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1  | INTRODUC TION

An appropriate wound repair response is the premise of restor-
ing the homeostasis of the damaged tissue. Wound maladaptation 
caused by chronic inflammation can result in fibrosis.1,2 Fibrosis is 
the formation of excess fibrous connective tissue in an organ or tis-
sue in a reparative or reactive process. Fibrosis is characterized by 
fibroblast activation, extracellular matrix (ECM) accumulation and 
infiltration of inflammatory cells that sometimes leads to irrevers-
ible organ dysfunction.3 Considerable evidence now indicates that 
inflammation plays a critical role in the initiation and progression of 

organ fibrosis.4 Inflammation is an important part of the body's nat-
ural defence system in which immune cells participate. Inflammation 
can resist the damage caused by pathogens, various drugs and 
stress. However, persistent inflammation is associated with a variety 
of different pathological conditions including organ fibrosis.5-7

S100A4 (also called fibroblast-specific protein 1 (Fsp1)) is a 
member of the S100 calcium-binding protein family. The most well-
known function of S100A4 is to induce and promote tumour me-
tastasis.8 Apart from this function, S100A4 was also involved in the 
pathophysiology of fibrotic, inflammatory and autoimmune disor-
ders.9,10 Like other members of the S100 family, S100A4 functions 
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Abstract
Fibrosis is characterized by fibroblast activation, extracellular matrix (ECM) accumu-
lation and infiltration of inflammatory cells that sometimes leads to irreversible organ 
dysfunction. Considerable evidence now indicates that inflammation plays a criti-
cal role in the initiation and progression of organ fibrosis. S100A4 protein, a ubiqui-
tous member of the S100 family, has recently been discovered as a potential factor 
implicated in fibrotic diseases. S100A4 protein is released at inflammatory site and 
has a certain biological function to promote cell motility, invasion, ECM remodelling, 
autophagy and angiogenesis. In addition, extracellular S100A4 is also a potential cau-
sation of inflammatory processes and induces the release of cytokines and growth 
factors under different pathological conditions. Elevated S100A4 level in patients’ 
serum closely correlates with disease activity in several fibrotic diseases and serves 
as a useful biomarker for diagnosis and monitoring disease progression. Analyses of 
knockout mouse models have identified a functional role of extracellular S100A4 
protein in fibrotic diseases, suggesting that suppressing its expression, release or 
function might be a promising therapeutic strategy. This review will focus on the role 
of extracellular S100A4 as a key regulator of pro-inflammatory signalling pathways 
and its relative biological processes involved in the pathogenesis of fibrosis.
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both intra- and extracellularly. Within the cell, the presence of 
S100A4 is related to apoptosis, migration and maintenance of cell 
stemness.11,12 Extracellular S100A4 can activate different processes 
mainly through inducing the expression and secretion of pro-inflam-
matory cytokines, growth factors and matrix metalloproteinases 
(MMPs), as well as stimulating pro-inflammatory related pathways.8 
Therefore, the extracellular function of S100A4 is mainly due to its 
pro-inflammatory and pro-metastatic activities.

Here, we summarize the role of extracellular S100A4 protein 
enhancing inflammation in the pathophysiology of fibrotic diseases 
(Figure 1) and discuss how extracellular S100A4 protein might be used 
or targeted in future strategies to diagnose and treat these diseases.

2  | ROLE OF E X TR ACELLUL AR S10 0A4 IN 
FIBROTIC DISE A SES

It is widely accepted that there is a close relationship between S100A4 
and non-tumour pathophysiology, especially organ fibrosis. Up to now, 
S100A4 has been implicated in the development of many organ fibro-
sis, such as kidney fibrosis, liver fibrosis, pulmonary fibrosis and artery 
diseases, cardiac hypertrophy and fibrosis and rheumatoid arthri-
tis.10,13 Here, we will review the recent findings on role of extracellular 
S100A4 in the pathogenesis of various fibrotic diseases.

