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Abstract Chronic liver injury results in hepatic fibrosis,

which is characterized by extensive deposition of extra-

cellular matrix proteins mainly produced by fibrogenic

myofibroblasts (MFs) which are not present in the normal

liver. Hepatic MFs are a heterogeneous population which is

mainly composed of activated hepatic stellate cells (aHS-

Cs), portal fibroblasts (aPFs) and bone marrow-derived

circulating fibrocytes, and/or mesenchymal stem cells.

While the contribution of aHSCs and aPFs to liver-resident

MFs is well documented, the role of fibrocytes in patho-

genesis of liver fibrosis is still controversial. It remains

unknown if fibrocytes serve as a significant source of MFs

or mainly mediate pro-fibrogenic signals to the neighboring

cells in response to chronic liver injury. The current review

will summarize the up-to-date understanding of the fibro-

cyte functions, and discuss the similarities and differences

of fibrocyte activation in liver and other parenchymal

organs. Specifically, here we provide an overview on (1)

the role of cytokines and growth factors in recruitment of

fibrocytes to the damaged organ; (2) the role of circulating

fibrocytes as possible biomarker of fibrogenic diseases; and

(3) the role of human Serum amyloid P in pharmacological

inhibition of fibrocyte and macrophage recruitment to

fibrosing organs as a potential novel strategy for anti-fibrotic

therapy.
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Introduction

Liver fibrosis is the common outcome of numerous chronic

diseases, including viral hepatitis (i.e., hepatitis B and C),

alcoholic liver disease, and nonalcoholic steatohepatitis. It

is caused by dysregulation of the normal healing process

and scar formation, and results in excessive production of

extracellular matrix (ECM), mostly collagen type I [1].

Myofibroblasts (MFs), which are not present in normal

liver, serve as a major source of ECM in all clinical and

experimental liver fibrosis. MFs are characterized by stel-

late shape, expression of abundant intracellular filaments

[a-smooth muscle actin (a-SMA), vimentin], high con-

tractility, and secretion of ECM. Thus, activation and

proliferation of hepatic MFs are the key mechanisms in the

development of liver cirrhosis [2].

Liver MFs activated in response to injury comprise

different cellular populations dependent on the etiology of

underlying liver injury [3]. Until now, hepatic stellate cells

(HSCs), portal fibroblasts (PFs), and, to a lesser extent,

mesothelial cells (MCs) have been identified as resident

hepatic cell populations contributing to the generation of

MFs during liver fibrosis [3–6]. Liver epithelial cells (e.g.,

hepatocytes, cholangiocytes, and their progenitors) have

been previously suggested to contribute to the intrahepatic

source of fibrogenic MFs via epithelial-to-mesenchymal

transition (EMT) process during liver fibrosis. However,

most recent cell fate mapping studies of mature hepato-

cytes, cholangiocytes, and their precursors have dismissed

this concept [7–9]. In addition, bone marrow (BM)-derived

fibrocytes and mesenchymal progenitors have been shown
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to migrate to the damaged liver and differentiate into

hepatic MFs during liver fibrosis [10••, 11]. Here we

summarize the current understanding of the fibrocyte

biology, their origin and functions, migration, and pheno-

typical changes occurring in response to fibrogenic injury.

Definition of Fibrocytes

Chronic liver injury causes irreversible damage to hepa-

tocytes. Apoptotic hepatocytes secrete factors that facilitate

recruitment and activation of inflammatory cells to the

injured liver. Fibrocytes comprise one population of BM-

derived cells that are recruited to fibrotic liver [10••, 12].

