Fibrogenic
cells

Icosabutate Small molecule n/a ; myofibroblasts
; macrophage infiltration Downregulation in the
metabolic cascade of arachidonic acid

[33]

2 Non-small cell lung
cancer

Lungs Lung fibroblasts
Cancer-associated
fibroblasts (CAF)

Fibrogenic
cells

Pirfenidone Small molecule n/a Inhibited myofibroblast differentiation
; a-SMA expression
Attenuated IL-6 signaling

[37]

3 Intrahepatic
cholangiocarcinoma
(ICC)

Liver CAF Fibrogenic
cells

Nintedanib Small molecule Tween-80 surfactant ; a-SMA, IL-6, IL-8 expression
; cross-talk between CAF and ICC cells

[38]

4 Radiation-derived
fibrosis in cancer

Pelvis Fibroblasts Fibrogenic
cells

Adiponectin (derived by
adipocytes)

Intracellular
communication

n/a ; fibroblast activation
; cell senescence

[40]

5 HIV Liver Kupffer cells (KC)
Hepatic stellate
cells (HSC)

Fibrogenic
cells

n/a n/a n/a ; KC- or HSC-mediated pro-inflammatory / pro-fibrotic
signaling

[44]

6 Liver disease CD206+ macrophages (ΜU) Immune
cells

CSF-1R siRNA RNA
interference

a-Mannosyl-
functionalized cationic
nanohydrogel particles

Cell-specific targeting
CSF-1R knockdown

[46,47]

7 Liver disease Liver Liver ΜU,
Infiltrating
granulocytes,
Mitochondria-
derived DAMP
(mito-DAMP)

Immune
cells
mtDNA

n/a n/a n/a ; ΜU and granulocyte number ? delayed clearance of
mito-DAMP ? HSC activation and " fibrosis

[48]

8 Metabolic-
associated fatty liver
disease (MAFLD)

Liver Osteopontin-
expressing
lipid associated
ΜU (LAM)

Immune
cells

n/a n/a n/a Modulation and polarization of LAM may alleviate the
osteopontin-derived fibrosis promotion

[51]

9 COVID-19 Lungs Neutrophils
(neutrophil
extracellular traps
– NET)

Immune
cells

n/a n/a n/a ; NET may alleviate interstitial inflammation, thrombi
formation, and lung airway blocking

[65]

10 Atherosclerosis
Heart Disease

Heart CD25+ FoxP3+

regulatory T cells
Immune
cells

Propionate Small molecule n/a ; cardiac hypertrophy, fibrosis, vascular dysfunction,
hypertension

[68]

11 Hepatitis B Liver (Killer cell lectin-
like receptor G1)
KLRG1+ T cells

Immune
cells

n/a n/a n/a Balancing pro-inflammatory KLRG1+ T cells may
alleviate liver inflammation and fibrosis

[70]

12 Various
(Atherlosclerosis
Liver fibrosis
Lung
adenocarcinoma)

Vessels,
Liver,
Lung

Senescent cells Immune
cells

uPAR-specific CAR T cells Immunotherapy CAR T cells Senescent cell-specific CAR T cells ? " survival and
restored homeostasis

[75]

13 Atherosclerosis
Heart Disease

Coronary
vascular
endothelium
(CVE)

ADAM10 Gene miR-25-3p agomir MicroRNA
agomir

Exosomes Uptake of agomir by CVE cells ? ; several pro-firbotic
and pro-inflammatory cytokines, proteins, and lipids

[77]

14 (Various) Fibroblasts PLOD2 Gene DNA methyltransferase
M.Sssl;
Krüppel associated box
(KRAB)

Protein for
epigenetic
editing

Zinc finger or CRISPR/
dCas9 gene editing
technologies

Epigenetic editing ? ; gene expression ? use of TGF-b
failed to re-stimulate gene expression

[79]

15 Nonalcoholic fatty
liver disease
(NAFLD)
Steatohepatitis
Liver fibrosis

Liver SULF2 Gene SULF2KO (in vivo)
shRNA against sulfatase 2
(in vitro)

Gene knockout
RNA
interference

n/a ; SULF2 ? ; pro-fibrotic receptors TGF-bR2, PDGFRb, ;
collagen I, a-SMA, osteopontin

[80]

(continued on next page)
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Table 1 (continued)

No Disease category Investigated
tissue

Therapeutic target Type of
target

Treatment Type of
treatment

Nanobiotechnology
tools

Outcome Ref.

16 Hepatitis C Liver HNF4A,
TAF1,
CALM2

Gene n/a n/a n/a Major nodes in the protein–protein interaction network
related to liver fibrosis

[81]

17 Hepatitis B Liver IL-21 Gene Recombinant HBV loaded
with IL-21

Epigenetic
activation

Recombinant virus IL-21 induced expression ? " viral clearance [84]

18 Hepatitis B Liver TGF-b mRNA,
X and S HBV region

mRNA
viral RNA

Adeno-associated viral
(AAV) particles with DNA
encoding shRNA for HBV
and TGF-b

Gene delivery
RNA
interference

AAV particles shRNA delivery ? ; TGF-b ? " PPAR-c signaling
pathway ? further ; TGF-b, ; NF-jΒ ? oxidative stress,
; HSC activation, ; ECM

[85]

19 Liver disease Liver TGF-b2 mRNA mRNA TGF-b2 antisense
oligonucleotide

mRNA antisense
oligonucleotide

n/a ; TGF-b2 ? ; collagen, a-SMA, " PPAR-c, ; infiltrating
inflammatory leukocytes

[87]

20 Diabetic
nephropathy

Kidneys HDAC mRNA mRNA miR-29b MicroRNA n/a miR-29b binding to HDAC mRNA ? ; ΜU-mediated
inflammation, fibrosis, TGF-b, collagen IV

[89]

21 Lung (cancer) Lungs Lung fibroblasts,
MAP2K6 mRNA

Fibrogenic
cells,
mRNA

miR-375 MicroRNA n/a miR-375 ? ; p38 MAPK pathway, lung fibroblast
activation

[91]

22 Diabetic renal
fibrosis

Kidneys,
tubular cells

Inhibitor of growth
2 (ING2) mRNA

mRNA siRNA targeting ING2a
isoform

RNA
interference

n/a ING2 siRNA ? ; TGF-b1 mRNA, CTGF mRNA, vimentin,
a-SMA

[93]

23 Diabetic
cardiomyopathy

Heart NLRC5 mRNA mRNA siRNA targeting NLRC5 RNA
interference

n/a NLRC5 siRNA ? ; Smad-2/3 phosphorylation, ;
activation of TGF-b and EndMT, ; Snail and Twist

[96]

24 Non-alcoholic
steatohepatitis
(NASH)

Liver MCJ mRNA mRNA siRNA targeting MCJ RNA
interference

Lipid nanoparticle
invivofectamine

;MCJ? " hepatocyte capacity to mediate b-oxidation of
fatty acids ? ; lipid accumulation ? ; steatosis, fibrosis

[101]

25 Alcoholic liver
fibrosis

Liver ERBB3 mRNA mRNA miR-148a-3p mimic MicroRNA n/a ; ERBB3 ? ; a-SMA, ; collagen I, up/down regulated
Bax/Bcl2

[105]

26 Hepatitis C Liver Bach1 mRNA mRNA miR-let-7c MircoRNA mRNA-expressing
plasmid

; Bach1 ? " haem-oxygenase-1 (HO-1) expression ? "
antiviral interferon response ? ; HCV viral protease
activity ? ; viral replication

[107]

27 Diabetes Heart,
cardiac
fibroblasts

miR-150-5p microRNA miR-150-5p siRNA RNA
interference

n/a ; miR-150-5p ? ; TGF-b1, pSmad-2/3, a-SMA, collagen
I, collagen III, CTGF mRNA, fibronectin mRNA

[112]

28 Diabetic
cardiomyopathy

Heart miR-410-5p microRNA miR-410-5p antagomir RNA
interference

n/a ; miR-410-5p ? " cardiac function, ; tissue damage [113]

29 Cancer Liver miR-21-5p, miR-
222-3p, miR-221-
3p, miR-181b-5p,
miR-17-5p

microRNA n/a n/a n/a miR ? ; TIMP3 mRNA ? inflammatory and fibrotic
activity in liver fibrosis and hepatocarcinogenesis

[115]

30 Myocardial
infarction

Heart lncRNA SHNG7,
miR-34-5p

lncRNA,
microRNA

lncRNA SHNG7 shRNA,
miR-34-5p precursor

RNA
interference,
RNA induction

AAV particles ; lncRNA SHNG7 and/or "miR-34-5p? ; collagen I, ; a-
SMA, ; matrix deposition, " cardiac function, inhibited
fibroblast to myofibroblast transition

[120]

31 Diabetic
nephropathy

Kidney,
mesangial
cells

lncRNA PVT1 lncRNA PVT1 siRNA RNA
interference

n/a ; lncRNA PVT1 ? ; a-SMA, ; fibronectin, ; NF-jΒ
pathway

[121]

32 Diabetic
cardiomyopathy

Heart lncRNA MIAT lncRNA MIAT siRNA RNA
interference

n/a ; lncRNA MIAT ? ; IL-1b, IL-6, TNF-a, collagen I,
collagen III, inability of lncRNA MIAT to attenuate the
miR-214-3p-mediated inhibition of pro-inflammatory
IL-17

[122]

33 Liver disease Liver,
HSC

lncRNA H19 lncRNA Gene for lncRNA H19
shRNA

RNA
interference

Adenovirus vectors ; lncRNA H19 ? ; HSC activation, ; a-SMA, collagen I [123]

34 Diabetic
nephropathy

Kidney,
mesangial
cells

circ_0123996,
miR-149-5p

sscRNA,
microRNA

circ_0123996 siRNA,
miR-149-5p mimic

RNA
interference,
RNA induction

n/a ; circ_0123996 (sponges miR-149-5p) and/or " miR-
149-5p (binds and inactivates Bach1) ? ; Bach1 mRNA,
; fibronectin, collagen

[125]

35 Diabetic
nephropathy

Kidney,
mesangial
cells

circ_0000064 sscRNA circ_0000064 siRNA RNA
interference

n/a In presence of miR-143, ; circ_0000064 ? ; collagen I,
collagen IV, fibronectin mRNA

[126]
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Table 1 (continued)

No Disease category Investigated
tissue

Therapeutic target Type of
target

Treatment Type of
treatment

Nanobiotechnology
tools

Outcome Ref.

36 Diabetic
nephropathy

Kidney,
tubular cells

circ_WBSCR17 sscRNA circ_WBSCR17 siRNA RNA
interference

n/a In presence of miR-185-5p, ; circ_WBSCR17 ? ; cell
apoptosis, inflammatory response, fibrosis, ; collagen I,
collagen IV, fibronectin, TGF-b1

[127]

37 Liver disease Liver,
HSC

TGF- b1,
YAP

Proteins Physalin D Small molecule n/a ; collagen I, a-SMA, YAP, CTGF, pSmad-2/3 [128]

38 Cardiac disease Heart UCHL1 Protein LDN-57444 Small molecule n/a ; inflammation, fibrosis, remodeling via ; TGF-b/Smad-
2/3 and NF-jΒ signaling pathways

[132]

39 Diabetic
nephropathy

Kidneys Proteins in TGF-b/
Smad-3 and NF-jΒ
signaling pathways

Proteins Baicalin-Lysozyme Small molecule
– protein
conjugate

Drug-protein conjugate " renal function, ; fibrosis, a-SMA, desmin, " E-cadherin;
; IL-1b, IL-6, P-p65 (NF-jΒ pathway) and TGF-b1, P-
Smad2/3, Smad4, fibronectin, collagen, SREBP-1 (TGF-b/
Smad3 pathway)

[133]

40 Diabetic
nephropathy

Kidneys Inhibitor of
differentiation 2
(Id2)

Protein Oxymatrine Small molecule n/a Oxymatrine ? " Id2 ? ; Twist-mediated renal
tubulointerstitial fibrosis, attenuated EMT, ; fibronectin,
collagen IV, a-SMA, " E-cadherin

[137]

41 Hepatocellular
carcinoma

Liver Proteins in Wnt/b-
catenin and Notch
signaling pathways

Proteins Niclosamide Small molecule Polymeric micelles ; fibrous septa thickness and amount, ; Wnt3A mRNA,
b-catenin protein, Notch1 mRNA

[138]

42 Cancer Pancreas,
PSC

CBP/b-catenin
interaction

Proteins ICG-001 Small molecule n/a ICG-001 ? ; CBP/b-catenin interaction ? ; PSC
activation, PSC-induced migration of cancer cells,
collagen I, a-SMA

[142]

43 Hepatocellular
carcinoma

Liver,
HSC, MDSC

p38a,
p38b

Proteins SB203580,
(Bet762,
Anti-PD-L1)

Small molecule,
(small
molecule,
antibody)

n/a SB203580 ? ; p38a, p38b ? abrogated cross-talk
between HSC and MDSC; Bet762, anti-PD-L1 ? ; ΜU
infiltration, " CD8+ T cell infiltration

[144]

44 Liver disease Liver,
HSC

Fibroblast growth
factor (FGF) 2

Protein Neratinib Small molecule n/a ; FGF2, MAPK signaling, ; a-SMA, collagen IA2, collagen
IIIA1, TGF-b, PDGFR-b

[145]

45 Non-small cell lung
cancer

Lungs Tyrosine kinase Protein Sunitinib,
(cRGFfk)

Small molecule,
(peptide)

n/a Inhibited Wnt signaling, ; TGF-b-mediated EMT, ; Twist [152]

46 Desmoplastic melanoma Tyrosine kinase Protein Sunitinib,
BRAF vaccine

Small molecule,
Peptide vaccine

Sunitinib in polymeric
micelles, BRAF in lipid
calcium-phosphate
nanoparticle

Sunitinib? ; a-SMA, collagen, BRAF vaccine ? " CD8+ T
cell infiltration

[153]

47 Liver disease Liver c-secretase Protein Dibenzazepine Small molecule PLGA nanoparticles ; c-secretase ? prevents Notch translocation to the
nucleus ? ; HSC, pro-inflammatory ΜU activation

[156]

48 Liver disease Liver NLRP3
inflammasome

Oligomer
protein
complex

NLRP3-/- transgenic mouse model n/a NLRP3 inflammasome absence ? ; collagen, TPM2b,
" GATA4.

[162]

49 Liver disease Liver,
HSC

SHP2,
SHP2 mRNA,
mTOR,
mTOR mRNA,
ROCK,
REDD1

Protein,
mRNA,
protein,
mRNA,
protein,
protein

SHP099
SHP2 siRNA,
Rapamycin,
mTOR siRNA,
fasudil,
REDD1 gene

Small molecule,
RNA
interference,
small molecule,
RNA
interference,
small molecule,
gene induction

Plasmid gene-delivery
(REDD1)

SHP2 and PDGF ? mTOR activation ? pro-fibrotic
extracellular vesicle (EV) release ? fibrosis,
PDGF/mTOR axis ? autophagy inhibition ? exosome
release ? fibrosis,
mTOR ? activate ROCK pathway ? EV
production ? fibrosis,
SHP2 ? inhibits REDD1 ? EV release ? fibrosis,
Therapeutics ? autophagy promotion ? EV inhibition
? ; fibrosis

[165]

50 Diabetic liver,
Nonalcoholic
steatohepatitis
(NASH)

Liver NFR2 Protein NRF2 gene Protein
induction

AAV particles " NRF2? " AGER1 transcription? " AGEs clearance? ;
fibrosis

[167]

51 Diabetic
cardiomyopathy

Heart NRF2 Protein Isoliquiritigenin Small molecule n/a " NRF2 signaling pathway, ; MAPK, inflammation,
oxidative stress, cardiac hypertrophy

[169]

52 Diabetic
nephropathy

Kidneys MST1 Protein Lentiviral particles
expressing MST1

Protein
induction

Lentiviral particles " MST1 ? ; diabetic nephropathy, renal fibrosis [172]

53 Diabetic
cardiomyopathy

Heart PI3K(p110a) Protein rAAV6-caPI3K Protein
induction

AAV particles " PI3K ? ; cardiac remodeling, fibrosis, interstitial and
perivascular collagen, CTGF, TGF-b1 mRNA

[173]

(continued on next page)
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Table 1 (continued)

No Disease category Investigated
tissue

Therapeutic target Type of
target

Treatment Type of
treatment

Nanobiotechnology
tools

Outcome Ref.

