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Gadolinium-based contrast agents are linked to nephrogenic systemic fibrosis in patients with renal
insufficiency. The pathology of nephrogenic systemic fibrosis is characterized by abnormal tissue
repair: fibrosis and ectopic ossification. The mechanisms by which gadolinium could induce fibrosis
and ossification are not known. We examined in vitro the effect of a gadolinium-based contrast
agent on human peripheral blood mononuclear cells for phenotype and function relevant to the
pathology of nephrogenic systemic fibrosis using immunofluorescence, flow cytometry, real-time
PCR, and osteogenic assays. We also examined tissues from patients with nephrogenic systemic
fibrosis, using IHC to identify the presence of cells with phenotype induced by gadolinium.
Gadolinium contrast induced differentiation of human peripheral blood mononuclear cells into
a unique cellular phenotypedCD163þ cells expressing proteins involved in fibrosis and bone
formation. These cells express fibroblast growth factor (FGF)23, osteoblast transcription factors
Runt-related transcription factor 2, and osterix, and show an osteogenic phenotype in in vitro
assays. We show in vivo the presence of CD163þ/procollagen-1þ/osteocalcinþ cells in the fibrotic
and calcified tissues of nephrogenic systemic fibrosis patients. Gadolinium contrasteinduced
CD163þ/ferroportinþ/FGF23þ cells with osteogenic potential may play a role in systemic fibrosis and
ectopic ossification in nephrogenic systemic fibrosis. (Am J Pathol 2013, 183: 796e807; http://
dx.doi.org/10.1016/j.ajpath.2013.06.008)
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Nephrogenic systemic fibrosis (NSF) is a debilitating
fibrosing illness observed in patients with advanced renal
insufficiency. Gadolinium-based contrast agent exposure
has been associated strongly with the development of
NSF.1,2 NSF is characterized by pathologic tissue repaird
fibrosis, angiogenesis,3,4 and ectopic ossification.5e8 The
cell population in NSF is phenotypically heterogeneous,9 and
the presence of osseous metaplasia is a strong histologic
predictor of NSF.10 We recently reported that gadolinium-
based contrast agents induce iron mobilization, that iron
accumulates in the tissues of NSF patients,2,11 and that NSF
is associated with calciphylaxis and increased cardiac and
vascular mortality.2,5,11 CD163 and ferroportin are markers
of alternatively activated macrophages. CD163 serves as an
endocytic receptor for heme and ferroportin is the only
known iron exporter in the body. Osteocalcin and osteo-
pontin are bone matrix proteins expressed by cells of osteo-
blast lineage, and expression of these markers by circulating
stigative Pathology.

.

cells correlates with their osteogenic and mineralizing
function.12,13 The molecular and cellular mechanisms by
which gadolinium-based contrast agents trigger pathologic
fibrosis, ossification, and iron accumulation in NSF are
currently unknown. In this article, we report novel obser-
vations that a gadolinium-based contrast agent (Omniscan;
GE Healthcare, Inc., Cleveland, OH) induces CD163þ/
ferroportinþ cells with osteogenic potential in vitro and we
identify the presence of CD163þ/ferroportinþ/procollagen-
1þ/osteocalcinþ cells in the tissues of NSF patients.
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Osteogenic Cells in NSF
Materials and Methods

For in vitro experiments, human peripheral blood mono-
nuclear cells (PBMCs) were obtained from Astarte Biologics
(Redmond, WA). Omniscan (gadoliniumediethylenetriamine
penta-acetic acid bismethylamide plus excess calciume
diethylenetriamine penta-acetic acid bismethylamide) was used
as the gadolinium contrast agent because it is known to be
associated with most cases of NSF.14
Culture and Treatment of PBMCs

The viability of PBMCs was checked by a trypan blue dye
exclusion test. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (ATCC, Manassas, VA), con-
taining 10% heat-inactivated serum (ATCC), penicillin,
streptomycin, L-glutamine (complete medium), and treated
with various doses (0.1, 0.5, and 2.5 mmol/L) of Omniscan
for 5 to 10 days. Omniscan (0.1, 0.5, and 2.5 mmol/L)
compared with controls induced significant cell death under
serum-free conditions at 24 hours; thus, our culture condi-
tions included the addition of 10% serum. We chose these
Omniscan doses based on dose-titration experiments and
a cytotoxicity assay. Omniscan induced its effects on cell
differentiation between 5 and 10 days, with the most signif-
icant effect observed at 8 days. Therefore, we maintained all
our culture experiments for 8 days. Our controls included
cells grown with culture medium alone, without Omniscan,
and cells grown with 0.1 mmol and 0.5 mmol Omnipaque (an
iodinated contrast not associated with NSF but with osmo-
lality comparable with Omniscan). At the end of the experi-
ments, cells were washed with 1� PBS and used for the
following studies. Each study was repeated at least six times
using PBMCs obtained from different donors. Donors were
healthy males 40 to 55 years of age with diverse racial
backgrounds (African American, Hispanic, and white).
Cell Viability and Cytotoxicity Assays