Fibrocytes were first described by Bucala et al. in 1994 as

collagen-producing leukocytes capable of antigen presen-

tation, which could be identified by the simultaneous

expression of CD45 and collagen type I [13, 14]. Fibro-

cytes possess dual characteristics of fibroblasts (expression

of collagen type I, fibronectin, and vimentin) and hema-

topoietic cells (CD45, CD34, MHCII, CD11b, Gr1, Ly6c,

CD54, CD80, CD86, CCR2, CCR1, CCR7, and CCR5)

[15, 16], and they secrete growth factors that promote

deposition of ECM. Under physiological conditions, fi-

brocytes are primarily located in the BM (comprising

0.1 % of mononuclear cells), but rapidly proliferate in the

BM in response to fibrogenic insult, then egress the BM

into the blood stream and migrate to the damaged liver

[16]. In fibrotic liver, or in response to stimulation with

transforming growth factor-b1(TGF-b1), fibrocytes down-

regulate expression of hematopoietic markers and differ-

entiate into a-SMA? MFs [16, 17]. Due to their ability to

give rise to MFs, fibrocytes were implicated in the patho-

genesis of skin, pancreatic, cardiac, lung, kidney, and liver

fibrosis [10••, 18–22, 23•, 24–26].

The unique ability of fibrocytes to simultaneously

express collagen Type I and CD45-distinguishing fibro-

cytes from the liver-resident MFs or other hematopoietic

cells has been recently developed [10••]. Based on these

unique characteristics of fibrocytes, a novel method has

been recently developed to track down fibrocytes migration

in response to injury or stress. This method utilizes trans-

genic reporter Collagen-a1(I)-GFP mice in which every

cell producing collagen Type I upregulates expression of

GFP. Therefore, specific labeling of BM-derived

CD45?Collagen-a1(I)? fibrocytes in real time can be

achieved in BM chimeric mice generated by transplanta-

tion of the Collagen-a1(I)-GFP? (Col-GFP) BM into

lethally irradiated wild-type recipient mice. The expression

of Col-GFP was observed in fibrocytes but not in other

hematopoietic cells (such as activated macrophages [27]).

Resulted BM chimeric Col-GFP ? wt mice were sug-

gested to serve as a useful tool to monitor fibrocyte

transmigration from the BM to the peripheral tissues under

physiological conditions and in response to fibrogenic

injury. Col-GFP ? wt mice were successfully used to

monitor fibrocyte flux into fibrotic liver, but could be also

used to compare the contribution of fibrocytes to fibro-

genesis of other organs and tissues. Thus, other studies

have used this approach and methodology to visualize

fibrocytes recruited to fibrosing kidney [26].

Functional Properties of Fibrocytes

Contribution of Fibrocytes to Liver Fibrosis

It has been reported that contribution of BM-derived fi-

brocytes to collagen production during the progression of

organ fibrosis may vary depending on the etiologies and/or

duration of tissue injury, the sites of affected organs, and

the stages of tissue fibrosis [28]. Several studies have

implicated fibrocytes in the pathogenesis of fibrogenic

diseases in lungs, skin, and kidneys, where they contribute

to 5–25 % of collagen-producing cells [12].

In experimental liver fibrosis, fibrocytes are recruited to

the liver in response to cholestatic (BDL) and hepatotoxic

(CCl4) liver injury, and could be accounted for up to 5 % of

hepatic collagen-producing cells, suggesting their func-

tional involvement in the pathogenesis of liver fibrosis

[29••, 30••]. Unlike BDL-induced liver injury in which

recruitment of fibrocytes is limited to fibrotic liver, BM-

derived CD45?Col? fibrocytes were detected in livers,

kidneys, and lungs in CCl4-treated mice, suggesting that

CCl4 induces a systemic effect. In addition, CD45?Col?

cells were also detected in lymphoid organs such as spleen

[29••], but did not cause fibrosis of spleen, indicating that

the function of fibrocyte-like cells may not be limited to

ECM deposition.

Although fibrocytes are not the major sources of colla-

gen type I deposition in fibrotic liver caused by cholestatic

or toxic liver injury because of the lower numbers of

fibrocytes compared with other collagen-expressing cells in

fibrotic liver such as activated hepatic stellate cells (aHS-

Cs)/MFs [3], this conclusion may not extend to some

genetic defects causing liver fibrosis in mice. In another

model of cholestatic liver disease caused by genetic

mutation of multidrug resistance gene (Mdr2-/-,

Abcb4-/-mice) resulting in sclerosing cholangitis, BM-

derived fibrocytes, portal fibroblasts, and HSCs were

demonstrated to be involved in biliary fibrogenesis in

Abcb4-/- mice. Abcb4 deficiency results in a significant

flux of fibrocytes to the liver, which has been implicated to

pathogenesis in this injury and may significantly contribute

to liver fibrosis in these mice [31]. Although the nature of

these differences remains unresolved, this phenomenon can
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be in part explained by differential expression of multiple

