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KEY WORDS Abstract Progranulin (PGRN), a multifunctional growth factor-like protein expressed by a variety of

. cell types, serves an important function in the physiologic and pathologic processes of fibrotic diseases,
girgrg(:gzucllli:;ase; including wound healing and the inflammatory response. PGRN was discovered to inhibit pro-
s inflammation effect by competing with tumor necrosis factor-alpha (TNF-«) binding to TNF receptors.
Inflammation; Notably, excessive tissue repair in the development of inflammation causes tissue fibrosis. Previous
Biomarker; investigations have indicated the significance of PGRN in regulating inflammatory responses. Recently,
Therapeutic target; multiple studies have shown that PGRN was linked to fibrogenesis, and was considered to monitor the
PGRN/TNFR interaction; formation of fibrosis in multiple organs, including liver, cardiovascular, lung and skin. This paper is a
Signaling pathway comprehensive review summarizing our current knowledge of PGRN, from its discovery to the role in

fibrosis. This is followed by an in-depth look at the characteristics of PGRN, consisting of its structure,
basic function and intracellular signaling. Finally, we will discuss the potential of PGRN in the diagnosis
and treatment of fibrosis.
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1. Introduction

Fibrosis is a consequence of the tissue remodeling response
characterized by the deposition of collagen and other extracellular
matrix (ECM) molecules'~. If highly progressive and not effec-
tively controlled, fibrosis ultimately results in organ malfunction
and death. The most common clinical fibrotic diseases are sys-
temic diseases; systemic sclerosis (SSc); chemical and radiation-
induced fibrotic diseases; and organ-specific pathologies such as
cardiac, liver, pulmonary, skin and renal fibrosis®. According to
relevant data, cirrhosis is a leading cause of death worldwide—it
was associated with 2.4% of global deaths in 2019%. Moreover,
idiopathic pulmonary fibrosis (IPF) accounts for over 16,000
deaths per year in the United States’. In America, almost 45% of
deaths from various disorders can be attributed to tissue fibro-
proliferative diseases®. In addition, the total annual global inci-
dence of fibrotic diseases is nearly 4.968% of the population per
year’. The incidence of fibrotic disease and the number of fibrosis-
related deaths continue to increase with an ever-expanding aging
population®. Although the etiologies of different fibrotic diseases
vary, the pathogenesis of these diseases is consistent. The main
pathogenesis is an inordinate accumulation of fibrous connective
tissue around inflamed or damaged tissue, leading to an excessive
increase in fibronectin and collagen in the ECM and the differ-
entiation of fibroblasts into myofibroblasts, causing permanent
scarring and organ dysfunction”'’. Notably, fibroblast activation is
regulated by various secreted soluble factors. It has been reported
that Progranulin (PGRN) acts as a pleiotropic growth factor and its
reduction promotes fibrogenesis in skin wound healing''. Hence,
further elucidation of the mechanism of fibrotic disorders and
identification of more effective therapeutic targets for extra
fibrosis are needed.

PGRN, a pleiotropic growth factor-like protein produced in
assorted tissues, is involved in diverse pathological and physio-
logic processes, including embryogenesis, wound healing, host
defense, tumorigenesis, and cartilage degeneration'>'?. Further-
more, PGRN has a well-accepted role in inflammatory cell pro-
liferation and has been demonstrated to be involved in the process
of immune diseases'®. It has been reported that overexpressed
serum PGRN acts as an independent predictor of the extent of
liver fibrosis in nonalcoholic fatty liver disease (NAFLD)
patients'”. Similarly, in models of carbon tetrachloride-induced
liver fibrosis and methionine-choline-deficient diet-induced
nonalcoholic steatohepatitis, PGRN exhibited protective effects
against liver damage, fibrosis and inflammation through inhibiting
the phosphorylation of nuclear transcription factor kappa B (NF-
kB)'°. These results increase the understanding of the importance
of PGRN in fibrotic diseases and strongly indicate that PGRN is a
novel biomarker and treatment target in fibrotic diseases.

The tissue remodeling response is highly dynamic and the cells
involved in this process are continuously renewed throughout their
lifetime. These findings are consistent with the findings of pre-
vious reports on external factors or internal signaling pathways,
and accumulating research has explored the role of PGRN in
tissue remodeling through the targeting of different mole-
cules'”'®, Therefore, we reviewed recent studies linking PGRN to
fibrotic diseases. We first summarize the knowledge of PGRN, and
subsequently provide insight into the functions and regulatory
roles of PGRN in fibrotic diseases. Finally, the clinical relevance
of PGRN regulation in fibrotic disorders was also explored to
provide insight into the development of therapeutic strategies.

2. Overview of PGRN
2.1.  Basic structure of PGRN

PGRN, also referred to as granulin-epithelin precursor'’, acro-
granin’, proepithelin, GP88, and PC-cell derived growth factor”',
is an autocrine multifunctional growth factor that includes 593
amino acids and has a molecular weight of nearly 75—80 kDa that
contributes to modulating cell proliferation and wound repair®?. It is
encoded by the GRN gene and is located at chromosomal
region 17q21.32; this gene 12 exons and results in three isoforms'*.
PGRN consists of 7', domains of a cysteine-rich motif
(CXS_6CX5CCX8CCX6CCXDX2HCCPX4CX5_6C, X: any amino
acid) in the order P-G-F-B-A-C-D-E, where P is the incomplete
motif and A-G are full repeats™’, which are connected by six
disulfide bonds, forming four sequentially trapezoidal folded
hairpins structures in the spatial structure®® (Fig. 1). In addition,
PGRN is decidedly expressed in certain types of neurons™, and
macrophages® and is also expressed in a broad range of other cells
and tissues, containing chondrocytes”’, adipose tissue*®, hemato-
poietic cells”’, and immune cells”, including dendritic cells and
T cells. In 1998, for the first time, PRGN was demonstrated to
promote cell proliferation by directly binding to fibroblasts”'.