54 Cardiac disease Heart JMJD1C Protein shRNA against JMJD1C,
JIB-04

RNA
interference,
Small molecule

n/a ; Ang II-induced cell hypertrophy, fibrosis, ; pro-fibrotic
TIMP1 transcription

[176]

55 Cancer Pancreas Legumain Protein RR-11a Small molecule n/a ; Legumain ? ; MMP-2 ? ; PSC activation, ECM
synthesis

[177]

56 Pancreatic
adenocarcinoma

Pancreas H+/K+-ATPase Protein Pantoprazole Small molecule n/a ; collagen secretion by PSC [183]

57 Diabetic
nephropathy

Kidneys GPR43,
GPR109A

Receptor
proteins

Dietary fibers Macromolecule n/a ; mesangial matrix, collagen deposition, ΜU
recruitment,
; IL-6, TNFa, CCL2, CXCL10, TGF-b, fibronectin

[184]

58 Atherosclerosis Intestine,
small
intenstine
epithelial
cells

FABP2 mRNA mRNA siRNA against FABP2
mRNA

RNA
interference

Lentiviral particles ; intestinal FABP2 ? ; western diet-induced
atherosclerosis, vascular fibrosis

[186]

59 Lung
adenocarcinoma

Lungs,
fibroblasts

PI3K,
HDAC

Proteins Fimepinostat Small molecule n/a Attenuated TGF-b1- and bleomycin-induced fibrosis [187]

60 Metastatic breast
cancer

Lungs CXCR4 Protein CXCR4 antagonist (FX),
Paclitaxel,
PD-L1 siRNA

Macromolecule,
small molecule,
RNA
interference

Nanocomplex ; tumor fibrosis, " T cell infiltration, " anti-PD-L1
response, ; a-SMA, collagen

[188]

61 Diabetic
nephropathy

Kidneys,
tubular cells

Proteasome Protein
complex

Proteasome inhibitor
MG132

Small molecule n/a ; proteasome ? " anti-fibrotic protein NF-E2 ? ; CTGF,
fibronectin

[189]

62 Diabetic
nephropathy

Kidney,
mesangial
cells

RNA binding
protein HuR

Protein n/a n/a n/a High glucose ? " HuR ? HuR binds to Nox4 mRNA ? "
Nox4 translation ? " ROS ? " matrix synthesis

[190]

63 Liver disease Liver,
ΜU

Pyruvate kinase
M2

Protein Annexin A5 Protein n/a Specific action in liver ΜU, ; a-SMA, TGF-b, Collagen
IIIA1 mRNA, ; IL-1b, IL-6, TNFa mRNA, " CD206, IL-10
(M2 polarization)

[191]

64 Liver disease Liver,
ductural
reactive cells
(DRC)

MCL1 Protein S63845 Small molecule n/a ; DRC, inflammation, fibrosis, collagen, fibronectin, TGF-
b, a-SMA

[192]

65 Liver disease Liver,
hepatocytes,
HSC

ACVR1 Protein Momelotinib Small molecule n/a ; ACVR1 (BMP/ACVR1/SMAD pathway) ? ; PNPLA3
mRNA ? ; TIMP1, collagen IA2, MMP2, CXCL1, IL-6,
CCL2

[193]

66 Picornavirus &
cystic fibrosis

Lungs PI4KIIIb,
CFTR

Protein,
protein

‘‘23a” Small molecule n/a ; PI4KIIIb ? ; picornavirus replication, stabilization of
the mutated CFTR protein (mutated in patients with
cystic fibrosis)

[194]

67 Rhinovirus &
cystic fibrosis

Lungs,
airway
epithelial
cells

IL-1R Protein n/a n/a n/a IL-1R antagonism may alleviate from fibrotic material
deposition

[196]

68 Cardiovascular
disease,
nephropathy

Heart,
Kidney

Trimethylamine-
N-oxide (TMAO)

Metabolite Linaclotide Peptide n/a Linaclotide ? " gastrointestinal transit ? ; TMAO ? ;
renal inflammation, cardiac exposure to TMAO, collagen
I, TGF-b, galectin-3, ST2.

[197]

69 Nonalcoholic
steatohepatitis
(NASH)

Liver Oxidized
phospholipids

Metabolite E06-scFv Transgenic
mouse
expressing
neutralizing
antibodies

n/a ; steatosis, inflammation fibrosis, hepatocyte death,
progression to hepatocellular carcinoma

[200]

70 Atherosclerotic
plaque

Vessels,
Heart

Mitochondrial ROS Metabolite MitoTEMPO Small molecule n/a ; smooth muscle cell apoptosis, MMP2, matrix
degradation ? prevented plaque instability

[201]

71 Cancer Prostate
(in vitro)

Superoxide Metabolite Manganese porphyrin Small molecule n/a Manganese porphyrin ? converted superoxide to
hydrogen peroxide ? ; TGF-b/Smad pathway, ; KEAP1,
" NRF2

[204]
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Analysis of liver samples from patients with chronic Hepatitis B
infection revealed a specific T cell population to be associated with
liver fibrosis (also observed in primary biliary cholangitis and
autoimmune hepatitis). KLRG1+ lymphocytes were identified as a
strong pro-inflammatory T cell sub-population and they were pos-
itively correlated with patient worsening via progressing inflam-
mation and fibrosis. This evidence suggests the depletion of
KLRG1+ lymphoid cells as a strategy against liver inflammation
and fibrosis [70]. Nevertheless, the same population has also been
proposed to display an anti-fibrotic role in hepatitis B, via induc-
tion of HSC death [71]. This contrasting evidence linking KLRG1+

lymphocytes to fibrosis indicates that balancing this population,
rather than aggressively stimulating or depleting, can achieve a
fibrotic equilibrium.

Finally, related to atherosclerosis and to many other fibrotic dis-
eases (e.g. liver fibrosis, lung fibrosis, diabetes, osteoarthritis), the
targeting of senescent cells with senolytics has been described as
a promising strategy against disease progression [72-74]. The engi-
neering of CAR T cells against the urokinase-type plasminogen acti-
vator receptor (uPAR), i.e., a membrane protein expressed in
senescent cells, showed a robust outcome in mice with lung adeno-
carcinoma and liver fibrosis, via extending the survival and restor-
ing liver homeostasis, respectively [75].

2.3. Genes as anti-fibrotic targets

Transitioning from the cellular to the subcellular level, specific
genes have been associated with fibrosis promotion. A robust
example is the ADAM10 gene (A Disintegrin and Metalloproteinase
domain-containing protein 10) [76]. In an effort to inhibit its activ-
ity, the platelet-secreted exosomes carrying the microRNA miR-25-
3p were used, showing that the microRNA binds to the ADAM10
gene and reduces its expression. In vivo, the use of a miR-25-3p
agomir resulted in downregulation of several pro-fibrotic and
pro-inflammatory proteins, lipids and cytokines, including a-
SMA, collagen I, collagen III, triglycerides, cholesterol, IL-1b, IL-6,
and TNF-a. The agomir showed a strong efficacy in targeting the
gene, as evidenced by the fact that a comparative RNA interference
experiment with ADAM10 siRNA resulted in a similar magnitude of
modulation [77].

Another example are the PLOD genes which are contributors in
fibrosis and cancer with matrix deposition propensity [78]. Specif-
ically, the PLOD2 gene was silenced via the use of the DNA methyl-
transferase M.Sssl or the non-catalytic Krüppel associated box
(KRAB) (directed in the gene promoter by the zinc finger or
CRISPR/dCas9 gene editing technologies). These gene-editing sys-
tems resulted in DNA methylation and partial reduction of PLOD2
expression or in histone modifications that completely repressed
gene expression. In a control experiment, the use TGF-b1 failed
to re-stimulate PLOD2 expression, supporting the potential of
these epigenetic editing technologies for PLOD2-targeted (or gen-
erally gene-targeted) anti-fibrotic strategies [79].

The contribution of SULF2 gene activity in inflammation and
fibrosis was evaluated in steatohepatitis and fibrosis employing a
mouse model of nonalcoholic fatty liver disease (NAFLD) on
high-fat diet. In vivo experiments in sulfatase 2 knockout and
in vitro experiments with administration of short hairpin RNA
(shRNA) against sulfatase 2 revealed the contribution of sulfatase
2 in worsening inflammation and fibrosis. Expression of fibrogenic
protein receptors such as TGF-bR2 and PDGFRb, and mRNA encod-
ing for collagen IA1 and a-SMA were significantly downregulated
in the absence of sulfatase 2. Interestingly, also the levels of osteo-
pontin mRNA were reduced, supporting the pro-fibrotic role of sul-
fatase 2 [80].

In hepatitis C patients, three genes (HNF4A, TAF1, CALM2) were
identified to be associated with the progression of liver fibrosis and
11
to be major nodes in the protein–protein interaction network
among 166 fibrosis-related genes [81]. While there is not much
experimental support for the exact role of TAF1 and CALM2 genes
in fibrosis, the HNF4A gene has been associated with fibrosis in a
positive manner. Employing adeno-associated viral (AAV) particles
carrying the gene encoding for HNF4A led to a positive anti-fibrotic
therapy outcome, including inhibition of myofibroblast activation
and induction of MET (anti-EMT) transition [82]. A similar concept,
i.e., epigenetic gene activity induction, has been used for the IL-21
gene in a hepatitis B virus (HBV) model. IL-21 has been identified
as a requirement for sustaining the activity of CD4+ and CD8+ T
cells during viral disorders [83]. Therefore, the use of a recombi-
nant HBV loaded with a gene for IL-21 allowed the gene cargo to
be delivered in infected hepatic cells and efficiently induced
expression of IL-21 [84]. This approach enabled the clearance of
viral particles and thus is a promising strategy against the HBV
fibrotic repercussions.

2.4. Messenger RNA nucleotides as anti-fibrotic targets

The inhibition of mRNA nucleotides is the most traditional
strategy of inhibiting fibrosis at the RNA level. Targets typically
are mRNAs encoding for well-known pro-fibrotic proteins, e.g.,
TGF-b. An interesting anti-fibrotic approach against TGF-b (and
also against HBV itself) was suggested for the synergistic tackling
of viral fibrosis: via using AAV particles loaded with DNA encoding
for shRNA against the X and S HBV coding regions as well as
against TGF-b mRNA, the liver levels of total collagen, collagen I,
collagen III, a-SMA, FABP1, and TGF-b would be potently reduced
[85]. Mechanistically, the combination of the shRNAs resulted in
direct inhibition of TGF-b, while activation of the PPAR-c signaling
pathway (involved in anti-fibrotic inhibition of TGF-b/Smad signal-
ing [86]) enabled further TGF-b inhibition and decreased NF-jΒ
p65 phosphorylation and activation. All together, these anti-
inflammatory and anti-fibrotic modulations reduced of oxidative
stress, inhibited HSC activation and suppressed ECM production.

As highlighted above, TGF-b is the cornerstone mediator of
fibrosis development. There are three isoforms of TGF-b, i.e., TGF-
b1, 2, and 3. A study focusing on TGF-b2 mRNA showed that its
inhibition via a TGF-b2 antisense oligonucleotide (AON) resulted
in collagen and a-SMA reduction, whilst also inducing the expres-
sion of anti-fibrotic PPAR-c and limiting the infiltration of inflam-
matory leukocytes [87]. This example shows that the inhibition of
factors closely connected to TGF-b is also a promising anti-fibrotic
strategy. In this regard, histone deacetylase-4 (HDAC4) is one of
the proteins required for the activation of fibroblasts via TGF-b1
[88]. Targeting the HDAC4 mRNA was investigated in diabetic
nephropathy. The binding of the therapeutic microRNA miR-29b
in the 30 UTR sequence of HDAC4 mRNA resulted in reduced MU-
mediated inflammation and less fibrosis, as apparent from the
decreased levels of TGF-b and collagen IV expression, as well as
the reduced fibrosis area [89].

The presence of TGF-b results in upregulation of various pro-
fibrotic pathways. Inhibition of mRNA targets in these pathways
has also been investigated as an anti-fibrotic therapy strategy.
For example, the TGF-b-induced activation of the p38 MAPK path-
way was regulated via inhibition of the MAP2K6 mRNA by a miR-
375 (i.e., a cancer-suppressive microRNA [90]) mimetic, preventing
lung fibroblast activation [91]. This study exemplifies the anti-
fibrotic potential of microRNAs [92].

Inhibition of mRNA has been used also for preventing EMT/
EndMT processes. In diabetic renal fibrosis, siRNA against the inhi-
bitor of growth 2 (ING2) mRNA resulted in reduction of high-
glucose-induced TGF-b1 and connective tissue growth factor
(CTGF) mRNA levels [93]. This is an interesting outcome for the
mechanisms of diabetic renal fibrosis (and perhaps unexpected),
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since ING proteins are investigated for their tumor-suppressing
capacities and the downregulation of fibrotic mediators
(metalloproteinase 2, NF-jB signaling) in cancer [94,95]. In a high-
glucose-induced cardiac fibrosis model, NLRC5 mRNA was investi-
gated as target for its involvement in EndMT [96] (already known
to be associated with liver fibrosis [97]). When exposed to high
glucose, the endothelial cells undergo injury-driven morphological
changes that progressively substitute their endothelial markers
(cadherin, CD31) by mesenchymal ones (vimentin, a-SMA) [98].
These more mesenchymal cells together with cardiac fibroblasts
overproduce ECM proteins, promoting progression of myocardial
fibrosis. The inhibition of NRLC5 mRNA by siRNA ameliorated the
high-glucose-induced phosphorylation of Smad-2/3 and conse-
quently the activation of TGF-b and EndMT, by regulating the Snail
and Twist expression (important transcription factors in fibrosis
development [99,100]) [96].

A plethora of mRNAs have been inhibited by siRNAs or miRNAs
in various diabetes and liver diseases, aiming to examine their
involvement in fibrosis development. In patients with NAFLD, a
protein emerging as a promising anti-fibrotic target is the
methylation-controlled J protein (MCJ). The silencing of the MCJ
mRNA by siRNA loaded in the lipidic transfection platform ‘‘Invivo-
fectamine” triggered hepatocytes to oxidize fatty acids and reduce
lipid accumulation in the liver [101] (NB: impaired mechanisms of
fatty acid oxidation have been associated with tissue damage and
fibrosis [102]). The treatment reduced steatosis and fibrosis. A pro-
tein important for the induction of liver fibrosis which is used as an
anticancer target is the receptor tyrosine-protein kinase ERBB3
[103,104]. In an alcoholic liver fibrosis model, ERBB3 mRNA was
inhibited by a miR-148a-3p mimetic, which induced anti-fibrotic
reduction of a-SMA and collagen I and mediated apoptosis via
upregulation of Bax and downregulation of Bcl2 [105], corroborat-
ing findings that indicate apoptosis induction and Bax/Bcl2 regula-
tion in cancer as a mechanism to overcome treatment resistance
[106]. Finally, the inhibition of Bach1 mRNA was used as a strategy
to suppress the replication of Hepatitis C virus. Transfection of cells
with plasmid encoding miR-let-7c inhibited Bach1 activity as a
transcriptional suppressor of heme oxygenase 1 (HO1) expression
[107]. The elevated expression of HO1 enabled antiviral activity
by triggering cellular ROS to act against the infection, as observed
in various viral and bacterial disorders [108,109].