In a model of liver fibrosis, Christoph H. Österreicher et al revealed 
S100A4 expression by macrophages.14 Here, S100A4-positive cells did 
not express the classical fibroblast markers, like α-smooth muscle actin 
(α-SMA) or desmin, but F4/80 and other markers of monocytic lineage 
as evaluated by genetic lineage tracing and immunofluorescence stain-
ing. Our previous study found that extracellular S100A4 accumulated 
in the liver during fibrosis progression.15 Among the S100A4-GFP-
positive cells, 97.9 ± 0.76% were CD45-positive, 86.0 ± 2.34% were 
CD11b-positive and 79.5  ±  1.54% were Ly6Chi. Wright's staining of 
sorted GFP-positive cells confirmed that these cells possess the char-
acteristic morphology of monocytes/macrophages. These results indi-
cated that S100A4-positive cells are a subpopulation of macrophages 
in the liver. In vitro, exogenous S100A4 induces the up-regulation of 
α-SMA in hepatic stellate cells through activating of the c-Myb signal 
pathway. Selective depletion of S100A4-positive cells or knockdown of 
S100A4 by RNA interference in vivo strongly reduces collagen depo-
sition in the injured liver. Apart from the liver, we also found S100A4+ 
monocytes/macrophages in the bone marrow, peripheral blood and in 
spleen tissues. Whether CD45+/S100A4+ positive macrophages in fi-
brotic areas of the liver originate from bone marrow-derived fibrocytes 
needs further exploration.

In pulmonary fibrosis, fibroblasts are largely responsible for the 
production and deposition of interstitial collagen and other ECM mole-
cules.16 It is not well defined where the activated fibroblasts come from 
during lung fibrosis. The resident fibroblasts from interstitium, progen-
itor cells from bone marrow and transdifferentiation of epithelial cells 
to myofibroblasts were considered to be potential sources of activated 
fibroblasts.17 The crucial role of intracellular S100A4 for fibroblasts 
especially in human pulmonary fibrosis renders intracellular S100A4 a 

good marker for this cell type in investigating the pathogenesis of pul-
monary fibrosis.18,19 Interestingly, our recently published data found 
increased S100A4 protein level in human bronchoalveolar lavage fluid 
of idiopathic pulmonary fibrosis (IPF) patients.20 Our data also showed 
that during the progress of bleomycin-induced pulmonary fibrosis, a 
population of S100A4+CD11b+F4/80+ macrophages accumulated 
in lung tissue and correlated very well with the development of lung 
fibrosis. This special subpopulation of macrophages was observed to 
secret S100A4 into extracellular space. In vitro studies revealed that 
extracellular S100A4 could activate both mouse and human lung fi-
broblasts by up-regulation of α-SMA and type I collagen, during which 
sphingosine-1-phosphate (S1P) increased. Our research suggests that 
extracellular S100A4 or S100A4-positive macrophages within the 
lung as promising targets for early clinical diagnosis or therapy of IPF. 
Coincidentally, another research from Zhang et al also supports our 
view that S100A4 is produced and secreted by M2 polarized alveolar 
macrophages and enhances the proliferation and activation of lung fi-
broblasts.21 These two studies have different understandings about 
the source of extracellular S100A4. Whether S100A4+CD11b+F4/80+ 
macrophages and M2 macrophages belong to the same group of cells 
remains to be confirmed by further research.

Rheumatoid arthritis (RA) is characterized by inflammatory infil-
tration, activated fibroblasts and tissue remodelling.9 In this regard, 
arthritis may share underlying mechanisms with fibrosis. Proliferating 
synovial fibroblasts from rheumatoid arthritis patients express high 
levels of S100A4.22 Fibroblast, immune and vascular cells result in 
the production of S100A4 in synovial tissue consistent with the high 
concentration of S100A4 protein in RA patients’ plasma and synovial 
fluid. Serum S100A4 levels are increased with the aggravation of ra-
diographic damage and disease progression. High serum S100A4 levels 
are also linked to a poor clinical response to anti-tumour necrosis factor 
α (TNF-α) therapy.23 Additionally, persistently high serum S100A4 lev-
els predict poor treatment outcomes and S100A4 may thus represent 
a promising biomarker for assessing treatment response in patients 
with RA.24 Accelerated release of MMP-13 from chondrocytes cell 
line or cartilage explants upon treatment with recombinant exogenous 
S100A4 protein confirmed the link between S100A4 and pathologic 
tissue remodelling in this disease.25

The variety of diseases and S100A4-producing cell types leave 
many open questions, but clearly place extracellular S100A4 as a 
major contributor to the progression of fibrosis in chronic inflam-
matory diseases and make it be a candidate therapeutic target for 
antifibrotic treatment.