genes in Abcb4-/- mice (versus wild-type mice), causing a

significant amplification of immunoregulatory function of

fibrocytes in these Abcb4-/- mice [32, 33]. Notably, the

specific model (i.e., the etiology of tissue injury and

timeframe) and the method of analysis (i.e., applied sur-

rogate parameters reflecting fibrosis or fibrogenesis,

respectively) are important factors for understanding of the

role of BM-derived cells in pathogenesis of fibrosis [31].

Immune Functions of Fibrocytes

Fibrocytes were originally described by Dr. Bucala as

Collagen Type I-expressing CD45? leukocytes that are

capable of antigen presentation. Fibrocytes were shown to

function as antigen-presenting cells and prime T cell

responses in fibrotic liver [34, 35]. Fibrocytes also display

many functions that could influence chronic inflammatory

responses [36]. Isolated fibrocytes respond to Interleukin-1

beta (IL-1b) by increasing secretion of IL-6, IL-8, and IL-

10, and by increasing expression of Intercellular adhesion

molecule-1 (ICAM-1) which would be expected to recruit

and activate leukocytes [37]. Of note, it has been found that

fibrocytes from asthmatic patients produce pro-inflamma-

tory mediators when stimulated with IL-17A, and produce

collagen when stimulated with TH2 cytokines [38]. Despite

of extensive studies, the phenotype of hepatic fibrocytes is

not well defined, majorly because of difficulties of fibro-

cyte isolation from fibrotic lesions. Therefore, it remains

unknown if fibrocytes can also contribute to myeloid

population in fibrotic liver, or mainly differentiate into

fibrogenic MFs.

In addition, several independent studies have suggested

that fibrogenesis of parenchymal organs is associated with

recruitment of fibrocytes to spleen. These fibrocytes were

also detected in spleen in mice with kidney fibrosis [39].

Migration of fibrocytes to spleen was reported in mice with

BDL- and CCl4-induced liver fibrosis. In spleen, fibrocytes

were strictly located in the marginal zone surrounding the

white pulp. More detailed analysis of fibrocyte recruitment

to spleen had suggested that TGF-b and lipopolysaccharide

(LPS) both trigger massive flux of CD45?Col? cells in the

spleen [30••]. Spleen has been suggested to serve as a

major reservoir of fibrocytes, where they may undergo

activation and/or differentiation. Interestingly, surgical

removal spleen in CCl4-injured mice resulted in an

increased flux of fibrocytes to the damaged liver but did not

cause (at least under these specific experimental condi-

tions) increased differentiation of fibrocytes into fibrogenic

myofibroblasts [30••]. Splenic fibrocytes express the same

surface markers as liver fibrocytes (CD45? Col? CD11b?

F4/80? Gr-1? MHC II?), and also have a capability to

differentiate into MFs when cultured on plastic or

stimulated with TGF-b1 [30••]. The biological significance

of recruitment of CD45?Col? fibrocytes to spleen in acute

liver injury or infection has been suggested but still

remains unresolved. However, recent studies have sug-

gested that splenic fibrocytes may mediate immune and

inflammatory responses rather than differentiate into MFs.

Splenic CD45?Col? fibrocytes were shown to facilitate

innate antimicrobial responses in response to septic shock

and infection with Listeria monocytogenes, and present

antigens to naı̈ve CD8? T cells to induce their prolifera-

tion. Although splenic fibrocyte-like cells lacked phago-

cytic activity, they responded to bacteria by releasing

extracellular traps formed by DNA fibers containing the

antimicrobial peptide cathelicidin [30••]. These extracel-

lular traps are a mechanism recently described in neutro-

phils, eosinophils, and macrophages to entrap and kill

bacteria [40–42]. Interestingly, stimulated by macrophage

colony-stimulating factor (MCSF), fibrocytes downregulate

Collagen Type I expression and differentiate in fully

functional F4/80? CD68? macrophages with high phago-

cytic activity. Furthermore, culturing of CD45?Col?