2.5. miRNA, lncRNA, and sscRNA nucleotides as anti-fibrotic targets

Besides mRNA, various other RNA nucleotides, such as
microRNA (miRNA), long non-coding RNA (lncRNA) and
single-stranded circular RNA (sscRNA), have been investigated as
anti-fibrotic targets. In cardiac fibroblasts, the miR-150-5p was
examined as an anti-fibrotic target, as it is known to inactivate
Smad-7 mRNA, the anti-fibrotic counterpart of pro-fibrotic Smad-
3 in the TGF-b/Smad-2/3 signaling [110,111]. The miR-150-5p
siRNA led to the downregulation of miR-150-5p, which reduced
the protein levels of TGF-b1, of phosphorylated Smad-2 and
Smad-3, a-SMA, and of collagen I and collagen III. Additional
reductions were observed in the mRNA levels of CTGF and fibro-
nectin [112]. A similar approach was followed for the inhibition
of miR-410-5p, a microRNA that has been incriminated to target
Smad-7 mRNA and contributing to upregulation of the TGF-b
signaling [113]. An antagomir against miR-410-5p improved
diabetes-affected cardiac function and reduced tissue damage
[114]. Finally, a fundamental investigation on activation of stellate
cells by small non-coding microRNA revealed five microRNAs, i.e.,
miR-21-5p, miR-222-3p, miR-221-3p, miR-181b-5p and miR-17-
5p to be responsible for downregulating TIMP3 expression, which
confers inflammatory and fibrotic activity in liver fibrosis and
hepatocarcinogenesis [115].
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Emerging investigations of lncRNAs have revealed their involve-
ment in inflammation and fibrosis [116-118]. In a murine myocar-
dial infarction model, the identification of lncRNA SHNG7 as
a fibrosis mediator showed the lncRNA to sponge miR-34-5p,
a miRNA that suppresses cardiac fibroblasts by targeting ROCK1
(a pro-fibrotic Rho kinase protein [119]). Mechanistic investigation
showed that the lncRNA SHNG7 acts as competing endogenous
RNA against miR-34-5p, while elevated levels of miR-34-5p
resulted in easing matrix deposition, restoring cardiac function
and inhibiting the transition of fibroblasts to myofibroblasts
[120]. A similar pattern was observed for lncRNA PVT1 in mesan-
gial cells, lncRNA MIAT in diabetic cardiomyopathy, and lncRNA
H19 in HSC. RNA interference against these lncRNAs enabled ame-
lioration of fibrosis and reduction of pro-inflammatory proteins
[121-123].

Finally, even though their exact mechanistic role remains rela-
tively elusive, sscRNAs have been associated with contribution to
fibrosis [124]. In diabetic nephropathy, the knockdown of various
sscRNAs, including circ_0123996 [125], circ_0000064 [126] and
circ_WBSCR17 [127], in mesangial and tubular cells by siRNA or
miRNA mimetics resulted in reduction of fibronectin, collagen,
and TGF-b1. Mechanistic exploration of the role of these sscRNAs
revealed that their pro-fibrotic actions rely on the sponging of
endogenous regulator miRNAs that inhibit the production of fibro-
tic proteins.

Altogether, the identification and association of RNA nucleo-
tides with specific diseases and disease stage, will certainly move
forward diagnostic and therapeutic efficiency. Such approaches
have already been in clinical trial stage. For example, in patients
with hepatocellular carcinoma or liver disease, the identification
of blood extracellular RNA nucleotides (exRNA) has been evaluated
as a mean for accurate diagnosis (NCT02908048). Similarly, in
patients with cystic fibrosis, blood miRNA signature was assessed
as a strategy to reflect the pulmonary status (NCT02992080).
Related to the evaluation of the treatment side-effects, in patients
with breast carcinoma and fibrosis, the identification of specific
lncRNA, snRNA, snoRNA, and miRNA signatures, as well as, expres-
sion patterns of heat-shock proteins (HSP) were evaluated for the
prediction of pathological radiation-induced fibrosis
(NCT03000764). Finally, the RNA nucleotides have been considered
as therapeutic mediators. For example, in cystic fibrosis a single-
stranded antisense RNA oligonucleotide has been trialed in
patients with homozygous F508del cystic fibrosis patients in order
to promote the correction of the CFTR expression via repairing the
CFTR mRNA (NCT02532764).

2.6. TGF-b, NF-jB, Wnt/b-catenin, and p38 MAPK pathway proteins as
anti-fibrotic targets

Various proteins and transcription factors in the TGF-b, NF-jΒ,
Wnt/b-catenin, and p38 MAPK signaling pathway have been inves-
tigated as anti-fibrotic targets. In this regard, the attractive concept
of blocking TGF-b1 and YAP protein (yes-associated protein; in the
hippo pathway, together with Smad-2/3 involved in the TGF-b
transcriptional program promoting CTGF production) for inhibiting
HSC activation was investigated by the use of physalin D, a phy-
topharmaceutical isolated from the plant physalis. Physalin D
treatment lowered the levels of various fibrotic indicators, includ-
ing collagen I, a-SMA, YAP, CTGF, and phosphorylated Smad-2/3
[128]. Analogously, the ubiquitin carboxy-terminal hydrolase 1
(UCHL1) protein, i.e., a prognostic factor and promising target in
neurological diseases, cancer and pulmonary fibrosis [129-131],
was inhibited by the small molecule LDN-57444. UCHL1 inhibition
resulted in reduced remodeling and easing of inflammation and
fibrosis via modulating the TGF-b/Smad-2/3 and NF-jB signaling
pathways [132]. A baicalin-lysozyme prodrug was designed to
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inhibit proteins of the NF-jΒ and TGF-b/Smad-3 pathway in dia-
betic nephropathy. The conjugate improved renal impairment
and reduced inflammation and fibrosis, regulating multiple pro-
fibrotic proteins, and increasing the E-cadherin expression (loss
of E-cadherin promotes EMT) [133]. An alternative approach is to
upregulate an anti-fibrotic protein, rather than inhibiting a pro-
fibrotic one. Upregulating the inhibitor of differentiation 2 (Id2)
protein has been shown to have inhibitory effects against EMT
after stimulation with TGF-b and attenuates pulmonary and car-
diac fibrosis through regulation of Twist and TGF-b1/Smad-3 sig-
naling, respectively [134-136]. In diabetic nephropathy, the use
of the small molecule oxymatrine enabled inhibition of renal fibro-
sis by enhancing Id2 expression and downregulating Twist expres-
sion, which under high-glucose conditions contributes to EMT
activation [137].

Focusing on the Wnt/b-catenin pathway, the use of niclosamide
enabled reduction of fibrosis in and of tumor nodule size in a hep-
atocellular carcinoma model [138]. Even though niclosamide dis-
plays anti-cancer potential through the STAT3 signaling pathway
[139], niclosamide-mediated reduction in Wnt3A mRNA, b-
catenin protein and Notch1 mRNA indicates involvement of niclo-
samide in regulating fibrosis via affecting the Wnt/b-catenin and
Notch pathways; which have both been implicated in fibrosis reg-
ulation [140,141]. Related to the interruption of Wnt/b-catenin sig-
naling in the pancreas, the use of ICG-001, an inhibitor of the cyclic
AMP response element-binding protein (CBP), resulted in blocking
of the interaction between CBP and b-catenin interaction in pan-
creatic stellate cells, and thereby contributed to suppression of
stellate cell-mediated cancer cell migration [142].

Major proteins in the pro-fibrotic p38 MAPK signaling pathway
[143] have also been considered as anti-fibrotic targets. Focusing
on HSC and myeloid-derived suppressor cells (MDSC) in an aggres-
sive hepatocellular carcinoma model, SB203580 (an inhibitor of
p38a and p38b proteins) abrogated the pro-fibrotic cross-talk
between these two cell populations [144]. In addition to inhibiting
p38 MAPK signaling, dual blockade of BET bromodomain by the
Bet762 inhibitor and the anti-PD-L1 therapy inhibited the infiltra-
tion of MUs in the liver and allowed infiltration of CD8+ cytotoxic T
cells, a process that is highly connected to reduction of desmopla-
sia. HSC are considered to be the major promotor of liver fibrosis.
The use of the tyrosine kinase inhibitor neratinib in a liver fibrosis
model resulted in reducing the levels of fibrotic proteins a-SMA,
collagen IA2, collagen IIIA1, TGF-b and PDGFR-b. The mechanism
by which neratinib promoted an anti-fibrotic phenotype and inac-
tivation of HSC was suggested to be via inhibition of fibroblast
growth factor 2 and interruption of MAPK signaling [145]. Interest-
ingly, the inhibition of fibroblast growth factors (FGF) as an anti-
fibrotic strategy has been both confirmed and challenged, with
the former claimed on the basis of interruption of FGF binding to
the FGF receptor, and the latter based on inhibition of p38/MAPK
and TGF-b signaling [146-148].

Finally, the multi-target tyrosine kinase inhibitor sunitinib is
known to block signaling in several pro-fibrotic pathways, includ-
ing Wnt, TGF-b/Smad-2/3 and non-Smad signaling pathways of
TGF-b (e.g., ERK1/2 and P38 pathways) [149-152]. Sunitinib activ-
ity resulted in reduced expression of pro-fibrotic markers, and
together with the use of the integrin inhibitor cRGDfk peptide, it
also reduced the expression of Twist [152]. The multi-target tyro-
sine kinase inhibition activity of sunitinib makes it a promising
candidate also for desmoplastic melanoma. As an example, suni-
tinib formulated in polymeric micelles enabled the reduction of
ECM deposition and elicited a strong cytotoxic response with ele-
vated CD8+ T cells after vaccination with BRAF peptide loaded in
lipid nanoparticles. This positive outcome indicates the importance
of fibrosis inhibition not only for direct anti-fibrotic activity, but
also for indirectly enhancing therapeutic outcome via improving
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the accumulation and penetration of co-administered therapeutic
agents [153].

2.7. Other proteins as anti-fibrotic targets

In addition to regulation of the above proteins and pathways,
various other targets have been investigated as promising anti-
fibrotic strategies. A prominent example is the inhibition of c-
secretase for inhibiting Notch activation, a concept that has been
examined previously for leukemia [154,155]. The inhibition of c-
secretase prevented the translocation of Notch to the nucleus,
blocking activation of pro-fibrotic HSC and pro-inflammatory
MU. In order to prevent off-target toxicities (particularly goblet
cell metaplasia), the c-secretase inhibitor dibenzazepine was
incorporated in PLGA nanoparticles for enhancing liver biodistribu-
tion [156]. Another important target is the inflammasome; an oli-
gomer protein complex responsible for inflammatory cascades. The
NLRP3 inflammasome is associated with many diseases (e.g. lung
fibrosis, cardiovascular fibrosis) where its dysfunction may lead
to fibrosis [157-161]. In liver disease, the use of NLRP3 knockout
mice showed decreased levels of fibrosis markers and an increase
in cytoprotective GATA4 [162], highlighting that therapies target-
ing deactivation of NLRP3 may constitute a complementary
approach against liver fibrosis [163,164].

A study focusing on the autophagy pathway and pro-fibrotic
extracellular vesicle (EV) production investigated the association
of these features with activation of HSC and fibrosis. Several poten-
tial targets, including SHP2 mRNA and protein, mTOR mRNA and
protein, ROCK protein, and REDD1 protein, were examined, in
order to identify the involvement of each component in liver fibro-
sis with multiple therapeutic interventions, including SHP2 siRNA,
SHP099 (SHP protein inhibitor), mTOR siRNA, rapamycin (mTOR
inhibitor), plasmid with REDD1 gene, and fasudil (ROCK1 inhibi-
tor). This thorough investigation showed that PDGF and SHP2 pro-
teins are responsible for activating mTOR signaling, which
promotes the release of EV with pro-fibrotic cargo. In addition,
the PDGF/mTOR axis inhibited autophagy and promoted secretion
of high amount of exosomes, with consequences similar to the
release of EV. On top of this, mTOR was found to activate the ROCK
pathway, which resulted in additional pro-fibrotic EV production.
Finally, SHP2 was found to inhibit REDD1, i.e., an endogenous
mTOR inhibitor and autophagy activator, and it enhanced EV
release. SHP2 gene deletion in a mouse model furthermore showed
reduction in fibrosis, collagen I and a-SMA levels. Importantly,
TGF-b did not affect the levels of REDD1, highlighting the impor-
tance of PDGF/SHP2 signaling in the development of fibrosis. The
abovementioned balance was interrupted by pharmacotherapeutic
interventions (e.g., rapamycin, mTOR siRNA, fasudil) enabling
autophagy promotion and inhibition of EV secretion [165].

In addition to the downregulation of pro-fibrotic proteins, the
upregulation of anti-fibrotic proteins is a robust strategy to control
fibrosis. Upregulation of NRF2 or inhibition of NRF2-KEAP1 interac-
tions have allowed for alleviating fibrosis in cancer. In an interest-
ing study in diabetic livers or steatohepatitis (which typically
appear as comorbidities [166]), the production of advanced glyca-
tion end-products (AGEs) proved to accelerate liver fibrosis as their
clearance receptor (AGER1) is downregulated. Enhancing the avail-
able amounts of NRF2 seems a viable anti-fibrotic strategy, as it
acts as a transcription factor promoting the expression of AGER1.
The use of AAV vectors carrying the NRF2 gene showed consider-
able transduction in hepatocytes, resulting in anti-inflammatory
and anti-fibrotic responses [167]. Similarly, focusing on NRF2 in
diabetic cardiomyopathy, isoliquiritigenin, a small molecule
reported to reduce inflammation and fibrosis [168], was used as
an NRF2 protein inducer, enabling cytoprotective effects via eleva-
tion of NRF2 levels [169]. Interestingly, even though elevation of



Alexandros Marios Sofias, F. De Lorenzi, Q. Peña et al. Advanced Drug Delivery Reviews 175 (2021) 113831
NRF2 levels is considered cytoprotective, and drug discovery
efforts aiming at direct KEAP1-NRF2 protein–protein-interaction
inhibition [170], its exact role in tumor progression remains
unclear and compounds for reducing the abnormally high levels
of NRF2 are under investigation [171]. Similar to the activation of
the NRF2 protein, induction of the mammalian serine/threonine-
protein kinase 4 (MST1) [172] and of the phosphoinositide 3-
kinase p110a (PI3K(p110a)) [173] has been shown to be effective
against fibrosis, in diabetic nephropathy and cardiac fibrosis
remodeling, respectively.