2.2.  Biological functions of PGRN

PGRN is understood to play an essential role in various physio-
logical and disease processes, including early embryonic devel-
opment, inflammation and wound healing™*. The multiple roles of
PGRN are mediated by various related proteins® . Uniquely,
PGRN can bind to a wide range of proteins at distinct levels,
ranging from the extracellular fluid and the ECM to intracellular
components, including the nucleus and cytoplasm®*. This adapt-
ability is likely a result of the exceptional structure of the PGRN.
For instance, the PGRN F-B domain can be identified by Laminin
G and the EGF-like domain of Perlecan domain V*°. Interestingly,
Laminin and Perlecan are the main components of the ECM. So
far, more than 20 proteins have been identified as binding partners
of PGRN*!; among them are several cell surface proteins,
including tumor necrosis factor receptors (TNFRs)*?, sortilin 1**
and Toll-like receptor 9**. According to a previous study, PGRN
was found to be a novel ligand that blocks TNF-alpha (TNF-a)-
mediated signaling pathways by competing with TNF-« for
binding to TNFR1/2, hence inhibiting its proinflammatory
effects*. Moreover, secretory leukocyte protease inhibitor binds
directly to PGRN, blocking the proteolysis by elastase™.
Increasing evidence has indicated that PGRN is digested into
6 kDa GRN peptides by many proteases, consisting of matrix
metalloproteinases 9 and 12, elastase and protease 3°%47,
However, GRN, as opposed to PGRN, promotes the expression of
neutrophil-attracting chemokines during inflammation®. There-
fore, maintaining a balance between PGRNs and GRNs is also an
important mechanism through which PGRNs characterize their
biological functions.

In many types of diseases, inflammation is the trigger for
fibrosis’'. Activated inflammation leads to the overexpression of
inflammatory mediators’>>. Fibroblasts and other mesenchymal
cells are subsequently transformed to myofibroblasts via the
enrichment of fibrotic cytokines, where they secrete ECM compo-
nents”*. In the normal wound healing response, activated myofi-
broblasts are removed from the wound site by apoptosis following
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The structure and production of PGRN. (a) PGRN gene (GRN), located on chromosome 17q21.32, consists of 12 exons. PGRN is

formed by 7.5 domains (a granulin motif in the order of P-G—F—B—A—C—D—E, where A—G are full repeats and P is the half-motif) of a 12-
cysteine motif, which cleavages producing GRNs that promotes inflammation. Atsttrin is the synthetic form derived from FAC domain of PGRN
(from Ref. 129). (b) Human granulin A structure (from protein data bank, https://www.rcsb.org/, PDB ID, 1G26). PGRN, progranulin; AA, amino

acid; MMP, matrix metalloproteinases.

injury repair”’”. Conversely, during the fibrotic process, myofibro-
blasts fail to undergo apoptosis and are subsequently activated,
ultimately contributing to disproportionate ECM deposition™.
While PGRN is one of the main anti-inflammatory factors, the
specific function of PGRN may differ according to the stage and
components involved in inflammatory responses™. For example,
PGRN affects the development of macrophages, neutrophils, blood
vessels, and fibroblasts in acute skin damageS 7, but in acute infec-
tion, PGRN represses lipopolysaccharide (LPS)-mediated inter-
leukin (IL)-6, TNF-«, and monocyte chemoattractant protein-1
(MCP-1) cytokine release from macrophages®. Furthermore, the
results of several studies revealed that TNF-« has profibrotic effects
in various animal models generated from TNF-« blockers or TNF-
receptor deficient mice™°'. Therefore, PGRN competitively binds
to TNF-« receptors, which may be an underlying mechanism for
the inhibition of fibrosis.

As mentioned above, PGRN has potent inflammatory effects in
multiple animal models, and thus can downregulate the expression
of proinflammatory molecules, leading to decreased injury
correlated with fibrosis' “®2. Moreover, although the exact mech-
anisms underlying the role of PGRN in some fibrotic diseases
have largely not been elucidated, increasing evidence has
demonstrated that PGRN is involved in fibrosis'""'®!". In brief,
PGRN is involved in the generation of fibrosis-related cytokines
and products, and plays a significant role in human fibrotic
diseases.

3. PGRN in fibrotic diseases

Fibrotic diseases are characterized by the activation of ECM-
producing myofibroblasts, and include SSc, liver fibrosis, kidney
fibrosis and other related diseases®’. Although increasing in-depth
research has focused on these diseases, the underlying mecha-
nisms have not been fully elucidated, hampering advances in
biomarker and therapeutic target research for fibrotic disease. As a
consequence, there is an urgent need to obtain a better

understanding of the mechanisms underlying fibrosis to design
new therapies that postpone or prevent disease progression.
Additionally, current works have revealed that PGRN participates
in the pathogenesis and development of them, including liver
fibrosis'® and cardiovascular fibrosis®*®, etc.!” (Table 1). Recent
studies have shown that the expression level of PGRN was
increased in several fibrotic diseases and exhibited anti-
inflammatory effects, thereby inhibiting organ fibrosis.

3.1.  Hepatic fibrosis

Hepatic fibrosis is a reversible wound-healing response charac-
terized by the abnormal accumulation of ECM proteins containing
collagen owing to most chronic liver injuries®>®’. In terms of the
complex and diverse pathogenesis of liver fibrosis, although the
exact function of PGRN in this disease is unknown, there is no
doubt that PGRN has a great influence on the progression and
pathogenesis of liver fibrosis'®®® (Fig. 2).