fibrocytes in the presence of granulocyte macrophage col-

ony-stimulating factor (GM-CSF) results in upregulation of

CD11c and downregulation of Collagen Type I in these

cells, suggesting that fibrocytes may acquire a phenotype

similar to that observed in dendritic cells (DCs). Therefore,

splenic CD45?Col? fibrocytes may represent a population

non-terminally differentiated myeloid cells that can be

rapidly mobilized to the site of injury and respond to

infection or other insults by providing an immediate innate

immune defense, stimulating adaptive immunity as APCs,

and regulating inflammatory responses in situ by differ-

entiating into macrophages, granulocytes and/or dendritic

cells [30••, 36]. Such a variety of responses to different

stimuli may indicate that CD45?Col? splenic fibrocytes

possess progenitor properties. In addition, it remains

unknown if fibrocytes are composed of myeloid progeni-

tors of a mixed phenotype or at different stages of hema-

topoietic development. Consistent with this notion,

intravenous (i.v.) adoptive transfer of CD45?Col? fibro-

cytes into CCl4-injured mice resulted in engraftment of the

transferred population in spleen with an expansion of Col-

CD11b? and Gr1? progeny [30••].

Fibrocytes in Pulmonary and Kidney Fibrosis

Studies of the origin of fibrogenic MFs in different

parenchymal organs revealed that fibrocytes contribute

differently to lung, liver, and kidney fibrosis. Thus, based

on recent findings from experimental models of lung

fibrosis, fibrocytes constitute &25 % of collagen-produc-

ing cells in fibrotic lungs [12, 43] (compared to &3–5 % in

fibrotic liver [10••]), suggesting that the magnitude of
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fibrocyte differentiation into MFs depends on the organ and

the type of injury [44]. Original experiments that were

utilizing the BM chimeric mice in which all BM cells were

labeled by expression of green fluorescent protein (GFP),

and have demonstrated a large percentage of collagen-

expressing cells in the bleomycin-injured lung derived

from the BM source, presumably fibrocytes [45]. Follow-

up studies further confirmed that the amount of collagen

deposition in bleomycin-injured lungs directly correlated

with the numbers of intrapulmonary-recruited CD45?Col

I?CXCR4? fibrocytes, suggesting that BM-derived fibro-

cytes migrate to the injured lung where they undergo dif-

ferentiation into a-SMA? MFs, and this way contributes to

lung fibrosis [23•, 43, 46]. In addition, fibrocytes were

shown to promote fibrosis via paracrine pathways via

secreting growth factors, proteases, and matricellular pro-

teins that affect resident epithelial and mesenchymal cells

following fibrogenic injury [47].

Fibrocytes were also reported to migrate into the injured

kidneys [27, 39, 48] It is believed that fibrocytes and

mesenchymal cell precursors contribute to approximately

14–15 % of BM-derived cells recruited to fibrotic kidneys

[49]. T-helper-2-type (TH2) cytokines appear to play

profibrotic role in renal fibrosis, inducing stimulation of

fibrocyte differentiation into collagen-producing MFs,

while T-helper-1-type (TH1) cytokines were implicated in

regulating the opposite effects and inhibit fibrocyte dif-

ferentiation [50–52]. The precise mechanism by which

fibrocytes promote renal fibrosis are not clear [46]. Further

studies are needed to clarify if infiltrating fibrocytes can

also contribute indirectly to collagen production, perhaps,

by inducing the recruitment or activation of other inflam-

matory or connective tissue cell types [53].

