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Abstract

Background: The processes that drive fibrotic diseases are complex and include an influx of peripheral blood monocytes
that can differentiate into fibroblast-like cells called fibrocytes. Monocytes can also differentiate into other cell types, such as
tissue macrophages. The ability to discriminate between monocytes, macrophages, fibrocytes, and fibroblasts in fibrotic
lesions could be beneficial in identifying therapies that target either stromal fibroblasts or fibrocytes.

Methodology/Principal Findings: We have identified markers that discriminate between human peripheral blood
monocytes, tissue macrophages, fibrocytes, and fibroblasts. Amongst these four cell types, only peripheral blood
monocytes express the combination of CD45R0O, CD93, and S100A8/A9; only macrophages express the combination of
CD45R0, 25F9, S100A8/A9, and PM-2K; only fibrocytes express the combination of CD45RO, 25F9, and S100A8/A9, but not
PM-2K; and only fibroblasts express the combination of CD90, cellular fibronectin, hyaluronan, and TE-7. These markers are
effective both in vitro and in sections from human lung. We found that markers such as CD34, CD68, and collagen do not
effectively discriminate between the four cell types. In addition, IL-4, IL-12, IL-13, IFN-vy, and SAP differentially regulate the
expression of CD32, CD163, CD172a, and CD206 on both macrophages and fibrocytes. Finally, CD49c (a3 integrin)
expression identifies a subset of fibrocytes, and this subset increases with time in culture.

Conclusions/Significance: These results suggest that discrimination of monocytes, macrophages, fibrocytes, and fibroblasts
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in fibrotic lesions is possible, and this may allow for an assessment of fibrocytes in fibrotic diseases.
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Introduction

There are multiple sources of fibroblast-like cells present in
fibrotic lesions and healing wounds [1-5]. In addition to the
proliferation of resident fibroblasts, bone marrow-derived hema-
topoietic precursors present within the blood are attracted to sites
of injury where they differentiate into spindle-shaped fibroblast-
like cells called fibrocytes, and at least in part, mediate tissue repair
and fibrosis [6-14].

Fibrocytes appear to differentiate from CD14+ peripheral blood
monocytes [7,15-18]. Mature fibrocytes express markers of both
hematopoietic cells (CD34, CD43, CD45, LSP-1, MHC class II)
and stromal cells (collagen I and III) [6-9,16,19]. Fibrocytes also
express the chemokine receptors CCR2, CCR7, and CXCR4,
which regulate their entry into inflammatory lesions [7,16,20-23].
Mature fibrocytes exposed to TGF-B i vitro are able to develop
further into myofibrocytes, a myofibroblast-like population of cells
that express 0-SMA and are able to contract collagen gels, in an i
vitro model of wound contraction [7].

At present, there is no single specific marker for fibrocytes. The
combination of intracellular collagen staining and the expression of
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CD45 or LSP-1, plus either CD34 or CXCR4, has been considered
as a sufficiently accurate criterion to discriminate fibrocytes from
leukocytes, dendritic cells, endothelial cells and tissue-resident
fibroblasts @ vitro and i viwo [8,9]. However, several groups have
shown that the progressive loss of CD34 and eventually CD45 on
fibrocytes can lead to an underestimation of fibrocyte numbers
[8,9,24]. These data suggest that some combinations of markers to
identify fibrocytes do not adequately discriminate different cell
populations, and may lead to either over or underestimation of
fibrocyte numbers [24]. Another problem with the use of CD34,
CD45, CXCR4, LSP-1, and collagen is that even combinations of
these antibodies define overlapping cell types. CD45 and LSP-1 are
expressed by all hematopoietic cells including lymphocytes, mono-
cytes, macrophages, and fibrocytes [16,25,26]. CXCR4 is expressed
by T cells, macrophages, inflammatory fibroblasts, as well as
fibrocytes [27-30]. Besides fibrocytes, CD34 is expressed by
hematopoietic precursors, endothelial cells, stromal cells, and may
be expressed by macrophages and dendritic cells [6,31-33]. The
detection of fibrocytes using intracellular collagen is further
complicated, as fibrocytes only produce low levels of collagen, and
under certain circumstances macrophages may also produce
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Table 1. List of antibodies used for staining.
Clone or
Marker Catalog number Isotype Source
(@b)] M-L13 Mouse IgG1 BD-Biosciences
CD10 SN5c Mouse 1gG1 AbD Serotec, Raleigh, NC
CD11a HIT11 Mouse IgG1 BD-Biosciences
CD11b ICRF44 Mouse IgG1 BD-Biosciences
CD11c 3.9 Mouse IgG1 BioLegend
CD13 WM15 Mouse IgG1 BD-Biosciences
cD14 HDC14 Mouse IgG1 BioLegend
CD16 GRM1 Mouse IgG2a Southern Biotechnology
CD18 6.7 Mouse IgG1 BD-Biosciences
cD19 HIB19 Mouse IgG1 eBioscience, San Diego, CA
CD21 FR5A10 Mouse IgG1 Lab Vision, Fremont, CA
CD29 TDM29 Mouse IgG1 Southern Biotechnology
CD31 WM59 Mouse IgG1 BioLegend
CD32 FLI8.26 Mouse IgG2b BD-Biosciences
CD32 AT10 Mouse IgG1 AbD Serotec
CD32a AF1875 Goat polyclonal R&D Systems
CD32b AF1330 Goat polyclonal R&D Systems
CD33 WM53 Mouse 1gG1 AbD Serotec
CD34 QBend10 Mouse IgG1 BeckmanCoulter, Miami, FL
CD35 E11 Mouse IgG1 Lab Vision
CD36 SMO0 Mouse IgM AbD Serotec
CD41 HIP8 Mouse IgG1 BioLegend
CD43 1G10 Mouse IgG1 BD-Biosciences
CD44 515 Mouse igG1 BD-Biosciences
CD45 HI30 Mouse IgG1 BD-Biosciences
CD45RA HI100 Mouse IgG1 BioLegend
CD45RB MEM-55 Mouse IgG2b BioLegend
CD45RO UCHL1 Mouse IgG2a BD-Biosciences
CD45-B220 RA3-6B2 Rat 1gG2a BD-Biosciences
CD49%a SR84 Mouse IgG1 BD-Biosciences
CD49%b AK7 Mouse IgG1 Millipore
CD49c C3 111 Mouse IgG1 BD-Biosciences
CD49d HP2/1 Mouse Igg1 Millipore
CD49%e SAM-1 Mouse IgG2b Millipore
CD49f GoH3 Rat 1gG2a BD-Biosciences
CD51/61 VI-PL2 Mouse IgG1 BD-Biosciences
CD64 10.1 Mouse IgG1 BD-Biosciences
CD68 Y1/82A Mouse IgG2b BD-Biosciences or BioLegend
CD81 JS-81 Mouse IgG1 BD-Biosciences
CD90 (Thy1) 5E10 Mouse IgG1 BD-Biosciences
CD91 A2MR-02 Mouse IgG1 BD-Biosciences
CD93 AF2379 Goat polyclonal R&D Systems
CD9%4 HP-3D9 Mouse IgG1 BD-Biosciences
CcD104 450-9D Mouse IgG1 BD-Biosciences
CD105 SN6 Mouse IgG1 AbD Serotec
CD106 STA Mouse 1gG1 BioLegend
CD115 3-4A4 Rat 1gG2b Santa Cruz Biotechnology, CA
cb117 YB5.B8 Mouse IgG1 BD-Biosciences
CD133 293C3 Mouse IgG2b Miltenyi Biotec Inc., Auburn, CA
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VWF
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Goat polyclonal