In a study consisting of 95 patients with biopsy-proven
NAFLD and 80 age- and sex-matched controls, Yilmaz et al.
found that the serum PGRN concentration was positively related
to the degree of hepatocyte fibrosis. Moreover, Yilmaz et al."”
illustrated that PGRN could serve as a predictor of hepatocyte
fibrosis in NAFLD patients after adjustment for a broad spectrum
of probable confounders. Nevertheless, this study did not elucidate
the causal relationship between serum PGRN levels and the
occurrence of liver fibrosis. Notably, several studies have shown
that PGRN suppresses hepatic fibrosis'®%*"". Yoo et al.'® have
suggested that PGRN could attenuate liver fibrosis by reducing the
inflammatory response. Researchers have investigated the role of
PGRN by establishing two models of chronic liver disorders,
methionine-choline-deficient diet-induced nonalcoholic steatohe-
patitis and carbon tetrachloride-induced liver fibrosis. Several
studies have shown that disturbances in macrophage function can
result in aberrant repair, which can lead to the progressio-
nof pathological fibrosis’'. In both models, PGRN decreased
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Table 1  Progranulin in fibrotic diseases.
Organ Disease Subject Expression level Link to PGRN PMID
Liver NAFLD NAFLD patients T An independent predictor of the degree of 22045426
hepatic fibrosis in patients
MCD-induced NASH Mice T PGRN attenuated liver fibrosis by reducing 31591383
RAW264.7, HepG2, Huh7 hepatic steatosis and injury
CCly-induced liver Mice T PGRN reduced liver fibrosis by inhibiting 31591383
fibrosis RAW264.7, HepG2, Huh7, inflammation
human primary stellate
cells
GD GD patients l Negatively correlated with clinical disease 32652633
severity and liver stiffness
Thioacetamide-induced Rats T PGRN was upregulated in cirrhotic livers 19784507
liver cirrhosis in vivo
Heart CAVD Patients 1 PGRN significantly reduced the fibrosis 32247641
hVICs, pVICs l markers
grn~'~MEFs NA
AMI Mice, rabbits 1 PGRN decreased fibrosis size in 32678228
myocardium
Lung AE-IPF AE-IPF patients T A possible marker of disease activity in AE- 34462814
IPF
ALI Mice T Pro-inflammatory mediators were decreased 33941562
Mice NA Anti-inflammatory factor was upregulated 32565732
RAW164.7
Mice Tl PGRN/TNFR?2 interaction played a 22969170
protective role in ALI
Bronchus HDM-induced chronic Mice NA Administration mitigated inflammation and 34408470
asthma BEAS-2B fibrosis
Skin Skin wound healing Mice T Downregulation enhanced the fibrosis degree 30561754
SSc SSc patients 1 Increased in diseased tissue, inhibition 31108104
Mice improved disease in mice models
LSc LSc patients T Overproduction induced the pro-fibrotic 30268392

Human dermal fibroblasts

phenotype in dermal fibroblasts

“NA” indilegecates that changes in the expression level are not mentioned in the reference.

NAFLD, nonalcoholic fatty liver disease; MCD, methionine-choline-deficient diet; NASH, non-alcoholic steatohepatitis; CCly, carbon tetrachloride; GD, Gaucher disease; CAVD, calcific aortic valve
disease; AMI, acute myocardial infarction; AE-IPF, acute exacerbation of idiopathic pulmonary fibrosis; ALI, acute lung injury; HDM, house dust mite; SSc, systemic sclerosis; LSc, localized scleroderma;
PGRN, progranulin; TNFR2, tumor necrosis factor-alpha receptor 2.

41 | indicates that the expression level of PGRN increases first and then decreases significantly.
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Figure 2

PGRN in hepatic fibrosis. Upregulated serum PGRN acted as an independent marker of liver fibrosis in patients with NAFLD, which

could occur via the regulation of the HGF/c-Met signaling pathway. Moreover, PGRN attenuated liver fibrosis by downregulating hepatic steatosis
and inflammation in NASH. PGRN was up-regulated in cirrhotic livers and positivity was strong in hepatic areas of bile duct proliferation and in
fibrous septa, suggesting the involvement of this growth factor in bile duct epithelial cell and non-parenchymal cell proliferation, which con-
tributes to the fibrotic process. PGRN, progranulin; NAFLD, nonalcoholic fatty liver disease; HGF, hepatocyte growth factor; IL-18, interleukin-1
beta; MCP-1, monocyte chemoattractant protein-1; a-SMA, a-smooth muscle actin; FAS, fatty acid synthase; SREBP1, sterol regulatory element-
binding protein-1; ACOX, (acyl-CoA oxidase; HSC, hepatic stellate cell; NF-kB, nuclear transcription factor kappa B.

macrophage activation and infiltration, contributing to reduced
hepatic fibrosis. Moreover, the results of the in vitro and in vivo
experiments indicated that the expression levels of TNF-«,
interleukin-1beta (IL-18), MCP-1, alpha-smooth muscle actin
(@-SMA), and collagen type I alpha 1 chain were significantly
downregulated in the PGRN-treated group than in the blank group.
Additionally, in Gaucher disease (GD) patients, Tantawy et al.%®”
reported a further negative correlation between serum PGRN
and liver stiffness as well as the potential of PGRN as a biomarker
of liver fibrosis in GD patients.

Conversely, a previous study by Guerra et al.”” revealed that
both PGRN protein and mRNA positivity were unmistakable in
hepatic areas of bile duct proliferation and in fibrous septa by
using in situ hybridization and immunohistochemistry. These
results indicated that growth factors contributed to the fibrotic
process. Several reasons may explain the conflicting results: First,
different modeling methods could cause deviations in the results.
Second, animal experiments cannot completely explain the con-
ditions in humans. Furthermore, sample size and group limitations
may partially account for such contradictory findings.

3.2.  Cardiovascular fibrosis

3.2.1.  Calcific aortic valve disease

Calcific aortic valve disease is a universal valvular heart diseases
that encompasses a disorder spectrum ranging from aortic valve
sclerosis to gross left ventricular (LV) outflow obstruction by
calcific aortic valve stenosis, which is characterized by the
presence of mineralized nodules and fibrosis (i.e., progressive
mineralization and fibrosis in the aortic leaﬂets)”’u. Many
studies on PGRN expression have shown that PGRN is produced
and secreted from macrophages, endothelial cells, neuronal cells,
etc.”. Of note, one study by Huang et al.°* provided the first
report to state that PGRN is expressed in valve interstitial cells.