Factors Regulating Fibrocyte Migration to Fibrotic

Liver

Cytokines/Chemokines Regulate Fibrocyte Migration

into Fibrotic Liver

Chronic liver injury results in release of TGF-b1, the major

pro-fibrogenic factor, and other pro-inflammatory cyto-

kines IL-6, IL-1b, MIP-1 and 2, leptin, and IL-17A, which

play a critical role in recruitment of inflammatory cells into

fibrotic liver and activation/proliferation of hepatic MFs

[54]. Moreover, liver injury is associated with increased

intestinal permeability and leakage of gut-derived lipo-

saccharides (LPS, a mediator of the TLR4 signaling) into

the blood stream. Therefore, it is not surprising that these

factors, TGF-b1 and LPS [55] shown to be important for

activation of liver-resident MFs, can also mediate fibrocyte

migration into the fibrosing liver and regulate their in situ

transdifferentiation. In agreement, the adenovirus-based

overexpression of TGF-b1 in mouse hepatocytes resulted

in a rapid flux of fibrocytes into spleen (72 h) and liver

(compared to mock-infected control mice) [29••]. Further-

more, intravenous injection with LPS, which mimics the

model of septic shock in mice, was shown to trigger an

acute mobilization of fibrocytes into spleen. This obser-

vation was further supported by the in vitro experiments

that demonstrated that TGF-b1 alone or in combination

with LPS can trigger fibrocytes transmigration [29••]. All

together, these findings support a concept that TGF-b1 and

LPS may synergistically regulate fibrocyte recruitment to

fibrosing peripheral tissues. Meanwhile, TGF-b1 and LPS

are not the only factors that regulate fibrocyte recruitment.

Thus, other specific cytokines and chemokines also regu-

late fibrocyte recruitment into fibrotic liver. For example,

secondary lymphoid chemokine (SLC), which is the ligand

for CCR7 [15], was shown to trigger egress of fibrocytes

from the BM. In concordance, the gene expression profiling

of Col?CD45? cells revealed that hepatic fibrocytes

express and further upregulate CXCR4 and other chemo-

kine receptors CCR3, CCR5, and CCR7 [15, 56] in

response to injury, indicating that these receptors may have

an important impact on regulation of fibrocyte expansion in

the BM, egress from the BM, and trafficking and extrav-

agation from the blood stream into the fibrotic liver. Fur-

thermore, studies using chimeric mice in which wild-type

BM was replaced by CCR1-/- or CCR2-/- BM have

demonstrated that these two chemokine receptors may

regulate fibrocyte migration into fibrotic liver. Thus, the

number of CCR2-/- fibrocytes recruited into fibrotic liver

was decreased by approximately 50 % compared with the

wild-type fibrocytes, suggesting that CCR2 signaling may

regulate the egress of fibrocytes from the BM and possibly

their extravasation. In addition, recruitment of CCR1-/-

fibrocytes was also reduced but to a lesser extent (by 25 %

versus wild-type mice) [29••]. We can speculate that syn-

ergistic activation of CCR1 and CCR2 receptors may

define ‘‘organ-specific’’ recruitment of fibrocytes and

modulate their specific migration to the injured organ.

An attempt has been made to monitor fibrocyte traf-

ficking in real time in live mice. For this purpose, chimeric

mice were generated by transplantation of collagen-a1(I)–

Luciferase BM into lethally irradiated wild-type mice.

Following liver injury, migration of fibrocytes into the

spleen and liver was monitored and quantified by lumi-

nescent signal quenched by luciferin injection. These mice

became a useful tool to study the egress of fibrocytes from

the BM [29••]. Recruitment of Luciferase? fibrocytes to the

extramedullary tissues was observed in two phases corre-

sponding to the acute phase and regression of fibrosis

[29••]. During the acute phase, the number of fibrocytes

peaked after 2 weeks CCl4 administration. These findings
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are in concordance with the dual role of CD11b?mono-

cytes and macrophages in liver fibrosis [57]; the flux of

monocytes to the liver in response to acute injury facilitates

hepatic fibrosis, while the monocytes recruited to the liver

upon cessation of liver injury play a critical role in

resorption of fibrous scar and resolution of liver fibrosis.

Meanwhile, these monocytes might exhibit different phe-

notypical characteristics. The role of fibrocytes in resolu-

tion of liver fibrosis remains unresolved.