Clone or
Marker Catalog number Isotype Source
CcD141 1A4 Mouse IgG1 BD-Biosciences
CD150 A12 (7D4) Mouse IgG1 BioLegend
CD163 GHI/61 Mouse IgG1 BD-Biosciences
CD164 67D2 Mouse IgG1 BioLegend
CD166 3A6 Mouse IgG1 BD-Biosciences
CD169 HSn 7D2 Mouse IgG1 Santa Cruz Biotechnology
CD172a SE5A5 Mouse IgG1 BioLegend
CD172b B4B6 Mouse IgG1 BD-Biosciences
CD180 MHR73-11 Mouse IgG1 BioLegend
CD206 15-2 Mouse IgG1 BioLegend
CD209 DCN46 Mouse 1gG2b BD-Biosciences
CD248 (Endosialin) N-16 Goat polyclonal Santa Cruz Biotechnology
CD280 E-17 Goat polyclonal Santa Cruz Biotechnology
CD328 (Siglec-7) F023-420 Mouse IgG1 BD-Biosciences
CD329 (Siglec-9) E10-286 Mouse IgG1 BD-Biosciences
CCR2 48607 Mouse IgG2b R&D Systems
CCR7 150503 Mouse IgG2a R&D Systems
CXCR4 44716 Mouse IgG2b R&D Systems
CX3CR1 TP502 Polyclonal rabbit IgG Torrey Pines BioLabs
Cellular Fibronectin Fn-3 Mouse IgG1 Cymbus Biotechnology
Collagen-I COL-1 Mouse 1gG1 Sigma-Aldrich
Collagen-I 600-401-103 Polyclonal rabbit IgG Rockland Inc
Collagen-Il 600-401-105 Polyclonal rabbit IgG Rockland Inc
Collagen-IV 600-401-106 Polyclonal rabbit IgG Rockland Inc
Pro-Collagen | M-58 Rat IgG1 Millipore, Temecula, CA:
Cytokeratin C-1 Mouse IgG1 Sigma-Aldrich
Desmin DE-U-10 Mouse IgG1 Sigma-Aldrich
Fibroblasts-Reticular ER-TR7 Rat IgG2a Cedarlane, Burlington, NC
Fibroblasts-Thymic TE-7 Mouse 1gG1 Millipore
FAP F11-24 Mouse IgG1 Bender Medsystems, Burlingame, CA
Fibronectin F3648 Polyclonal rabbit IgG Sigma-Aldrich
Bio HA-BP 400763-1A Biotinylated protein Associates of Cape Cod, MA
Lamin B C-20 Goat polyclonal Santa Cruz Biotechnology
LSP-1 16 Mouse IgG1 BD-Biosciences
LYVE AF2089 Goat polyclonal R&D Systems
Mac-2/Galectin-3 eBioM3/38 Rat IgG2a eBioscience
Macrophage-PM-2K PM-2K Mouse IgG1 AbD Serotec
Macrophage- S1T00A8/A9 Mac387 Mouse IgG1 AbD Serotec
Macrophage-25F9 25F9 Mouse IgG1 eBioscience
Myeloid Ag BM-1 Mouse IgG1 BioLegend
Prolyl-4-hydroxylase 3-2B12 Mouse IgG1 Millipore
PU.1 Sc-352 Polyclonal rabbit IgG Santa Cruz Biotechnology
a-SMA 1A4 Mouse IgG2a Sigma-Aldrich
STRO-1 STRO-1 Mouse IgM DSHB/NIH, University of lowa
Tenascin BC-24 Mouse IgG1 Sigma-Aldrich
Tubulin YL1/2 Rat 1lgG2a Novus Biologicals, Littleton, CO
Vimentin-mesenchymal LN-6 Mouse IgM Sigma-Aldrich
Vimentin - all cells VIM-13.2 Mouse IgM Sigma-Aldrich

Bethyl Labs, Montgomery, TX
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Isotype Source

Clone or
Marker Catalog number
Peanut agglutinin (PNA) B-1075
Soybean agglutinin (SBA) B-1015
Wheatgerm agglutinin (WGA) B-1025

Biotinylated lectin Vector Laboratories

Biotinylated lectin Vector Laboratories

Biotinylated lectin Vector Laboratories

doi:10.1371/journal.pone.0007475.t001

collagen, as well as other extracellular matrix proteins [10,34-38].
Macrophages may also ingest collagen, leading to a false positive
identification of collagen production [39]. These data indicate that
other markers are required to separate fibrocytes from macrophages.

Another major difficulty in analyzing the role of fibrocytes in
fibrotic diseases is the inability to identify markers specific for
fibroblasts [40—47]. Fibroblast subsets can be identified from within
the same tissue or from distinct anatomical sites due to the
expression of different adhesion molecules, extracellular matrix,
chemokine, cytokine and HOX proteins [41-43,48]. Fibroblasts

also differentially express molecules, including CD248/endosialin,
ER-TR7, and gp38/podoplanin, during development and inflam-
mation [42,46,49]. Compounding these issues, markers that initially
appeared to be fibroblast-specific such as FSP-1/S100A4 have since
been reported to be more widely expressed [47,50]. Finally, markers
originally defined as specific for monocytes and macrophages such
as CD68 and Mac-2/galectin-3, also label fibroblasts [51-54].

In this report, we have screened freshly isolated human
peripheral blood monocytes (10-15 um cells that express CD14
with a bilobed nucleus), i vitro-cultured macrophages (15-20 um
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Figure 1. Expression of markers on monocytes, macrophages, fibrocytes, and fibroblasts. Combined data on the expression of markers

on the cells analyzed.
doi:10.1371/journal.pone.0007475.g001
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Figure 2. Expression of CD13, CD14, and CD45 isoforms on
fibrocytes. PBMC were cultured in SFM at 5x10° cells/ml in 8-well
glass slides for 7 days. Cells were then air-dried, fixed, and stained with
antibodies. A) CD13, B) CD14, C) CD45RA, D) CD45RB, E) CD45RO, F)
Irrelevant mouse 1gG2a control. Cells were then counterstained with
hematoxylin to identify nuclei. Positive staining was identified by red
staining, with nuclei counterstained blue. Solid arrow points to a
fibrocyte, open arrow points to a macrophage, and asterisk indicates a
cluster of lymphocytes. Photomicrographs are representative results
from at least four different donors. Bar is 50 um.
doi:10.1371/journal.pone.0007475.g002

cells, with a large nucleus and pronounced cytoplasm, derived
from peripheral blood monocytes), @ wvitro cultured fibrocytes
(50—200 um long spindle-shaped cells with an oval nucleus derived

from peripheral blood monocytes, that express a variety of

hematopoietic markers such as CD34, CD45, LSP-1, as well as
collagen), and i witro cultured fibroblasts (stellate-shaped cells
derived from connective tissue, that produce many extracellular
matrix proteins and do not express hematopoietic markers) with
commercially available reagents to identify markers that can
accurately discriminate between these populations.

Methods

Cell culture conditions and fibrocyte differentiation assay

Human peripheral blood was collected into heparin vacutainer
tubes (#367874; BD Bioscience, Franklin Lakes, NJ) from healthy
adult volunteers with specific approval of Rice University’s Institutional
Review Board. Written consent was received and all samples were
de-identified before analysis. Peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll-Paque Plus (GE Healthcare
Biosciences, Piscataway, NJ) as described previously [16-18]. PBMC
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were cultured in serum-free medium (SFM), which consists of FibroLife
basal media (LM-0001, Lifeline Cell Technology, Walkersville, MD),
supplemented with 10 mM HEPES (Sigma-Aldrich, St. Louis, MO),
1x non-essential amino acids (Sigma-Aldrich), 1 mM sodium pyruvate
(Sigma-Aldrich), 2 mM glutamine (Invitrogen, Carlsbad, CA), 100
U/ml penicillin, 100 pg/ml streptomycin (Sigma-Aldrich), and 1x
I'TS-3 (Sigma-Aldrich). PBMC were cultured in flat-bottomed 96 well
tissue culture plates or eight well glass microscope slides (177402, Lab-
Tek, Nalge Nunc International, Naperville, IL) in 200 pl or 400 pl per
well respectively, at 2.5x10° cells per ml in a humidified incubator
containing 5% COy at 37°C. Immediately following Ficoll separation
PBMC incubated in 8-well glass slides for 1 hour at 37°C were used to
analyze, by immunohistochemistry, the expression of markers on
monocytes ex vivo. PBMC were also cultured for 7 days in the presence
of 10% fetal calf serum (FCS; PAA Laboratories, New Bedford,
MA)and 10 ng/ml M-CSF (Peprotech, Rocky Hill, NJ), which are
standard conditions for the culture of human macrophages [55-58].
Cytokines (all from Peprotech) were added at 10 ng/ml. SAP (EMD-
Cialbiochem, San Diego, CA) was added at 1 pg/ml. Fibrocytes were
defined as adherent spindle-shaped cells with an oval nucleus, as
described previously [16-18].

Normal human dermal fibroblasts (Lonza, Walkersville, MD) and
MRC-5 fetal fibroblasts (ATCC, Manassas, VA) were cultured in
RPMI-1640 (Sigma-Aldrich) supplemented with 10% FCS, 100
U/ml penicillin, 100 pg/ml streptomycin, and 2 mM glutamine, as
described previously [59,60]. Human umbilical vein endothelial
cells (HUVEC, Lonza) were cultured in EGM-2 medium (Lonza).

Histology and immunohistochemistry

Serial 5 pm thick sections from patients with Chronic
Obstructive Pulmonary Disease (COPD) or Interstitial Lung
Disease (ILD) were obtained from the National Heart Lung and
Blood Institute-sponsored Lung Tissue Research Consortium
(LTRC), with specific approval of Rice University’s Institutional
Review Board. Written consent was received and all samples were
de-identified before analysis. Sections were either standard
formalin fixed paraffin-embedded sections or “HOPE fixed”
before paraffin-embedding [61]. Formalin fixed slides were
dewaxed with xylene, then rehydrated through a graded series
of alcohols and distilled water. HOPE-fixed slides were treated
with 60°C isopropanol for 10 minutes, then treated with fresh
60°C isopropanol for a further 15 minutes. Slides were rehydrated
in 70% acetone (v/v in distilled water), and then distilled water.
Human PBMC cultured on eight well glass microscope slides were
air dried for at least 60 minutes before fixation in acetone for 15
minutes at room temperature.