PBMCs were plated and treated in 96-well plates. Various
concentrations of Omniscan were added, and the viability of
adherent cells was measured at 8 days using a cell-counting
kit (CCK-8 colorimetric assay) from Dojindo Molecular
Technologies (Gaithersburg, MD). Because the absorbance
at 460 nm is proportional to the number of viable cells in the
medium, the viable cell number was determined using the
absorbance value of a previously prepared calibration curve.
The cytotoxic effect of Omniscan was evaluated by
measuring the percentage of lactate dehydrogenase released
by human PBMCs, which were seeded in 96-well micro-
plates with Roswell Park Memorial Institute (RPMI-1640)
medium containing 10% fetal bovine serum. Adherent cells
were lysed. Supernatant media were collected from these
cultures and analyzed for lactate dehydrogenase concentra-
tion using the Cytoscan Lactate Dehydrogenase
The American Journal of Pathology - ajp.amjpathol.org
Cytotoxicity Assay kit from G-Biosciences (St. Louis, MO).
Cell proliferation was assessed using DAPI and Ki-67
staining.

Immunofluorescence

Total PBMCs were seeded in fibronectin-coated, 4-well BD
Biocoat chamber slides (Fisher Scientific, Pittsburgh, PA) at
a density of 1000� 103 cells/chamber in Dulbecco’s modified
Eagle’s medium containing 10% heat-inactivated serum and
treated with various doses of Omniscan for 8 days. Immuno-
fluorescence studies were performed to examine the expres-
sion of CD163, CD34, CD206, heme oxygenase-1, H-ferritin,
von Willebrand factor (CD31, Ulex lectin; Sigma-Aldrich,
St. Louis, MO), acetylated low-density lipoprotein, osteo-
calcin, osteopontin, and procollagen-1 (all from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), and ferroportin and
fibroblast growth factor (FGF)23 (Abcam, Cambridge, MA).
After treatment, cells were washed with 1� PBS and fixed
with 4% neutral buffer formaldehyde for 15 minutes at room
temperature. Slides were washed with 1� PBS three times for
5 minutes each and rinsed with 100% alcohol. Nonspecific
sites were blocked by incubating the cells in 0.1% Triton X-
100 (Sigma-Aldrich) and 5% goat serum for 30 minutes at
room temperature, and slides then were washed three times
with 1� PBS for 5 minutes each. Cells were incubated with 2
to 10 mg/mL primary antibodies (described previously) and
diluted in 1%bovine serum albumin and 1� PBS at 37�C for 1
hour. Cells werewashed five timeswith 1� PBS for 5minutes
each. Fluorescein isothiocyanate (FITC) or Texas red conju-
gated (Santa Cruz Biotechnology, Inc.) AlexaFluor 488 and
546 anti-goat and mouse IgG (Life Technologies, Grand
Island,NY) secondary antibodies (2 to 10mg/mL)were diluted
with 5% goat serum in 1� PBS and added to the cells and
incubated at 37�C for 1 hour. Cells were incubated with
isotype-matchednonspecific antibodies for control. Cellswere
washed five times with 1� PBS for 5 minutes each and
mounted with Vectashield Mounting Media (Vector Labora-
tories, Burlingame, CA) containing DAPI for counterstaining
the nuclei. Slides were observed under a fluorescence micro-
scope (Olympus America, Melville, NY).

Western Blot Analysis

SDS-PAGE was performed in 4% to 12% Bis-Tris NuPAGE
separating gel (Life Technologies). Equal amounts of protein
were loaded into each lane, and the fractionated protein was
electroblotted onto nitrocellulose membranes at 30 V for 1
hour at room temperature. Membranes were blocked in casein
blocker (Pierce Biotechnology, Rockford, IL) for 1 hour at
room temperature and then probed with primary antibodies
(anti-CD163, anti-CD206, anti-osteocalcin, anti-osteopontin,
antieprocollagen-1, anti-ferroportin, antieH-ferritin, antie
heme oxygenase-1 (all from Santa Cruz Biotechnology,
Inc.), antieTie-2 (R&D Systems, Inc., Minneapolis, MN),
and anti-CD31, anti-CD131, and anti-FGF23 (Abcam)
797
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(diluted to 1:1000 in casein blocker), and incubated overnight
at 4�C using gentle shaking. Membranes were washed five
times (5 minutes each) with Tris-buffered saline with the
detergent Tween-20 [TBST; 20 mmol/L Tris,HCl (pH 7.6),
137 mmol/L NaCl, and 0.2% (vol/vol) Tween 20], and
incubated with horseradish-peroxidaseecoupled anti-IgG
(secondary antibody, dilution 1:2000) for 1 hour at room
temperature. Enhanced chemiluminescence (ECLþ; Amer-
sham Biosciences, Piscataway, NJ) and fluorescence detec-
tion steps were followed for visualization of the bands. Bands
were quantified using a ChemiImager 5500 (a Innotech,
Corp., San Leandro, CA).