Cytokines and Chemokines Mediate Migration

of Fibrocytes to Fibrotic Lung and Kidney

The chemokine receptor/chemokine (CXCR4/CXCL12)

biological axis plays an important role in trafficking of

circulating fibrocytes into the lungs during the pathogene-

sis of pulmonary fibrosis [23•]. Administration of specific

neutralizing anti-CXCL12 antibodies to bleomycin-

exposed mice resulted in markedly reduced fibrocyte

extravasation into the lungs, reduced pulmonary collagen

deposition, and attenuated lung fibrosis [23•, 43]. Further-

more, CCR2-/- mice are protected from fluorescein iso-

thiocyanate (FITC)-induced lung fibrosis, indicating the

important role of CCR2 in the pathogenesis of pulmonary

fibrosis. CCL12, but not CCL2 (another ligand for CCR2),

is likely to be responsible for initiation of CCR2-mediated

signaling that regulates fibrocyte recruitment to fibrotic

lungs [22, 58]. Meanwhile, the involvement of CCR2 in

mediation of fibrocyte trafficking into fibrotic kidney fol-

lowing ureteral ligation has not been confirmed. In con-

trast, the impact of CCL21/CCR7 signaling on progressive

kidney interstitial fibrosis was demonstrated, and the

severity of interstitial fibrosis directly correlated with the

recruited number of CD45?/Col1? cells into damaged

kidneys. Remarkably, administration of anti-CCL21 anti-

body to the injured mice reduced kidney fibrosis by almost

50 % when compared with control mice, and was associ-

ated with decreased number of recruited fibrocytes [59].

These experiments clearly underline the important role of

fibrocytes in fibrogenesis of parenchymal organs. Since

fibrocytes migrate exclusively to the fibrosing organ, this

process might be regulated by the combination of specific

chemokine/receptors signaling.

S1P Mediates Migration of Fibrocytes to Fibrotic

Organs

Sphingosine-1-phosphate (S1P) is a blood-borne lyso-

phospholipid mediator that exerts a variety of activities

including the regulation of cell migration, proliferation,

and differentiation. S1P3, one of S1P receptors, is

expressed on the surface of bone marrow-derived fibro-

cytes and mediates the recruitment of fibrocytes to fibrotic

liver [60]. S1P was shown to play an important role in the

progress of liver fibrosis caused by BDL [61] or repeated

administration of CCl4 [62] to mediate BM-derived cell

migration via S1P3 into the liver. An increased synthesis of

S1P was accompanied by elevated S1P3 expression and

was observed in both BDL and CCl4 models. In addition,

treatment with the S1P3 antagonist, suramin, ameliorated

BDL-induced hepatic fibrosis [61, 62]. In S1P2-/- mice, a

single dose of CCl4 or dimethylnitrosamine as trigger

factor for acute liver injury resulted in an enhanced

regenerative response and injury protection when com-

pared to WT mice [63]. Also, chronic administration of

CCl4 to S1P2-/- mice resulted in a reduction of fibrotic

area in the damaged liver [63], indicating that S1P2 is a

critical receptor for the development of liver fibrosis.

Growing evidence suggests the role of S1P in vascular

barrier protection, regulation of migration and proliferation

of fibroblasts, and MF differentiation in pathologic fibrotic

response to lung injury [60]. It was also demonstrated that

S1P is a key molecule in the direct mediation of renal

fibrosis [64].

There is a report suggesting that the contribution of S1P

to fibrosis has a ‘‘Janus-faced’’ nature, since S1P can

exhibit both pro- and anti-fibrotic effects depending on its

site of action. Extracellular S1P promotes fibrotic processes

in a S1P receptor-dependent manner, whereas intracellular

S1P has an opposite effect and dampens a fibrotic reaction

by yet unidentified mechanisms [65]. Therefore, targeting

S1P signaling might be a promising strategy for the treat-

ment of fibrotic diseases, but a number of important issues

remain to be addressed to fully appreciate the full spectrum

of S1P actions in pathological fibrogenesis.