Various other proteins have been proposed for anti-fibrotic
application in the diseases addressed. In this regard, vimentin
and galectin-3 have been proposed as targets for easing myofibrob-
last activation and cytokine storm, respectively, in viral disorders
[174,175]. JMJD1C [176], legumain [177,178] and CD147 [179]
have been inhibited for ameliorating fibrosis and balancing pro-
fibrotic metalloproteinases (matrix proteins with fibrosis promot-
ing and mesenchymal stem cell regulating capacities [180-182])
in cardiac fibrosis and pancreatic fibrosis. Inhibition of proteins
related to homeostatic mechanisms, e.g., H+/K+-ATPase [183],
GPR43 and GPR109A sensing receptors [184,185], intestinal fatty
acid-binding protein (FABP2) [186], has also been shown to confer
promising anti-fibrotic efficacy in disease models related to
chronic pancreatitis, diabetic nephropathy, and atherosclerosis.
Finally, promising anti-fibrotic activity profiles have been pub-
lished for inhibition of other proteins, such as PI3Ka and HDAC
proteins in lung adenocarcinoma [187], CXCR4 in lung metastasis
[188], the proteasome and the RNA-binding protein HuR in dia-
betic nephropathy [189,190], the pyruvate kinase M2, MCL1, and
ACVR1 in liver diseases [191-193], and PI4KIIIb, CFTR and IL-1R
in viral infections [194-196].

2.8. Metabolites as anti-fibrotic targets

Besides modulating key cell populations and genes, RNAs and
proteins, also metabolic products are extensively investigated as
anti-fibrotic targets. Related to cardiovascular disease and
nephropathy, high levels of the intestinal bacteria-derived hepatic
metabolite trimethylamine-N-oxide (TMAO) have been associated
with fibrosis and inflammation. The use of linaclotide (i.e., a small
peptide guanylate cyclase C agonist that accelerates gastrointesti-
nal transit) enabled the reduction of TMAO and, consequently,
renal inflammation, renal fibrosis and cardiac fibrosis [197].
Related to the regulation of gut-derived metabolites, dietary fibers
can successfully stand as anti-inflammatory and anti-fibrotic
mediators. Their use has been shown to significantly reduce TNF-
a, IL-1b, monocyte chemotactic protein 1 (MCP1/CCL2), collagen,
a-SMA, and to increase IL-10 and IFN-c in diabetes models [198].

Oxidized phospholipids constitute another class of metabolites
that accumulate in the liver and in atherosclerotic lesions, causing
oxidative stress and damaging mitochondria. The development of a
transgenic mouse model expressing neutralizing antibodies
E06-scFv against oxidized phospholipids interrupted inflammatory
signaling, improved inflammation and fibrosis, and inhibited the
progression of NASH to hepatocellular carcinoma [199,200].

Overproduction of reactive oxygen species (ROS) induces oxida-
tive stress, atherosclerotic plaque instability and fibroblast activa-
tion. In a mouse model of superoxide dismutase 2 deficiency,
targeting mitochondrial ROS with the superoxide scavenger
MitoTEMPO reduced the expression of MMP-2, decreased matrix
degradation and prevented atherosclerotic plaque instability
[201]. This result points out that anti-fibrotic strategies should
aim to reconstitute a fibrotic balance (rather than complete elimi-
nation), particularly important for avoiding rupture of vulnerable
atherosclerotic plaques [202,203]. Finally, in irradiated prostate
fibroblasts, the use of manganese porphyrin metabolically
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converted superoxide to hydrogen peroxide, allowing for inhibi-
tion of the TGF-b/Smad pathway and reduction of a-SMA through
sequential down-regulation of KEAP1 and activation of NRF2 [204].
3. Therapeutic outlook: Clinical status, drug repurposing and
drug delivery

The exploration of anti-fibrotic targets gains more and more
attention due to the understanding that inhibiting pathological
fibrosis not only enables easing of the disease, but also allows for
improving drug accessibility to the local microenvironment.
Recent advances have explored the option to inhibit fibrotic targets
at various levels of transcription and translation, aiming to holisti-
cally balance fibrotic manifestations via cutting-edge strategies,
e.g., gene editing and RNA interference. The vast majority of such
interventions is still under preclinical evaluation, while in clinical
practice, only small molecules are typically administered and
explored. On the long run, we foresee that the identification of
anti-fibrotic targets and the design of specific anti-fibrotic thera-
pies will shift the clinical landscape from unspecific to (more)
cell- and molecule-specific interventions. In this respect, the uti-
lization of nanomedicine tools which are able to deliver advanced
therapeutic cargo to specific (sub)cellular targets is anticipated to
further potentiate the anti-fibrotic treatment regimens.
3.1. Approved anti-fibrotic agents, clinical trials and drug repurposing

For decades, first-line anti-fibrotic interventions have been
based on corticosteroids and immunosuppressants [205,206]. In
recent years, two small molecules, i.e., pirfenidone and nintedanib,
have been approved for IPF [207,208]. While their molecular mech-
anisms have not yet been completely elucidated, the evidence
available suggests that pirfenidone inhibits TGF-b activity [11],
while nintedanib acts as a multi-tyrosine kinase inhibitor targeting
the vascular endothelial growth factor 1–3 (VEGFR1-3), fibroblast
growth factor receptors 1–3 (FGFR 1–3), and the platelet-derived
growth factor receptors (PDGFR) a and b [209].

Despite the capability of both nintedanib and pirfenidone to
improve lung function, only limited success has been achieved
with regard to prolonging the life-expectancy of patients. Conse-
quently, exploration and clinical translation of additional pharma-
cotherapeutic strategies seems warranted [210]. Among them,
promising results have been reported for recombinant pentraxin-
2 (PTX-2), a natural amyloid protein with anti-inflammatory prop-
erties in IPF [211]. The exogenous administration of PTX-2 reversed
the fibrotic phenotype and regulated MU accumulation, resulting
in ECM remodeling and organ failure prevention in lung and kid-
ney fibrosis [212,213], as well as significant improvements in
forced vital capacity (FVC) in case of lung disease [214,215].

Additional studies investigated the role of lysophosphatidic acid
(LPA), a glycerol phosphate fatty acid that acts through G protein-
coupled receptor signaling. Although not involved in myofibroblast
activation, it was observed that LPA induced chemotaxis of lung
fibroblasts in bleomycin-induced lung fibrosis, with consequent
collagen increase [216]. In a phase II clinical trial, the administra-
tion of the LPA inhibitor GLPG1690 was shown to be well tolerated
in IPF patients, to improve FVC and to decrease plasma LPA concen-
trations [217].

Another attractive target is galectin-3, a lectin involved in cell–
cell communication, which showed increased expression levels in
bronchoalveolar lavage fluid of IPF patients [218]. Galectin-3 was
found to be involved in EMT and myofibroblast activation, via
the TGF-b and b-catenin pathway. The galectin-3 inhibitor TD139
decreased TGF-b expression and reversed the fibrogenic phenotype
in a preclinical lung fibrosis model via decreasing collagen
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deposition. Recently, a phase I/IIa trial showed that TD139 is safe
and decreased fibrotic plasma biomarkers in patients [219].

Efforts on identifying drugs for IPF treatment have turned out to
be relevant for treating other fibrotic diseases, e.g. COVID-19 [220],
with three clinical trials with nintedanib and one with pirfenidone
at recruiting level. However, the beneficial effect of these drugs for
COVID-19 treatment is still debatable, since oral administration is
incompatible with mechanical ventilation of COVID-19 patients. In
this regard, pentraxin-2 and inhibitors of galectin-3 appear inter-
esting candidates, since they are administered intravenously and
display inhibitory effect against inflammatory pathways involved
in COVID-19 infection.

Nintedanib is clinically approved as monotherapy for non-small
cell lung cancer (NSCLC) [221], and it currently in phase III trials in
combinationwith docetaxel [222]. This combination therapy exhib-
ited benefits in terms of progression-free survival in patients with
poor-prognosis adenocarcinoma in comparison to docetaxel
monotherapy [222]. The success of the combination therapy may
rely on the anti-fibrotic remodeling activities of nintedanib, which
may help to improve the accumulation and intratumoral distribu-
tion of docetaxel. This idea is consistent with the results of a recent
study, revealing that nintedanib has direct anti-fibrotic effects in
patient-derived cancer-associated fibroblasts (CAF) of adenocarci-
noma (ADC) lung cancer [223]. Upon nintedanib treatment, ADC-
associated CAF exhibited reduced proliferation and invasion, aswell
as reduced expression of activation markers and decreases collagen
content. However, onlymodest anti-fibrotic effects uponnintedanib
treatment are observed in CAF squamous cell carcinoma (SCC). Sim-
ilarly, therapeutic effects of nintedanib in terms of growth and inva-
sion properties were consistently more robust in ADC cell lines
exposed tofibroblast-activated conditionedmediumthan inSCCcell
lines, suggesting different regulatory mechanisms of CAF activation
betweenthe twocarcinomasubtypes [224].Givensuchefficacyvari-
ability, nintedanib is being investigated in precision medicine set-
ups. For example, it was evaluated in patients with metastatic pan-
creatic ductal adenocarcinoma (mPDAC) bearing specific mutations
in oncogenes and key-modulators of fibrosis [225]. Besides cancer,
nintedanib has demonstrated to reduce the expression of collagen
and to affect the formation of collagen fibrils in IPF patient-derived
fibroblasts [226]. In addition, nintedanib has shown efficacy in
patients with systemic sclerosis, where it reduced the activation,
migration and proliferation of fibroblasts as well as the expression
of various ECM components. In this context, nintedanib further
proved its antifibrotic properties in a sclerosis mouse model by
improving dermal fibrosis and abrogating the number activation of
fibroblasts to myofibroblasts [227].

Several drugs approved for other diseases and targeting
upstream elements of TGF-b-signaling have been repurposed as
anti-fibrotic agents. Among them is losartan, a small molecule clin-
ically approved for treating hypertension [228]. Its mechanism of
action involves inhibition of the binding of angiotensin II to the
type 1 angiotensin receptor (AT1R). It was demonstrated that the
losartan metabolite EXP3179 displayed potent anti-fibrotic remod-
eling in the myocardium in a hypertensive animal model [229].
Recently, losartan has also been proven to be beneficial in preclin-
ical models of ovarian cancer [230]. In particular, losartan admin-
istration showed reduction of ECM components and decrease of
‘‘solid stress”, resulting in decompression of vascular structures
and in angiogenic normalization, thus, potentiating the accumula-
tion of the co-administered chemotherapy. At the clinical level,
losartan was found to convey benefit in hepatitis C-induced liver
fibrosis [231], as well as in FOLFIRINOX (i.e. folinic acid, fluo-
rouracil, irinotecan and oxaliplatin) -based radiochemotherapy in
patients with locally advanced pancreatic adenocarcinoma [232].

An additional interesting drug under evaluation is anakinra, a
recombinant protein acting as an antagonist of the IL-b1 receptor
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[2]. Preclinical studies in cystic fibrosis animal models have shown
that by antagonizing IL-b1-pro-inflammatory activity in the lungs,
anakinra reduces recruitment of neutrophils and MU at pulmonary
sites, thereby reducing inflammation and increasing survival [233].
A phase II clinical trial (NCT03925194) for anakinra in cystic fibro-
sis has recently started. Furthermore, a retrospective study in
COVID-19 patients revealed that only 25% of patients needed
mechanical ventilation or died after receiving subcutaneous injec-
tions of anakinra, whereas these events occurred in the 73% of the
control group (p < 0.0001) [234].

Drugs targeting intracellular factors revealed effectiveness in
tuning fibrogenic reactions in multiple fibrotic diseases. Setanaxib,
a small molecule targeting the NOX4 enzyme which acts down-
stream of canonical TGF-b/Smad-2/3 signaling, is currently in
phase II clinical trial for IPF. In preclinical models of breast cancer,
the inhibition of NOX4 resulted in downregulation of TGF-b, a-
SMA and collagen content [235]. Interestingly, setanaxib-induced
remodeling resulted in an increased infiltration of cytotoxic lym-
phocytes in the tumor core, with strengthened anti-tumor
responses when combined with immunotherapy [235].

Additional interactions related to non-canonical TGF-b/Smad-
2/3 inhibition are under investigation. In particular, interesting
results have been reported by evaluating the PI3K/Akt/mTOR path-
way. mTOR signaling has been demonstrated to be highly activated
in all tissue components of fibrogenic kidneys in a mouse model of
ischemia–reperfusion-injury (IRI) [236]. Administration of the
mTOR inhibitor rapamycin decreased inflammatory cytokine
release, reduced recruitment of inflammatory neutrophils,
reversed MU inflammatory activity and decreased fibroblast acti-
vation. Recent findings exploiting CRISPR-Cas9 technology high-
lighted that the mTOR substrate 4E-BP1 is potently involved in
TGF-b-mediated collagen synthesis and fibrogenesis in a
rapamycin-insensitive way, which calls for the development of
alternative mTOR inhibitors [208]. In this direction, the mTOR inhi-
bitor MLN0128 reversed the activating phenotype of IPF patient-
derived lung fibroblasts by blocking the expression of TGF-b and
other fibrosis-related markers [237].

3.2. Integrating nanomedicine for targeting fibrosis

The extensive application of nanomedicine for anti-cancer pur-
poses has resulted in the clinical translation of approximately 20
nanomedicines [238,239]. In our effort to identify therapeutic tar-
gets for alleviating fibrosis, we realized that only a small portion of
studies take advantage of nanotechnology tools for enhancing the
efficacy of the anti-fibrotic treatments at the research stage of tar-
get discovery and evaluation. The incorporation of nanomedicines
in anti-fibrotic setups could improve the delivery of active agents
specifically to the key cell populations [240,241]. Indeed, although
not as widely explored as for anticancer approaches, the use of
nanomedicines has already demonstrated to be able to potentiate
anti-fibrotic therapies, mainly applied in liver diseases [242,243],
but thus far with only minor application in atherosclerosis, dia-
betes, and viral diseases [244-248].

Fibrosis-targeted nanomedicines include lipid-based (e.g., lipo-
somes), polymeric (e.g., PLGA nanoparticles), and inorganic (e.g.,
superparamagnetic iron oxide nanoparticles (SPIONs)) nanoparti-
cles. The developed anti-fibrotic nanoformulations typically aim
to either target fibrotic cells (e.g., fibroblasts, HSC) or the produced
ECM components (e.g., collagen). These nanoparticles have seen
applications in various fibrotic diseases such as pancreatic cancer,
liver fibrosis, and skin fibrosis [249-251]. More specifically, the use
of collagenase nanoparticles (collagozomes) resulted in ECM
degradation that allowed for enhanced drug penetration on a PDAC
model [249]. Similarly, a collagenase nanocapsule allowed for a
prolonged release of collagenase, significantly reducing the
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amount of collagen in a dermal fibrosis mouse model as well as
outperforming the treatment with free-collagenase [251].

Small molecules are the most common payload. Corticosteroids
(e.g., dexamethasone [252-254] or prednisolone [255-257]) have
shown promising activity for tumor microenvironment remodel-
ing, fibrosis mitigation, and attenuation of hyper-inflammation.
Natural compounds (e.g., carotenoids, terpenoids [258,259]) have
also been assessed as anti-fibrotic agents. In a recent approach,
liposomes co-loaded with docetaxel (DTX) and dexamethasone
were prepared, and were designed to enable sequential drug deliv-
ery [260]. Initial release of the corticosteroid enabled tumor stroma
modulation, which contributed to increased accumulation of the
DTX-liposome, outperforming the free drugs or single-loaded
nanoparticle performance.