For all slides, non-specific binding was blocked by incubation in
PBS containing 4% BSA (PBS-BSA) for 60 minutes. Endogenous
biotin was blocked by the addition of streptavidin and biotin
solutions in PBS-BSA, following the manufacturers’ instructions
(Streptavidin/Biotin Blocking Kit, Vector Laboratories, Burlin-
game, CA). Slides were then incubated with 5 pg/ml primary
antibodies in PBS-BSA for 60 minutes (see Table 1 for antibody
list), as described previously [13,16,18,60]. Isotype-matched
irrelevant mouse and rat monoclonal antibodies (BD-Biosciences),
irrelevant rabbit polyclonal antibodies (Jackson ImmunoResearch,
West Grove, PA) or goat polyclonal antibodies (R&D Systems,
Minneapolis, MN), at 5 pg/ml in PBS-BSA were used as controls.
Primary antibodies were detected with either biotinylated goat
F(ab’)y anti-mouse IgG, biotinylated goat F(ab’), anti-rabbit IgG
(both cross-adsorbed against human Ig, Southern Biotechnology,
Birmingham, AL), biotinylated mouse F(ab’)y anti-rat IgG, or
donkey F(ab’), anti-goat IgG (both cross-adsorbed against human
and murine serum proteins, Jackson ImmunoResearch). All
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Figure 3. Expression of markers on fibrocytes, fibroblasts, and endothelial cells. PBMC were cultured as described in Figure 1. Normal human
dermal fibroblasts and HUVECs were cultured for 2 days in 8-well glass slides. Cells were then air-dried, fixed, and stained with antibodies against A-C)
CD43, D-F) CD44, G-I) CD45, J-L) LSP-1, and M-0) CD29. Cells were then counterstained with hematoxylin to identify nuclei. Bar is 50 pm.

doi:10.1371/journal.pone.0007475.g003

secondary antibodies were used at 2.5 pg/ml in PBS-BSA for 30
minutes. Biotinylated antibodies were detected by a 1/200 dilution
of ExtrAvidin alkaline phosphatase (Sigma-Aldrich or Vector
Laboratories) in PBS-BSA. Staining was developed with the
Vector Red Alkaline Phosphatase Kit (Vector Laboratories) for 7
minutes. Sections were then counterstained for 10 seconds with
Gill’s hematoxylin #3 (Sigma-Aldrich) diluted 1:5 with water,
rinsed in water, and then treated with Scott’s tap water substitute
(20 g/L. MgSO47H0; 2 g/L NaHCOs) for 30 seconds. Slides
were then dehydrated through 70%, 95%, and 100% ethanol,
cleared with xylene, and mounted with VectaMount (Vector
Laboratories). All procedures were performed at room tempera-
ture. Non-specific esterase (a-Naphthyl Acetate) staining was
performed according to the manufacturer’s protocol (a-Naphthyl
Acetate kit, Sigma-Aldrich).

@ PLoS ONE | www.plosone.org

For immunofluorescence staining, following incubation with
primary antibodies as described above, slides were labeled with
biotinylated goat F(ab’), anti-mouse IgG (Southern Biotechnol-
ogy), Rhodamine Red-X donkey F(ab’)y anti-rabbit IgG (Jackson
ImmunoResearch), or NL637 donkey anti-goat IgG (R&D
Systems). After washing, the biotinylated antibodies were
detected with Streptavidin-Alexa 488 (Invitrogen) in PBS-BSA.
Sections were then fixed for 30 minutes in 70% ethanol
containing 0.1% Sudan Black B (Fisher Scientific, Pittsburgh,
PA) to quench tissue autofluorescence [13]. Slides were then
washed in PBS and mounted with VectaShield containing DAPI
(Vector Laboratories).

For staining using both mouse IgGl and IgG2a monoclonal
antibodies, slides were first incubated with mouse IgG2a antibodies
(UCHLI1, CD45RO) and rabbit anti-collagen antibodies. After
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Figure 4. Comparison of markers on PBMC ex-vivo and
fibrocytes. PBMC were cultured in SFM at 5x10° cells/ml in 8-well
glass slides for 1 hour (ex vivo) or 7 days. Cells were then air-dried, fixed,
and stained with antibodies. A and B) CD35, C and D) CD93, E and F)
S100A8/9, G and H) 25F9, and | and J) PM-2K. Cells were then
counterstained with hematoxylin to identify nuclei. Bar is 50 um.
doi:10.1371/journal.pone.0007475.g004

washing, the slides were incubated with Alexa-488 goat anti-mouse
IgG (Invitrogen) and Rhodamine Red-X donkey F(ab’), anti-rabbit
IgG. After washing, the slides were incubated for at least 60 minutes
with PBS containing 50% normal mouse serum (Gemini BioPro-
ducts, Woodland, CA) and 2% BSA. After washing, the slides were
then incubated with mouse IgG1 monoclonal antibodies, and then
incubated with isotype-specific biotinylated goat F(ab’), anti-mouse
IgG1 (Southern Biotechnology). After washing, the biotinylated
antibodies were detected with Streptavidin-Alexa 647 (Invitrogen).
Sections were then fixed for 30 minutes in 70% ethanol containing
0.1% Sudan Black B, washed in PBS, and mounted with
VectaShield containing DAPIL. All procedures were at room
temperature.

Flow cytometry

PBMC were analyzed by flow cytometry as described previously
[18,26,59,60,62,63]. Briefly, human PBMC were incubated with
5 pg/ml primary antibodies diluted in PBS-BSA for 30 minutes on
ice. Isotype-matched irrelevant mouse monoclonal antibodies (BD-

@ PLoS ONE | www.plosone.org

Fibrocyte Markers

Biosciences) at 5 pg/ml in PBS-BSA were used as controls. PBMC
were then washed twice in ice-cold PBS, before staining on ice for
30 minutes with 2 pg/ml FITC-conjugated goat F(ab’), anti-
mouse IgG (cross-adsorbed against human Ig, Southern Biotech-
nology) in PBS-BSA. For 3 color flow cytometry, PBMC were then
incubated in PBS-BSA containing 20% normal mouse serum
(Gemini BioProducts, West Sacramento, CA) for 30 minutes on
ice, to block any remaining anti-mouse IgG binding sites. PBMC
were then washed twice in ice-cold PBS and then stained on ice for
30 minutes with CD16-PE (BD-Biosciences) and CD14-PE/Cy7
(BioLegend, San Diego, CA) in PBS-BSA containing 20% normal
mouse serum. PBMC were analyzed by flow cytometry using an
Accuri C6 cytometer (Accuri, Ann Arbor, MI). Peripheral blood
monocytes were identified by their size, granularity, and
expression of CDI14. At least 5,000 CDI14 positive monocytes
were examined for each marker.

Image Analysis

Immunohistochemistry images were captured on an Axioskop
microscope (Zeiss, Thornwood, NY) using an AxioCam MRcH
digital camera (Zeiss) and AxioVision software (Zeiss). Immuno-
fluorescence images were captured on an Axioplan2 microscope
(Zeiss) with a CoolSNAP HQ digital camera (Photometrics,
Tucson, AZ) and Metamorph software (Molecular Devices,
Downingtown, PA). Images were analyzed with Image] (Rasband,
WS, NIH, Bethesda, MD).

Statistics

Statistical analysis was performed using GraphPad Prism 4
software (GraphPad, San Diego, CA). Differences between
multiple groups were assessed by ANOVA using Tukey’s
post-test. Significance was defined as p<<0.05. In the figures,
*#* indicates p<<0.001.

Results

Expression of markers on fibrocytes cultured for one
week

Fibrocytes, either cultured under a variety of conditions i vitro, or
isolated from tissues  vivo, have been identified with a variety of
markers, including LSP-1, a-SMA, CD13, CD34, CD45, CCR2,
CXCR4, and collagen-I [6,7,9,11,13,16,20,22]. We confirmed that
human fibrocytes (50-200 pm long spindle-shaped cells with an
oval nucleus), cultured for 7 days in SFM, expressed CD13, CD34,
CD45RB (the intermediate molecular weight isoform of CD45),
CD45RO (the low molecular weight isoform of CD45), CXCR4,
and had undetectable levels of CD14 and CD45RA (the high
molecular weight isoform of CD45) (Figures 1 and 2).