Migration of Fibrocytes Changes with Age

Hepatic fibrosis was shown to be accelerated in aged mice,

and increased recruitment of fibrocytes to fibrotic livers

may account for the exacerbation of liver fibrosis in aged

rodents [66]. Egress of CD45?Col? cells from BM was

detected in the absence of injury or stress in aged mice but

not in young mice, and their egress from BM was associ-

ated with increased expression of chemokine receptors

CCR1, CCR2, and CCR7 and adhesion molecules(ICAM1)

[29••]. Similar results were observed in the aged lungs,

suggesting that egress of fibrocytes from the BM to

parenchymal organs is a common phenomenon associated

with aging. In a murine model of accelerated aging

(senescence-accelerated prone mice, SAMP), it was found

that bleomycin-induced fibrosis was significantly higher in

SAMP mice compared with age-matched control senes-

cence-accelerated resistant mice. Furthermore, SAMP mice

showed higher numbers of fibrocytes and higher levels of

stromal cell-derived factor-1, ligand for CXCR4, in the
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peripheral blood, suggesting that increased mobilization of

fibrocytes may be involved in age-related susceptibility to

lung fibrosis [67]. In support of these findings, the blood in

healthy aged persons contains increased concentrations of

CD45? collagen type 1–positive fibrocytes and high cir-

culating levels of MCP-1 and IL-13 [68]. These data sug-

gest that fibrocytes may be associated with certain aging

phenomena. Fibrocytes may have a physiologic role in the

maintenance of tissue integrity or a pathologic role in the

development of age-associated sequel [46].

Fibrocytes: Possible Clinical Biomarker for Fibrotic

Diseases

Liver biopsy, although considered to be the gold standard

test for determining the extent and progression of fibrosis,

cannot be always applied to all patients. In addition, not

only is liver biopsy subject to certain variability, but

sampling error also may be important, as evidenced by

studies examining liver samples from different regions of

the liver [69]. There is a great need for noninvasive bio-

markers that can monitor fibrogenesis [70]. Recently, the

role of circulating fibrocytes as a marker of liver fibrosis in

chronic hepatitis C (HCV) has been evaluated [71]. The

percentage of peripheral blood fibrocytes in patients with

biopsy-proven chronic hepatitis C stratified according to

the Metavir stage of liver fibrosis was analyzed. Higher

numbers of fibrocytes circulating in peripheral blood were

detected in patients with the F2 and F3 groups compared

with those in the F0–F1 group. Patients with the F4 Metavir

group showed the highest level of circulating fibrocytes

compared to patients in lower stages of liver fibrosis. These

data demonstrated that the number of circulating fibrocytes

is increased progressively in patients with HCV and cor-

relates with the disease progression, suggesting that cir-

culating fibrocytes not only play a role in the pathogenesis

of fibrogenic processes but also can be used as potential,

easy-to-perform, inexpensive, and not invasive biomarkers

of liver fibrosis to monitor disease progression [71].

Furthermore, fibrocytes were shown to be increased in

peripheral blood of patients with idiopathic pulmonary

fibrosis (IPF). Fibrocyte numbers were not only signifi-

cantly elevated in patients with stable IPF, but also further

increased during disease exacerbation, and served as a

prognostic marker that correlated with early mortality.

Taken together, early detection of circulating fibrocytes in

blood of patients with IPF may become an independent

indicator of the disease activity and a useful clinical marker

for IPF progression [43, 72]. In support of this notion,

fibrocytes were also detected in patients with kidney

fibrosis. Thus, the number of interstitial CD45?/proCol1?

cells was significantly decreased during convalescence

induced by glucocorticoid therapy in patients with chronic

kidney diseases [48]. Therefore, fibrocytes may be a

promising target for anti-fibrotic therapy. These findings

have to be further confirmed and validated in larger mul-

ticentre trials.

Fibrocytes: Potential Target for Anti-Fibrotic Therapy

Serum amyloid P (SAP), which is a member of the pentr-

axin family of proteins, is a critical factor in plasma that

inhibits fibrocyte differentiation from monocytes ex vivo

[73]. The short pentraxin SAP has been recently described

to attenuate fibrosis in a number of different organ models,

including pulmonary, renal, cardiac, and oral submucous

fibrosis, partially through inhibiting the accumulation and

activation of fibrocytes and macrophages in the injured

organ [74•, 75–78].

SAP in Pulmonary Fibrosis

Based on the original observations demonstrating that SAP

inhibits fibrocyte differentiation in vitro, the role of SAP on

inhibition of fibrocyte migration and differentiation into

fibrogenic myofibroblasts has been studied in vivo.