3  | CHAR AC TERISTIC S OF 
E X TR ACELLUL AR S10 0A4

3.1 | S100A4 is secreted by uncertain mechanisms

Like other members of the S100 family, the S100A4 protein exists in 
both intracellular and extracellular. The intracellular S100A4 protein is 
mainly localized in the cytoplasm and nucleus. Changes in intracellular 
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F I G U R E  1   Functions of extracellular S100A4 protein. S100A4 can be released into the extracellular space by fibroblasts, macrophages, 
lymphocytes and myeloid cells. The expression of extracellular S100A4 leads to increased phosphorylation of ERK1/2 and activation of NF-
κB through the RAGE-dependent regulation, which is associated with cell motility, invasion, cell survival and inflammation. The consequent 
sustained release of pro-inflammatory cytokines and MMPs promote angiogenesis. Besides, extracellular S100A4 interacted with RAGE 
exerts an inhibitory effect on autophagy through activating β-catenin signalling pathway. On the other hand, extracellular S100A4 activates 
TLR4/ERK1/2 pathway to abrogate caspase-9-dependent apoptosis. Meanwhile, extracellular S100A4 induces inflammatory response 
partly mediated by TLR4 and through the activation of NF-κB axis, the kinases p38 and ERK1/2. In addition, extracellular S100A4 increases 
the expression of α-SMA through activating of c-Myb and S1P pathway. Extracellular S100A4 also can affect T cell differentiation by the 
alteration of T cell polarization balance toward the Th2 phenotype. RAGE, receptor for advanced glycosylation end products; TLR4, Toll-
like receptor 4; MMPs, matrix metalloproteinases; ERK1/2, extracellular signal-regulated kinase; NF-κB, nuclear factor kappa-light-chain-
enhancer of activated B cells；S1P, sphingosine-1-phosphate; α-SMA, α-smooth muscle actin
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S100A4 function depend on the morphology of the protein and are 
pre-conditioned through the interaction and regulation of multiple in-
tracellular protein targets located in different cell compartments. As 
the role of intracellular S100A4 has been widely described, we solely 
focus on extracellular S100A4 and related mechanism (for recent re-
views on intracellular S100A4, please see 8,10,13). With the in-depth 
understanding of S100A4 protein, more and more studies have found 
that extracellular S100A4 serves as a more essential role. Increasing 
evidence showed that S100A4 in extracellular space is closely related 
to the progression of tumour metastasis 26,27 and other human inflam-
matory diseases.28-30 In fact, under physiological conditions, S100A4 
is rarely expressed in certain cell types, such as lymphocytes, mono-
cytes, neutrophils, stem cells and fibroblasts.28,31-33 Importantly, only a 
very small amount of extracellular S100A4 protein can be detected in 
body fluids under physiological conditions.28 Functionally, it has been 
found that extracellular S100A4 can induce the release of pro-inflam-
matory factors, such as cytokines, serum amyloid (SAA), and MMPs. It 
stimulates neuron differentiation, survival and neurite outgrowth, and 
promotes cell invasion, angiogenesis and chemotaxis.8,34

Although there is a lot of evidence about the function of extra-
cellular S100A4 in vivo and in vitro, there are few reports on the 
mechanism of S100A4 secretion.28,35 The S100A4 protein cannot 
be secreted through the classical endoplasmic reticulum (ER)-Golgi-
dependent pathway due to the lack of a secretion signalling pep-
tide.36,37 Lysosomes, which are involved in the secretory process of 
different cell types, have also been excluded from alternative mech-
anisms. Surprisingly, studies have found that cytokine-mediated 
pathways play an important role in stimulating S100A4 secretion in 
different types of normal cells and tumour cells. For example, the 
cytokine interleukin (IL)-7 can regulate the secretion of S100A4 in 
chondrocytes, but which is irrelative for the classic Golgi pathway.36 
Another cytokine, regulated on activation in normal T Cell expressed 
and secreted (RANTES) can stimulate the secretion of extracellular 
S100A4, which is associated with microvesicles (MVs) that shed from 
plasma membranes of tumours and normal cells.37 The importance 
of the RANTES-S100A4 axis has been further verified by plant-
ing RANTES-overproducing tumour cells in wild-type and S100A4 
gene-deficient mice. Results showed that tumour cell-derived 
RANTES had a significant effect on the increased level of extracellu-
lar S100A4 in blood circulation.37 In addition, researchers observed 
the significant increase of S100A4 in the condition medium of Burkit 
lymphoma B cells (Namalwa cells) transformed with transcription 
factor Octamer transcription factor 1 (Oct-1A), especially its isoform 
Oct-1X.38 However, these rather sparse shreds of evidence seem not 
sufficient to explain the omnipresence of exogenous S100A4. Other 
cell type-specific mechanisms for S100A4 release are possible.