As PBMC cultured in SFM for 7 days contain lymphocytes,
fibrocytes, and i vitro differentiated macrophages, we were able to
compare directly the expression of markers on these cell types in
the same cultures. As reported previously, we found that
lymphocytes (8-10 pm cells, with little or no cytoplasm), ex vivo
monocytes (10-15 pm cells, with a bilobed nucleus), w wvitro
cultured macrophages (15-20 um cells, with a large nucleus and
pronounced cytoplasm), and fibrocytes, all express CD43, CD44,
CD45, LSP-1, CD29 (Bl integrin), and CDI18 (B2 integrin)
(Figures 1 and 3) [6,7,9,16,25]. We then performed a screen using
commercially available reagents to determine what markers were
expressed by fibrocytes, compared to freshly isolated PBMC, in
vitro cultured macrophages, fibroblasts, and endothelial cells. The
data are summarized in Figure 1; key observations made with
some of the markers are described below.
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Figure 6. Expression of monocyte/macrophage markers on fibrocytes. PBMC were cultured as described in Figure 1. Cells were then air-
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counterstained with hematoxylin to identify nuclei. Bar is 50 um.
doi:10.1371/journal.pone.0007475.g006

Expression of monocyte-macrophage lineage markers on
fibrocytes

We first assessed the expression of CDI11lb, CDllc, CD33,
CD35, CDY3, calcium binding ST00A8/A9 complex (MRP8/14;
calprotectin), 25F9, and PM-2K, markers differentially expressed
by monocytes and macrophages [64—70]. As shown previously, we
found that ex vwo peripheral blood monocytes, incubated for 60
minutes ¢ vitro and identified by their size, expression of CD14,
and a bilobed nucleus, expressed CD33, CD35, CD93, and
S100A8/A9 (Figures 1 and 4). Macrophages and fibrocytes
cultured for 7 days, had low or undetectable expression of
CD33, CD35, and CD93, but retained expression of SI00A8/A9
(Figures 1 and 4). The 25F9 antigen, which is absent on monocytes
but expressed by macrophages, was also present on fibrocytes
(Figure 4). PM-2K, a marker expressed only by mature
macrophages, was absent on fibrocytes (Figure 4; and see below).
The relative surface expression of CD11b, CD11c, CD33, CD35,
and 25F9 on peripheral blood monocytes ex vivo was confirmed by
flow cytometry (Figure 5 and data not shown). Both i wvitro
cultured macrophages and fibrocytes expressed the sialomucins
CD68 and CD164, the C-type lectins CD206, CD209, and the
scavenger receptor CDI163 (Figures 6 and 7). The surface
expression of CD163, CD169, CD206, and CD209 was either
absent or low on peripheral blood monocytes, as determined by
flow cytometry (Figure 5 and data not shown). Macrophages
express non-specific esterase (NSE) staining [71]. Both macro-
phages and fibrocytes were NSE positive, but in macrophages
NSE activity was fluoride insensitive whereas in fibrocytes the NSE
activity was fluoride sensitive (data not shown). We also cultured
PBMC for 7 days in the presence of 10% FCS and 10 ng/ml M-
CSF, which are standard conditions for the culture of human
macrophages [55-58]. We found that macrophages cultured in
10% fetal calf serum and 10 ng/ml M-CSF expressed CD11b,
CDl1lc, CD13, CD14, CD32, CD68, CD163, CD164, CD169,
S100A8/A9, 25F9, and PM-2K, but CD33 and CD35 were
undetectable (Figure 8 and data not shown). There was no
discernable difference in the expression of CD13, CD68, CD163,
S100A8/A9, and 25F9, between macrophages cultured in SFM

@ PLoS ONE | www.plosone.org

compared to FCS and M-CSF (Figures 2, 4, 6 and 8). However,
we did observe that CDI14 and PM-2K were expressed on
macrophages cultured in the presence of serum and M-CSF.
These results suggest that CD33, CD35, CD93, and 25F9
expression can be used to distinguish monocytes from macro-
phages and fibrocytes, and that fluoride-sensitive NSE activity and
PM-2K antigen expression may discriminate fibrocytes from tissue
macrophages.

Expression of FcyR receptors

We previously found that the inhibition of fibrocyte differen-
tiation by SAP may act through FcyR ligation [17,72]. Therefore,
we examined the expression of FcyR on fibrocytes and
macrophages, compared to ex-viwo peripheral blood monocytes.
As described previously, monocytes express CD64 (FcyRI) and
CD32 (FeyRII), with a subpopulation of monocytes also positive
for CD16 (FeyRIID) (Figure 9) [70,73]. The expression of CD16,
CD32, and CD64 on peripheral blood monocytes was confirmed
by flow cytometry (Figure 5). We found that after 7 days in SFM
culture, macrophages expressed CD16 (FcyRIII) and CD32
(FeyRII), but CD64 (FcyRI) expression was undetectable
(Figure 9). Macrophages in populations of PBMC cultured in
the presence of FCS and M-CSF expressed predominantly CD32
(Figure 8). Fibrocytes expressed both CD32a and CD32b isoforms,
but CD16 expression was low and CD64 expression was
undetectable (Figure 9). Both fibroblasts and endothelial cells
had no detectable FcyR expression (Figure 1 and data not shown).

Expression of stem cell markers

Compared to peripheral blood monocytes, fibrocytes express
CD34 (Figures 1 and 5) [6,16-18,74]. CD34 is not only a classical
stem cell marker, but a member of the sialomucin family of
receptors, that also includes CD43, CD68, and CD164, which
fibrocytes also express (Figures 3, 6, and 7) [33,75]. CD133,
CD150, and STRO-1 are also markers associated with hemato-
poietic and mesenchymal stem cells, but these markers did not
appear to be expressed by fibrocytes (Figure 1 and data not
shown). The high molecular weight isoform of CD45, CD45-
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Figure 7. Comparison of fibroblast markers on fibrocytes, fibroblasts, and HUVECs. PBMC were cultured as described in Figure 1. Normal
human dermal fibroblasts (NHDFb) and HUVECs were cultured for 2 days in 8-well glass slides. Cells were then air-dried, fixed, and stained A-C) for
CD90, D-F) for TE-7, G-I) for CD164, J-L) with HA-BP, and M-0) for cellular fibronectin. Cells were then counterstained with hematoxylin to identify

nuclei. Bar is 50 pum.
doi:10.1371/journal.pone.0007475.g007

B220, which is the heavily N- and O-glycosylated form of CD45,
and has been reported to be a marker of certain stem cell
populations [76]. We did not detect the expression of CD45-B220
on monocytes, macrophages, or fibrocytes (Figure 1).

Expression of stromal cell markers

We then examined markers associated with stromal cells.
Fibroblasts and endothelial cells had no detectable staining for
CD43, CD45, and LSP-1, although fibroblasts stained for CD29,
and CD44, and endothelial cells were CD29, CD93 and vWF
positive (Figures 1 and 3, and data not shown). Unlike MRC-5
fetal fibroblasts and normal human dermal fibroblasts (NHDF),
fibrocytes and macrophages had no detectable staining for CD90,
CD248 (endosialin), FAP, TE-7, cellular fibronectin, or hyalur-
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10

onan (HA-BP) (Figures 1, 7, and 8). We were also able to confirm
that normal human dermal fibroblasts and human fetal fibroblasts
(MRC-5) also express CD68 (originally described as a monocyte/
macrophage marker) and CD164 (Figures 1 and 7), as described
previously [51-54]. Fibroblasts also expressed tenascin, and
endothelial cells expressed cytokeratin, but these markers were
undetectable on fibrocytes (Figure 1 and data not shown). These
data indicate that there are at least six commercial reagents
(cellular fibronectin, CD90, TE-7, CD248, HA-BP, and FAP) that
can be used to discriminate between fibrocytes and fibroblasts.

Expression of collagen matrix markers

Fibrocytes showed positive staining for collagen-I, collagen-IV,
pro-collagen-I, and prolyl-4-hydroxylase (a key enzyme in collagen

October 2009 | Volume 4 | Issue 10 | e7475
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Figure 8. Expression of markers on macrophages cultured in
serum and M-CSF. PBMC were cultured in SFM at 5x10° cells/ml in 8-
well glass slides for 7 days in the presence of 10% FCS and 10 ng/ml M-
CSF. Cells were then air-dried, fixed and stained with 5 pg/ml mouse
IgG1 monoclonal antibodies against CD13, CD14, CD32, CD163, CD90,
mouse IgG1, proyly-4-hydroxylase, 25F9, S100A8/A9, PM-2K, TE-7, and
collagen-I. Cells were then counterstained with hematoxylin to identify
nuclei. Inserts indicate staining at higher magnification. Bar is 50 um.
doi:10.1371/journal.pone.0007475.g008

synthesis), but the collagen staining was much weaker than that
found on fibroblasts (Figure 1 and 10). We also detected weak
collagen staining on macrophages cultured in either SFM or with
serum and M-CSF, compared to cells incubated with irrelevant
IgG (Figures 8 and 10). These data suggest that either the
macrophages were able to produce low levels of collagen, or that
the macrophages were able to ingest collagen from other sources
in the culture. The source of collagen is unlikely to be from the
serum-free medium, and is more likely to be from either collagen
bound to the cells before blood collection, or collagen-secreting
cells in the cultures. Antibodies against prolyl-4-hydroxylase or
pro-collagen I only label cells actively synthesizing collagen. There
were low levels of staining on macrophages, cultured in either
SFM or with serum and M-CSF, with both prolyl-4-hydroxylase
and collagen-I antibodies (Figures 1, 8 and 10), indicating that
macrophages may produce collagen, as described previously
[34,38]. These data suggest that the use of collagen staining to
discriminate CD45/CXCR4 or CD34/CD45 positive macro-
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Figure 9. Comparison of Fc receptors on PBMC ex-vivo and
fibrocytes. PBMC were cultured in SFM at 5x10° cells/ml in 8-well
glass slides for 1 hour (ex vivo) or 7 days. Cells were then air-dried, fixed,
and stained with antibodies against A and B) CD64, C and D) CD32, E
and F) CD16, G and H) CD32a, | and J) CD32b, or K and L) goat IgG
control antibodies. Cells were then counterstained with hematoxylin to
identify nuclei. Asterisks are to the right of macrophages. Bar is 50 um.
doi:10.1371/journal.pone.0007475.g009

phages from CD45/CXCR4/collagen positive or CD34/CD45/
collagen positive fibrocytes may be insufficient to discriminate
macrophages from fibrocytes.