In addition to small molecules, proteins have also been evalu-
ated as a payload in nanomedicines. TSG-6, an anti-fibrotic cyto-
kine, was loaded into calcium phosphate-bovine serum albumin
(BSA) nanoparticles and evaluated in a preclinical liver fibrosis
model [261]. The TSG-6 loaded calcium phosphate-BSA NP effi-
ciently targeted the liver, with minimal accumulation in the
spleen, and exhibited improved therapeutic effects in comparison
to the free cytokine. Another experiment that relied on boosting
endogenous anti-fibrotic proteins used SPION to deliver the fibrob-
last growth factor 2 (FGF2) protein. The use of nanoparticles
resulted in a higher systemic half-life FGF2, improving its anti-
fibrotic efficacy [262]. In another study, SPION-conjugated relaxin
(RLN) was evaluated in a pancreatic tumor model, where they
demonstrated enhancement of the antitumor efficacy of gemc-
itabine via decreasing collagen content [263]. In a similar concept,
nanoparticles containing collagenase were used as a means for
reducing ECM, thereby increasing drug penetration in pancreatic
tumors [249].

Several anti-fibrotic nucleotide-based therapeutics have been
loaded in nanoparticles. The delivery of plasmid DNA encoding
for the anti-fibrotic peptide RLN was tested against liver fibrosis
and cancer metastasis [263,264]. The plasmid DNA encoding for
RLN loaded in nanoparticles targeted metastatic cells and HSC,
turning them into an in situ RLN depot [264]. The anti-fibrotic
and anti-metastatic effect synergized with PD-L1 blockade
immunotherapy, indicating that normalization of the ECM potenti-
ates the accumulation and penetration of immunotherapeutics.
Following the same concept, a plasmid DNA encoding for the
TNFa-related apoptosis-inducing ligand (TRAIL) was co-loaded
with protamine (as a facilitator of nuclear delivery) in HCC-
targeted pH-responsive SP94-peptide-based nanoparticles [265].
Treatment with the nanoformulation resulted in suppression of
HCC progression and liver fibrosis. AT the RNA level, loading siRNA
into nanoparticles protects against degradation and improves
intracellular accumulation [266]. In this regard, several studies
set out to inhibit fibrosis-promoting mediators by delivering siRNA
against the mRNA of the methylation-controlled J protein (MCJ)
[101], gp46 [267], and Tenascin-C (TnC) [268], in liver and ovarian
cancer.

Also the use of EV, i.e., cell-derived vehicles that act as intercel-
lular molecular mediators, has been considered for anti-fibrotic
therapy purposes. In light of this, a study demonstrated that EV
obtained from the serum of healthy animals possess anti-fibrotic
properties [269]. It was shown that these anti-fibrotic properties
were due to microRNA that are abundant only in healthy mice
and that their in vivo application in fibrotic mice reversed pro-
fibrotic gene expression in HSC.

As alluded to above, many anti-fibrotic agents have been
employed without being loaded in a nanocarrier. Such strategies
are typically implemented to enhance the tumor accumulation
and penetration of subsequently (or (co–)) administered nanome-
dicine formulations. Key examples of such anti-fibrotic priming
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drugs are captopril [270], losartan [230] and plerixafor [271],
which have all been shown to increase tumor perfusion, dilate
tumor blood vessels and normalize the tumor stroma. It should
be noted in this regard that nano-formulations have been claimed
to possess intrinsic anti-fibrotic properties, such as AuNPs. Treat-
ment with AuNPs led to a reduction of CAF density in colorectal
cancer models, with a consequent reduction in the expression of
collagen I and other fibrosis-associated proteins, such as CTGF,
TGF-b1 and VEGF [272].

Besides for delivery of active agents, other characteristics of
nanoparticles such as diagnostic properties, ligand-mediated tar-
geting and/or stimulus-responsiveness have been explored in the
context of anti-fibrosis therapy. For instance, SPION loaded with
indocyanine green (ICG) [273], simultaneously exhibiting magnetic
resonance imaging and fluorescence imaging capacities, have
aimed at visualizing hepatic fibrosis. For active targeting of fibrosis,
nanocarriers have been functionalized with hyaluronic acid [274],
aminoethyl anisamide [264,275] and peptides, such as RGD [273],
PDGFRb- [276], collagen-binding peptides [250]. With respect to
stimulus-responsive nanoparticles, pH-sensitive nanoparticles co-
loaded with hydroxychloroquine and paclitaxel have shown that
nanomedicines can convey superior targeting, penetration-
promoting and anti-fibrotic efficacy-enhancing effects in pancre-
atic cancer [277].
4. Imaging modalities for diagnostic assessment of fibrosis

While not all individuals with fibrotic disease are at equal risk
of developing life-threatening organ failure, the paucity of
biomarkers to detect and stage fibrosis, assess disease progression
and enable longitudinal treatment monitoring constitutes a major
unmet clinical need. Based on this notion, it is not surprising that
intense efforts are being made towards the development of tools
and technologies to advance fibrosis diagnosis. This section
describes recent efforts and progress made in fibrosis staging and
therapy assessment via means of anatomical and functional imag-
ing (NB: molecular imaging of fibrosis is discussed in section 5), in
atherosclerosis and cardiac disease (Fig. 7), cancer (Fig. 8), diabetes
(Fig. 9), liver diseases (Fig. 10) and viral disorders (Fig. 11).
4.1. Imaging fibrosis in atherosclerosis and cardiac diseases

Early detection of anatomical abnormalities in major blood ves-
sels can support the prediction of progression of atherosclerosis to
myocardial infarction and stroke. Various imaging techniques are
consequently used for visualizing fibrosis in the heart and blood
vessels in (pre-)clinical settings (Fig. 7a,b).

MRI offers several sequences able to detect morphological and
functional tissue alterations at image voxel resolution. In a mag-
netic field, different tissues exhibit specific T1 (spin–lattice) and
T2 (spin–spin) relaxation time constants. T1 and T2 describe the
longitudinal and transverse return rate of water protons signal to
equilibrium and this process depends on the local and molecular
composition of tissue environment. Therefore, disease-dependent
alterations might affect characteristic and well-defined tissue
relaxation times that can be qualitatively and quantitatively
reported by MR contrast changes. In particular, high-resolution
MRI has been used to assess the formation of mild or moderate
atherosclerosis in the carotids of patients with elevated
apolipoprotein B levels. A combination of time-of-flight (TOF),
T1-weighted and T2-weighted MRI (Fig. 7c; image 1–3) was
employed to evaluate the thickness of carotid arteries, as well as
the thickness of the fibrous caps and the lipid-rich necrotic cores
[278,279]. Similarly, cardiac MRI was used to assess myocardial
remodeling and fibrosis in chronic inflammation [280]. Interstitial



Fig. 7. Imaging fibrosis in atherosclerosis and cardiac disease. (a) The myocardium and major blood vessels are the most investigated tissues in atherosclerosis and cardiac
fibrosis. (b) For visualization and detection of myocardial and vascular fibrosis, magnetic resonance imaging (MRI) and optical coherence tomography (OCT) are gold standard
techniques. Other imaging modalities such as magnetic resonance elastography (MRE), intravascular ultrasound (IVUS), micro-computed tomography (lCT), computed
tomography angiography (CTA), and conventional angiography are also used, for fibrosis detection and staging. Pre-clinically, post-mortem immunohistochemistry (IHC) is
used to corroborate findings from (non)-invasive imaging. (c) Image 1–3: High-resolution carotid MRI can be used for assessing the formation of vascular plaques via time-of-
flight and T1- or T2-weighted (T1w, T2w) sequences. Image 4–9: The gold standard method for revealing pathophysiological abnormalities in vascular diseases, i.e.,
intraarterial OCT, can distinguish healthy vessels, vessels with fibrous cap, and vessels with thin-cap fibro-atheroma (TCFA), which are susceptible to rupture and life-
threatening thrombi formation. Intraarterial OCT can furthermore detect the presence of macrophages, ruptured caps, as well as to evaluate treatment efficacy. Image 10–12:
A combination of conventional angiography, CTA, and IVUS shows vascular projectile protrusions, indicative of carotid intimal variant fibromuscular dysplasia (carotid web).
Image 13–18: Hematoxylin and eosin (H&E), fuchsin and MOVAT’s pentachrome stainings corroborate ex vivo tissue pathophysiological characteristics, such as
atherocalcifications, elastin fragments, and fibrosis magnitude. Color-coding: the analysis of manuscripts described in section 4.1 revealed the frequency in which each organ
and imaging modality are investigated and used for the detection of fibrosis in atherosclerosis and cardiac disease; light green = low frequency; green = medium frequency;
dark green = high frequency. All images were adapted with permission [279,284,285,293,295].
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myocardial fibrosis was evaluated by combining native T1 map-
ping and analysis of the extracellular volume (ECV), with longer
T1 times and higher ECV percentages being representative for
interstitial fibrosis. The MRI-derived assessment was correlated
with systemic inflammation markers, showing that high levels of
IL-6 are associated with higher ECV, and higher CRP levels with
longer T1 times [281].

While the majority of atherosclerosis studies focus on major
vessels proximal to the heart vessels, considerable attention is also
given to kidney assessment, due to the development of atheroscle-
rotic renal artery stenosis (ARAS) disease [282]. In an ARAS pig
model, morphological differences between normal and atheroscle-
rotic kidneys, as well as therapy response, were evaluated via mag-
netic resonance elastography (MRE), and validated by histology.
The results indicated that the reduction in the stiffness of kidney
parenchyma could be detected only in case of severe fibrosis, while
sensitivity issues did not allow the detection of such changes in
cases of mild fibrosis [283].

An important technique for visualizing structural abnormalities
in blood vessels and for assessing coronary syndrome damage is
intra-arterial optical coherence tomography (OCT). OCT has been
used to assess fibrous cap thickness as well as ruptured fibrous
17
caps (which promote formation of intravascular thrombi), in
patient cohorts partially treated with the cholesterol-lowering
drug pitavastatin. OCT revealed that treated individuals developed
a thicker fibrous cap, as indicated by a larger signal-rich band
which was clearly discernable from the signal-poor band indicative
of the lipid core. Fibrous cap thickness was found to be signifi-
cantly improved via OCT-based therapy monitoring, while lipid
core thickness decreased. OCT could furthermore capture the heal-
ing of the ruptured fibrous cap and the disappearance of proxi-
mally formed thrombi [284]. In addition to the thickness of the
fibrous cap and the volume of the lipid core, OCT also allows for
visualizing lesions with fibrosis, calcification, thin-cap fibroather-
oma and MU infiltration [285], as well as for correlating such mor-
phological changes with cytometry-derived assays aiming to
identify infiltrated inflammatory cell populations [286,287]
(Fig. 7c; image 4–9).

As described above, the accumulation of advanced glycation
end products (AGEs) contributes to fibrosis development. AGEs
can be used as markers related to the severity of cardiovascular
disease, since AGEs accumulation in the skin results in elevation
of skin autofluorescence [288]. In an exemplary study, patients
were subdivided in two groups based on skin autofluorescence



Fig. 8. Imaging fibrosis in cancer. (a) Lung carcinomas, as well as malignant manifestations in the ovaries, breast, pancreas, liver, thyroid, and skin present with a fibrotic
phenotype. (b) The most commonly used imaging modalities to assess cancer-associated desmoplasia are immunohistochemical (IHC) analyses and magnetic resonance
imaging MRI. (c) Image 1–2: T1w MRI and especially native T1 mapping are employed to detect fibrosis in liver carcinoma, with high native T1 mapping values to correlate
with fibrosis (typically assessed ex vivo via histological staining). Image 3–4: Grating-based phase-contrast CT (PCCT) is a novel phase-contrast CT-based imaging method that
allows for the distinction of fibrosis, hemorrhage, necrosis, and cancer cells in hepatocellular carcinoma specimens; corroborated by complementary Elastica van Gieson (EvG)
histological staining. Image 5–6: Grating interferometry-based mammography (GIM) can detect and evaluate suspicious micro-calcifications and fibrosis of breast biopsies.
Image 7–9: The magnetization transfer (MT) ratio in T2w MRI allows for visualizing desmoplasia in ovarian carcinoma. Ex vivo second harmonic generation (SHG) imaging of
collagen fibers and IHC corroborates fibrotic manifestation. Image 10–12: Chemoradiation therapy induces severe fibrosis. To spatially map pathological alterations, treated
lung tumor tissue underwent MALDI-mass spectrometry imaging together with H&E staining to unravel a correlation between N-glycan overexpression and fibrosis. Image
13–18: The development of masses at the post-chemotherapy stage were false-positively diagnosed as carcinogenesis via 18F-FDG PET/CT; (MIP = maximum intensity
projection). Subsequent ex vivo H&E staining and laparoscopic exploration resolved this issue, revealing the masses to be carcinogenesis-mimicking fibrosis, composed of
calcified fibrotic tissue, infiltrating foamy mononuclear cells, and multinucleated giant cells. Color-coding: the analysis of manuscripts described in section 4.2 reveal the
frequency in which each organ and imaging modality are investigated and used for the detection of fibrosis in cancer; light red = low frequency; red = medium frequency;
dark red = high frequency. All images were adapted with permission [300,302,303,309,312,314].
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and subjected to OCT and coronary angiography. The imaging
results showed that only OCT was able to correlate the group with
high skin autofluorescence with a thinner fibrous cap, higher thin-
cap fibroatheroma, increased infiltration of MUs, more events of
ruptured plaques, increased calcification, and more thrombi [289].

Another technique that enables visualization of pathophysio-
logical abnormalities in vessels (e.g. obstruction, dilation, stenosis)
is computed tomography angiography (CTA) [290,291]. CTA was
used to evaluate the pathophysiological characteristics of coronary
arteries and to identify the impact of non-obstructive left main
coronary artery disease (LMCA) in the overall progression of coro-
nary artery disease. Patients with LMCA presented with a more cal-
cified, more fibrous and more necrotic plaque, as well as with
increased progression at follow-up scans. This exemplifies the
value of CTA, as it contributed to the realization that the severity
of LMCA is a marker for more aggressive progression of coronary
artery disease [292]. Efforts to correlate CTA imaging features with
histology-derived information may help to further improve the
diagnostic power of this imaging modality [293,294].

Although CTA and conventional angiography are traditionally
used for visualizing accumulation of atherosclerosis, alternative
techniques have been investigated for detecting vascular defects.
18
Intravascular ultrasound (IVUS) is evaluated for the potential to
detect carotid web-related vascular lesions. Indeed, IVUS allowed
for detection of carotid web protrusions, and was in agreement
with the CTA and angiography scans. However, the low spatial res-
olution of IVUS does not provide further information about the
physiological characteristics of the lesion, and cannot differentiate
between fibrosis, thrombosis, and atherosclerosis [295] (Fig. 7c;
image 10–12).