Flow Cytometry

After culture of PBMCs and treatment with gadolinium
contrast for the required time period as described earlier, cells
were analyzed for expression of various markers by flow
cytometry. In brief, cells were harvested either by incubating
with trypsin EDTA solution for 5 minutes or by gentle
scratching with a cell scraper after 30 minutes of incubation
on ice and washed with cold 1� PBS. After blocking Fc-
receptors with 1 mg/mL human IgG (Sigma-Aldrich) for 20
minutes, samples were centrifuged at 200 � g for 5 minutes.
798
Cells were washed with cold 1� cold PBS. Cell samples (0.5
� 106 to 1 � 106 cells) were incubated on ice with sample
blocking buffer (10% mouse/goat serumþ 1% bovine serum
albumin) to block nonspecific sites. After 20 minutes of
incubation, samples were centrifuged at 200 � g for 5
minutes. Cells were stained with either unconjugated or
phycoerythrin/FITC- or allophycocynin-conjugated mouse
or goat antibodies for CD163 (eBiosciences, Inc., San Diego,
CA), ferroportin, CD31, CD34, von Willebrand factor, heme
oxygenase-1, Tie-2 (R&D Systems, Inc.), procollagen-1,
osteocalcin (R&D Systems, Inc.), osteopontin, FGF23
(Santa Cruz Biotechnology, Inc.), and CD206 (Santa Cruz
Biotechnology, Inc.), 0.25 mg in 100 mL total volume of cell-
staining buffer (eBiosciences, Inc.), and incubated for 45
minutes on ice in the dark. Cell samples were washed two
times in 2 mL of staining buffer at 200 � g for 5 minutes in
cold buffer. For unconjugated antibody (CD206, procollagen-
1, and FGF23), after washings, cells were incubated with
FITC-conjugated goat anti-mouse IgG (Santa Cruz Biotech-
nology, Inc.) or FITC-conjugated donkey anti-goat IgG for 45
minutes on ice in the dark. For intracellular staining, cells
were fixed in cold 4% paraformaldehyde and permeabilized in
cell permeabilization buffer (Santa Cruz Biotechnology, Inc.).
For control, cells were incubated with the same amount of
Figure 1 Omniscan induces differentiation of
PBMCs into adherent cells in vitro. Human PBMCs
were cultured with and without 0.5 mmol gadoli-
nium contrast (Omniscan) for 8 days. A: Effect
of Omniscan on cell differentiation. Omniscan
induced in vitro differentiation of human PBMCs
into adherent spindled cells by day 8, compared
with PBMCs cultured without Omniscan (control;
0.5-mmol Omnipaque). In addition to being spin-
dled, Omniscan-treated cells were also plump in
appearance and some cells were fused together
(lower panel). Original magnification, �40. Scale
bar Z 100 mm. B: Effect of Omniscan on cell
proliferation. DAPI staining showed an increased
number of nuclei in Omniscan-treated cells
compared with controls. No nuclear division was
present. Ki-67/proliferating cell nuclear antigen
(PCNA) (red) staining showed only the background
stain, indicating a lack of cell proliferation. C:
Effect of Omniscan on cell cytotoxicity. Adherent
cells were lysed; supernatant media were collected
from these cultures and analyzed for released
lactate dehydrogenase (LDH). The data show no
significant cytotoxicity at 0.1-mmol and 0.5-mmol
concentrations of Omniscan. *P < 0.05 from
control. D: Effect of Omniscan on cell viability.
PBMCs were plated and treated in 96-well plates
and incubated for 8 days with various concentra-
tions of Omniscan. Viability of the adherent cells
was measured on the eighth day. Data points
represent means � SD of six separate studies.
*P < 0.05 compared with control.
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Figure 2 Omniscan-induced cells express
procollagen-1, macrophage markers, iron metabolism
proteins, and proangiogenic markers as shown by
immunofluorescence. A: Omniscan-induced, human
PBMCederived adherent cells expressed macrophage
marker-CD163 (red) as shown by immunofluores-
cence. Omniscan-induced cells significantly expressed
CD163 (red) and procollagen-1 (green) compared
with control cells (double-positive for CD163 and
procollagen-1, yellow). The majority of procollagen-
1eexpressing cells (red) did not express CD34
(green). CD34 was expressed only weakly, and by
a small number of CD163þ cells (CD34-red and
CD163-green). B: Omniscan-induced cells express
the iron metabolism proteins H-ferritin (green, top
panel; red, middle panel), hemeoxygenase-1
(HO-1) (red), and ferroportin (green). C: Compared
with control cells, Omniscan-induced cells signifi-
cantly express the endothelial/pro-angiogenic
markers acetylated low-density lipoprotein (AcLDL)
(green), Ulex-lectin (red), Tie-2 (red), and von Wil-
lebrand factor (VWF) (green). Scale bars: 100mm. For
all immunostaining, appropriate controls included
secondary antibody alone and isotype controls (data
not shown).