Expression of lectin and carbohydrate residues

As the expression of carbohydrate residues on glycoproteins
change as cells differentiate [77], we assessed whether fibrocytes
expressed different carbohydrates compared to monocytes and
macrophages. Monocytes stained with the lectins wheat germ
agglutinin (WGA) and peanut agglutinin (PNNA), but not soybean
agglutinin (SBA), whereas macrophages and fibrocytes retained
the expression of WGA, but did not stain with PNA or SBA (data
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not shown). Mac2/Galectin-3 is a lectin binding receptor
expressed by macrophages [78]. Both macrophages and fibrocytes
expressed Mac2/Galectin 3 (Figure 1 and 11).

Expression of markers on long-term cultured fibrocytes

We next addressed whether markers expressed by fibrocytes
changed when PBMC were cultured in vitro for up to three weeks.
We found that long-term cultured fibrocytes also expressed many
of the markers expressed by fibrocytes cultured for 1 week, such as
CD18, CD43, CD44, CD45R0O, CD49, CD68, CD163, CD164,
CD169, LSP-1, and CXCR#4 (Figure 12 and data not shown). We
observed a reduced expression of CD34, as described previously
(Figure 12) [20]. We also observed that after 3 weeks in culture,
compared to macrophages fibrocytes had undetectable expression
of CD14 and PM-2K (Figures 2, 4, 8, 12, and data not shown).
Using a screen of integrin receptor expression, we found that
compared to the expression of CD49¢ (a5 integrin) on fibrocytes
and macrophages, the number of CD49c (a3 integrin) positive
fibrocytes increased as cells were cultured for up to three weeks
(Figure 11 and 12). These data suggest that PM-2K may be a
useful marker to distinguish fibrocytes from macrophages, and that
CD49c¢ could be a useful marker to distinguish mature fibrocytes
from younger fibrocytes.

Expression of markers on “early” fibrocytes

We next assessed whether we could identify markers that could
discriminate cells that had the potential to differentiate into
fibrocytes. We screened PBMC at time points before fibrocytes
appeared in the cultures. As described previously, compared to ex
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Figure 11. Expression of markers on fibrocytes cultured for 21
days. PBMC were cultured in SFM at 5x10° cells/ml in 8-well glass
slides for 21 days. Cells were then air-dried, fixed, and stained with
antibodies. A) PM-2K, B) CD18, C) CD34, D) CD68, E) CD163, F) CD164, G)
CD169, H) CD49c¢, and I) CD49e. Cells were then counterstained with
hematoxylin to identify nuclei. Bar is 50 um. Graph shows the percent
positive CD49c (a3 integrin) expression over 21 days in culture. At least
100 elongated cells with oval nuclei were examined from at least 10
randomly selected fields, and the percentage of elongated cells that
were positively stained by antibodies against the indicated markers is
expressed as the mean*=SEM (n=5 separate donors). *** indicates
p<<0.001, as determined by ANOVA.
doi:10.1371/journal.pone.0007475.g011

vivo monocytes (Figures 4 and 5), monocytes cultured i vitro for
24 hours had low to undetectable levels of CD14 and CD93 (data
not shown) [69,79]. We did detect the expression of 25F9 antigen
on PBMC cultured for 2 days, as described previously (Figure 1)
[67]. We were also unable to detect collagen, a marker of mature
fibrocytes, by early fibrocyte-like cells (data not shown). Finally, we
assessed whether PU.1 and myeloid antigen, two transcription
factors expressed in monocyte precursors [80,81], were expressed
by cells during the early stages of monocyte to fibrocyte
differentiation. In PBMC cultured for up to seven days in serum
free medium, we did not detect PU.1 or myeloid antigen (Figure 1).
The most characteristic changes associated with early fibrocyte
differentiation were nuclear shape change from a kidney bean
shape to a small oval nucleus, and extensive cytoskeletal
rearrangements as assessed by tubulin and lamin B staining
(Figure 11 and data not shown). These data suggest that currently
the earliest detectable changes in monocytes differentiating into
fibrocytes are morphological changes, rather than specific changes
in receptor expression.

Expression of markers on fibrocytes exposed to cytokines

Both & vitro and in vivo activated macrophages express different
markers when exposed to cytokines, immune complexes, or

October 2009 | Volume 4 | Issue 10 | e7475
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bacterial products [82-84]. Therefore, we assessed whether
fibrocytes also differentially expressed markers in the presence or
absence of IL-4, IL-12, 1.-13, and IFN-y, molecules known to
promote or inhibit fibrocyte differentiation [18]. PBMC cultured
in SFM containing IL-4 (or IL-13, data not shown) had increased
numbers of fibrocytes, as described previously [18], and these
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fibrocytes stained more intensely for CD206 and CD209, and had
reduced expression of CD172a, compared to fibrocytes cultured in
SFM alone (Figure 13). However, for PBMC cultured in SFM
containing IFN-y (or IL-12, data not shown), the few fibrocytes
observed retained CD172a expression, but had variable expression
of CD206 and CD209 (Figure 13). The presence or absence of IL-
4, I1-12, IL-13, or IFN-y had no apparent effect on the expression
of other markers associated with fibrocytes and macrophages, such
as CD13, CD68, CD163, SI00A8/A9, or 25F9 (Figure 13, and
data not shown). These data suggest that as previously described
for macrophages, the markers CD172a, CD206, and CD209 can
be used to determine whether fibrocytes have differentiated in an
environment containing pro-fibrotic Th-2-like cytokines (IL-4 or
IL-13) compared to Th-1-like pro-inflammatory cytokines (IL-12
or IFN-v) [84,85].

Expression of markers on fibrocytes exposed to SAP

We have previously shown that SAP inhibits fibrocyte
differentiation i vitro and in vivo, and that this process appears to
be dependent on the FcRy chain, a common membrane-signaling
component of CD64, CD32a, and CD16 [13,16,17,72]. We
therefore assessed whether PBMC differentially expressed markers
cultured in the presence or absence of SAP. We first assessed
whether the presence of SAP affected the loss of CD93 and gain of
25F9 expression on PBMC, two markers that change rapidly when
cultured i vitro (Figure 4 and data not shown). We found that in
the presence or absence of SAP after 2 days, CD93 expression was
undetectable, and that 25F9 expression was detectable in cells
(data not shown). We than assessed whether SAP altered the
expression of markers on PBMC cultured for 7 days. PBMC
cultured in SFM containing SAP had reduced numbers of
fibrocytes, as described previously [16,17]. PBMC cultured in
the presence of SAP had increased expression of CD14, CD32a,
CD32b, CD163, and CD172a on the macrophages, compared to
cells cultured in SFM alone, whereas markers such as CD45,
CD68, CD164, and PM-2K were unaltered (Figure 14 and data
not shown). These data suggest that the markers CD14, CD32,
CD163, and CD172a, might be used to determine whether
macrophages have differentiated in an environment containing

SAP.

Identification of fibrocytes in pathological samples
Finally, we assessed whether the markers we identified as
specific for monocytes, macrophages, fibroblasts, and fibrocytes
using i vitro cultured cells were valid for human pathological
samples. We stained sections of human lung tissue from patients
with chronic obstructive pulmonary disease (COPD) and intersti-
tial lung disease (ILD) with antibodies against collagen-I, CD32,
CD45RO, CD68, CD93, CD164, LSP-1, PM-2K, and TE-7
(Figure 15 and data not shown). Staining lung tissue from COPD
patients with CD45RO and CD68 antibodies showed the presence
of both small CD45RO positive/CD68 negative cells, which
appear to be lymphocytes, and CD45RO/CD68 dual positive
macrophages and fibrocytes (Figure 15A). We also observed
CD45RO negative/CD68 positive fibroblasts (Iigure 15A). Using
CD45RO and PM-2K staining we were also able to discriminate
the small number of CD45RO/PM-2K dual positive tissue
macrophages from PM-2K negative CD45RO positive lympho-
cytes and fibrocytes (Figure 15B). Collagen-I expression was
present throughout the lung, with distinct areas containing
CD45RO and collagen-I dual positive cells (Figures 15C). We
also noted that the majority of PM-2K positive cells were localized
in the alveolar spaces (Figure 15D), suggesting that they are
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Figure 13. Effect of cytokines on markers expressed by fibrocytes. PBMC were cultured in 8-well glass slides in SFM for 7 days, in the
presence or absence of IL-4, or IFN-y. Cells were then air-dried, fixed, and stained with antibodies. A-C) CD13, D-F) CD163, G-1) CD172a, J-L) CD206,
and M-0) CD209. Cells were counterstained with hematoxylin to identify nuclei. Bar is 50 um.

doi:10.1371/journal.pone.0007475.g013

alveolar macrophages rather than interstitial macrophages, and
that PM-2K positive cells did not appear to express collagen
(Figure 15D). We also identified fibroblasts as CD45RO negative/
CD164 positive cells, and fibrocytes as CD45R0O/CD164 positive
cells (Figure 15E). Sections stained with CD45RO, TE-7 and
collagen showed large areas of TE-7/collagen dual positive
fibroblasts, and the absence of TE-7 staining on CD45RO
positive cells (Figure 15F). Sections stained with CD32 and TE-7
showed a network of TE-7 positive cells (Figure 15G), whereas
CD32 was restricted to alveolar and interstitial macrophages. We
did not detect any cells that were stained for CD32 and TE-7,
suggesting that these two antibodies label distinct cell types, and
that CD32 is an additional marker to discriminate fibrocytes in
fibrotic lesions (Figure 15G). Finally, using DAPI, CD32, PM-2K,
and collagen we were able to use four color fluorescence to
discriminate macrophages (PM-2K/CD32 positive), fibroblasts
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(collagen positive but CD32 and PM-2K negative), and fibrocytes
(CD32/collagen dual positive but PM-2K negative) (Figure 15H).
These data suggest that the expression of PM-2K is absent on
fibrocytes, and that CD164 and TE-7 expression can be used to
identify fibroblasts. Finally, fibrocytes can be identified by using a
combination of antibodies to PM-2K, CD32, CD45RO, and
collagen.