While the combination of all of the above imaging techniques in
clinical practice is hardly possible, their combined use in preclini-
cal research provides advantages in defining atherosclerosis. In a
transgenic Ossabaw pig model expressing the PCSK9 gene with
D347Ymutation (which is known to promote familial hypercholes-
terolemia and arterial plaques), several imaging techniques were
used to determine and characterize the extent of coronary and
peripheral vascular atherosclerosis, mainly focusing on the heart,
proximal arteries and kidneys. At the organ level, MRI and MRE
nicely illustrated progressive formation of hypoxic regions in the
kidneys and elevated kidney stiffness. A combination of IVUS and
OCT was used to visualize the progression of plaque formation as
well as volume growth in proximal heart arteries and renal arter-
ies. To visualize vascular density, micro-computed tomography



Fig. 9. Imaging fibrosis in diabetes. (a) Diabetic complications developed in the heart cause diabetic cardiomyopathy that alters myocardial functional capacity. Other organs
with evident diabetic complications are the liver, pancreas, and kidneys. (b) Cardiac MRI and ex vivo IHC are the major modalities to diagnose diabetic fibrosis. Elastographic
techniques and echocardiograms further support diagnosis. (c) Image 1–8: Various MRI sequences are used to assess myocardial remodeling and fibrosis in case of diabetes.
Such abnormalities display a higher native T1 mapping, extracellular volume (ECV) and T2 weighted (T2w) values (appearing as more intense colors in the images), as well as
late gadolinium enhancement (LGE). Image 9–10: Echocardiograms can inform on cardiac remodeling, evidencing increased wall thickness and alteration in cardiac pump
function. Image 11–12: Combining IHC and MALDI-TOF-MS imaging can be employed to correlate fibrosis development with upregulation of pro-fibrotic markers. Image 13–
18: Various histological and IHC stainings (i.e., Masson’s trichrome, IHC for fibronectin, picrosirius red) are used to assess diabetes-associated fibrosis in tissues and around
vessels. Color-coding: the analysis of manuscripts described in section 4.3 reveal the frequency in which each organ and imaging modality are investigated and used for the
detection of fibrosis in diabetes; light blue = low frequency; blue = medium frequency; dark blue = high frequency. All images were adapted with permission [317,323,325-
327,333,334].

Alexandros Marios Sofias, F. De Lorenzi, Q. Peña et al. Advanced Drug Delivery Reviews 175 (2021) 113831
(lCT) was employed, showing higher vessel density in the
atherosclerotic model both in the myocardium and in the kidneys.
In addition, regular CT allowed for identifying a loss of aortic dis-
tensibility. Finally, thorough histological analysis consisting of four
different types of staining was performed to further characterize
the composition of the atherosclerotic lesions in heart and vessels
and to identify the plaque magnitude as well as fibrosis and calci-
fication regions [296,297]. Overall, such histological analyses are
used extensively in clinical specimens for validating cases of
atherosclerosis, elastin fragmentation and fibrosis [293] (Fig. 7c;
image 13–18).

4.2. Imaging fibrosis in cancer

Cancer-related fibrosis comes in multiple forms. These include
an excessive stromal reaction accompanying tumor formation ter-
med desmoplasia, as well as post-surgical scar tissue and radio-
and chemotherapy-induced fibrosis. Although these fibrosis forms
are heterogeneous, they do not necessarily produce substantially
different radiological images, thereby challenging correct and
timely diagnosis (Fig. 8a,b).

Desmoplasia refers to the formation of excess connective tissue
around and within cancerous lesions as a response to smoldering
tumor inflammation and/or tumor cell invasion into healthy tissue
[298]. The intimate relationship between fibrosis and carcinogenesis
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is evidenced by the fact that desmoplastic tissue in normal breast
is an important risk and prognostic factor [299]. Several imaging
techniques (e.g., MRI, CT), are used in (pre)clinical practice for
desmoplasia detection. For example, on the basis of different T1
relaxation times in different tumor areas, T1-mapping MRI allows
for the visualization of the tumor extracellular matrix (ECM) in a
preclinical rabbit model of liver cancer (Fig. 8c; image 1,2) [300].
High T1 relaxation times in tumor and short T1 relaxation times
in regions surrounding the tumor suggest native T1 mapping as a
possible quantitative means to assess ECM remodeling.

In certain types of cancer, such as breast and ovarian tumor,
anatomical CT imaging can identify tumor-associated desmoplasia.
For other tumor types, it is often challenging to distinguish fibrosis
(or post-surgical scar tissue) from surrounding healthy or malig-
nant tissue since the two entities attenuate X-rays similarly. To
overcome this limited soft-tissue contrast of conventional
absorption-based CT imaging, several new phase-contrast imaging
methods have been developed in recent decades [301]. The signal
intensities in grating-based phase-contrast CT (PCCT) images
obtained with a synchrotron light source and a conventional X-
ray source can be used to ex vivo visualize different tissue regions
(e.g., fibrosis, hematoma, cancer cells, necrosis) in human liver cir-
rhosis and hepatocellular carcinoma (HCC) (Fig. 8c; image 3,4)
[302]. Analogously, grating interferometry-based mammography
(GIM) can be used to evaluate suspicious micro-calcifications and



Fig. 10. Imaging fibrosis in liver diseases. (a) Non-alcoholic fatty liver disease (NAFLD) comprises a spectrum of pathological conditions affecting the liver, spanning from
steatohepatitis (NASH) to more severe fibrosis and cirrhosis. (b) Staining needle-core biopsy specimens stands as the clinical reference procedure to assess liver fibrosis. In
addition, MRI and MRE have recently gained preclinical attention due to the higher diagnostic performance in staging fibrosis in comparison to transient elastography (TE) or
2D ultrasound-based elastography. (c) Image 1–6: Elastographic techniques (i.e., MRE, transient elastography (TE), and 2D-shear wave elastography (2D-SWE)) are used to
indirectly assess the extent of fibrosis via assessment of tissue stiffness. Image 7–12: Although conventional MRI sequences are not so precise in terms of differentiating
between different fibrosis stages, novel MRI strategies including multiparametric MRI, iron-corrected T1 (cT1), and liver ECV quantification are pushing forward the efforts for
accurately diagnosing patient disease stage. Such innovations appear as a strong quantitative proxy for the detection of liver inflammation and fibrosis, reducing the need for
liver biopsies. Image 13–14: On gadoxetic acid contrast-enhanced MRI, the gadoxetic acid hepatobiliary phase uptake fraction is indicative for liver function and fibrosis stage.
Image 15–18: Liver needle biopsies of NASH and NASH-chrirrosis patients were stained using Masson’s trichrome, showing that the extent of fibrosis inversely correlates with
the expression of lipofuscin. NB: the absence of cell-derived lipofuscin shows substitution of funtional tissue with desmoplastic tissue. Color-coding: the analysis of
manuscripts described in section 4.4 reveal the frequency in which each organ and imaging modality are investigated and used for the detection of fibrosis in diabetes; light
yellow = low frequency; yellow = medium frequency; dark yellow = high frequency. All images were adapted with permission [345,347,356,359,362,368,370].
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fibrosis of breast biopsies (Fig. 8c; image 5,6) [303]. Based on X-ray
absorption, refraction and scattering, in case of in-situ ductal carci-
noma it was found that micro-calcifications associated with malig-
nancy possess a lower correlation between absorption and
scattering than specimens associated with fibrosis. Nevertheless,
when tumor perfusion is scarce and/or hindered by dense desmo-
plasia, even contrast-enhanced scans might fail to differentiate
between different neoplasms. For instance, in pancreatic lesions,
it is difficult to differentiate fibrosis resulting from pancreatic can-
cer vs. fibrosis driven by other pancreatic disorders, e.g., pancreati-
tis [304]. In such situations, alternative modalities such as
endoscopic ultrasonography (EUS) represent a better tool for dif-
ferential diagnosis than contrast-enhanced CT.

Even if needle biopsies followed by histopathological staining
remain to be the gold standard for diagnosing and staging
cancer-associated fibrosis, non-invasive imaging is employed more
and more for fibrosis detection and guiding biopsies to the right
location of a targeted nodule. Such guiding techniques (e.g., endo-
bronchial ultrasound (EBUS), however, do not allow for discrimina-
tion between cancer and desmoplasia. To resolve, in order to
differentiate tumor from fibrosis during needle biopsies,
polarization-sensitive OCT (PS-OCT; i.e., functional OCT) has been
utilized as a guidance tool [305]. PS-OCT detects birefringent tissue
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component, e.g., collagen, while simultaneously generating struc-
tural OCT images, thus providing a reliable tool to quantify and
characterize fibrosis [306].

Finally, pioneering work on tumor-associated collagen has
resulted in establishing a previously overlooked feature of invasive
breast tumors, i.e., the morphological appearance of collagen struc-
tures [307]. The tumor-associated collagen signatures (TACS) con-
sist of a three-part system classification. In TACS-3, the presence of
linear bundles of collagen fibers growing perpendicularly away
from invasive breast tumor mass is causally linked to poor out-
come, both in preclinical breast cancer models as well as in clinical
cases [308]. The endogenous contrast generated by fibrillar colla-
gen in second harmonic generation (SHG) microscopy has semi-
nally contributed to the discovery that such morphological and
architectural features of tumor-associated stromal tissue can be
used to predict disease outcome. Based on this, due to the poor
clinical translatability of in vivo microscopy, various (pre)clinical
efforts are currently ongoing to correlate SHG-based microscopy
features with MRI and histology features (Fig. 8c; image 7–9) [309].

Besides desmoplasia, another important and prevalent type of
cancer-related fibrosis is chemo- and/or radiotherapy-induced
fibrosis. These treatments induce damage not only in the tumor
but also in surrounding (and distant; in the case of chemotherapy)



Fig. 11. Imaging fibrosis in viral disorders. (a) With the outbreak of the COVID-19 pandemic and with the ever-increasing spread of HBV/HCV infections, the main organ-focus
of viral disorders are the lungs and liver. (b) Computed tomography (CT) is the most commonly used imaging modality to visualize viral-derived lungs fibrosis, whereas
magnetic resonance imaging (MRI) and histology upon needle-core biopsy are most frequently used techniques for assessing fibrosis in hepatic viral disorders. (c) Image 1–3:
The evolution of acute viral pneumonia to lung fibrosis is observed at intermediate stages of COVID-19 (14–21 days after disease symptom onset). As exemplified, CT reveals
SARS-CoV-2-induced lung fibrosis appearing with different patterns, i.e., honey-combing, reticulation, or a combination of several patterns (i.e., bronchiectasis (BE) and/or
reticulation (R) superimposed on areas of ground-glass opacities (GGO)). Image 4–6: Longitudinal chest CT allows for visualizing fibrosis evolution in COVID-19 patients.
Early-stage cases (0–7 days after symptom onset) are characterized by bilateral and peripherally GGO, while more advanced-stage cases (14–21 days after symptom onset)
display extensive areas of GGO with consolidation, crazy-paving appearance, and bronchiectasis. Post-mortem (pm) histology confirms the diagnosis of lung fibrosis and the
destruction of alveolar structures. Image 7–9: Two-dimensional shear-wave elastography (2D-SWE) can distinguish fibrosis and cirrhosis severity via measuring the liver
stiffness in patients with chronic HBV. Liver stiffness is higher in patients with uncompensated cirrhosis and ascites in comparison to patients with compensated cirrhosis and
no ascites. Image 10–12: Iron-corrected T1 MRI (cT1) is a promising metric that correlates with inflammation and fibrosis, allowing for defining clear cut-off values as an
indicator of the severity of viral hepatitis. Image 13–18: HBV/HCV infection can lead to liver fibrosis, and evolve to cirrhosis or carcinoma. In case of cholangiolocellular
carcinoma (CCC), differential diagnosis of liver fibrosis vs. liver cancer is difficult to achieve via anatomical of functional imaging, as the two entities typically produce similar
radiological images. In a suspected case of CCC, out of 4 imaging modalities (US, MRI, CT, PET), only 18F-FDG-PET could correctly diagnose the suspected mass as fibrosis (i.e.,
no uptake of the probe in the suspected mass), and not as tumor (further confirmed by ex vivo histological analysis; fibrotic tissue appears blue in Masson’s trichrome
staining). Color-coding: the analysis of manuscripts described in section 4.5 reveal the frequency in which each organ and imaging modality are investigated and used for the
detection of fibrosis in viral disorders; light gray = low frequency; gray = medium frequency; dark gray = high frequency. All images were adapted with permission
[360,377,381,382,386,396,400].
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healthy tissue. This can result in long-term fibrosis and may
increase morbidity [310]. For instance, in an exemplary recent
report, a case of chemotherapy-induced granulomatosis with asso-
ciated fibrosis has recently been described as being erroneously
identified on 18F-FDG PET/CT images as metastatic progression
[311]. Autopsy eventually revealed no metastatic manifestation,
with the cause of death to be respiratory failure due to acute bron-
chopneumonia superimposed on severe parenchymal involvement
by sarcoid-like granulomatosis.

In this context, emerging imaging techniques such as matrix-
assisted laser desorption ionization-mass spectrometry imaging
(MALDI-MSI) hold potential to visualize the spatial distribution
of macromolecules which might represent distinct molecular sig-
natures (e.g., glycan alternations) in chemoradiation-induced
fibrosis (Fig. 8c; image 10–12) [312].

Finally, a diagnostically very challenging type of fibrosis is
carcinogenesis-mimicking fibrosis. This is particularly evident
from recent case reports. For instance, a benign fibromyxoid pseu-
dotumor of fat resembled the radiological features of malignant
21
liposarcoma [313]. In another example, a patient diagnosed with
ovarian papillary serous carcinoma stage IIIB underwent surgery
and chemotherapy, and was re-evaluated for suspected cancer
relapse [314]. 18F-FDG PET/CT showed a complete metabolic
response, except for two left-over hypermetabolic nodules in the
mesentery and the peritoneum. Rather than initiating a new line
of chemotherapy, clinicians decided to surgically explore these
new lesions, which were found to be calcified fibrotic lesions, prov-
ing these nodules to be peritoneal fibrosis mimicking persistent
ovarian carcinomatosis (Fig. 8c; image 13–18). These examples
clearly illustrate the difficulties on identifying neoplasms with
non-invasive imaging, pointing out that in the majority of cases,
only needle core biopsies can really ‘‘rule out” incorrect diagnosis.
With the particular aim to reduce the misinterpretation of post-
operative fibrosis for local recurrence, various non-invasive imag-
ing efforts are currently taking place, including e.g., MRI and
dynamic contrast-enhanced MRI (DCE-MRI) in patients with soft
tissue sarcomas [315] or ultrasound in patients with breast cancer
[316].
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4.3. Imaging fibrosis in diabetes

Constant high-glucose exposure of major organs in diabetic
patients results in progressive complications appearing as fibrosis
and loss of tissue function, mainly in the heart, but also in liver,
pancreas and kidneys (Fig. 9a). Since cardiomyopathy is a major
complication in diabetes, various types of cardiac MRI have been
established for assessing heart geometry, microcirculation, and
systolic / diastolic cardiac function (Fig. 9b). In this regard, cardiac
MRI reveals higher cardiac remodeling, larger ECV and brighter T2-
weighted images for diabetic patients [317,318], features that
reflect fibrosis and edema, respectively [319,320]. Another MRI
feature that can be used to quantify interstitial myocardial remod-
eling is native T1 imaging, with diabetic patients showing higher
T1 relaxation times [318,321,322]. Native T1 mapping has been
specifically shown to capture the myocardial fibrosis and to corre-
late with the collagen volume fraction [323]. Cardiac MRI together
with the use of gadolinium-based contrast agents is furthermore
used to assess the magnitude of interstitial and replacement fibro-
sis. The first can be assessed via the ECV fraction, and the latter via
late gadolinium enhancement (LGE; indicates tissue function
impairment). Distinguishing healthy from diabetic patients using
such MRI protocols is fairly straightforward, as diabetic patients
have a higher ECV fraction and LGE (Fig. 9c; image 1–8) [324-326].