Osteogenic Cells in NSF
phycoerythrin, FITC, or allophycocynin-labeled IgG isotype
control (eBiosciences, Inc./R&D Systems or Santa Cruz
Biotechnology, Inc.). Each sample was resuspended in 0.3
mL 1� PBS and analyzed on a FACSCalibur flow cytometer
(Becton, Dickinson and Co., Franklin Lakes, NJ). At least
10,000 cells were analyzed per staining. Data were analyzed
using CellQuest software (Becton, Dickinson and Co.).
Viable cells were identified by gating on forward and side
scatters. Data are shown as a logarithmic histogram or dot-
plots and expressed as mean fluorescence intensity, ob-
tained from the statistical analysis of the fluorescence height
and mean value of the x axis displayed by the software. Data
were obtained from flow cytometry analyses from six inde-
pendent experiments.

Quantitative Real-Time PCR

Human PBMCs were cultured with different doses of
Omniscan (0.1 and 0.5 mmol). Transcript levels were
measured by a two-step, RT-PCR method. Total RNA was
extracted from the control and gadolinium contrastetreated
adherent cells by RNAqueous-4PCR kit (Ambion, Inc.,
Austin, TX). DNA synthesis was performed using a Verso
cDNA Synthesis kit from Dharmacon RNAi Technology
The American Journal of Pathology - ajp.amjpathol.org
(Thermo Scientific, Pittsburgh, PA). Amplification reaction
was performed with a Dharmacon (Thermo Scientific)
Solaris real-time quantitative PCR master mix, using 1 mL of
cDNA and 1.25 mL of a gene-specific Solaris primers/probe
set (CD163, procollagen-1, osteocalcin, Runt-related tran-
scription factor 2). The differential mRNA levels between
control and experimental groups were evaluated by the 2DDCt

comparative method where DCt is the difference between the
threshold cycle for target and S3 ribosomal protein or glyc-
eraldehyde-3-phosphate dehydrogenase (DCT Z Ctx-CtR),
and DDCt corresponds to the differences of DCt between
experimental and control samples (DDCt Z DCte-DCtc).

In Vitro Mineralization Assays

Cultures were seeded in fibronectin-coated chamber slides
with 150� 103 PBMCs or in 6-well culture plates at 5 � 106

cells per well in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 2 mmol/L
L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin,
and 0.25 mg/mL amphotericin B, and treated with 0.5 mmol/L
Omniscan for 8 days. Media were changed to the complete
differentiation medium containing low-glucose DMEM with
15%osteogenic stimulatory supplements, further supplemented
799
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Figure 3 Omniscan-induced cells have an osteogenic phenotype. A: Osteoblast-lineage marker expression by PBMCs treated with 0.5 mmol/L Omniscan using
immunofluorescence. Omniscan-induced, human PBMC-derived adherent cells express the macrophage markers CD163 (red) and CD206 (green) as shown by
immunofluorescence. Omniscan-induced cells significantly expressed osteopontin (red), osteocalcin (red), procollagen-1 (green), and were double-positive for
osteocalcin and procollagen-1 (yellow) compared with control cells. The majority of Omniscan-induced cells expressed FGF23 (green). Scale bars: 100 mm. B: Protein
expression by Omniscan-induced cells. Western blot analysis of human PBMCs treated (T) with 0.5 mmol/L Omniscan or untreated (C) were performed using total cell
lysates from adherent cells, as described in Materials and Methods. Detection for CD163, CD206, H-ferritin, ferroportin, procollagen-1, osteocalcin (OCN), osteo-
pontin, and FGF23 expression was performed by immunoblotting. The representative blots in the figure show increased expression of these markers by Omniscan-
induced cells compared with controls. The same blots were stripped and reprobed with b-actin antibody. C: Graphic representation of densitometric scans of Western
blots. Data presented were derived from six separate experiments (donors) with or without 0.5 mmol/L Omniscan treatment, and means� SEM of band intensities in
fold induction above control of representative proteins were plotted. On the plot, 1 on the x axis represents the controls. *P < 0.05, **P < 0.01 compared with
controls. D: Quantitative gene expression by Omniscan-induced cells. cDNA was synthesized from RNA isolated from Omniscan-induced adherent cells. Solaris
quantitative real-time PCR gene expression reagents (Dharmacon) were used to detect CD163, procollagen-1, ferroportin, hepcidin, Runt-related transcription factor
2 (Runx2), Osterix (OSX, SP7), and reference genes. cDNA and relative gene expression was calculated from quantification cycle (Cq) values using a delta deltaCq. The
figure shows increased gene expression of CD163, ferroportin, procollagen-1, osteocalcin, and osteoblast transcription factors (Runx-2 and OSX) by Omniscan-
induced cells compared with controls. *P < 0.05, **P < 0.01, and ****P < 0.0001, for Omniscan-treated cells compared with controls.
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with a 3.5 mmol/L concentration of b-glycerophosphate, 10�8