Discussion

In this report, we stained human monocytes, macrophages,
fibrocytes, and fibroblasts with a large panel of antibodies to find
markers that can distinguish these cells. We found that we can
exploit the expression of PM-2K on macrophages and the lack of
PM-2K expression on fibrocytes to distinguish fibrocytes from
macrophages in human # vitro cultured cells and human lung
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Figure 14. Effect of SAP on markers expressed by macrophag-
es. PBMC were cultured in 8-well glass slides in SFM for 7 days, in the
presence or absence of SAP. Cells were then air-dried, fixed, and stained
with antibodies. A-B) CD14, C-D) CD32a, E-F) CD32b, G-H) CD68, I-J)
CD163, and K-L) CD172a. Cells were counterstained with hematoxylin
to identify nuclei. Bar is 50 um.
doi:10.1371/journal.pone.0007475.g014

tissue. We were also able to discriminate collagen positive
fibrocytes from collagen positive fibroblasts using the expression
of cellular fibronectin, HA-BP or TE-7 on fibroblasts but not
fibrocytes. Finally, we found that CD49c¢ (a3 integrin) appears to
be a marker of fibrocytes that appear after an extended period in
culture.

The PM-2K antibody binds to a 150 kD cytoplasmic protein
that appears to be specific for tissue macrophages, but the gene has
yet to be identified [68]. PM-2K has previously been shown to
stain mature tissue macrophages in humans and non-rodent
mammals [68,86,87]. Due to the differential expression of PM-2K
on macrophages and fibrocytes, we would suggest that PM-2K
expression should be used as a criterion to distinguish these two
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cell types, along with morphology and fluoride-sensitive esterase
staining.

Several groups have shown that fibrocytes have a progressive
loss of hematopoietic markers as they differentiate from monocytes
[9,20,24]. Although we did not detect a loss of CD45RO on
fibrocytes, we did detect the loss of CD34. However, we observed
that as monocytes differentiate into fibrocytes, there is an
increased expression of Mac-2/galectin 3, and long-term cultured
fibrocytes express CD49c. These markers may by useful to
discriminate fibrocytes (CD34/CD45RO positive but CD49c
negative spindle-shaped cells with an oval nucleus) from late
differentiating fibrocytes (CD45RO/CD49c¢ positive but CD34
negative spindle-shaped cells with an oval nucleus). Alternatively,
the expression of CD49¢ may identify a population of fibrocytes
that differentiate from monocytes only after an extended period in
culture.

It is difficult to discriminate fibrocytes with low levels of the
hematopoictic markers CD34 and CD45 from mesenchymal
fibroblasts in tissue sections. We observed that, as reported
previously, fibroblasts express CD68, which precludes it as a
marker to discriminate fibroblasts from macrophages and
fibrocytes [51-54]. However, we found that several fibroblast
markers such as FAP, TE-7, cellular fibronectin, or hyaluronan,
are undetectable on fibrocytes. Therefore, we would recommend
the use of one these markers as a criterion to distinguish fibrocytes
from fibroblast.

We have also been able to show that the loss of CD33, CD35,
CD93, and PNA expression on monocytes and the gain of 25F9
expression on macrophages can be used to differentiate these two
cell types. The loss of CD33, CD35, CD93, PNA, and CD14, and
the gain of 25F9, CD34 and CD49c will distinguish monocytes
from fibrocytes. Finally, the expression of CDIlla, CDIl1b,
CDllc, CDI18, CD43, CD45, and LSP-1 on monocytes,
macrophages, and fibrocytes, and the expression of CD90,
hyaluronan, and fibronectin on fibroblasts distinguish these two
sets of cells.

For our analysis of fibrocyte markers, we used commercially
available reagents to remove the issue of limited availability of
antibodies from non-commercial sources. This has the added
advantage that differences in the expression patterns or numbers
of cells between laboratories is less likely to be due to variations in
antibody preparation, and more likely to represent variation due
to tissue processing or an actual variation in the biological process.

These studies indicate that the discrimination of monocytes,
macrophages, fibrocytes, and fibroblasts is possible. In particular,
the accurate discrimination of macrophages, fibrocytes, and
fibroblasts will be beneficial in quantifying these cells in fibrotic
lesions to determine if an increased number of one or more of
these cell types is associated with a fibrotic disease.
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Figure 15. Identification of fibrocytes in pathological samples. “HOPE-fixed” human lung tissue sections were stained with antibodies
against CD32, CD45R0, CD68, CD164, collagen-l, PM-2K, and TE-7. Sections were stained for A) CD45RO (green), CD68 (red) and DAPI (blue). An
example of a CD45R0 positive lymphocyte is indicated with a solid arrow. Dual labeled CD45RO and CD68 macrophages and fibrocytes are indicated
by open arrows. B) CD45RO (green), PM-2K (red) and DAPI (blue). An example of a dual labeled CD45RO and PM-2K tissue macrophage is indicated
with a solid arrow. C) CD45RO (green), collagen-l (red), and DAPI (blue). Dual labeled CD45R0O and collagen-I positive cells are yellow. D) PM-2K
(green), collagen-I (red), and DAPI (blue). A cluster of PM-2K positive alveolar macrophages is indicated with an open arrow. E) CD45RO (green),
CD164 (red), and DAPI (blue). An area of CD164 positive fibroblasts is indicated with a solid arrow. A dual labeled CD45RO and CD164 positive
fibrocyte is indicated by an open arrow. F) CD45RO (green), collagen-I (red), and TE-7 (blue). Dual positive TE-7/collagen-I fibroblasts are magenta. G)
TE-7 (green), CD32 (red), and DAPI (blue). An example of CD32 positive fibrocytes is indicated with an open arrow. H) Nuclei (white), PM-2K (green),
collagen (red), and CD32 (blue). A cluster of PM-2K positive alveolar macrophages are indicated with an asterisk. An area of CD32 and collagen
positive/PM-2K negative fibrocytes is indicated with an open arrow. An area of collagen positive/CD32 negative fibroblasts is indicated with a solid
arrow. Cells were counterstained with DAPI to identify nuclei. Bars are 100 um.

doi:10.1371/journal.pone.0007475.9015

References
1. Martin P (1997) Wound Healing—Aiming for Perfect Skin Regeneration. 13. Pilling D, Roife D, Wang M, Ronkainen SD, Crawford JR, et al. (2007)
Science 276: 75-81. Reduction of bleomycin-induced pulmonary fibrosis by serum amyloid P.
2. Singer AJ, Clark RA (1999) Cutaneous wound healing. New England Journal Of J Immunol 179: 4035-4044.
Medicine 341: 738-746. 14. Naik-Mathuria B, Pilling D, Crawford JR, Gay AN, Smith CW, et al. (2008)
3. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, et al. (1999) Serum amyloid P inhibits dermal wound healing. Wound Repair and
Multilineage potential of adult human mesenchymal stem cells. Science 284: Regeneration 16: 266-273.
143-147. 15. Yang L, Scott PG, Giuffre J, Shankowsky HA, Ghahary A, et al. (2002)
4. Phinney DG, Prockop DJ (2007) Concise review: mesenchymal stem/ Peripheral Blood Fibrocytes from Burn Patients: Identification and Quantifica-

multipotent stromal cells: the state of transdifferentiation and modes of tissue tion of Fibrocytes in Adherent C'C”S' Cultured Ifrom Peripheral  Blood

repair—current views. Stem Cells 25: 2896-2902. Kit{nonuclear Cells. Laboratory Invcsggatlou 82: 11851 192: - )

16. Pilling D, Buckley CD, Salmon M, Gomer RH (2003) Inhibition of fibrocyte
differentiation by serum amyloid P. Journal Of Immunology 17: 5537-5546.

17. Pilling D, Tucker NM, Gomer RH (2006) Aggregated IgG inhibits the
differentiation of human fibrocytes. Journal Of Leukocyte Biology 79:
1242-1251.