In addition to cardiac MRI, other imaging modalities are avail-
able at the preclinical level to evaluate diabetes-associated cardiac
fibrosis. In diabetic rats, a combination of echocardiography and
histology was used to assess anatomical and functional cardiac
parameters (Fig. 9c; image 9,10). Echocardiography successfully
captured the left atrial dimension, left ventricle internal diameter
during diastole and wall thickness, while picrosirius red staining
enabled assessment of interstitial and perivascular fibrosis.
Echocardiography showed larger left atrial and wall thickness
dimensions as well as larger left ventricle internal diameter in dia-
betic rats, indicative of cardiac contractility worsening. While wall
thickening might allude for morphological alteration and fibrosis
development, ex vivo picrosirius staining revealed no differences
in ventricle, atrial, and perivascular fibrosis between the control
and the diabetic animals [327], highlighting the value of the com-
plementary imaging techniques for assessing tissue pathophysiol-
ogy. Similarly, a study performed in rats used a combination of
echocardiography, ex vivo confocal microscopy, and histology to
identify the extent of endothelial damage, ischemia and fibrosis.
Echocardiography provided functional information on systolic
and diastolic performance of the left ventricle, confocal microscopy
indicated the vascular permeability, and trichrome staining-based
histological analysis was used to directly detect cardiac fibrosis
[328].

Other tissues of interests for investigating the extent and dam-
age of diabetes are the liver and the pancreas. Magnetic resonance
elastography (MRE) has been used for assessing the stage and
severity of liver fibrosis in diabetic patients via measuring liver
stiffness [329,330]. Vibration-controlled transient elastography
(VCTE) is an alternative technique used for assessing liver fibrosis
and steatosis [331]. Even though MRE and VCTE can assess liver
stiffness, they only provide indications regarding the extent of liver
fibrosis, corroborating the notion that only one type of imaging
technique is insufficient to fully elucidate the fibrotic signature.
In case of the pancreas, MRI T1 mapping together with
gadolinium-based enhanced MRI have been used to assess ECV
and the magnitude of impaired pancreas functionality [320,332].

Finally, even though not directly related to detection of fibrosis,
a combination of histological periodic acid-Schiff staining together
with MALDI-TOF-MSI proteomic analysis can be used to define
pathophysiological regions in biopsy samples of patients with dia-
betic nephropathy or hypertensive nephrosclerosis (Fig. 9c; image
22
11,12). The combination of both techniques showed that certain
proteomic biomarkers primarily accumulate in fibrotic or sclerotic
regions, potentially providing next-generation diagnostic tools for
detecting and differentiating different disease stages [333].

All the above-mentioned techniques are typically supported by
complementary histological analyses based on histological staining
(e.g., Masson’s trichrome staining) and immunohistochemistry
(e.g., IHC for fibronectin) (Fig. 9c; image 13–18) [323,327,334].

4.4. Imaging fibrosis in liver diseases

With up to 25% of the global population at risk, non-viral and
non-alcoholic liver diseases (NAFLD) are gradually developing
towards a global pandemic [335]. Within the large group of NAFLD,
ranging from non-alcoholic fatty liver or steatosis (NAFL) to non-
alcoholic steatohepatitis (NASH) and advanced fibrosis, patients
with advanced liver fibrosis are inclined to eventually develop hep-
atocellular carcinoma (HCC) and liver failure (Fig. 10a) [336].
Hence, there is an urgent need to establish specific and cost-
effective means to stratify patients with NAFLD, to identify those
who are at high risk of developing liver fibrosis and/or those pro-
gressing to cirrhosis, HCC and liver decompensation [337]. At the
moment, histology upon needle aspiration biopsy is the clinical
reference procedure for assessing liver fibrosis (Fig. 10b)
[338,339]. Diagnosis relies on detecting excessive connective tis-
sue deposition within the liver parenchyma via histopathological
staining, with disease severity being staged using semi-
quantitative scoring systems such as via Brunt́s criteria [340]. On
top of such scoring systems, automated digital image analysis
(DIA) can be performed with the aim to provide a more repro-
ducible and precise methodology to assess collagen architectural
changes [341].

Given the invasiveness of biopsy, elastography is a cost-
effective alternative that is typically used to map liver elasticity
and stiffness in case of fibrosis [342,343]. The rationale is that,
while many pathological processes in the liver affect its stiffness
(e.g., cholestasis, portal pressure, inflammation), fibrosis is the
most frequent cause of stiffening [344]. Elastographic techniques
can be implemented via both US and MRI, and are then termed
as VCTE or MRE (Fig. 10c; image 1–4) [345]. VCTE is commercial-
ized under the trade name FibroScan and considered the standard
imaging technique in case of liver fibrosis [339,346]. The technique
provides a quantitative one-dimensional picture of tissue stiffness,
expressed in kiloPascal (kPa). Advantages of FibroScan-based VCTE
are ease of use, reasonably good reproducibility, repeatability and
relatively high range of stiffness values that can be recorded [347].
Nevertheless, areas of interest cannot be accurately chosen and the
applicability of this technique is significantly reduced in case of
obese patients or patients with ascites [348]. Additionally, the
diagnostic performance of the technique only allows for differenti-
ating ‘‘extensive” from ‘‘no” fibrosis, rather than subdividing more
dynamically between ‘‘low” and ‘‘intermediate” fibrosis [349].

To overcome one of the major limitations of VCTE, i.e., the selec-
tion of ROIs, shear-wave elastography (SWE) can be used (Fig. 10c;
image 5,6) [347]. In this case, the operator uses B-mode US image
to find an area within the liver that is homogenous and free of ves-
sels. A ROI with variable width and depth is then selected and as
the shear-wave propagates from the emitting probe, the speed of
propagation is recorded. By converting shear-wave speed into stiff-
ness, software provides a color-coded map of the tissue stiffness,
which is superimposed on the B-mode images of the ROI. If the
elasticity information is obtained by ‘‘pushing” down the beam
axis acoustic radiation, then the elastography technique is termed
acoustic radiation force impulse imaging (ARFI). In both cases (2D-
SWE and ARFI), there are no comprehensive and universal criteria
to assess the measurements’ quality, therefore, studies comparing
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2D-SWE, ARFI, and VCTE against histology as a reference are taking
place [350,351]. Overall, results obtained thus far show lower fail-
ure for ARFI, but higher diagnostic accuracy for 2D-SWE in case of
intermediate and extensive fibrosis, as well as better correlation of
2D-SWE with histology.

MRE can be performed using regular MRI devices, via dedicated
software and hardware. MRE uses a modified phase-contrast
method with motion-encoding gradients to image the propagation
characteristics of the shear waves applied anterior to the liver.
Elasticity quantified by MRE is also expressed in kPa, using a for-
mula that determines the shear modulus [339,352]. Advantages
of MRE include examination of the whole liver (thereby addressing
spatial heterogeneity), and the fact that MRE measurements are
not significantly impacted by ascites or obesity. In comparison to
VCTE, MRE has shown higher diagnostic sensitivity and specificity
for patients with low, intermediate and extensive fibrosis
[345,353].

In general, MRE outperforms all the other elastography tech-
niques described thus far in terms of diagnostic performance.
However, the overall diagnostic performance of MRE is still far
from being optimal in differentiating the intermediate stages of
liver fibrosis. The reason why imaging modalities which measure
liver stiffness fail to accurately differentiate fibrosis stages is that
whereas an increase in liver stiffness directly reflects an increase
of connective tissue, liver fibrosis progression relies not only on
increased collagen deposition, but also on the structural remodel-
ing of collagen [354]. Such morphological modifications do not
necessarily produce changes in tissue parenchyma elasticity; thus,
such changes are not taken into account by measuring liver
stiffness.

Because of the high costs related to the implementation of elas-
tography features into MRI devices, several attempts have set out
to validate the accuracy of standard MRI parameters (e.g., T1-
weighted imaging) in comparison to MRE measurements and/or
histology. Recently, it was demonstrated that for the differentia-
tion of low-grade vs. high-stage fibrosis, the diagnostic accuracy
of texture analysis (TA) on T1-weighted images combined with a
machine learning (ML) algorithm is comparable to MRE [355].

Multiparametric MRI that combines anatomical and functional
information for assessing the total liver inflammation and fibrosis
(LIF) (i.e., T1 mapping for fibrosis/inflammation imaging, T2* map-
ping for liver iron quantification and proton magnetic resonance
spectroscopy (1H-MRS) for measuring the liver fat fraction) is gain-
ing a lot of attention because it is fast, does not require intravenous
injection of contrast agent and shows good correlation with histo-
logical parameters in the identification of the severity of various
liver diseases (Fig. 10c; image 7,8) [356,357].

In a similar approach, in order to diagnose NASH in NAFLD
patients, individuals have been subjected to MRI involving MR
spectroscopy (MRS), MRE and T1 mapping [358]. For every patient,
a multiparametric MR index was created and its diagnostic perfor-
mance in staging fibrosis and NASH was assessed and compared to
needle biopsy-based histology. The MR index combined the fat
fraction value (FF) from MRS, the liver stiffness value from MRE,
and T1 relaxation time from MRI. Despite good diagnostic perfor-
mance of multiparametric MR index in discriminating NASH from
non-NASH patients, the measurements were not corrected for iron
content, which is one of the limitations of MRE (i.e., poor reliability
of the measurements in case of patients with hepatic iron over-
load). Consequently, iron-corrected T1 mapping (cT1) has been
established and proven to be useful to differentiate inflammation
and fibrosis (Fig. 10c; image 9,10) [359,360]. It has furthermore
been proposed for use in clinical trials to select patients at major
risk of developing NASH among all NAFLD patients [361]. Recently,
cT1 in combination with serum biomarkers (such as fasting
glucose, liver enzymes) proved high diagnostic accuracy as a
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pre-screening biomarker to discriminate patients with high fibro-
sis and steatosis from lower stages of fibrosis and steatosis [359].

As liver fibrosis is defined by an increase of extracellular matrix,
the acquisition of T1 values before and after administration of an
extracellular contrast agent, allowed for ECV quantification, thus,
for an estimation of the extent of liver fibrosis. Such an approach,
which is extensively used in cardiac MRI to assess cardiac fibrosis,
has been successfully employed in in pre-clinical and clinical stud-
ies [362,363]. Major findings of those studies highlighted ECV-
measurements to strongly correlate with Sirius red staining on
biopsies from both animal models of liver cirrhosis as well as of
patients affected by liver disease. In comparison to MR elastogra-
phy and TE, ECV-based fibrosis quantification does not require
additional expensive equipment and it is not affected by patient́s
pathological conditions (e.g., obesity, ascites). Such studies further
indicate MRI-derived ECV to serve as a new tool for quantification
of human liver fibrosis (Fig. 10c; image 11,12).

Another MRI-based method that has been used for detecting
liver fibrosis is the intravoxel incoherent motion (IVIM) technique,
which is based on diffusion-weighted MRI but allowing for better
evaluation of molecular diffusion and perfusion. IVIM reflects the
extent of ECM accumulation and has proven good diagnostic sensi-
tivity in case of liver fibrosis [364].

Gadoxetic acid–enhanced MRI has gained significant attention
due to its utility in diagnosing liver fibrosis and assessing hepato-
cytes functionality (Fig. 10c; image 13,14). Gadoxetic acid is a rou-
tinely used, gadolinium-based contrast agent for detecting and
characterizing liver lesions in clinical practice [365]. Its liver
uptake and excretion are directly related to hepatocyte function.
As hepatocyte function is reduced during fibrotic progression, the
uptake of gadoxetic acid in liver parenchyma decreases [366]. In
order to obtain comparative data, the diagnostic performance of
gadoxetic acid-enhanced MRI has been compared against US-
based elastography. Overall, gadoxetic acid-enhanced MRI dis-
played similar diagnostic accuracy in staging fibrosis as compared
to TE and superior accuracy versus 2D-SWE [367]. Nevertheless,
the accuracy of specific MRI features needs further validation,
because different MRI features (e.g., signal intensity (SI), hepatobil-
iary phase (HBP), contrast enhancement index (CEI)) were corre-
lated with different fibrosis features in different studies [368,369].

In preclinical settings, the progression of NAFLD has been non-
invasively monitored by near-infrared and shortwave-infrared flu-
orescence imaging (NIR-SWIR). The rationale for this is based on
the endogenous autofluorescence of lipofuscin, whose production
increases following oxidative stress. As oxidative stress and
increased ROS mediate liver injury and drive fibrosis, lipofuscin
deposition might correlate with fibrosis progression. NIR-SWIR
lipofuscin autofluorescence was detected both in vivo and
ex vivo, in four murine models simulate different types of liver
damage. The applicability of NIR-SWIR imaging of lipofuscin was
also evaluated in a cohort of patient-derived NASH and NASH-
cirrhosis biopsies (Fig. 10c; image 15–18). Because the production
of lipofuscin follows ROS production, the absolute liver autofluo-
rescence signal in choline-deficient L-amino acid-defined high-fat
diet mice was substantially less pronounced than in the CCl4
mouse model, reflecting the etiology of the disease. In addition,
the signal was abundant in NASH patients and reduced in NASH-
cirrhosis patients, suggesting lipofuscin imaging to indirectly cor-
relate with fibrosis progression [370].

Other endogenous autofluorescent molecules such as NAD(P)H
and flavin coenzymes can also act as label-free reporters of mor-
phological and metabolic liver changes. Using in vivo multiphoton
fluorescence lifetime imaging (FLIM), the redox ratio in healthy
and fibrotic livers was analyzed and proven to be a sensitive mea-
sure to differentiate disease states [371]. By means of second har-
monic generation (SHG), the autofluorescence lifetime associated
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with collagen was used to image and study fibrotic collagen depo-
sition in CCl4-induced liver fibrosis, fatty liver disease and HCC. It
was shown that fibrosis results in significant changes in NAD(P)H
and collagen architecture and that these changes were reflected
in the outcome of several metabolic-related measurements.

Next to imaging biomarkers, significant effort has been made
towards the research and establishment of serum biomarkers of
liver fibrosis, such as bilirubin, liver enzymes, platelet count, hya-
luronic acid, pro-collagen, and laminin. Whereas serum biomarkers
of liver fibrosis are well-validated in patients with chronic viral
hepatitis (more prominently for HCV than for HBV and HIV), they
are less well validated and clinically used in NAFLD and not vali-
dated in other chronic liver diseases [346]. The two most fre-
quently applied panels of serum biomarkers in NAFLD, are the
NAFLD Fibrosis Score (NFS) and the BARD score. The NFS is a com-
posite score of age, hyperglycemia, body mass index (BMI), platelet
count, albumin, and aspartate aminotransferase and alanine
aminotransferase (AST/ALT) ratio and it identifies NAFLD patients
with and without advanced fibrosis at initial NAFLD diagnosis.
The BARD score accounts for three variables, i.e., the AST/ALT ratio,
the BMI and the presence of diabetes [346].