In addition, data from the study showed that PGRN expression
increased in valves from calcific aortic valve disease patients but
decreased in primary porcine valve interstitial cells. The results
suggested that increasing concentrations of PGRN elicited
continuous reductions in intracellular TNF-« expression until the
maximum peak was reached in response to 800 ng/mL PGRN,
and the fibrosis marker a-SMA was also downregulated. As
mentioned above, the expression of PGRN has also been reported
to be upregulated under some conditions, including hypoxia’®
and traumatic brain injury’’. Therefore, the overexpression of
PGRN may be the consequence of a compensatory response, as
analyzed by Yin et al.”® Taken together, these findings suggest
that PGRN might constitute a novel biomarker for mitigating
valve fibrosis.

3.2.2.  Acute myocardial infarction

Acute myocardial infarction (AMI) can present as myocardial
necrosis caused by acute thrombotic obstructions of coronary
artery blood flow’’. AMI arises when blood ceases to suddenly
flow to a part of the heart, and the myocardium is injured owing to
a lack of oxygen supply®’. AMI always results in varying degrees
of ventricular remodeling. Approximately three days post-MI, the
beginning of fibroblast proliferation and replacement fibrosis
cause the formation of a collagen I-rich scar®'. Unlike healthy
myocardium, the fibrotic scar is electrically inert and less con-
tractile, exacerbating myocardial fibrosis and deteriorating cardiac
function, which leads to no fundamental improvement in clinical
symptoms or prognosis®>. As such, the prevention of myocardial
fibrosis post-AMI is essential for patient survival. It has been
demonstrated that PGRN ameliorates fibrosis after myocardial
ischemia/reperfusion (I/R) in rabbits®. To our knowledge, the LV
internal diameter is correlated with an index of adverse cardiac
repair™. Sasaki et al.”> have suggested that recombinant PGRN
markedly weakens the deterioration of the internal diameter of the
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LV at diastole and systole according to echocardiography analysis.
Moreover, Masson’s trichrome staining revealed that, compared
with vehicle, PGRN strongly reduced the extent of fibrosis in the
myocardium by 10% after myocardial I/R. In conclusion, PGRN
might have therapeutic potential for fibrosis in myocardial I/R
injury.

3.3.  Respiratory system fibrosis

3.3.1.  Idiopathic pulmonary fibrosis

IPF is a progressive chronic interstitial pneumonia of unknown
pathogenesis characterized by incessant scarring of the lung pa-
renchyma triggering reduced quality of life and earlier mortality®.
In particular, acute exacerbation of IPF (AE-IPF) is an acute,
clinically significant, respiratory exacerbation of unexplained
causes™ and may even occur in individuals with limited fibrosis
and well-preserved lung function®. Interestingly, a study based on
patients with AE-IPF hospitalized at Hainan General Hospital
between January 2017 and June 2020, demonstrated that PGRN
expression in the study group was dramatically greater than that in
matched controls'?. According to guidelines from the European
Respiratory and American Thoracic Society, decreased diffusing
capacity of carbon monoxide (DLCO) is often observed in patients
with structural lung diseases, consisting of chronic obstructive
lung disease and interstitial lung disease (ILD)*’. Hence, DLCO is
used to indicated to measure the progression of pulmonary
fibrosis. Xie et al.'” has also found an obvious negative correlation
between PGRN and DLCO, suggesting that the PGRN concen-
tration increases as fibrosis worsens. As discussed previously, the
mechanism underlying the increase in PGRN may involve in the
inflammatory response to AE-IPF, and PGRN could be useful as a
clinical marker of AE-IPF (Fig. 3). Another study has shown that
serum PGRN levels were significantly higher in non-IPF ILD
patients compared to healthy subjects and stable IPF patients®®.
The difference can be explained by the mechanism of PGRN in
acute exacerbation.

3.3.2.  Asthma

Asthma is a chronic, heterogeneous condition that may result from
exposure to allergens or other environmental irritants®> . It has
been demonstrated that airway remodeling is a cardinal feature of
asthma in which airways undergo structural changes, and are
capable of causing variable airflow limitation in patients with
asthma’'. Additionally, previous studies demonstrated that fibrosis
is an important characteristic of airway remodeling”’*. Earlier
work by Minshall et al. confirmed that a progressive increase in
fibrosis was correlated with increasing severity of asthma®*. Thus,
the suppression of airway fibrosis would be beneficial for relieving
airway remodeling, thereby improving asthma symptoms and
prognosis. A study conducted by Liu et al.'” indicated that PGRN
protected against remodel of the asthmatic airway by inhibiting
autophagy. The findings indicated that the increased mRNA
expression of the fibrosis-related genes collagen-I, a-SMA,
transforming growth factor beta 1 (TGF-G1) and matrix
metalloproteinase-9 (MMP9) in house dust mite-induced mice
was greatly suppressed by PGRN treatment. Meanwhile, PGRN
dramatically reduced the expression levels of collagen-I, a-SMA
and collagen-III induced by TGF-G1 in BEAS-2B cells (a cell
from the human airway epithelium)'’. Overall, PGRN may
function as a potential treatment option for chronic asthma
(Fig. 3).
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Figure 3  PGRN in respiratory system fibrosis. In AE-IPF, PGRN
concentration increased as fibrosis worsen, which functioned as
possible markers of disease activity together with activin A. For pa-
tients with asthma, PGRN significantly reduced collagen-1, a-SMA
and collagen-III in TGF-@-induced airway epithelial cells via auto-
phagy, thereby preventing airway remodeling and improving asthma.
Furthermore, PGRN attenuated the formation of inflammatory mole-
cules and alveolar septal thickening by inhibiting the MAPK signaling
pathway in ALI. PGRN, progranulin; HMGB1, high-mobility group
box protein 1; RAGE, The receptor for advanced glycation end
product; MAPK, mitogen-activated protein kinase; a«-SMA, a-smooth
muscle actin; IL-18, interleukin-1 beta; MCP-1, monocyte chemo-
attractant protein-1; TNF-«, tumor necrosis factor-alpha.