18. Shao DD, Suresh R, Vakil V, Gomer RH, Pilling D (2008) Pivotal Advance: Th-
1 cytokines inhibit, and Th-2 cytokines promote fibrocyte differentiation. Journal
of Leukocyte Biology 83: 1323-1333.

19. Wang J, Jiao H, Stewart T, Lyons MV, Shankosky HA, et al. (2007) Accelerated
wound healing in leukocyte-specific, protein 1-deficient mouse is associated with
increased infiltration of leukocytes and fibrocytes. J Leukoc Biol 82: 1554-1563.

5. Kalluri R, Neilson EG (2003) Epithelial-mesenchymal transition and its
implications for fibrosis. Journal Of Clinical Investigation 112: 1776-1784.

6. Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A (1994) Circulating
fibrocytes define a new leukocyte subpopulation that mediates tissue repair.
Molecular Medicine 1: 71-81.

7. Abe R, Donnelly SC, Peng T, Bucala R, Metz CN (2001) Peripheral blood
fibrocytes: differentiation pathway and migration to wound sites. Journal of
Immunology 166: 7556-7562.

8. Gomperts BN, Strieter RM (2007) Fibrocytes in lung disease. Journal Of
Leukocyte Biology 82: 449-456.

9. Bellini A, Mattoli S (‘2007). The r(?le of the hl)rocfvle, a bone marrow-derived 20. Phillips RJ, Burdick MD, Hong K, Lutz MA, Murray LA, et al. (2004)
mesenshyma.l progenitor, in reactive and reparative fibroses. Lab Invest 87: Circulating fibrocytes traffic to the lungs in response to CXCLI2 and mediate
858-870. fibrosis. J Clin.Invest 114: 438-446.

10. Wang JF, Jiao H, Stewart TL, Shankowsky HA, Scott PG, et al. (2007) 21. Hashimoto N, Jin H, Liu T, Chensue SW, Phan SH (2004) Bone marrow-
Fibrocytes from burn patients regulate the activities of fibroblasts. Wound derived progenitor cells in pulmonary fibrosis. Journal Of Clinical Investigation
Repair Regen 15: 113-121. 113: 243-9259.

11. Haudek SB, Xia Y, Huebener P, Lee JM, Carlson S, et al. (2006) Bone Marrow- 22. Moore BB, Kolodsick JE, Thannickal V], Cooke K, Moore TA, et al. (2005)
derived Fibroblast Precursors Mediate Ischemic Cardiomyopathy in Mice. CCR2-Mediated Recruitment of Fibrocytes to the Alveolar Space after Fibrotic
Proceedings of the National Academy of Sciences 103: 18284-18289. Injury. American Journal Of Pathology 166: 675-684.

12. Pilling D, Gomer RH (2007) Regulatory Pathways for Fibrocyte Differentiation. 23. Moore BB, Murray L, Das A, Wilke CA, Herrygers AB, et al. (2006) The Role of
In: Bucala R, ed. Fibrocytes-New Insights into Tissue Repair and Systemic CCLI12 in the Recruitment of Fibrocytes and Lung Fibrosis. American Journal
Fibroses. pp 37-60. Of Respiratory Cell And Molecular Biology 35: 175-181.

@ PLoS ONE | www.plosone.org 16 October 2009 | Volume 4 | Issue 10 | e7475



24.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

Andersson-Sjéland A, de Alba CG, Nihlberg K, Becerril C, Ramirez R, et al.
(2008) Fibrocytes are a potential source of lung fibroblasts in idiopathic
pulmonary fibrosis. The International Journal of Biochemistry & Cell Biology
40: 2129-2140.

. Yang L, Scott PG, Dodd C, Medina A, Jiao H, et al. (2005) Identification of

fibrocytes in postburn hypertrophic scar. Wound Repair and Regeneration 13:
398-404.

Salmon M, Pilling D, Borthwick NJ, Viner N, Janossy G, et al. (1994) The
progressive differentiation of primed T cells is associated with an increasing
susceptibility to apoptosis. European Journal Of Immunology 24: 892-899.

. Buckley CD, Amft N, Bradfield PF, Pilling D, Ross E, et al. (2000) Persistent

induction of the chemokine receptor CXCR4 by TGF-betal on synovial T cells
contributes to their accumulation within the rheumatoid synovium. J.Immunol
165: 3423-3429.

Garcia-Vicuiia R, Goémez-Gaviro MV, Dominguez-Luis M]J, Pec MK,
Gonzalez-Alvaro I, Alvaro-Gracia JM, Diaz-Gonzalez F (2004) CC and CXC
chemokine receptors mediate migration, proliferation, and matrix metallopro-
teinase production by fibroblast-like synoviocytes from rheumatoid arthritis
patients. Arthritis & Rheumatism 50: 3866-3877.

Zhao H, Peehl DM (2009) Tumor-promoting phenotype of CD90(hi) prostate
cancer-associated fibroblasts. Prostate 69: 991-1000.

Hosokawa Y, Hosokawa I, Ozaki K, Nakae H, Murakami K, et al. (2005)
CXCLI12 and CXCR#4 expression by human gingival fibroblasts in periodontal
disease. Clin Exp Immunol 141: 467-474.

Erdag G QH, Patterson JW, Wick MR (2008) CD34-positive dendritic cells
disappear from scars but are increased in pericicatricial tissue. Journal of
Cutaneous Pathology 35: 752-756.

Nickoloff BJ (1991) The human progenitor cell antigen (CD34) is localized on
endothelial cells, dermal dendritic cells, and perifollicular cells in formalin-fixed
normal skin, and on proliferating endothelial cells and stromal spindle-shaped
cells in Kaposi’s sarcoma. Arch Dermatol 127: 523-529.

Simmons DL, Satterthwaite AB, Tenen DG, Seed B (1992) Molecular cloning of
a ¢cDNA encoding CD34, a sialomucin of human hematopoictic stem cells.
Journal Of Immunology 148: 267-271.

Vaage J, Lindblad WJ (1990) Production of collagen type I by mouse peritoneal
macrophages. J Leukoc Biol 48: 274-280.

. Liptay MJ, Parks WC, Mecham RP, Roby J, Kaiser LR, et al. (1993) Neointimal

macrophages colocalize with extracellular matrix gene expression in human
atherosclerotic pulmonary arteries. J Clin Invest 91: 588-594.

Gratchev A, Guillot P, Hakiy N, Politz O, Orfanos CE, et al. (2001)
Alternatively activated macrophages differentially express fibronectin and its
splice variants and the extracellular matrix protein betalG-H3. Scand ] Immunol
53: 386-392.

Duffield JS (2003) The inflammatory macrophage: a story of Jekyll and Hyde.
Clin Sci (Lond) 104: 27-38.

Schnoor M, Cullen P, Lorkowski J, Stolle K, Robenek H, et al. (2008)
Production of Type VI Collagen by Human Macrophages: A New Dimension in
Macrophage Functional Heterogeneity. J Immunol 180: 5707-5719.

Lucattelli M, Cavarra E, M. de Santi M, Tetley TD, Martorana PA, et al. (2003)
Collagen phagocytosis by lung alveolar macrophages in animal models of
emphysema. Eur Respir ] 22: 728-734.

Phipps RP, Penney DP, Keng P, Quill H, Paxhia A, et al. (1989)
Characterization of two major populations of lung fibroblasts: distinguishing
morphology and discordant display of Thy 1 and class I MHC. Am J Respir
Cell Mol Biol 1: 65-74.

Chang HY, Chi JT, Dudoit S, Bondre C, van de Rijn M, et al. (2002) Diversity,
topographic differentiation, and positional memory in human fibroblasts. Proc
Natl Acad Sci U S A 99: 12877-12882.

Buckley CD, Pilling D, Lord JM, Akbar AN, Scheel-Toellner D, et al. (2001)
Fibroblasts regulate the switch from acute resolving to chronic persistent
inflammation. Trends Immunol 22: 199-204.

Parsonage G, Falciani F, Burman A, Filer A, Ross E, et al. (2003) Global gene
expression profiles in fibroblasts from synovial, skin and lymphoid tissue reveals
distinct cytokine and chemokine expression patterns. Thromb.Haemost 90:
688-697.

Halder S, Hardie DL, Scheel-Toellner D, Salmon M, Buckley CD (2005)
Generation and characterization of novel stromal specific antibodies. Cell Res

15: 739-744.

. MacFadyen JR, Haworth O, Roberston D, Hardie D, Webster MT, et al. (2005)

Endosialin (TEM1, CD248) is a marker of stromal fibroblasts and is not
selectively expressed on tumour endothelium. FEBS Lett 579: 2569-2575.

Lax S, Hou TZ, Jenkinson E, Salmon M, MacFadyen JR, et al. (2007) CD248/
Endosialin is dynamically expressed on a subset of stromal cells during lymphoid
tissue development, splenic remodeling and repair. FEBS Lett 581: 3550-3556.
Cabezon T CJ, Skibshoj I, Klingelhéfer J, Grigorian M, Gromov P, Rank F,
Myklebust JH, Maelandsmo GM, Lukanidin E, Ambartsumian N (2007)
Expression of S100A4 by a variety of cell types present in the tumor
microenvironment of human breast cancer. International Journal of Cancer
121: 1433-1444.

