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Abstract
In systemic sclerosis (SSc), the development of fibrosis seems to be a
consequence of the initial ischemic process related to an endothelial injury. The
initial trigger event in SSc is still unknown, but circulating progenitor cells
(CPCs) might play a key role. Such cells have the ability to traffic into injury
sites, exhibiting inflammatory features of macrophages, tissue remodeling
properties of fibroblasts, and vasculogenesis functions of endothelial cells. The
different subsets of CPCs described thus far in SSc arise from a pool of
circulating monocyte precursors (CD14  cells) and probably correspond to a
different degree of differentiation of a single cell of origin. Several subsets of
CPCs have been described in patients with SSc, all have a monocytic origin but
may or may not express CD14, and all of these cells have the ability to give
origin to endothelial cells, or collagen (Col)-producing cells, or both. We were
able to identify six subsets of CPCs: pluripotent stem cells (CD14 , CD45 , and
CD34 ), monocyte-derived multipotential cells (MOMCs) or monocyte-derived
mesenchymal progenitors (CD14 , CD45 , CD34 , Col I , CD11b , CD68 ,
CD105 , and VEGFR1 ), early endothelial progenitor cells (EPCs) or
monocytic pro-angiogenic hematopoietic cells or circulating hematopoietic cells
(CD14 , CD45 , CD34 , VEGFR2 , CXCR4 , c-kit , and DC117 ), late
EPCs (CD14 , CD133 , VEGFR2 , CD144  [VE-cadherin ], and CD146 ),
fibroblast-like cells (FLCs)/circulating Col-producing monocytes (CD14 , CD45
, CD34 , and Col I ), and fibrocytes (CD14 , CD45 , CD34 , Col I , and

CXCR4 ). It has been demonstrated that circulating CD14  monocytes with an
activated phenotype are increased in patients with SSc when compared with
normal subjects. CD14 , CD34 , and Col I  spindle-shaped cells have been
found in increased numbers in lungs of SSc patients with interstitial lung
disease. Elevated blood amounts of early EPCs have been found in patients
with SSc by different groups of researchers and such levels correlate directly
with the interstitial lung involvement. The prevalence of hematopoietic markers
expressed by CPCs that migrate from blood into injury sites in SSc differs and
changes according to the degree of differentiation. CXCR4 is the most
commonly expressed marker, followed by CD34 and CD45 at an end stage of
differentiation. Such difference also indicates a continuous process of cell
differentiation that might relate to the SSc clinical phenotype (degree of fibrosis

and vascular involvement). A deeper understanding of the role of each subtype
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and vascular involvement). A deeper understanding of the role of each subtype
of CPCs in the development of the disease will help us to better classify
patients in order to offer them targeted approaches in the future.
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Introduction
Systemic sclerosis (SSc) is a chronic, complex, and not yet com-
pletely understood autoimmune disease characterized by the 
presence of immunological events, the onset of fibrosis, and the 
development of vascular alterations1. The development of fibrosis 
seems to be a consequence of the initial ischemic process related 
to an endothelial injury2. In the early disease phase (first year from 
diagnosis), there is an increase of pro-angiogenic factors—vascular 
endothelial growth factor (VEGF), platelet-derived growth factor, 
and stromal-derived growth factor-1—in response to the vascu-
lar damage that correlates to the nailfold capillaroscopy changes 
observed by clinicians (giant capillaries and new vessel formation)3. 
But in the late phase of SSc, the anti-angiogenic response and the 
fibrosis seem to dominate over the initial pro-angiogenic phase4. 
The initial trigger event in SSc is still unknown, but circulating 
progenitor cells (CPCs) might play a key role4.

Since 1994, when Bucala et al. first described these fibrocytes as 
circulating leukocytes able to produce collagen (Col), different 
types of progenitor cells have been described as key players in 
different entities, such as pulmonary artery hypertension (PAH), 

asthma, interstitial lung disease (ILD), idiopathic pulmonary fibro-
sis, and sclerosing diseases (cirrhosis, atherosclerosis, SSc, chronic 
kidney disease, and so on), and as initially described in wound 
healing. Such cells have the ability to traffic into injury sites, exhib-
iting both inflammatory features of macrophages and tissue remod-
eling properties of fibroblasts5. Interestingly, some of the CPCs are 
also able to differentiate into endothelial cells playing a role in the  
vasculogenesis process5. In this review, we will summarize the 
existing evidence regarding the role of CPCs in SSc.