alveolar septal
thickening

3.3.3.  Acute lung injury/acute respiratory distress syndrome
Acute lung injury (ALI)/acute respiratory distress syndrome
(ARDS) is characterized by diffuse alveolar injury, which causes
excessive pulmonary inflammation and pathological changes in
lung tissues’ 7. Previous observations suggested that injury and
repair mechanisms occur synchronously rather than in sequen-
tially”®?. More importantly, Marshall et al. demonstrated that
24 h following disease onset, the level of N-terminal procollagen
peptide III, an indicator of collagen turnover, was significantly
greater in the bronchoalveolar lavage fluid (BALF) of ARDS
patients than in that of controls'”. Accumulated evidence has
shown that pulmonary tissue morphology, including fibrin depo-
sition and alveolar wall thickening, is altered from a normal state
to fibrosis in ALI model mice'®"'%. Therefore, fibrosis may be an
early response to ALI/ARDS and a crucial therapeutic target for
improving patient prognosis. It is generally accepted that PGRN
has antifibrotic effects®™'?’. Nevertheless, the mechanisms of
PGRN in ALI/ARDS remained uncertain. In a study by Lu
et al.'”>, PGRN markedly suppressed the formation of inflam-
matory molecules including IL-18, IL-6, TNF-«, and MCP-1. In
accordance with the theory that dysregulated or chronic inflam-
mation may contribute to the progression of pathological fibrosis
or scarring'*, the above study revealed that treatment with PGRN
also significantly attenuated alveolar septal thickening and trans-
parent membrane formation. Similarly, Chen'%® and Guo et al.'"
also showed that PGRN could significantly reduce intra-alveolar
fibrin in ALI mouse models. Apparently, the antifibrotic efficacy
of PGRN in the ALI model indicates that PGRN is a promising
therapeutic approach for fibrosis in ALI/ARDS (Fig. 3).
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3.4.  Skin fibrosis

As the body’s main external barrier, the skin is a common site of
tissue damage'”’. Following injury, a complex wound repair
reaction occurs in the skin, which is generally imperfect, with
some degree of fibrosis or scarring'®, This outcome leads to the
replacement of native tissue with dense connective tissue, ulti-
mately resulting in loss of normal tissue function'®”. Although the
effect of PGRN on the fibrosis process in skin remains poorly
understood, the PGRN gene is expressed in dermal fibroblasts,
endothelial cells and infiltrating leukocytes and is a mediator of
the wound response''®. Notably, data from a study by Li et al."’
found that the protein and mRNA levels of PGRN were elevated
after injury and that the downregulation of PGRN augmented the
fibrosis area, skin thickness and collagen I expression during
cutaneous wound healing. Similarly, Li et al.'® demonstrated that
PGRN upregulation decreased both the area and thickness of
granulation/fibrosis tissue in a mouse model.

Nevertheless, this is inconsistent with the findings based on a
study about on skin sclerosis carried out by Yang et al'''. It is well
known that SSc is a rare, complex and chronic connective tissue
disease of unknown etiology, the cardinal symptom of which is
skin fibrosis''>'"?. Using a bleomycin (BLM)-induced dermal
fibrosis mouse model, researchers have shown that a decrease in
PGRN expression ameliorates fibroblast activation and skin
fibrosis. Additionally, compared with those in BLM-induced wild-
type (WT) mice, there was a distinct reduction in dermal thickness
and a great attenuation of collagen fibers in skin tissue in BLM-
induced PGRN™"~ mice ''". By coincidence, based on the cur-
rent data about the double-edged role of TNF-a on fibrosis''*!!3,
Miyagawa et al.'' investigated the impact of PGRN on localized
scleroderma (LSc), the results of which indicated that PGRN
overproduction aggravated skin fibrosis via blockade of the anti-
fibrotic function of TNF-« on skin fibroblasts; the same was true
for SSc. Interestingly, it was reported that PGRN can both act as
an anti-inflammatory factor and a proinflammatory factor''’.
Thus, it was speculated that PGRN maintained the pro-fibrotic
phenotype due to the special anti-fibrosis mechanism of SSc and
LSc dermal fibroblasts.

Given that the above studies involved different disease models
and complex pathogenesis, PGRN seems to have dual modes of
action, such as acting as a promoter and inhibitor in the devel-
opment of skin fibrosis. Overall, the present findings provide new
insights into the complicated effects of PGRN in skin fibrotic
disorders.

4. PGRN expression and mechanisms in fibrotic diseases

Previous studies have demonstrated that patients with fibrotic
diseases exhibit elevated plasma PGRN levels compared with
healthy individuals. A study carried out by Yilmaz et al. suggested
that serum PGRN levels were significantly greater in NAFLD
patients than in controls'>. Moreover, in a recent cross-sectional
study, serum PGRN levels were significantly greater in non-IPF
ILD patients compared to healthy subjects and IPF. By coinci-
dence, Xie et al.'” reported that PGRN levels were greater in AE-
IPF patients than in healthy individuals, which indicates a possible
pathogenetic role of PGRN in this disease, as noted by Tanaka
et al.''®. Therefore, it can be assumed that PGRN expression is

lower in chronic and stable IPF patients compared to non-IPF ILD
and AE-IPF patients, but still higher than that in the control
population.

Analysis of the human promoter of the GRN revealed that its
expression is likely regulated by inflammation''”. Based on the
data thus far, inflammation may be an important mechanism for
bridging PGRN and fibrosis. There are potential factors such as
IL-6'2*"?" and TNF-a'?' that can influence serum PGRN levels.
Although PGRN has been extensively studied as an anti-
inflammatory factor, increased PGRN levels are likely to be a
compensatory response to the inflammatory response’’. Addi-
tionally, some researchers have speculated that altered levels of
PGRN with hepatic fibrogenesis can occur via regulation of the
hepatocyte growth factor/mesenchymal—epithelial transition fac-
tor system signaling pathway'>.