Ko 8D, Page RC, Narayanan AS (1977) Fibroblast heterogeneity and
prostaglandin regulation of subpopulations. Proc Natl Acad Sci U S A 74:
3429-3432.

@ PLoS ONE | www.plosone.org

17

49.

50.

51.

52.

53.

54.

56.

57.

58.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

72.

73.

74.

76.

Fibrocyte Markers

Peduto L, Dulauroy S, Lochner M, Spath GF, Morales MA, et al. (2009)
Inflammation Recapitulates the Ontogeny of Lymphoid Stromal Cells.
J Immunol 182: 5789-5799.

Strutz F, Okada H, Lo CW, Danoff T, Carone RL, et al. (1995) Identification
and characterization of a fibroblast marker: FSPI. J Cell Biol 130: 393-405.
Fonseca JE, Edwards JC, Blades S, Goulding NJ (2002) Macrophage
subpopulations in rheumatoid synovium: reduced CD163 expression in CD4+
T lymphocyte-rich microenvironments. Arthritis And Rheumatism 46:
1210-1216.

Kunisch E, Fuhrmann R, Roth A, Winter R, Lungershausen W, et al. (2004)
Macrophage specificity of three anti-CD68 monoclonal antibodies (KP1,
EBMI11, and PGM1) widely used for immunohistochemistry and flow cytometry.
Ann Rheum Dis 63: 774-784.

Inoue T, Plieth D, Venkov CD, Xu C, Neilson EG (2005) Antibodies against
macrophages that overlap in specificity with fibroblasts. Kidney Int 67:
2488-2493.

Gottfried E, Kunz-Schughart LA, Weber A, Rehli M, Peuker A, et al. (2008)
Expression of CD68 in non-myeloid cell types. Scand J Immunol 67: 453-463.

5. Becker S, Warren MK, Haskill S (1987) Colony-stimulating factor-induced

monocyte survival and differentiation into macrophages in serum-free cultures.
J Immunol 139: 3703-3709.

Brugger W, Kreutz M, Andreesen R (1991) Macrophage colony-stimulating
factor is required for human monocyte survival and acts as a cofactor for their
terminal differentiation to macrophages in vitro. J Leukoc Biol 49: 483-488.
Hume DA, Ross IL, Himes SR, Sasmono RT, Wells CA, et al. (2002) The
mononuclear phagocyte system revisited. Journal Of Leukocyte Biology 72:
621-627.

Way KJ, Dinh H, Keene MR, White KE, Clanchy FI, et al. (2009) The
generation and properties of human macrophage populations from hemopoietic
stem cells. J Leukoc Biol 85: 766-778.

Salmon M, Scheel-Toellner D, Huissoon AP, Pilling D, Shamsadeen N, et al.
(1997) Inhibition of T cell apoptosis in the rheumatoid synovium. Journal Of
Clinical Investigation 99: 439-446.

Pilling D, Akbar AN, Girdlestone J, Orteu CH, Borthwick NJ, et al. (1999)
Interferon-p mediates stromal cell rescue of T cells from apoptosis. European
Journal Of Immunology 29: 1041-1050.

Olert J, Wiedorn KH, Goldmann T, Kuhl H, Mehraein Y, et al. (2001) HOPE
fixation: a novel fixing method and paraffin-embedding technique for human
soft tissues. Pathol Res Pract 197: 823-826.

Akbar AN, Borthwick NJ, Wickremasinghe RG, Panayiotidis P, Pilling D, et al.
(1996) Interleukin-2 receptor common gamma-chain signaling cytokines regulate
activated T cell apoptosis in response to growth factor withdrawal - selective
induction of anti-apoptotic (Bcl-2, Bel-xL) but not pro-apoptotic (Bax, Bcl-xS)
gene-expression. European Journal Of Immunology 26: 294-299.

Faint JM, Pilling D, Akbar AN, Kitas GD, Bacon PA, et al. (1999) Quantitative
flow cytometry for the analysis of T cell receptor Valpha chain expression.
Journal Of Immunological Methods 27: 53-60.

Terstappen LW, Hollander Z, Meiners H, Loken MR (1990) Quantitative
comparison of myeloid antigens on five lineages of mature peripheral blood cells.
J Leukoc Biol 48: 138-148.

. Rosseau S, Hammerl P, Maus U, Walmrath HD, Schutte H, et al. (2000)

Phenotypic characterization of alveolar monocyte recruitment in acute
respiratory distress syndrome. Am J Physiol Lung Cell Mol Physiol 279: L.25-35.
Flavell DJ, Jones DB, Wright DH (1987) Identification of tissue histiocytes on
paraffin sections by a new monoclonal antibody. J Histochem Cytochem 35:
1217-1226.

Zwadlo G, Brocker EB, von Bassewitz DB, Feige U, Sorg C (1985) A
monoclonal antibody to a differentiation antigen present on mature human
macrophages and absent from monocytes. J Immunol 134: 1487-1492.
Takeya M, Tsuchiya T, Shimokawa Y, Takahashi K (1991) A new monoclonal
antibody, PM-2K, specifically recognizes tissue macrophages but not blood
monocytes. The Journal of pathology 163: 315-321.

Bohlson SS, Silva R, Fonseca MI, Tenner AJ (2005) CD93 is rapidly shed from
the surface of human myeloid cells and the soluble form is detected in human
plasma. J Immunol 175: 1239-1247.

Grage-Griebenow E, Flad HD, Ernst M (2001) Heterogeneity of human
peripheral blood monocyte subsets. J.Leukoc.Biol 69: 11-20.

. Faust J, Lacey DL, Hunt P, Burgess TL, Scully S, et al. (1999) Osteoclast

markers accumulate on cells developing from human peripheral blood
mononuclear precursors. J Cell Biochem 72: 67-80.

Haudek SB, Trial J, Xia Y, Gupta D, Pilling D, et al. (2008) Fc Receptor
Engagement Mediates Differentiation of Cardiac Fibroblast Precursor Cells.
Proceedings of the National Academy of Sciences 105: 10179-10184.

Passlick B, Flieger D, Ziegler-Heitbrock HW (1989) Identification and
characterization of a novel monocyte subpopulation in human peripheral
blood. Blood 74: 2527-2534.

Schmidt M, Sun G, Stacey MA, Mori L, Mattoli S (2003) Identification of
Zirculating Fibrocytes as Precursors of Bronchial Myofibroblasts in Asthma. The

Journal of Immunology 171: 380-389.

. Zola HS, B. Nicholson, I. Voss, E (2007) Leukocyte and Stromal Cell Molecules:

The CD Markers: John Wiley & Sons.

Balciunaite G, Ceredig R, Massa S, Rolink AG (2005) A B220+ CD117+ CD19-
hematopoietic progenitor with potent lymphoid and myeloid developmental
potential. Eur J Immunol 35: 2019-2030.

October 2009 | Volume 4 | Issue 10 | e7475



78.

79.

80.

81.

Su Y, Bakker T, Harris J, Tsang C, Brown GD, et al. (2005) Glycosylation
Influences the Lectin Activities of the Macrophage Mannose Receptor. J Biol
Chem 280: 32811-32820.

Henderson NC, Mackinnon AC, Farnworth SL, Kipari T, Haslett C, et al.
(2008) Galectin-3 expression and secretion links macrophages to the promotion
of renal fibrosis. Am J Pathol 172: 288-298.

Firestein GS, Zvaifler NJ (1987) Down regulation of human monocyte
differentiation antigens by interferon gamma. Cell Immunol 104: 343-354.
Epstein AL, Samoszuk M, Stathopoulos E, Naeve GS, Clevenger CV, et al.
(1987) Immunohistochemical characterization of a 183 KD myeloid-specific-
DNA-binding protein in B5 fixed, paraffin-embedded tissues, and bone marrow
aspirates by monoclonal antibody BM-1. Blood 70: 1124-1130.

Olson MC, Scott EW, Hack AA, Su GH, Tenen DG, et al. (1995) PU. 1 is not
essential for early myeloid gene expression but is required for terminal myeloid
differentiation. Immunity 3: 703-714.

@ PLoS ONE | www.plosone.org

18

82.

83.

84.

86.

87.

Fibrocyte Markers

Mosser DM (2003) The many faces of macrophage activation. J.Leukoc.Biol 73:
209-212.

Gordon S, Taylor PR (2005) Monocyte and macrophage heterogeneity.
Nat.Rev.Immunol 5: 953-964.

Martinez FO, Sica A, Mantovani A, Locati M (2008) Macrophage activation
and polarization. Front Biosci 13: 453-461.

. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, et al. (2004) The

chemokine system in diverse forms of macrophage activation and polarization.
Trends Immunol 25: 677-686.

Zeng L, Takeya M, Ling X, Nagasaki A, Takahashi K (1996) Interspecies
reactivities of anti-human macrophage monoclonal antibodies to various animal
species. J Histochem Cytochem 44: 845-853.

Dewald O, Ren G, Duerr GD, Zoerlein M, Klemm C, et al. (2004) Of mice and
dogs: species-specific differences in the inflammatory response following
myocardial infarction. Am J Pathol 164: 665-677.

October 2009 | Volume 4 | Issue 10 | e7475