Analysis of the recent literature
Progenitor cells in systemic sclerosis
Since 1994, different subtypes of CPCs have been described 
as quantitatively or functionally altered in patients with SSc  
(Table 1)6–19. The different subtypes of CPCs described thus far in 
SSc arise from a pool of circulating monocyte precursors (CD14+ 
cells) and probably correspond to a different degree of differ-
entiation from a single cell of origin. The pluripotent stem cells 
(PSCs) seem to correspond to a very early degree of differentia-
tion. The monocyte-derived mesenchymal progenitors (MOMCs), 
also known as monocyte-derived mesenchymal progenitors, are 

Table 1. CPCs described in SSc.

CPCs subtypes Author/Date Cellular markers Alteration in SSc (increase/
decrease)

Differentiation 
capability

Pluripotent Stem Cells (PSC) Zhao et al., 20036 CD14+, CD45+, 
CD34+

Increased Macrophages, 
T-lymphocytes, 
epithelial, neuronal 
cells, hepatocytes 
and endothelial 
cells. Fibroblasts 
(unknown)

Monocyte-derived 
multipotential cells (MOMCs) 
or monocyte-derived 
mesenchymal progenitors 
(MOMPs)

Kuwana et al., 2003,  
Seta et al., 2010, 
Yamaguchi et al., 20132,6–8

CD14+, CD45+, 
CD34+, Col I+, 
CD11b+, CD68+, 
CD-105+, 
VEGFR1+

Increased Endothelial 
cells, fibroblasts, 
hematopoietic and 
monocyte lineage, 
phagocytes, 
mesenchymal cells

Early endothelial progenitor 
cells (EPCs) or monocytic 
pro-angiogenic hematopoietic 
cells (PHC) or circulating 
hematopoietic cells 

Kuwana et al., 2004, 
Campioni et al., 2008, 
Distler et al., 2009, 
Yamaguchi et al., 2013,2,4,9,10

CD14+, CD45+, 
CD34low/-, 
VEGFR2+/-, 
CXCR4+, c-kit+, 
DC117+

Increased and directly correlate 
with interstitial lung involvement

Smooth muscle cells, 
pericytes, endothelial 
cells, fibroblasts

Late-EPCs: Kuwana et al., 2004, 
Campioni et al., 2008, 
Distler et al., 20094,9,10

CD14-, CD133+, 
VEGFR2+, 
CD144+ (VE-
cadherin)+, 
CD146+

Increase in early phase or with 
severe vascular involvement 
(PAH, SRC, Ray) and decrease 
in late phase or fibrosis. Not 
only quantitative alterations 
but also in SSc patients 
functional impairment (defective 
vasculogenesis)

Myofibroblasts and 
endothelial cells

Fibroblasts like cells 
(FLC)/circulating collagen 
producing monocytes (CPM):

Postlethwaite et al., 2004, 
York et al., 2007,  
Higashi-Kuwata et al., 2010, 
Mathai et al., 2010, 
Tourkina et al., 2011,  
Binai et al., 201210–16

CD14+, CD45+, 
CD34+/-, Col I+

Increased not only in circulation 
but also in lungs of SSc patients 
with interstitial lung disease. 

Myofibroblasts and 
endothelial cells

Fibrocytes: Schmidt et al., 2003, 
Quan et al., 2004, 
Strieter et al., 20095,17–19

CD14-, CD45+, 
CD34+, Col I+, 
CXCR4+

Increased Fibroblasts, 
myofibroblasts
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multipotent cells with a spindle-shaped morphology and a unique 
phenotype (CD14+, CD45+, CD34+, and type I Col+) that might cor-
respond to the PSCs described by Zhao et al.6, but with the ability 
to produce Col (a further degree of differentiation). MOMCs show 
mixed morphologic and phenotypic features of phagocytes, mesen-
chymal cells, and endothelial cells2,4,8. It has been demonstrated that 
circulating CD14+ monocytes with an activated phenotype (CD68+, 
CD204+, and Singlec-1+) are increased in patients with SSc when 
compared with normal subjects12–14,16. CD14+, CD34+, and Col I+ 
spindle-shaped cells (compatible with MOMCs) have been found 
in increased numbers in the lungs of SSc patients with ILD15,16. In 
2004, Postlethwaite et al. reported an elevated number of spindle-
shaped cells with a new phenotype (CD14+, CD45+, CD34−, and 
Col I+) in patients with SSc after culturing peripheral blood mono-
cyte cells (PBMCs) with type I Col. They called these particular 
cells fibroblast-like cells (FLCs). They differ from the already-
known PSCs and MOMCs by the absence of CD34 expression and 
from fibrocytes by the presence of CD14 and the absence of CD34 
as surface markers11. They also suggested that the increased out-
growth of FLCs from patients with SSc may be a marker of diffuse 
disease and pulmonary fibrosis11.