5. Regulatory mechanism of PGRN in fibrotic diseases
5.1.  PGRN signaling pathways

The global understanding of signal transduction regulatory net-
works in biological processes is highly important for exploring the
molecular mechanisms of disease'?>'%*, Notably, the onset and
progression of fibrotic diseases are regulated by complex molec-
ular mechanisms and different signaling pathways’, while our
present understanding of fibrosis is incomplete, which causes the
treatment of fibrosis is currently at a bottleneck stage. Hence, an
increasing number of studies have focused on the effect of PGRN
on fibrosis at the molecular level and revealed that mitogen-acti-
vated protein kinase (MAPK), the TGF-(/Smad pathway, and the
NF-«B signaling pathway are activated during the development of
fibrotic diseases (Fig. 4).

5.1.1. MAPK signaling pathway

The MAPK signaling pathway has been widely studied and is
generally divided into four branches: the extracellular signal-
related kinase (ERK1/2), p38 MAPK, c-Jun N-terminal kinase
(JNK1/2/3), and ERK5'*. Recent studies have reported that the
activated MAPK signaling pathway may play a role in the path-
ogenesis of fibrosis'>*!?%. Moreover, it was reported that activa-
tion of the MAPK signaling pathway in proinflammatory M1
macrophages was related to the production of the profibrotic
mediators IL-18, IL-6 and TNF-a'?>'*° which stimulate fibro-
blast activation and survival, thus, exacerbating fibrosis'*!. Inter-
estingly, Liu et al.'** found that PGRN significantly inhibited
LPS-activated JNK and p38 to complete its reversal of LPS-
promoted M1 polarization. Based on these findings, it was
reasonable to deduce that the activation of MAPK signaling
pathways might be a potential mechanism of fibrosis. Similarly, in
a study on ALIL, PGRN suppressed the phosphorylation of ERK,
JNK and p38 in the process of alleviating ALI'**. In addition, Liu
et al.'” demonstrated that high-mobility group box protein I
(HMGBI1) significantly exacerbates fibrosis formation in house
dust mite-induced chronic asthma, while the upregulation of
HMGBI1 and subsequent RAGE/MAPKSs signaling activation are
restrained in PGRN-treated asthmatic mice. Overall, the mecha-
nisms linking PGRN with fibrotic diseases are not fully under-
stood, but given such findings, it is conceivable that PGRN might
attenuate fibrosis by modulating MAPK signaling.
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Figure 4  Functions and signaling pathways associated with PGRN in fibrogenesis. (1) PGRN inhibited competitively TNF/TNFR1, followed
by the suppression of the NF-«kB pathway. Besides, PGRN significantly reduced phosphorylation of IkBa, p65 and the nucleus translocation of
NF-«B p65. (2) PGRN also delayed the inflammatory process through inhibiting the increase of HMGBI1 and the activation of RAGE/MAPKs
signaling pathway. In another study about ALI, PGRN inhibited the activation of the MAPK signaling pathway via decreasing phosphoryla-
tion of ERK, JNK and p38. (3) PGRN played dual roles in modulating the TGF-3/Smad signaling pathway. Abbreviations: PGRN, progranulin;
TNF-a, tumor necrosis factor-alpha; TNFR1, TNF receptor 1; TRADD, TNFR1-associated death domain protein; FADD, Fas-associated protein
with death domain; TRAFs, TNFR-associated factors; RIP, receptor interacting protein; NF-«xB, nuclear transcription factor kappa B; NEMO, NF-
kB essential modulator; IL-1p, interleukin-1 beta; MCP-1, monocyte chemoattractant protein-1; «-SMA, againsto-smooth muscle actin; ECM,
extracellular matrix; LPS, lipopolysaccharide; LBP, LPS-binding protein; MD2, myeloid differentiation protein 2; MyD88, myeloid differenti-
ation primary response gene 88; TLR4, Toll-like receptor 4; TIRAP, Toll/IL-1 receptor domain containing adaptor protein; IRAK, IL-1 receptor-
associated kinase; MAPK, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinases; ERK, extracellular signal-related kinases; HMGBI1,
high-mobility group box protein 1; RAGE, The receptor for advanced glycation end product; TGF-, transforming growth factor beta; TGR, TGF-
beta receptor; TAK1, TGF-3-activated kinase 1.

5.1.2.  TGF-B/Smad signaling pathway

The TGF-@ family of cytokines, which consists of TGF-(s, bone
morphogenic proteins, and activins, regulates a wide array of
biological activities in various cell types and at different develop-
mental stages'>>. In general, canonical intracellular signaling
activated by TGF- ligands is mediated by SMAD family proteins,
which are divided into three groups: receptor-associated SMADs
(R-SMADs), cooperating SMADs (Co-SMADs), and inhibitory
SMADs (ISMADs)'**. However, a large amount of previous
research into the signaling pathway has concentrated on its effect on
fibrogenesis'>>'*°. For example, a reduction in PGRN was shown to
considerably increase the extent of fibrosis and collagen I accom-
panied by the upregulation of the expression of TGF-(1, Smad3 and

P-Smad3, indicating that PGRN likely inhibited the degree of
fibrosis via the TGF-@/Smad signaling pathway''. However, Zhou
et al."”’ found that PGRN induced TGF-81 and p-SMAD2&3
protein expression in fibroblasts, and the stimulatory effect of
PGRN on fibroblasts could be subsequently suppressed by a TGF-3
signaling pathway inhibitor (HY-10431), as proven by the decreases
in the a-SMA and collagen I and III levels. Interestingly, these
findings are consistent with those of a previous investigation, which
revealed that PGRN promoted the development of dermal fibrosis
through the activation of TGF-6/Smad3 signaling'''. Considering
that different fibrotic diseases have complex molecular mecha-
nisms, PGRN may play disparate roles, even if it only modulates the
TGF-(/Smad signaling pathway.
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5.1.3.  NF-kB signaling pathway

The NF-«B signaling pathway is a highly conserved evolutionary
pathway, activated by various stimuli that potentially endanger the
host and has key functions in the initiation of immune, inflam-
matory and wound-healing responses®”. Furthermore, there is an
ever-increasing body of research evidence demonstrating that
NF-«B signaling is a promising therapeutic method for treating
various fibrotic diseases'**'**. Based on a typical study on fibrosis
investigated by Yoo et al.'®, it has been shown that the phos-
phorylation of NF-kB was strongly decreased in PGRN-treated
fibrosis mouse models compared with control groups, which
suggested that PGRN reduces hepatic fibrosis by inhibiting
inflammation activated by the NF-«B signaling pathway. Coinci-
dentally, Liu et al.'** also illustrated the anti-inflammatory role of
PGRN through the repression of NF-«B signaling. Given the
complexity of the NF-«B signaling pathway, further comprehen-
sive research is needed to assess the interaction between PGRN
and NF-«B signaling in regulating fibrotic diseases.