3.2 | Possible underlying mechanisms of 
extracellular S100A4 in fibrosis pathophysiologies

Cell movement and invasion play an important role in tumour me-
tastasis and inflammation, which are processes closely related to 

epithelial-mesenchymal transition (EMT).39 As the most widely stud-
ied putative receptor, the interaction of receptor for advanced gly-
cation end-products (RAGE) and S100A4 has an obvious effect on 
cell movement and are capable of modulating the motility of thyroid 
cancer cells, colon adenocarcinoma cells and vascular smooth mus-
cle cells by regulating mitogen-activated protein kinase/extracellular 
signal-regulated kinase (MAPK/ERK) pathway and hypoxia signal-
ling.40-42 In addition, recombinant S100A4 protein is confirmed to 
stimulate endothelial cell motility and invasion ability by promoting 
MMP-13 mRNA and protein expression.43

ECM is a highly dynamic structure that is present in all tissues 
and undergoes controlled remodelling continuously. In fact, dysreg-
ulated ECM remodelling is linked to pathological conditions and may 
aggravate disease progression. For instance, abnormal ECM deposi-
tion and stiffness are noticed in fibrosis and cancer,44 while excessive 
ECM degradation is associated with osteoarthritis.45 S100A4 protein 
can stimulate the production of ECM structural molecules and ECM 
remodelling proteases, in turn, plays an important regulatory role in 
the process of ECM remodelling.34 The main action of extracellular 
S100A4 during ECM remodelling is to stimulate the production of 
MMPs.35,43,46 MMPs as proteolytic enzymes play an essential role 
in ECM degradation process and greatly promote the inflammatory 
milieu.47 Evidence shows that the extracellular S100A4 can stim-
ulate mouse endothelial cells and osteosarcoma cells to produce 
MMP-13.43,48 Extracellular S100A4 stimulates the increased pro-
duction of MMPs (MMP-1, −2, −3 and −9) and phenotypic transition 
of smooth muscle cells.49 Articular chondrocytes produce MMP-13 
in response to extracellular S100A4-dependent activation,46 while 
human endothelial cells produce MMP-9.50 Osteoarthritis synovial 
fibroblasts treated with S100A4 oligomer can induce the expression 
and release of MMP-3 and other MMPs (MMP-1, MMP-9 and MMP-
13) from synovial fluid.25 Topical addition of recombinant S100A4 
protein to mouse mammy epithelial cells can induce a significant in-
crease in expression of MMP-3, promoting mammary gland branch-
ing morphogenesis.51

In addition to the above functions, extracellular S100A4 also 
shows the ability to inhibit autophagy in lung cancer cells through 
activating β-catenin signalling pathway in a RAGE-dependent man-
ner.52 Autophagy is the natural, regulated mechanism of the cell 
that removes unnecessary or dysfunctional components. It allows 
the orderly degradation and recycling of cellular components. 
Deregulation of autophagy is now accepted as a feature leading to 
the development of fibrosis.53,54 Moreover, extracellular S100A4 is 
found to stimulate angiogenesis by interacting with annexin A2 on 
the surface of endothelial cells.55 Of course, there is another argu-
ment that extracellular S100A4 exerts its angiogenic ability through 
interaction with RAGE.50 Extracellular S100A4 stimulates endothe-
lial cells to produce MMPs, indicating that ECM remodelling is the 
basis for S100A4 to stimulate endothelial cell movement and inva-
sion.43,50 The formation of new blood vessels (angiogenesis) is a pro-
cess strictly related to progressive fibrogenesis, which leads to organ 
fibrosis.56 The growth of new blood vessels is also a required part of 
inflammatory processes.56
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Besides, a recent study found that binding of extracellular 
S100A4 to embigin (a transmembrane glycoprotein belonging to the 
immunoglobulin superfamily) mediated prostate cancer progression 
by inhibition of adenosine monophosphate-activated protein kinase 
(AMPK) activity, activation of nuclear factor kappa-light-chain-en-
hancer of activated B cells (NF-κB), MMP-9 and mammalian target 
of rapamycin complex 1 (mTORC1) signalling, and inhibition of au-
tophagy, which increased prostate cancer cell motility.57 In addi-
tion, in the context of fibrosis development, extracellular S100A4 
could activate epidermal growth factor receptor (EGFR)/ErbB2 re-
ceptor signalling and improve the proliferation of mouse embryonic 
fibroblasts.58

3.3 | Extracellular S100A4 as a damage-associated 
molecular pattern (DAMP) protein