mol/L dexamethasone, and 50 mg/mL ascorbic acid (Stemcell
Technologies, Vancouver, BC, Canada). Cultures were re-
plenished every 3 to 4 days with complete differentiation
800
medium for up to 5 weeks. After 3 and 5 weeks in the differ-
entiation medium, adherent cells were washed twice with 1�
PBS and fixed with 4% formaldehyde for 30 minutes, washed
two times with distilled water, and stained with 2% alizarin red
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Omniscan-induced cells expressmacrophagemarkers, procollagen-1, andproangiogenicmarkers as shownbyflow cytometry analysis. PBMCswere cultured
and treated with Omniscan and adherent cells were stained with monoclonal antibodies and then analyzed by flow cytometry. A: Histograms show the fluorescence
intensity of isotype control antibody (black line) compared with untreated (red line or green line) and Omniscan-treated (blue line) cells. The data are presented as
means � SEM (n Z 6 separate donors). B: Representative dot plots show increased CD163, CD34, and CD206 expression by Omniscan-induced cells compared with
controls. C: A graph shows the cumulative data derived from the six donors and shows the percentage of positive cells present on untreated and Omniscan-induced cells
The data are presented as means� SEM. *P < 0.05, **P < 001, and ****P< 0.0001 as compared with controls.
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and von Kossa stain (Sigma-Aldrich) to detect any calcified
nodules. After staining, cells were washed three times with
distilled water. Cells were visualized under a light microscope
and imageswere captured for qualitativeor quantitative analysis.

Immunohistochemistry

Ten archived, formalin-fixed, paraffin-embedded skin biopsy
specimens diagnosed with NSF were retrieved from the
University of Arkansas forMedical Sciences dermatopathology
database. We retrieved existing autopsy tissues of patients who
died without end-stage kidney disease and NSF to obtain skin,
coronary artery, and heart controls. Immunohistochemical
stainingwasperformedonnewly cut sections forCD34,CD206,
CD163, ferroportin, procollagen-1, and osteocalcin. Some
sections were double-labeled for CD34/procollagen-1, CD34/
CD163,CD163/procollagen-1, andCD206/procollagen-1 using
the Envision Gj2 Doublestain System (Dako North America,
Inc., Carpinteria, CA). Antigen retrieval was performed and the
endogenous background activities were blocked.

Approval from the institutional review boards of the
University of Arkansas for Medical Sciences and Central
Arkansas Veterans Health Care System (Little Rock, AR)
were obtained to conduct this study. All clinical investigations
were conducted according to Declaration of Helsinki princi-
ples. Statistical analyses of the data obtained were performed
using SigmaStat from Jandel Scientific (San Rafael, CA).
Analysis of the data was performed using an unpaired two-
tailed Student’s t-test. Values are expressed as the arithmetic
mean� 1 SEM. Differences in means with a P value less than
0.05 were considered statistically significant.

Results

Omniscan-Induced Cells are Collagen-Secreting CD163/
Ferroportinþ/Osteocalcinþ/FGF23þ Cells

Omniscan (gadodiamide) treatment was not cytotoxic at the
concentrations (0.1 or 0.5 mmol) used for the study as
The American Journal of Pathology - ajp.amjpathol.org
shown by a lactate dehydrogenase release assay. However,
Omniscan (0.1, 0.5, and 2.5 mmol) induced a dose-
dependent differentiation of human PBMCs into signifi-
cantly more adherent cells than controls as shown by the
increased absorbance with CCK-8 assays (Figure 1, C and
D). With light microscopy, at 8 days of culture, the number
of adherent cells was increased significantly in PBMCs
cultured with 0.1 mmol/L (data not shown) and 0.5 mmol/L
Omniscan (these concentrations are comparable with serum
levels achieved in patients with advanced renal insufficiency
exposed to gadolinium contrast2 than in controls). The
morphology of adherent cells varied from spindle to polyg-
onal shape and in some areas they appeared to be in small
clusters, suggesting a fusogenic phenotype (Figure 1A).15

The effect of the iodinated contrast Omnipaque (iohexol)
(GE Healthcare, Inc.) on differentiation of PBMCs into
adherent cells was similar to controls (Figure 1A). DAPI and
Ki-67 staining did not reveal an increase in nuclear division
of the Omniscan-treated cells, suggesting that the increase in
cell numbers is due to increased cell survival rather than
proliferation (Figure 1B).