5.2.  PGRN/TNFR interactions

As we all know, no biologically active ligand functions in isolation
but acts through its interaction with binding partners. There is no
direct evidence that PGRN and TNFR binding modulate the
fibrotic process. However, inflammation is believed to be an
important mechanism in the development of fibrosis'*’. The
importance and validity of PGRN-TNFR interactions in inflam-
matory diseases and conditions are supported by more recent
experimental and epidemiological evidence***>"'*'. There are two
distinct TNFRs, TNFR1 and TNFR2'**, which bind TNF-with
comparable affinities but have different expression patterns and
mediate different intracellular pathways'**'**. After TNF binds to
TNFRI1, several adaptor proteins are recruited, followed by the
activation of inflammatory signaling pathways'*. In contrast,
TNFR2 signaling is thought to mediate anti-inflammatory
responses. In an LPS-induced acute lung injury model, PGRN
markedly reversed LPS-induced lung permeability, as assessed by
reductions in total protein, albumin, and IgM in BALF, as
well as body weight loss'*®. This function is mediated through
TNFR2, since neutralizing an antibody against TNFR2, but not
TNFR1, completely blocks the therapeutic function of PGRN'%,
Furthermore, TNF-a and IL-8 can induce NF-«kB signaling
in HSCs, promoting their survival and differentiation into myofi-
broblasts'*°. Consistent with this, TNFR1-deficient mice exhibit
decreased liver fibrosis in response to bile duct ligation'*’. This is
consistent with the data found by Sundaram et al.'**. They
revealed a mechanism to protect against liver fibrosis via the
inhibition of TNFR signaling. Apparently, the interaction of
PGRN with TNFR may modulate the fibrotic process. Although
PGRN clearly has anti-inflammatory and antifibrotic effects on
several diseases, it is unclear how PGRN exerts these effects. The
finding that PGRN directly binds to TNFR and blocks the binding
of TNF-« to its receptors provides new insight into the molecular
mechanisms underlying PGRN-mediated antifibrosis.

6. Potential clinical significance of PGRN

6.1. PGRN as a biomarker for fibrosis

Fibrosis in the early stage is typically clinically reticent, and by
the time patients reach clinical attention, fibrotic organs usually

progress to a degree in which the physiologic functions of the
affected tissue are impaired'*’. However, there is a problem that
until now, no adequately exact biomarkers displaying the activity
or condition of the fibrotic process have been identified. Hence,
specific biomarkers are urgently needed to immediately diagnose
fibrotic disorders, enhance clinical treatment, and expedite the
advancement of effective therapeutic approaches'*’. Furthermore,
specific biomarkers could accurately stratify fibrosis severity in
high-risk individuals, closely reflect fibrosis progression, and
could be utilized to establish customized treatments most appro-
priate for a specific subpopulation of fibrosis patients'>'.

Increased expression of serum PGRN has been detected in a
variety of fibrotic illnesses and its benefit as a prognostic
biomarker for dissimilar clinical parameters has been broadly
investigated in many cohorts (as concluded above). It is likely that
a single biomarker can predict the prognosis of fibrosis. Thus, the
use of a group of biomarkers could increase the accuracy of
fibrosis diagnosis and incorporation of PGRN may provide more
vital information in diagnosis. A case in point is that PGRN
together with activin A, which are possible markers, increase the
accuracy of assessing the activity of the AE-IPF'”. It has been
shown that in stable IPF, PGRN levels did not differ from healthy
controls®®, while the expression level of activin A was elevated' .
In AE-IPF, PGRN level was significantly higher than that in stable
IPF and much higher than activin A expression (83.7 £ 10.0 vs.
14.2 & 1.7 ng/mL) "% Tt is conceivable that this biomarker could be
more extensively applied, for example, in the appraisal of cardiac
remodeling after MI®°. Importantly, serum PGRN was found to
function as an independent marker of liver fibrosis in NAFLD'”.
In addition, decreased serum PGRN has been validated to be
correlated with clinical disorder severity and increased liver
stiffness in patients with GD’.

Taken together, these findings indicate that the application of
PGRN as a proxy for successful treatment is promising but sup-
plementary studies are needed to confirm these findings and to
assess its use as a biomarker for the efficacy of experimental
antifibrotic therapies.

6.2. PGRN as a therapeutic target in fibrotic diseases

A large number of clinical trials on PGRN have been registered
worldwide in the treatment of frontotemporal dementia, advanced
solid tumors, etc. (Table 2)153’15 4 Moreover, PGRN itself may
contribute to the pathology of fibrotic diseases and is therefore a
beneficial therapeutic target. For example, several investigations
have noted that PGRN protects against fibrogenesis by inhibiting
several profibrotic signaling pathways, which might provide new
insights into the treatment of fibrotic diseases'"'”. Moreover,
follow-up studies have shown that PGRN and TNF-« can bind to
the same TNFRs" . More importantly, compared to TNF-a&, PGRN
exhibited an even greater binding affinity for TNFRs. Based on
these findings, Atsttrin, an engineered protein derived from
PGRN™, was utilized to inhibit subchondral sclerosis which was
worsened by the upregulation of MMP-13?". Moreover, it has been
proved that PGRN decreased MMP-13 expression by inhibiting
the binding of TNF-a to its receptor'”. In another study on
fibrosis, blocking MMP-13 also had potential therapeutic impli-
cations for preventing liver fibrosis'*®. As a result, the usage of
PGRN can serve as a novel approach for targeting fibrosis.
Another potential method to target PGRN is by applying
microRNAs (miRNAs). It has been demonstrated that miRNAs are
involved in multiple disease processes through targeting



Table 2  Current, known clinical trials

about PGRN in diseases.