With the exception of embryos cell death caused by tissue damage 
always leads to inflammation. Inflammation is involved both in tis-
sue regeneration and development of fibrosis.59,60 In damaged tis-
sues, inflammatory stimuli mainly come from the nucleus, cytosol, 
ECM or mitochondria of the necrotic cells and many factors such as 
high-mobility group protein B1 (HMGB1), heat shock proteins, S100 
protein (S100A8/S100A9) and heparan sulphate.61 These factors 
are known as ‘danger-associated molecular patterns (DAMPs)’ and 
the corresponding receptors, called ‘pattern recognition receptors 
(PPRs)’ have been confirmed and included C-type lectin receptors 
(CLRs), Retinoic acid inducible gene-like receptors (RLRs), NOD-like 
receptors (NLRs), RAGE and Toll-like receptors (TLRs).60 DAMPs are 
usually stimulated to be released from the cell into the extracellu-
lar space. They bind to specific receptors on immune cells, thereby 
promoting the activation of innate immunity, cell differentiation and 
death, or the secretion of inflammatory mediators, further magnify-
ing the inflammatory response.62

The S100A4 protein has been confirmed to be expressed in 
multiple cell types of lymphoid and myeloid lineages, including mac-
rophages, neutrophils, mast cells and memory T cells, indicating a 
role of S100A4 in the regulation of immune cells.32,63 As said before, 
S100A4 was found to be secreted by a subpopulation of inflamma-
tory macrophages and consequently promotes the development of 
liver fibrosis and lung fibrosis.14,15,20 In vitro cultured human mac-
rophages release S100A4 into extracellular space. Since increased 
level of S100A4 was observed in a tumour interstitial fluid of breast 
cancer, immune cells, at least of myeloid origin, are thought to be 
the source of extracellular S100A4 in the damaged tissues.63 It 
could be speculated that one of the ways S100A4 interferes with 
the body's immune response is its secretion from immune system 
cells in response to stress. Furthermore, extracellular S100A4 is a 
well-known activator of pro-inflammatory pathways and stimulator 
of cytokine production from various cells. Extracellular S100A4 ex-
erts its effects on immune cells through affecting differentiation of 
cells of innate and adaptive immune systems and activating these 
cells to produce countless cytokines which most of them related to 

pro-tumorigenic functions. Monocytes activated by extracellular 
S100A4 produced inflammatory cytokines which lead to aggravated 
disease activity of rheumatoid arthritis.64,65 Likewise, extracellular 
S100A4 indirectly interfering with the differentiation of myeloid 
cells by activating breast cancer cells to elevate secretion of pro-in-
flammatory cytokines that convert monocytes into the tumour-as-
sociated macrophages.66 Moreover, in vitro studies cultured T cells 
in the presence of S100A4 alter the T cell polarization balance to-
ward the Th2 phenotype,67 suggesting that extracellular S100A4 
can affect T cell differentiation. Nevertheless, among the factors 
inducing fibrosis Th2 cytokines were the first to be confirmed to 
have strong profibrotic properties.61 Additionally, in recent years, 
we also paid attention to the role of S100A4 as a survival factor for 
myeloid-derived suppressor cells (MDSCs).68 MDSCs represent a 
pathologic state of activation of monocytes and immature neutro-
phils. Extracellular S100A4 activated TLR-4/ERK1/2 pathway to ab-
rogate intrinsic caspase-9-dependent apoptosis induction in MDSCs, 
thus supporting their survival.68 A growing body of evidence shows 
clearly that the accumulation of MDSCs in tissues causes reduced 
collagen degradation and promotes organ fibrosis, including liver 69 
and lung.70 Studies have confirmed that the interaction of recom-
binant or cell-derived extracellular S100A4 with RAGE promotes 
ERK1/2 phosphorylation and activates the pro-inflammatory NF-κB 
axis.40,71 Activation of NF-κB axis directly and indirectly leads to the 
secretion of pro-fibrogenic and pro-proliferative factors, which re-
sult in fibrogenesis.72 In summary, extracellular S100A4-mediated 
activation of cells from the innate and adaptive immune system is 
manifested by the production of cytokines. This network of cyto-
kines consequently modulates the body's immune response.

According to the existing research on the biological character-
istics of extracellular S100A4, it can be categorized as an effective 
DAMP protein, but its specific functions and cellular effects need to 
be further explored in the future. Extracellular S100A4 plays a sub-
stantial role in modulation of the immune system in many different 
ways also indicating that this protein could be a key player in a mul-
titude of fibrotic diseases where the inflammatory pathway(s) play a 
large contributing role.