Omniscan-induced PBMC-derived adherent cells signifi-
cantly expressed hematopoietic/macrophage markers CD163
and CD206 and the mesenchymal marker procollagen-1
(Figures 2A and 3A). Omnipaque did not induce expression
of these markers on adherent cells (data not shown). Dual
immunofluorescence showed that many Omniscan-induced
CD163þ cells were CD34-negative (Figure 2A). Omniscan-
induced CD163þ cells expressed iron metabolism proteins
(H-ferritin, hemeoxygenase-1, and ferroportin) (Figure 2B),
angiogenic markers (acetylated low-density lipoprotein, Ulex
lectin, Tie-2, and von Willebrand factor) (Figure 2C), and
osteoblast-lineage markers (osteocalcin, osteopontin, and
FGF23) (Figure 3A). Immunofluorescence data were verified
with Western blot, which confirmed increased expression
of CD163, CD206, ferroportin, H-ferritin, procollagen-1,
osteocalcin, osteopontin, and FGF23 by Omniscan-induced
cells (Figure 3, B and C). Flow cytometry further confirmed
801
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Figure 5 Omniscan-induced cells form mineralized nodules in vitro. PBMCs (150 � 103) were plated in fibronectin-coated chamber slides or in 6-well
culture plates at 5 � 106 cells per well in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 2 mmol/L L-glutamine,
100 U/mL penicillin, 100 mg/mL streptomycin, and 0.25 mg/mL amphotericin B, and treated with a 0.5-mmol/L concentration of Omniscan for 8 days. On day 9
the medium was removed from the wells and replaced with osteogenic differentiation medium with supplements, as mentioned in Materials and Methods.
Panels show representative light microscopic images. PBMCs on day zero (A) and after 8 days of Omniscan treatment (B). CeE: Omniscan-treated cells in
osteogenic differentiation medium for different days as indicated. Calcium deposition and mineralized nodules as detected by alizarin red (F) and with von
Kossa staining (G) after 7, 16, and 21 days, and 5 weeks in osteogenic medium. H: A high-power view showing significantly increased calcium deposition and
mineralized nodule formation (alizarin red staining) by Omniscan-induced cells compared with controls. I: A high-power view showing significantly increased
calcium deposition and mineralized nodule formation (brownish black by von Kossa staining) by Omniscan-induced cells compared with controls.

Swaminathan et al
that Omniscan-induced CD163þ cells express CD34,
CD206, procollagen-1, CD31, CD131, erythropoietin
receptor, and Tie-2 (Figure 4).

Omniscan-Induced CD163D Cells Express Osteoblast
Transcription Factors and Have an Osteogenic
Phenotype in Vitro

Quantitative real-time PCR confirmed the phenotype of
Omniscan-induced adherent cells because they expressed
significantly more mRNA message for osteoblast tran-
scription factors (osterix and runt-related transcription factor
2), as well as for FGF23, procollagen-1, CD163, and fer-
roportin, than control cells (Figure 3D). Confirming the
functional significance of this finding, Omniscan-induced
802
adherent cells were able to cluster with calcium-phosphate
deposition and formed significantly more mineralized
nodules under osteogenic conditions as detected by alizarin
red and von Kossa staining (Figure 5).

Collagen-Secreting CD163þ Osteocalcinþ Cells
Accumulate in Tissues of NSF Patients

To lend support for the pathophysiologic relevance of our
in vitro findings and to identify cells with an Omniscan-
induced phenotype, tissue biopsy specimens or autopsy
tissues of 10 NSF patients were examined and analyzed by
immunohistochemistry staining. For the control, biopsy
specimens from the end-stage renal disease patients without
NSF were used. The images to represent specific findings are
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 CD163þ, CD34, and procollagenþ cells accumulate in the skin
of NSF patients. A: Only a small number of CD163þ cells (brown) were
present in the skin of end-stage renal disease (ESRD) patients with no NSF
control. B: CD34 staining of ESRD patient (control) skin, showing no
staining for CD34-positive cells. C: Extensive infiltration of spindled
CD163þ macrophages (brown) in the lesional dermis of a patient with NSF.
D: A CD163þ spindled macrophage (brown) in close juxtaposition with
a CD34þ fibrocyte (red) in the dermis of a patient with NSF. In this biopsy
specimen, one of the cells was also double positive for CD163 (brown) and
CD34 (red). E: High-power view showing procollagen-1 (brown) and CD163
(brown) double-positive cells in the dermis of a NSF patient. F: A vessel-like
(V) structure in the dermis of a NSF patient lined by CD163 (brown) and
procollagen-1 (red) double-positive cells. Original magnification, �100
(A and C); �200 (B); �400 (F); �600 (D and E).

Figure 7 Ferroportinþ, osteocalcinþ, and CD31þ cell expression in the
skin of NSF patients. Extensive infiltration of cells expressing ferroportin
(brown) in the lesional dermis and adipose tissueof a patientwithNSF. C andD:
Osteocalcin expression (brown) by infiltrating cells in the dermis of NSF
patients. E: CD31 (red) expression by the infiltrating cells in the dermis of a NSF
patient. Original magnification, �100 (A and C); �200 (B and D);�400 (E).
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shown inFigures 6, 7, and8.As shown in Figure 6, skin biopsy
specimens of patients without NSF have very few CD163þ

cells (Figure 6A) or no CD34þ cells (Figure 6B), whereas in
the skin biopsy specimens from NSF patients, numerous
dermal and subcutaneous CD163þ cells (Figure 6C) and
CD34þ cells (Figure 6D) co-expressing CD163þ were
present, and a juxtaposition between CD163þ cells and
CD34þ fibrocytes (Figure 6D) was observed. These CD163þ

cells were largely spindle-shaped (similar to the morphology
observed in vitro). By using double immunostaining, we
showed that CD163þ cells were positive for procollagen-1,
confirming their collagen-secreting phenotype observed
in vitro (Figure 6E). In the dermis of some NSF biopsy
specimens, vessel-like structures lined by CD163þ and pro-
collagen-1epositive cells were present (Figure 6F). CD163þ