Disease Subject Targeting strategy Result Ref./clinical trial name
Frontotemporal dementia (FTD) Patients in a phase 1 clinical Compound enhancing PGRN Unavailable NCT01835665
trial expression, nimodipine
Patients in a phase 1/2 Compound enhancing PGRN Recruiting NCT04408625
clinical trial expression, LY3884963
Patients in a phase 1/2 Compound enhancing PGRN Recruiting NCT04747431
clinical trial expression, PBFT02
Patients in a phase 1/2 Compound enhancing PGRN Recruiting NCT06064890
clinical trial expression, AAV:PGRN
(AVB-101)
Patients in a phase 2 clinical Compound enhancing PGRN Unavailable NCT02149160
trial expression, FRM-0334
Patients in a phase 3 clinical Compound enhancing PGRN Unavailable NCT04374136
trial expression, AL0O1
Patients in a phase 3 clinical Compound enhancing PGRN Recruiting NCT05456503
trial expression, PI-2620
Advanced solid tumors Patients in a phase 1 clinical Binding to human PGRN/ Recruiting NCT05627960

Sepsis

Breast cancer

Metabolic Syndrome

trial

Patients with sepsis

Eligible healthy women >40
years old at average risk
for developing breast
cancer

Patients with metabolic
syndrome healthy subjects

GP88, AGO1 (an anti-
PGRN/GPS88 antibody)
NA

NA

NA

NA

Upregulated during the early
stages of sepsis; a
biomarker for sepsis

Unavailable

An independent predictor for
atherosclerosis in subjects
without metabolic
syndrome

Unknown status

NCT03280576, Ref. 153

NCT02700776

NCTO01668888, Ref. 154

NCT04451616

FTD: frontotemporal dementia, PGRN: progranulin, AAV: adeno-associated virus.
NA, the targeting strategy for PGRN is not mentioned in the clinical trial data.
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PGRN'5"'® This finding indicates the occurrence of a negative
feedback mechanism limiting the production of PGRN following
some cytokine stimulation. As the underlying mechanisms will be
explored in greater depth, such a negative feedback mechanism
could conceivably be lost or enhanced in fibroblasts from patients
with fibrosis. However, the translation of miRNA-based thera-
peutics into the clinic has been hampered by issues associated
with specificity and delivery. A limitation is that the approach of
treatment targeting PGRN can have undesired off-target effects
because of a miRNA downstream effect on multiple genes. Other
issues are related to delivery: the instability of ‘naked’, chemically
unmodified miRNA structures and the lack of suitable delivery
vehicles'*’. Thus, reorganizing these miRNAs will be another
method to suppress or increase PGRN enrichment with possible
therapeutic benefit.

Collectively, PGRN can directly bind to TNFR or indirectly be
targeted by miRNAs to affect the occurrence and progression of
fibrotic diseases.

7. Conclusion and future perspectives

PGRN expression is usually elevated when fibrosis develops in
organs, including the liver, lung, skin and heart. Considering the
abnormal expression of PGRN in patients with fibrotic diseases
and its clinical significance in the process of this disease, PGRN
could be a biomarker for identifying patients with fibrotic diseases
and evaluating the severity and procession of this disease. Notably,
overexpression of PGRN is likely to alleviate fibrotic processes by
limiting the biological functions (proinflammatory and profibrotic)
of PGRN targets, which validates the therapeutic potential of
modulating PGRN.

However, many unresolved questions about the role of PGRN
in fibrotic diseases remain to be further explored. Serum PGRN
level is usually low, being up-regulated in the inflammatory
state'®’. It has been demonstrated that PGRN was involved in
chronic subclinical inflammation associated with the pathogenesis
of diabetic microangiopathy and correlated with changes in dis-
ease metrics over time'®'. From the above, inflammation is an
important mechanism for the occurrence of fibrosis. Interestingly,
it remains to be investigated whether PGRN can be a biomarker
for fibrosis progression and prognosis. Within the central nervous
system, insights into the processing of PGRN into its granulin
cleavage products in the lysosome have been relatively recent, but
much remains to be learned about the interplay between PGRN
and granulins, as well as the contribution of PGRN to fibrosis. As
described above, several studies have reported the abnormal
expression of PGRN in fibrotic diseases, but the outcomes are
contradictory and inconclusive. For example, additional efforts are
warranted to elucidate the dual role of PGRN in skin fibrosis.
Mechanistically, in addition to acting on the TGF-8/Smad, MAPK
and NF-«B signaling pathways, PGRN has been shown to be
involved in the modulation of the Wnt/B-catenin signaling
pathway, which affects inflammatory functions'®®. However,
whether Wnt/(-catenin and PGRN are directly or indirectly
related to fibrosis has yet to be determined. Given that TNF
signaling is known to be involved in various kinds of diseases, and
TNF inhibitors have been used to treat several kinds of inflam-
matory diseases, including osteoarthritis and skin inflammation,
we envisage potential applications of PGRN, especially its
derivative Atsttrin, in fibrotic diseases, such as skin fibrosis. As
TNF inhibitors, PGRN and Atsttrin selectively target TNFR, and it

is worthwhile to determine whether blockage of both ligand and
receptors simultaneously will be more effective through
comparing the effects of Atsttrin alone or with current TNF
inhibitors. Finally, a crucial point is represented by the timing of
the therapeutic interventions. A growing body of evidence sug-
gests that fibrosis occurs in the early stage and is accompanied by
inflammation. Therefore, ideally, treatment should be adminis-
tered not only to patients but also to high-risk people.

In conclusion, notwithstanding these urgent problems, the
available evidence strongly supports that PGRN may be a novel
biomarker and therapeutic target for reversing the course of
multiple fibrotic diseases. More in-depth mechanistic studies are
still needed to validate the clinical relevance of PGRN and the
potential for therapeutic effectiveness of PGRN in fibrotic
diseases.
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