3.4 | Specificity of extracellular S100-receptor 
interactions

S100 proteins form heterodimers. These complexes display differ-
ent affinities to target protein, depending on their oligomerization 
state.73 Multiple S100 proteins bind TLR4 65 and RAGE.73 Structural 
analysis of ligand-receptor interaction has suggested that RAGE rec-
ognizes three-dimensional structures: one ‘V-type’ domain and two 
‘C-type’ domains. The V-type domain has been found to be respon-
sible for ligand binding.74 RAGE has been shown to transform the 
extracellular effects of many S100 proteins, such as S100B, S100A1, 
S100A4 and S100A12.75

The interaction of S100B with RAGE has been demonstrated in 
many cell-types. In RAGE overexpressing myocytes, S100B (100 nM) 
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resulted in increases in VEGF mRNA, VEGF protein, VEGF secre-
tion and activation of the transcription factor NF-κB.76 In human 
SH-SY5Y neuroblastoma cells, high concentration of S100B (5 μM) 
promoted cell survival through the PI3K/Akt/NF-κB pathway in a 
RAGE-dependent manner.77 Previous studies have shown that the 
interaction of dimeric S100B to RAGE to the isolated V-domain 
and confirmed specific interaction between S100B and RAGE with 
sub-micromolar affinity (KD≈0.5  μM).78 As for S100A1, binding to 
RAGE was observed in the micromolar range and strictly calcium 
dependent using surface plasmon resonance (SPR) technology.79 
Recombinant S100A1 protein (100 nM) was shown to promote neu-
rite outgrowth and to activate the transcription factor NF-κB in a 
RAGE-dependent manner.80 Mentioned S100A4, it interacts with 
RAGE in vitro as demonstrated also by SPR technology using either 
chimeric sRAGE-Fc or biotinylated RAGE (KD  =  138  nM81;). Using 
the same technology but a GST-RAGE fusion protein as a choice 
of binding partner, the results showed affinities in the same order 
of magnitude and strict calcium dependency for this interaction.79 
The addition of recombinant S100A4 protein (300-1500 ng/ml) re-
sulted in endothelial dysfunction in a RAGE-dependent manner.26 
Similarly, recombinant S100A4 protein at 500  nM binds to RAGE 
to significantly promote human thyroid cancer cells migration.41 
The inhibitory effect of S100A12 (10 μg/ml) on human foetal lung 
fibroblast migration is RAGE-dependent, but not TLR4.82 SPR was 
used to measure the interaction of S100A12 with RAGE and the re-
sults revealed a submicromolar binding affinity between tetrameric 
S100A12 and the V-domain.79

4  | E X TR ACELLUL AR S10 0A4 IN 
DIAGNOSTIC S

To date, several studies have proposed speculation as to whether 
extracellular S100A4 could be a prognostic biomarker for fibrotic 
diseases. Firstly, Yan et al clarified diagnostic accuracy of serum 
S100A4 level in patients with chronic hepatitis B (CHB).83 They 
found serum S100A4 level was higher in CHB patients with liver fi-
brosis. Using receiver operating characteristic (ROC) analyses, the 
area under the curves (AUC), sensitivity, specificity and accuracy 
of S100A4 were found to be 0.749, 62.7%, 75.9% and 0.70 for sig-
nificant fibrosis (≥Stage 2), respectively. Secondly, increased serum 
S100A4 level was detected in IPF patients (27.3%).84 IPF patients 
with higher serum S100A4 levels had a significantly worse prognosis 
than those with low serum levels (2-year cumulative survival rate: 
41.7% vs. 77.0%, respectively). On multivariate analyses, baseline 
serum S100A4 levels (per 10  ng/ml increase) were independently 
associated with higher disease progression rate and higher mortal-
ity. S100A4 is a promising serum biomarker that may predict dis-
ease progression and mortality in IPF patients. Thirdly, extracellular 
S100A4 is strongly up-regulated by immune cells and tissue-resident 
cells at sites of inflammation, particularly in synovial fluid of patients 
with RA.28 Furthermore, increased S100A4 levels were present in 
the serum of patients with early RA (≤6 months duration), in whom 

persistently raised serum S100A4 was associated with a poor re-
sponse to methotrexate. In patients with established RA (2-44 years 
duration), increased serum levels of S100A4 indicated severe radio-
graphic damage and non- response to infliximab therapy.23 These 
data indicated that high S100A4 levels were associated with a poor 
clinical response to infliximab and a high rate of anti-infliximab an-
tibodies. Another study also found that serum S100A4 levels were 
significantly higher in patients with early RA than in the healthy 
subjects and significantly decreased after 3 months of treatment.85 
However, in female patients, high levels of S100A4 after 3 months of 
treatment predicted a worse outcome after 12 months of treatment 
(sensitivity of 56% and specificity of 94%). Persistently, high serum 
S100A4 levels predicted poor treatment outcome and S100A4 may 
thus represent a promising biomarker for assessing treatment re-
sponse in patients with RA.