cells expressed the iron-export protein ferroportin (Figure 7, A
and B). Many of these cells also expressed CD206 (data not
shown) and were osteocalcin-positive (Figure 7, C and D).
NSF patient biopsy specimens also showed the presence of
The American Journal of Pathology - ajp.amjpathol.org
infiltrating CD31þ cells in the dermis (Figure 7E). Our
immunohistochemistry results showed that in the NSF
patients, CD163þ cells were present not only in the skin but
also in other tissues. Figure 8 shows significantly more
CD163þ cells in the intima, media, and perivascular tissues of
coronary arteries fromNSFpatients (Figure 8, B andC) than in
the coronary artery of an end-stage renal disease patient who
did not have NSF (Figure 8A). The same vessel from the
NSF patient also showed significant intimal and medial
accumulation of osteocalcin (Figure 8C). In a deceased
patient with NSF, we observed extensive collagen-secreting
CD163þ cell infiltration in the myocardium (Figure 8, D and
E). We previously reported the gadolinium (344.4 mg/g and
48.9 mg/g) and iron content (207 mg/g and 354 mg/g) in this
patient’s aorta and myocardium, respectively.11 Figure 8F
shows co-expression of CD163þ and procollagenþ cells in
the lining of a vessel of the periaortic adventitia of an NSF
patient. Significantly fewer CD163þ cells were observed in
the myocardium of patients who died without having NSF
(Figure 8, G and H).

Discussion

In this article, we present the novel observation that
Omniscan induces the development of CD163þ/ferroportinþ
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Figure 8 CD163þ, procollagenþ, and osteocalcinþ cells accumulate in
other tissues of NSF patients. A: Paucity of CD163þ cells (brown) in the
coronary artery of an end-stage renal disease patient without NSF. B:
Significant CD163þ cells (brown) are present in the coronary artery of this
patient who died with NSF. C: The presence of CD163 (brown) and
procollagen-1 (red) double-positive cells in the aortic media and adventitia
of a patient who died with NSF.The aorta showed significant intimal and
medial calcification. D: Myocardium of a patient who died with NSF shows
increased CD163þ cells (brown). E: A high-power view confirming increased
CD163þ cells (brown) in the myocardium of a patient with NSF. F: A lining
of a vessel (V) in the periaortic adventitia of a NSF patient lined by CD163
(brown) and procollagen-1 (red) double-positive cells. Note red blood cells
in the lumen of the vessel shown. Small numbers of scattered CD163þ cells
(brown) in the myocardium of patients with end-stage renal disease (G)
and end-stage renal disease patients with head and neck cancer (H).
Original magnification: �40 (A, B, D, G, and H); �200 (C and E); �600 (F).
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cells from human PBMCs in vitro. These cells express
osteogenic markers (runt-related transcription factor 2,
osteocalcin, procollagen-1, and FGF23) and angiogenic
markers (acetylated low-density lipoprotein, Ulex lectin, Tie-
2, CD31, erythropoietin receptor, and vonWillebrand factor)
and form mineralized nodules under osteogenic conditions
in vitro. The pathophysiologic relevance of these in vitro
findings is supported by our demonstration of infiltration of
collagen-secreting CD163þ/ferroportinþ/osteocalcinþ cells
in the dermis, subcutaneous adipose tissue, vessel wall,
perivascular adventitia, and myocardium of multiple NSF
patients, and showing that collagen-secreting CD163þ cells
line vessels in NSF patient biopsy specimens.

NSF is characterized by systemic fibrosis and heterotopic
ossification in the dermis and other tissues such as of the
heart6e8,16e18 and joints.8 The cellular mechanisms by
804
which gadolinium could induce systemic fibrosis and ossi-
fication are unknown. Circulating Tie-2þ monocyte-derived
cells previously have been implicated in heterotopic skel-
etogenesis/ossification of fibrodysplasia ossificans progres-
sive19,20 and in bone formation related to fractured
healing.21 Our findings showing expression of osteoblast
transcription factors and bone matrix proteins in collagen-
secreting Tie-2þ/CD163þ cells in vitro, and the ability of
these cells to form mineralized nodules in vitro, suggests an
important role of Omniscan-induced cells in heterotopic
ossification seen in NSF. This is supported by our demon-
stration of increased osteogenic cells in NSF patient biopsy
specimens. Of importance, we have observed FGF23
expression by osteogenic cells in NSF. This is a novel
observation and our findings suggest a potential contribution
from tissue osteogenic cells to FGF23 in NSF.22 FGF23
levels are associated with increased mortality, and FGF23
recently was shown to induce left ventricular hyper-
trophy.23,24 High calcium and phosphorus levels have been
implicated as risk factors in NSF. It is possible that high
endogenous calcium x phosphate product in uremic patients
might facilitate the development of osteogenic cells and thus
contribute to the pathogenesis of NSF. Our ongoing studies
with end-stage kidney disease patients also might clarify
some of these mechanisms. It is of interest that sodium
thiosulfate, a mineralization inhibitor,25 has been shown to
improve NSF.26