Other subtypes of CPCs have been related to the vascular altera-
tions seen in patients with SSc, as the circulating endothelial pre-
cursor cells (EPCs) that seem to contribute to the initial phase of 
SSc. In 2009, the European League Against Rheumatism (EULAR) 
Scleroderma Trials and Research group provided recommendations 
for standardization for future research in EPCs10. The consensus 
panel agreed to classify EPCs in two groups:

1.	 Early EPCs, characterized by the positive expression 
of CD14, CD45, the low expression of CD34, and the variable 
expression of VEGFR2 (+/−), have also been described as mono-
cytic pro-angiogenic hematopoietic cells by Yamaguchi et al.2 and 
as circulating hemotopoietic progenitor cells (CD45+, CXCR4+,  
c-kit+, and CD117+) by Campioni et al.9. Early EPCs have the abil-
ity to differentiate into endothelial cells, fibroblasts, smooth muscle 
cells, and pericytes2. Elevated blood levels of early EPCs have been 
found in patients with SSc by different groups of researchers and 
such levels correlate directly with interstitial lung involvement2,9. 
In a pro-fibrotic environment—elevated levels of both endothelin-1 
(ET-1) and transforming growth factor-beta (TGF-β)—early EPCs 
differentiate mainly into fibroblasts and promote fibrosis2.

2.	 Late EPCs are a population of bone marrow-derived cells 
that are characterized by the phenotype CD14−, CD34+, CD133+, 
and VEGFR2+, and that are able to differentiate into mature endothe-
lial cells and participate in vasculogenesis. In patients affected by 
SSc, late EPCs are able to differentiate into myofibroblasts and 
play a role in the development of fibrosis20. The number of circu-
lating late EPCs is inversely proportional to the SSc disease dura-
tion: in the early phase such cells are increased and at late stages 
they are decreased, as confirmed by different authors4,9,10,20. Lower 
levels of late EPCs particularly are found in patients with past or 
current digital ulcers and PAH20. Such cells not only decrease in a 
late phase of SSc but are also functionally impaired and resistant to 
in vitro maturation treatments, suggesting a defect in the vasculo-
genesis process (the failure of new blood vessel formation because 

of a failure in recruitment and in situ differentiation of late EPCs)4. 
A plausible explanation for the decrease of late EPCs during the 
late phase of SSc regards the recruitment into injured tissues of 
such cells, decreasing the circulating numbers20.

The role of circulating progenitor cells in systemic sclerosis
The importance of CPCs relies on the capacity of such cells to 
migrate into SSc injury tissues (mediated by CXCR4 /CXCL12 
interaction), to differentiate into both endothelial cells and fibrob-
lasts, to cause defective vasculogenesis or fibrosis (or both), and to 
have immunomodulatory effects19. The prevalence of hematopoi-
etic markers expressed by CPCs that migrate from blood into injury 
sites in SSc differs and changes according to the degree of differen-
tiation. CXCR4 is the most commonly expressed marker, followed 
by CD34 and CD45 at the end stage of differentiation15. Such differ-
ence also indicates a continuous process of cell differentiation that 
might relate to the SSc clinical phenotype (degree of fibrosis and 
vascular involvement).