5  | E X TR ACELLUL AR S10 0A4 A S A 
THER APEUTIC TARGET

Considerable progress has been made in the specific blockade of cy-
tokines or their downstream signalling pathways for the treatment 
of fibrotic diseases; however, these therapies often have adverse ef-
fects; a substantial number of patients do not respond satisfactorily 
and long-lasting remission is generally not achieved after medication 
is withdrawn. An urgent need still exists for innovative therapeutic 
approaches. Elevated extracellular S100A4 level contributes to the 
development and progression of many fibrotic diseases, implying 
that extracellular S100A4 could be a potential therapeutic target for 
treating fibrosis pathologies. In addition, extracellular S100A4 can 
function as a DAMP protein, thereby triggering pro-inflammatory 
responses via binding to PRRs. Therefore, a wide range of treatment 
strategies need to be proposed, including inhibition of S100A4 pro-
tein expression and secretion, blocking S100A4 protein-receptor in-
teractions and reducing inflammatory response induced by S100A4 
protein (Figure 2).

Several studies are currently available that confirm the effec-
tive blocking of extracellular S100A4 protein expression in vivo. 
The utilization of specific hairpin RNA to decrease the expression 
of S100A4 in CD11b-positive macrophages from mice with liver fi-
brosis led to a reduction in the expression of α-SMA and collagen 
deposition.15 However, owing to the high expression of S100A4 in 
myeloid cells, translation of such a strategy into a therapeutic appli-
cation seems questionable. In another study, we used the neutraliz-
ing S100A4-specific antibody clone 3B11 (10 µg/ml) to effectively 
inhibit the expression of extracellular S100A4 in mice with pulmo-
nary fibrosis and the secretion from CD11b+F4/80+ macrophages.20 
Additionally, another S100A4-neutralizing antibody (6B12) was also 
found to inhibit the expression of extracellular S100A4, thereby 
altering T cell polarity balance.67 In the other study on extracellu-
lar S100A4 and pulmonary fibrosis, researchers used niclosamide 
(20 mg/kg) to inhibit the expression of extracellular S100A4 in mice 
with pulmonary fibrosis, while using S100A4-specific siRNA to 
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inhibit the secretion of S100A4 from M2 macrophages.21 Moreover, 
LY294002 (2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one), 
a specific inhibitor of phosphatidylinositol 3-hydroxy kinase (PI3K), 
could markedly decrease S100A4 expression in lung and S100A4 se-
cretion in bronchoalveolar lavage fluid (BALF) in asthmatic mice.86 
Thus, blocking the secretion of S100A4 protein via the alternative 
secretion pathway might be a promising approach for the treatment 
of fibrotic diseases.

Experimental data indicate that targeting PRRs might be 
a therapeutic option in fibrotic diseases. The TLR4 antagonist 
CRX-526, a synthetic lipid A mimetic molecule, also known as an 
aminoalkyl-glucosaminide-phosphate (AGP), has therapeutic po-
tential to attenuate renal injuries and slow the progression of ad-
vanced diabetic nephropathy in wild-type and endothelial nitric 
oxide synthase (eNOS) knockout mice.87 Moreover, TAK-242 (also 
called resatorvid, ethyl (6R)-6-[N-(2-chloro-4-fluorophenyl)sul-fa-
moyl]cyclohex-1-ene-1-carboxylate), a small molecule TLR4 in-
hibitor, could prevent, promote regression of bleomycin-induced 
dermal and pulmonary fibrosis, and reduce the expression of several 

pro-fibrotic mediators.88,89 However, due to the parallel inhibition 
of antimicrobial recognition, blocking TLR4 may have a risk of sig-
nificant adverse effects. Small molecule inhibitors such as TTP488 
(3-[4-[2-butyl-1-[4-(4-chlorophenoxy)phenyl]imidazol-4-yl]phe-
noxy]-N,N-diethylpropan-1-amine) have been developed that target 
the extracellular ligand-binding site of RAGE.90 TTP488 inhibits the 
binding of multiple RAGE ligands, including advanced glycation end 
products, HMGB1, S100B and amyloid-β.90 However, most pre-clini-
cal studies that block RAGE have focused on diabetic complications, 
cardiovascular disease and cancer; no published data have shown to 
effectively block RAGE in fibrotic diseases.91

Furthermore, small-molecule inhibitors have also been devel-
oped that specifically block the interaction of S100A4 with target 
proteins. Simvastatin was reported to up-regulate the expression 
of Annexin A10 protein but down-regulate S100A4 expression.92 
Low-dose paclitaxel could reduce S100A4 nuclear import.93 Several 
compounds (such as calcimycin-a calcium ionophore; niclosamide-an 
antihelminth drug; and sulindac-a non-steroidal anti-inflammatory 
drug) were observed to block the formation of the β-catenin/T 