Circulating fibrocytes have been suggested to be involved
in NSF pathogenesis.27e29 In a recent study, the addition of
Omniscan reduced the ability of the fibrocyte differentiation
inhibitor serum amyloid P to decrease fibrocyte differentia-
tion.28 The collagen-secreting CD163þ osteogenic cells
induced by Omniscan may represent unique cells that express
hematopoietic, mesenchymal, and endothelial markers
simultaneously and with similarities to hemosteoblasts,30,31

monocyte-derived mesenchymal progenitor cells,32 early
endothelial progenitor cells,30,31 and fibrocytes.33e35 Unique
features of the Omniscan-induced osteogenic cells include
expression of endothelial markers (such as von Willebrand
factor), iron metabolism proteins, and erythropoietin recep-
tors, which are not known to be expressed by fibrocytes.32,36

The experimental conditions used in our study may be
important in optimally identifying the unique effects of
Omniscan on PBMCs. We chose in vitro concentrations of
gadolinium in our experiments based on previous observa-
tions of in vivo concentrations of gadolinium present in end-
stage kidney disease patients who received Omniscan. As
noted by Joffe et al,37 elimination t1/2 of administered
gadolinium is prolonged to 34 hours in hemodialysis patients
and only 66% of the administered gadolinium contrast is
eliminated by 21 days in peritoneal dialysis patients. After
a 0.1-mmol/kg intravenous dose, serum concentrations of
gadolinium were 500 mmol/L in the first few hours to 200 to
250 mmol/L at 24 to 48 hours after injection. In peritoneal
dialysis patients, serum gadolinium levels followed a similar
trend.
ajp.amjpathol.org - The American Journal of Pathology
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We have previously demonstrated that gadolinium
contrast induces iron mobilization in patients who develop
NSF.2 Further, we have demonstrated that iron accumulates
in the tissues of NSF patients.11 Iron is important in the
function of prolyl-4-hydroxylase and collagen synthesis and
has been implicated in fibrosing disorders.38,39 Iron is
known to increase FGF23 levels.40,41 The source of iron in
NSF remains unknown. The CD163 pathway is important in
iron metabolism and iron is exported out of the cell by
ferroportin.42 Our finding demonstrates that the induction of
CD163 and ferroportin-expressing cells by gadolinium
contrast and significant infiltration of CD163þ ferroportinþ

cells in NSF suggests a role for these cells in the iron
mobilization and accumulation observed in NSF.

Perivascular and myocardial infiltration of collagen-
secreting CD163þ cells in NSF is potentially important in
NSF outcome. Perivascular tissue may be exposed to some
of the highest concentrations of gadolinium chelate admin-
istered through intravascular routes. Thus, perivascular cells
(known to express CD163)43 and tissues may bear the
maximum consequences of gadolinium chelate and, conse-
quently, result in the preferential infiltration of CD163þ

cells in perivascular tissues. This is supported by recent
observations that gadolinium and iron accumulate in large
vessels11 and perivascular tissues in NSF,44 the finding of
perivascular infiltrates45 and perivascular fibrosis46 in NSF
tissues, and by our previous observation that gadolinium
accumulates in human calcific uremic arteriolopathy5 and
our current observation showing vascular, perivascular, and
myocardial accumulation of collagen-secreting CD163þ

cells. Collectively, these findings could explain the cardiac
fibrosis, vascular calcification, and increased cardiac events
such as arrhythmias and death seen in NSF.11

Although our experiments provide a novel mechanism of
Omniscan toxicity, future studies will be required to investi-
gate if the intact gadolinium chelate itself (gadoliniume
diethylenetriamine penta-acetic acid bismethylamide plus
excess calciumediethylenetriamine penta-acetic acid bis-
methylamide) or the gadolinium ion dissociated from the
chelate induces the osteogenic cells. Gadolinium is known to
activate metabotropic glutamate receptors and glutamate
signaling regulates osteoblastic function.47 Also, the mecha-
nisms of persistence of the clinical phenotype of NSF years
after gadolinium contrast exposure would indicate the
potential role of uremia-associated factors (such as hyper-
phosphatemia) or its therapies in sustaining the osteogenic
cells, and would merit further investigation.48 Expression of
erythropoietin receptors by Omniscan-induced cells is
particularly intriguing because erythropoietin has been sus-
pected to be a co-factor in NSF49e51 and is known to up-
regulate ferroportin expression,52 stimulate endothelial
progenitor cell proliferation,53 and induce osteogenesis.54

We present a novel mechanism of gadolinium toxicity
potentially mediated through collagen-secreting CD163þ

ferroportinþ cells with an osteogenic potential. The findings
from our study could explain the cellular basis of major
The American Journal of Pathology - ajp.amjpathol.org
observations seen in NSF, namely systemic fibrosis,
heterotopic ossification, iron accumulation, and increased
cardiovascular mortality. Future studies are required to
further examine the role of these cells in NSF and other
systemic fibrosing and calcifying conditions.
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