Circulating progenitor cells and fibrosis
In patients with SSc, the fraction of CD14+ monocytes in circula-
tion is higher than the CD14− monocytes and a greater portion of 
circulating monocytes express Col I, suggesting that SSc monocyte 
preparations may contain a significant number of Col-producing 
cells that are partially differentiated into different subtypes of CPCs 
(MOMCs, FLCs, EPCs, and fibrocytes)14. Such circulating Col-
producing cells have an increased migration capacity into injury 
sites because of the overexpression of CXCR4 and the deficiency 
in caveolin-1. CPCs that have finished their differentiation process 
generate fibrocytes that produce Col, extracellular matrix and cause 
fibrosis at injury sites (skin, lung, kidneys, and so on)15. Interest-
ingly, it has been described that African-Americans may be predis-
posed to lung fibrosis and SSc because of low baseline caveolin-1 
levels in their monocytes, potentially affecting signaling, migration, 
and fibrocyte differentiation21. The finding that CD14+/Col I+ mono-
cytes are present in the lung tissue of patients with SSc-ILD and not 
in healthy donors supports this hypothesis15. It is interesting that, 
in a pro-fibrotic environment (elevated levels of ET-1 and TGF-β), 
early EPCs that normally give rise to endothelial cells can also dif-
ferentiate into FLCs and promote fibrosis2. Fibrosis occurs after the 
activation of tissue-resident fibroblasts and their transdifferentia-
tion into myofibroblasts, but is also due to differentiation of bone 
marrow-derived CPCs and transition of endothelial epithelial cells, 
pericytes, and adipocytes into activated mesenchymal cells1,22,23. 
Fibrocytes (CD14−, CD34+, CD45+, CXCR4+, CCR3, and Col I+), 
defined as FLCs that differentiate from a different pool of bone 
marrow-derived monocytic CD14+ progenitor cells, are involved in 
both ischemic and fibrotic processes in SSc8,19,22,23. It is worth noting 
that CD14+ circulating monocytes in the presence of T cells give 
rise to fibrocytes (CD14− cells)22. Fibrocytes cultured with TGF-β 
or ET-1 downregulate CD34 and upregulate alpha-smooth muscle 
actin (α-SMA) expression and differentiate into myofibroblasts17. 
Fibrocytes are considered to be mesenchymal cells that arise from 
a pool of circulating monocyte precursors24. The number of cir-
culating fibrocytes in patients with idiopathic pulmonary fibrosis 
directly correlates with exacerbations of the disease, and patients 
with fibrocytes more than 5% of total circulating blood leukocytes 
had a worse prognosis than patients with levels under this cut-off19.
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Quantification of circulating progenitor cells in systemic 
sclerosis
Both late EPCs and FLCs have been found to be significantly 
increased not only in blood of patients with SSc but also at injury 
sites (lungs with ILD-SSc)20. Late EPCs contribute to new ves-
sel formation and vascular repair via secretion angiogenic factors 
under normal conditions, a mechanism that is disrupted in patients 
with SSc20. FLCs are key effectors of fibrosis11. The number of circu-
lating late EPCs is inversely proportional to the disease duration10,21. 
Lower levels of late EPCs are found in the late phase of SSc, in 
patients with diffuse fibrosis, and particularly in patients with past 
or current digital ulcers and PAH21. Late EPCs not only decrease 
in a late phase of SSc but also are functionally impaired and resist-
ant to in vitro maturation treatment, suggesting a defective vascu-
logenesis (the failure in new blood vessel formation because of 
a failure in recruitment and in situ differentiation of late EPCs)4. 
The total number of circulating CD45+/pro-Col-1α cells (that 
might correspond to FLCs and fibrocytes) has been reported to be  
0.34 ± 0.12 × 106 cells/ml, and the percentage of such cells between 
PBMCs to be between 1.34 ± 0.25 (ILD-SSc) and 2.5% (SSc)10,15. 
CD14+, CD11b+, and Col I+ cells have been reported to be 1.5% 
of PBMCs in patients with SSc, versus 0.95% in healthy donors  
(P <0.05)14. EPC frequency in peripheral blood is quite low: 0.01% 
to 0.0001% of PBMCs20.

Conclusions and future perspective of circulating 
progenitor cells in systemic sclerosis
In the past 15 years, a pool of circulating monocyte precursors 
has been found to be altered both quantitatively and qualitatively 
in different sclerosing conditions, including SSc. Such alterations 
have been partially related to the subtype of SSc (diffuse versus 
limited forms), the duration of the SSc, and the prominent clini-
cal manifestations (vascular involvement versus fibrosis). The exact 
role of each subtype of CPCs needs to be further defined. A deeper  

understanding of the role of each subtype of CPCs in the develop-
ment of the disease will help us to better classify patients in order 
to offer them personalized therapeutic approaches in the future25–28. 
It might also open a door regarding the modulation/regulation 
of the differentiation of CPCs in order to avoid a pro-fibrotic  
phenotype and to reverse the altered vascular phenotype of such 
cells. Autologous hematopoietic stem cell transplantation (HSTC) 
seems to reintroduce immunological tolerance in patients with SSc, 
and we hypothesize that such tolerance might be due to the regu-
lation of CPC differentiation. It has been demonstrated that after 
HSTC there is an improvement of vasculopathy, modified Rodnan 
skin score, and lung function in patients with SSc26.

This review had the intention to summarize the available data  
regarding CPCs in SSc; considering the fact that several studies 
have been conducted with single CPC subsets, we herein intended 
to describe the whole spectrum of CPCs in SSc described thus far 
and their roles in the pathogenesis of SSc. During this review proc-
ess, we faced several difficulties: the same cell has been studied by 
different research groups and named differently, several subsets of 
CPCs that might correspond to the same cell have been described, 
there are no studies available that compare different subsets of 
CPCs in the same patients, and there is no direct correlation in the 
literature between different CPC subsets and clinical manifestations 
of SSc.
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