4.5. Imaging fibrosis in viral disorders

Acute viral pneumonia and chronic viral liver infections cause
sustained immune responses (Fig. 11a). While host defense mech-
anisms may clear or halt the virus, they can also cause tissue dam-
age and dysfunctional tissue repair, i.e., fibrosis. Pulmonary fibrosis
is one of the most severe consequences of viral pneumonia [372].
Progressive and irreversible interstitial pulmonary fibrosis are
characterized by declining lung function, reduction of quality-of-
life, and increased mortality [373]. Thus, it is important to diagnose
and stage lung fibrosis resulting viral pneumonia, including – very
prominently – in case of coronavirus infection [374]. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative
pathogen of the current COVID-19 pandemic. Severe COVID-19
infection is characterized by respiratory symptoms, which progress
to respiratory failure in a substantial proportion of cases, thus
requiring intensive care in up to a third of hospitalized patients
[375]. These findings are continuously monitored and comprehen-
sively summarized in the real-time ‘‘living systematic review” of
the Cochrane Database of Systematic Reviews, whose aim is to
evaluate the accuracy of chest imaging (CT, X-ray and ultrasound)
for diagnosing COVID-19 in suspected cases [376]. Up until the lat-
est update, the authors systematically analyzed 34 studies with
9339 COVID-19 suspected cases. Most studies (31 studies; 8014
participants) utilized chest CT, followed by chest X-ray imaging
(3 studies; 1243 participants) and lung ultrasound (1 study; 100
participants). Although solid conclusions cannot be drawn, it
seems obvious chest CT is a sensitive and properly specific imaging
technique to visualize COVID-19 repercussion in the lungs
(Fig. 11b).

In one of the first retrospective studies published on SARS-CoV-
2 [377], patients were subjected to high-resolution computed
tomography (HR-CT) on the day of admission and 60 days after dis-
charge from the hospital. Approximately one third of patients
developed pulmonary fibrosis and specific fibrotic and inflamma-
tory patterns were detected (e.g., honeycombing, reticulation,
architectural distortion, traction bronchiectasis, and architectural
distortion superimposed to areas of bronchiectasis). Other impor-
tant patterns detected in the lungs of COVID-19 infected individu-
als were ground glass opacity (GGO; i.e., patchy or diffuse X-ray
attenuation in the lungs, with preserved bronchial and vascular
structures [378]), and consolidation (i.e., a homogenous increase
in lung parenchymal attenuation that obscures both bronchial
and vascular structures [379]) (Fig. 11c; image 1–3) [380-382].
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The detection of these radiological patterns appears to be a very
useful clinical tool, since the worsening of the disease can be better
predicted via these radiological patterns than via viral load (e.g.,
via RT-PCR) [383]. In this regard, it is important to note that the
development of fibrosis, as revealed by CT, correlated not only with
longer hospitalization time but also with increased inflammation
[384]. Patients who eventually developed fibrosis showed a larger,
irregular interface and parenchymal band in the initial CT scan, lar-
ger interstitial thickening coarse reticular pattern, parenchymal
band and pleural effusion in the worst-state CT, and more seg-
ments involved in both CT scans. In severe or critically severe
patients, multiple patches or an integrated larger patch of GGO,
consolidation and fibrosis were present in both lungs.

One of the largest post-mortem studies reported in Europe
described that focal patterns of mural and microcystic-
honeycombing fibrosis were present in 63% and 39% of cases,
respectively [385]. Needle core lung biopsies from intensive care
unit (ICU) COVID-19 patients that eventually deceased revealed
the major histopathological patterns to be fibrosis, organized
pneumonia (OP) with acute fibrinous exudate, and diffuse alveolar
damage (DAD) [386,387]. The first histopathological report pin-
pointed diffuse alveolar damage as the predominant pattern (at
7 days post-hospitalization) and the second report described OP
and fibrosis as the most common histopathological features (at
23 days post-hospitalization). In some cases, patients were
reported to rapidly progress from acute pneumonia to OP, with evi-
dent signs of fibrosis and reduced lung volume as revealed by chest
X-ray and CT (Fig. 11c; image 4–6) [388].

As for other virus-induced acute respiratory distress syndrome
(ARDS), e.g., SARS-CoV-1,MERS-CoV, COVID-19progresses to severe
cases at different speeds in different patients. In addition, lung fibro-
sis is unlikely to regress in surviving patients affected by severe dis-
ease. Thus, long-term follow-up CT scans are needed for identifying
long-term functional impairment. Taking into account the time-
factor in COVID-19-associated fibrosis development, CT findings
across different patients and time points throughout disease pro-
gression reveal a relativelywell-preservedpattern [389]. The typical
CT pattern in asymptomatic patients was unilateral and multifocal
GGO.Within oneweek after symptomonset, lesions rapidly evolved
to bilateral and diffuse, with a relative decrease in the frequency of
GGO areas and a transition to consolidation. GGO further decreased
in frequency throughout the second week after symptom onset,
while consolidation became even more abundant. A reticular pat-
tern associated with bronchiectasis (i.e., irreversible dilation of the
bronchial tree [390]), and irregular interlobular or septal thickening
were increased from the secondweek onwards. These findings indi-
cate extensive interstitial changes, pointing towards the develop-
ment of severe fibrosis. As the disease progressed in the third week
after onset, consolidation and mixed patterns became more appar-
ent,whileGGOdecreased further.Of note, CT scans could reveal lung
abnormalities due to SARS-CoV-2 infection even before onset of
symptoms, encouraging the use of CT in combination with labora-
tory findings for early diagnosis [391].

Whereas chest CT has been fundamental in identifying SARS-
COV-2-induced lung fibrosis, for other types of organ fibrosis fol-
lowing sustained virus-induced inflammation, such as hepatitis B
and C, several different complementary approaches exist. Liver
fibrosis is a key predictive factor for progression of viral disease
towards liver failure, cirrhosis and hepatocellular carcinoma
(HCC). Therefore, the management of liver fibrosis (i.e., accurate
fibrosis imaging, staging, treatment and monitoring) has become
the new surrogate goal of HBV/HCV therapy [392]. In this regard,
various imaging techniques are employed as means to detect
virus-induced liver fibrosis.

The most widely used and validated imaging technique to
assess liver fibrosis in patients with viral hepatitis is transient
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elastography (TE), which is performed with an ultrasound trans-
ducer mounted on the axis of a vibrator. TE gives a 1-
dimensional quantitative readout of the velocity which relates to
tissue stiffness [393]. Despite the ease of use and decent repro-
ducibility for cirrhosis, TE cannot distinguish between intermedi-
ate stages of fibrosis, and its applicability is less good than serum
biomarkers in obese or ascitic patients [394]. As such, and as
shown for non-viral liver diseases, point shear wave elastography
(pSWE) and two-dimensional shear wave elastography (2D-SWE)
are used as alternatives (Fig. 11c; image 7–9). Despite the advan-
tages of these SWE techniques in comparison to TE (e.g., ROI selec-
tion), meta-analyses indicate that SWE and TE to have comparable
diagnostic accuracies in cases of severe fibrosis, with TE being
more accurate in case of significant fibrosis or liver cirrhosis
[395]. Currently, only a few studies have evaluated 2D-SWE for
the staging of liver fibrosis in patients with chronic hepatitis B
and C [396-398]. Consequently, definitive liver stiffness cut-off val-
ues for staging liver fibrosis are not yet established. In addition to
ultrasound elastography, also MRI and MRE are increasingly used
for viral hepatitis, providing the possibility to visualize the entire
liver and displaying good performance in obese and ascitic patients
[352,399]. Similarly to non-viral liver fibrosis, iron corrected and
multiparametric MRI gains a lot of ground considering the accurate
diagnosis of patients’ fibrosis magnitude (Fig. 11c; image 10–12)
[360]. In case of MRE, the relatively high cost and low signal-to-
noise ratio in iron-overloaded livers limit its applicability
[342,346].

Finally, despite the utilization the abovementioned imaging
techniques to accurately detect fibrosis, needle core biopsy is the
only diagnostic tool that can ultimately rule out the malignant nat-
ure of a lesion. This realization became apparent in an example of a
patient previously diagnosed with HCV-related cirrhosis and dia-
betes with a mass which resembled cholangiolocarcinoma on US,
CT, and MRI (Fig. 11c; image 13–16). In contrast, 18F-FDG-PET
could correctly diagnose the suspected mass as fibrosis, as no tra-
cer uptake was observed in the mass (Fig. 11c; image 17). After
laparoscopic resection of the suspicious liver tissue, histological
analysis revealed a mass comprising of abundant fibrosis and
dilated blood vessels, but no evidence of tumor cells (Fig. 11c;
image 18) [400].

Among the different available strategies for the clinical man-
agement of HCV and HBV patients, the combination of imaging
biomarkers (i.e., TE-measurement of liver stiffness) with serum
biomarkers is the most efficient, as it allows for rapid staging of
liver disease without the need for liver biopsy [346,401]. The most
validated panels of serum biomarkers of liver fibrosis in HCV/HBV
patients are those which reflect the changes in the fibrogenic cas-
cade upon progression of viral disease as well as the changes in the
release of hepatic enzymes. Among others, FibroTest�, combining
six different serum markers (Alpha-2-macroglobulin, haptoglobin,
apolipoprotein A1, gamma-glutamyl transpeptidase (GGT), total
bilirubin, and ALT) with age and gender of the patients and the
AST to Platelet Ratio Index (APRI) are the most validated ones.
5. Diagnostic outlook: Multimodality and molecular probes for
imaging fibrosis

Accurate diagnosis and staging of fibrosis require a comprehen-
sive imaging-based approach. Within the umbrella of diagnostic
techniques, histopathological stainings of biopsy specimens stands
as the gold standard reference procedure. Chemical staining (e.g.,
Masson’s trichrome) reveal important features of pathological
fibrosis, such as the extension of connective tissue deposition
(i.e., collagen amount) and architectural distribution and/or
remodeling of collagen (e.g., perivascular vs. interstitial fibrosis).
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The downside of this is that histology requires an invasive medical
procedure to acquire tissue specimens, which can be painful and
dangerous, and which notoriously results in sampling variability.
These features make biopsy-based histological examination an
imperfect gold standard for fibrosis assessment, and they underline
the need for establishing more elegant and more advanced meth-
ods [338,402].

Such insights have boosted the development of multimodality
imaging approaches, in which two or more complementary imag-
ing techniques are used together. This is because a single imaging
modality may not be capable of assessing fibrosis in a reliable and
holistic manner. For example, both IPF and viral pneumonia-
induced lung fibrosis can be diagnosed and staged via chest CT
[376]. However, on CT images, cases of confluent HCV-induced
fibrosis can be mistaken for malignancy [400]. Another example
shows that although sonography and angiography can straightfor-
wardly identify obstructed vessels and heart functionality, only the
combination of intra-arterial OCT with MRI can accurately assess
distinct morphological alterations in vessels and the magnitude
of cardiac remodeling. Intra-arterial OCT, however, is hardly
applied in clinical routine, due to its high invasiveness.

Pitfalls for using single imaging modalities are also obvious in
the case of cancer. While they are typically relatively easy to
employ, non-invasive imaging techniques to detect lung, liver,
heart, and thyroid fibrosis are less sensitive at assessing cancer-
related fibrosis in these organs [403]. In such cases, the combina-
tion of two imaging modalities (e.g., anatomical or functional CT,
US and MRI) followed by needle biopsy and histology are required
to properly diagnose cancer-associated fibrosis (i.e., desmoplasia,
chemoradiation-induced fibrosis, local recurrence). The main rea-
son for combining different techniques is that single-used imaging
modalities oftentimes fail to discriminate different fibrotic entities
(e.g., tumor progression from chemotherapy-induced fibrosis
[311]), because of the fact that they display unclear radiological
features.

Since the direct visualization of fibrosis can be challenging, tis-
sue function readouts rather than anatomical features are used to
indirectly capture fibrosis. A prominent example is the assessment
of liver stiffness [346]. As liver fibrosis is the most common cause
of liver stiffening [344], increased liver stiffness is used as an indi-
rect marker of fibrosis. An increase in liver stiffness directly reflects
an increase of connective tissue content [354]. However, liver
fibrosis progression does not uniquely rely on an increase in colla-
gen content, but also on structural remodeling of collagen
[340,354]. This morphological modification of the collagen net-
work does not necessarily produce changes in tissue elasticity.
Thus, such alterations are not taken into account by measuring
stiffness only. In fact, between ‘‘no” fibrosis and ‘‘mild-to-signif
icant” fibrosis, the amount of collagen does not necessarily
increase, while it does exponentially increase once the patient pro-
gresses to advanced fibrosis. This explains why most elastography-
based methods which measure liver stiffness fail to differentiate
mild from significant liver fibrosis, and thereby also why histology
still stands as the gold standard diagnostic method.

Despite ‘‘smart” multimodal imaging combinations, anatomical
and functional approaches may not be sensitive or specific enough
to detect early-stage fibrotic disease and/or to distinguish active
fibrosis from scar tissue. Employing molecular imaging via tar-
geted probes may provide a solution in such situations [404,405].
Indeed, for various diseases (e.g., pulmonary fibrosis, liver fibrosis
and atherosclerosis), there are a number of fibrosis molecular
imaging agents available [406,407]. These fibrosis-specific probes
can be used against several molecular and cell targets. Prominent
examples are the FDA approved PET probe 111In-octreotide and
the SPECT probe 68Ga-DOTANOC, which target activated fibroblasts
via their affinity for the somatostatin receptor, and the PET or
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SPECT probes 18F-FEDAC, 99mTc-Glc-NAc-PEI, 99mTc-3RPGD2,
which target HSC via their affinity for the translocator protein
TSPO, desmin, vimentin, and avb3 integrin, respectively [408-
412]. Other cells that are targeted due to their involvement in
fibrosis-associated processes are macrophages, via the PET probes
64Cu- or 68Ga-BMV101, as well as neutrophils via the MRI probe
MPO-Gd (which tracks the neutrophil degranulation process)
[413,414]. In addition to cell-targets, dedicated PET, SPECT, and
MRI probes are developed to visualize deposition of ECM compo-
nents. Prominent examples of this include targeting of collagen I
by the MRI probes EP-3533 and CM-101, and the PET / SPECT
probes 68Ga-CBP8, 99mTC-collagelin, and 99mTC-CBP1495. Collagen
I and III are co-addressed using optical imaging probe CNA-35. Last
but not least, elastin can be targeted using the MRI probe Gd-ESMA
[415-422].

In the case of cancer, the heterogeneity of fibrosis manifestation
complicates the development and utilization of molecular probes
for non-invasive imaging. Until several years ago, fibrosis-related
molecular imaging in cancer was hardly performed, except via
the use of 18F-FDG-PET which can be used to distinguish malignant
from fibrotic masses (with tumor lesions typically showing higher
uptake). Recently, however, very prominent progress has been
made with regard to fibroblast-activation protein (FAP) imaging,
using PET and radiolabeled FAP inhibitors. Proof-of-concept has
been provided in multiple different cancer entities, and 68Ga-FAPI
PET imaging is suggested to become complementary to 18F-FDG
PET/CT for identifying and characterising the cancerous lesions
[423].
6. Concluding remarks

Experimentation on the discovery of anti-fibrotic targets will
enable a better understanding, diagnosis and treatment of fibro-
genic disorders. The elucidation of specific genes, RNA compo-
nents, proteins and metabolites as fibrotic contributors will help
to design therapies fighting fibrosis from multiple angles. In this
regard, nanotechnological tools will potentiate the specific target-
ing of therapeutic agents. This notion will result in a transition of
the clinical landscape from the use of broad / unspecific therapies
to complementary cell- or molecule-specific treatments. In this
therapeutic effort, improving image-guided diagnostics will assure
the early detection, staging, and overall assessment of fibrosis con-
tributing to the application of treatments at early stages of the dis-
ease progression. In this regard, the discovery of dedicated
molecular probes against different pro-fibrotic cells or ECM com-
ponents will further improve the diagnosis and monitoring of
fibrosis. Taken together, examining fibrosis as major co-
morbidity in many diseases rather than as a singular disease symp-
tom/aftermath will contribute to a paradigm shift from easing the
symptoms to establishing a solid therapeutic and diagnostic anti-
fibrotic strategy.
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