Administration of SAP to bleomycin-injured mice resulted

in reduced recruitment of fibrocytes to the damaged lungs

and attenuation of lung fibrosis in rats and mice. In addi-

tion, delayed administration of SAP to mice with already

developed inflammation and fibrosis was also effective to

reduce manifestation of bleomycin injury to the lungs

[74•]. Although the mechanism by which SAP mediates its

functions remains not completely understood, SAP inhibits

fibrocyte differentiation, by binding to FccRs, and the

in vivo activity of SAP appears to be dependent on the

FcRc [79]. In mice, deletion of the FcRc, that is required

for FccRI and FccRIIIa signaling, significantly reduces

sensitivity of fibrocytes to SAP. In concordance, deletion or

siRNA-mediated knockdown of FcRc or FccRI signifi-

cantly reduced sensitivity of murine and human cells to

SAP, indicating that SAP binding to FccRI and FcRc is

required for inhibition of fibrocyte differentiation [79, 80].

In TGF-b-driven or bleomycin-induced mouse models of

pulmonary fibrosis, SAP alleviates fibrosis, in part, through

its effect on macrophages [76, 81]. In these models of

pulmonary fibrosis, SAP injections decreased M2 macro-

phage markers, while increasing the pro-inflammatory M1

macrophage marker CXCL10 on pulmonary macrophages.

To elucidate the endogenous function of SAP, Apcs-/-

(Amyloid P component, serum) ‘‘SAP knockout mice’’

were used in bleomycin-induced pulmonary inflammation

and fibrosis. Compared to the wild-type mice, bleomycin

induces a more persistent inflammatory response and
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increased fibrosis in Apcs-/- mice, indirectly indicating

the important roles played by fibrocytes and macrophages

[82].

SAP in Kidney Fibrosis

SAP inhibits fibrosis through FccR-dependent monocyte-

macrophage regulation in vivo [75]. In mouse models of

renal fibrosis, SAP injections decreased expression of the

M1 markers Mip2a and IL-1b, and the profibrotic M2

markers CCL17 and CCL22 on renal macrophages. These

changes were accompanied by a significant increase in the

levels of IL-10. In IL-10 and FcRc knockout mice, the

effects of SAP on renal fibrosis were reduced [72]. This is

contrast to the role of SAP in pulmonary fibrosis, where it

promotes M1 macrophages and decreases M2 macro-

phages. This inconsistency may be attributed to differences

that exist in the milieu of kidneys and lungs, and these

observations suggest that SAP has a significant role in

regulating macrophage polarization, but the outcome is

tissue dependent and at times quite different [80].

The role of SAP in liver fibrosis has not been elucidated.

However, studies showed that fibrocytes participate in the

progression of liver fibrosis [29••], and macrophage

depletion in mice during liver injury was associated with a

dramatic loss of MF-like HSCs and resulted in extensive

loss of ECM components [57]. If the function of SAP is not

only limited to inhibition of fibrocyte differentiation, but

also extends to regulation of M1 and M2 macrophages,

SAP might also affect development of liver fibrosis. Fur-

ther studies are required to evaluate the role of SAP in liver

fibrosis in vitro and in vivo.

Conclusions

There is emerging evidence that fibrocytes may play an

important role in fibrogenesis of parenchymal organs.

Fibrocytes were implicated in pathogenesis of liver fibrosis,

while fibrocytes recruited to spleen after acute liver injury

or infection participate in immediate innate immune

defense and in situ regulate inflammatory responses. Both

TGF-b1 and LPS play a critical role in liver fibrogenesis,

and these factors also appear to trigger fibrocyte recruit-

ment to the injured liver, and promote their differentiation

into collagen Type I-producing MFs. Fibrocytes may

become a novel target for anti-fibrotic therapy. If proven

that hSAP can inhibit fibrocyte recruitment to fibrotic liver

and attenuate liver fibrosis, it may serve as a drug of choice

for anti-fibrotic therapy. Well-designed clinical trials are

needed to confirm and validate for the finding that fibro-

cytes would be a possible clinical biomarker and potential

therapeutic target for fibrotic disease.
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