F I G U R E  2   Targeting S100A4 protein function as potential therapies. S100A4 protein that has been released into the extracellular space 
exerts a vast array of activities, which presents a broad range of potential therapeutic strategies, including the inhibition of S100A4 protein 
expression, the prevention of S100A4 protein secretion and blocking S1004 protein-receptor interactions. The expression and secretion 
of S100A4 can be effective reduced by the use of specific short hairpin RNA (shRNA) molecules and S100A4-specific siRNA. Besides, 
LY294002 treatment can decrease S100A4 expression and secretion through inhibiting PI3K/Akt pathway. In addition, paclitaxel can reduce 
S100A4 expression by decreasing S100A4 nuclear import. Calcimycin, niclosamide and sulindac can mediate S100A4 expression through 
reducing S100A4 transcription. Pattern recognition receptors can also directly be targeted. TLR4 can be blocked by the CRX-526, a synthetic 
lipid A mimetic molecule, and a small molecule inhibitor TAK-242 (also called resatorvid). RAGE can be blocked by the small-molecule 
inhibitor TTP488. In addition, S100A4 can be blocked by S100A4-neutralizing antibodies. RAGE, receptor for advanced glycosylation end 
products; TLR4, Toll-like receptor 4
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cell factor complex, which could directly mediate S100A4 tran-
scription.94-96 Niclosamide, an FDA approved drug, is currently 
under evaluation for safety and efficacy in a phase II clinical trial 
for patients with metastatic colorectal cancer.97 Although these 
compounds do not focus on fibrosis, overlapping in the cell types 
producing S100A4 make them interesting for the fibrotic diseases. 
The class of small molecular S100A4 inhibitors with high affinity to 
S100A4 comprises the most likely candidates to be developed to 
pharmacologically control fibrosis in the near future.

6  | CONCLUSION AND FUTURE 
E XPEC TATIONS

The multifaceted roles of S100A4 in the development of cancer 
have been identified in plenty of studies.8,98 It has been 10  years 
passed since the last published review on S100A4 in fibrosis y.13 In 
recent years, more evidence showed that S100A4 was involved in 
the development of tissue fibrosis, especially soluble S100A4 get-
ting more attention from more scholars. Extracellular S100A4 is 
highly elevated at sites of inflammation in many fibrotic diseases. 
Once released in response to different stress and tissue damage, it 
functions as a DAMP protein, promoting sustained inflammation and 
leading to the destruction of organ structure. Owing to its local pat-
tern of expression and release, S100A4 is identified as an excellent 
biomarker for monitoring disease activity in several fibrotic diseases. 
Insights into the mode of extracellular S100A4 function are uncover-
ing novel molecular targets that drive innate and adaptive immune 
mechanisms of relevance to several fibrotic diseases. Overall, as a 
result of its local expression, mode of secretion and mechanisms of 
action, extracellular S100A4 is a promising target for future strate-
gies to treat inflammatory fibrotic diseases.

Of course, we have to admit that there are still many issues to be 
resolved regarding extracellular S100A4. S100A4 can act degener-
ative or regenerative; it can be a cause or result of fibrotic disease 
progression. These questions are so far not answered comprehen-
sively. The multifunctional character of S100A4, functioning intra- 
and extracellularly, may impede its suitability as a therapeutic target. 
S100A4 in- and outside of cells display mediate cell movement via var-
ious mechanisms, however, cardio- and neuroprotective effects may 
depend solely on extracellular S100A4. That being a guess, an up-reg-
ulation in intracellular S100A4 protein may lead to more S100A4 re-
lease into extracellular, but only after injury or disease. In order to 
have a better understanding of these mechanisms, it is necessary for 
us to further understand how S100A4 is released and how S100A4 
interacts with specific or promiscuous receptors. Since extracellular 
S100A4 acts as a DAMP protein, it is a worthwhile problem for us to 
discuss whether its release is associated with necrosis, pyroptosis or 
activation of inflammasome during fibrosis in the future work.

We think that future research could focus on the following 
major topics: (i) Verification of extracellular S100A4 as a marker 
in early fibrosis development and predicting treatment responses; 
(ii) Definition of the specific mechanisms underlying extracellular 

S100A4 up-regulation in fibrosis; (iii) Definition of the functional 
overlaps and differences for extracellular S100A4 in tumorgenesis, 
neoangiogenesis and fibrotic diseases; (iv) Evaluation and validation 
of targeting extracellular S100A4 through S100A4 specific com-
pounds for the therapy in pre-clinical and clinical settings.
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