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Abstract
Gadolinium-containing magnetic resonance imaging contrast agents such as Omniscan are
associated with Nephrogenic Systemic Fibrosis (NSF). To determine if Omniscan can affect the
differentiation of monocytes into fibroblast-like cells called fibrocytes that are found in the fibrotic
lesions of NSF, peripheral blood mononuclear cells (PBMCs) from NSF patients, hemodialysis
patients without NSF, and healthy, renally sufficient controls were exposed to Omniscan in a
standardized in vitro fibrocyte differentiation protocol. When added to PBMCs, the gadolinium-
containing magnetic resonance imaging contrast agent Omniscan generally had little effect on
fibrocyte differentiation. However, 10-8 -10-3 mg/ml Omniscan reduced the ability of the fibrocyte
differentiation inhibitor Serum Amyloid P (SAP) to decrease fibrocyte differentiation in PBMCs
from 15 of 17 healthy controls and one of three NSF patients. Omniscan reduced the ability of
SAP to decrease fibrocyte differentiation from purified monocytes, indicating that the Omniscan
effect does not require the presence of other cells (such as T cells) in the PBMC. Omniscan also
reduced the ability of a different fibrocyte differentiation inhibitor, interleukin-12, to decrease
fibrocyte differentiation. These data suggest that Omniscan interferes with the regulatory action of
signals that inhibit the differentiation of monocytes to fibrocytes.
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INTRODUCTION
Healing wounds and fibrotic lesions contain fibroblast-like cells called fibrocytes that
originate from the circulation (1-3). Fibrocytes develop from CD14+ progenitors (4) and
exhibit a distinctive spindle shape in vitro. Fibrocytes secrete collagen, contribute to scar
tissue, and promote fibrosis by a variety of mechanisms (3,5). Besides releasing mediators
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that recruit additional cell types, fibrocytes may themselves differentiate into
myofibroblasts. In addition, fibrocytes may secrete pro-angiogenic factors, thereby inducing
capillary formation and nutrient entry into wound sites (5,6).

Nephrogenic systemic fibrosis (NSF) is a recently described fibrosing disorder that is
associated with exposure to gadolinium-containing magnetic resonance imaging contrast
agents in some renally insufficient subjects (7). The fibrotic lesions observed in NSF
patients contain fibrocytes (8,9). Gadolinium-containing contrast agents (GCCA) contain a
gadolinium atom bound to a proprietary gadolinium-binding linear or macrocyclic ligand
(7). A commonly used GCCA is Omniscan, which contains the gadolinium-ligand complex
gadodiamide and an excess of the gadolinium-binding ligand. In experimental animal
studies, renally competent rats treated with doses of Omniscan or gadodiamide alone that
result in gadodiamide levels similar to those seen in the peripheral tissues of renally
incompetent humans developed skin lesions that resemble those observed in human NSF,
including the appearance of fibrocytes in the skin (10).

When human peripheral blood mononuclear cells (PBMCs) are cultured in serum-free
medium, fibrocytes appear in the culture within three days. Fibrocyte differentiation is
generally suppressed in vivo; for instance, fibrocytes are present in very low numbers in
circulation. The protein serum amyloid P (SAP) has been identified as a key inhibitor of
fibrocyte differentiation (11,12). Signals such as IL-12 also decrease fibrocyte
differentiation (13). As discussed below, in serum-free medium cultures, Omniscan appears
to interfere with the regulatory action of signals that decrease fibrocyte differentiation.

MATERIALS AND METHODS
Patient Characteristics

Peripheral blood was obtained from volunteers recruited in accordance with protocols
approved by Institutional Review Boards. Three patients on hemodialysis with biopsy-
proven NSF were studied (age range 37-50, 2 males, 1 female). The diagnosis dates were
7/23/2002 for one of the male patients and 3/23/2006 for the female patient; the diagnosis
date for the third NSF patient is unknown. Two hemodialysis patients (1 male: age 33, 1
female: age 57) and 9 normal, disease-free individuals (age range 20-50, 7 males, 2 females)
were studied as controls. One of the control hemodialysis patients had received Omniscan in
2002 for a magnetic resonance imaging brain scan, while the other control hemodialysis
patient had no record of receiving any gadolinium-containing contrast agent. None of the
healthy controls had received a gadolinium-containing contrast agent.

Cell Preparation, Culture, and Imunocytochemistry
The isolation of PBMCs and their culture in serum-free medium (permitting fibrocyte
differentiation) was performed following (11) with the exceptions described below.
Monocytes were isolated and their purity checked following Shao et al. (13). Blood was
collected in sodium heparin vacutainer tubes (BD Biosciences, Franklin Lakes, NJ). Human
serum amyloid P (Calbiochem, La Jolla, CA) was resuspended in water to 1 mg/ml and
buffer-exchanged 4 times with 20 mM sodium phosphate pH 7.4 using a Microcon 30 kDa
cutoff centrifugal filter device (Millipore, Bedford, MA). Human interleukin-12 (IL-12) was
from PeproTech, Rocky Hills, NJ, and was prepared as a 50 μg/ ml stock following the
manufacturer's directions. A dilution series of Omniscan® injection 287 mg/ml (Novaplus,
Irving, TX) was made in Eppendorf tubes by adding 10 μl of Omniscan to 90 μl of serum-
free medium, mixing, and then adding 10 μl of this to 90 μl of serum-free medium. This
dilution was repeated until a 1:1010 dilution was reached. Preliminary experiments were
done with different dilutions of Omniscan (data not shown) to determine the dilution range

Vakil et al. Page 2

J Magn Reson Imaging. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



needed for the assays. 100 μl of serum-free medium, or serum-free medium containing
human SAP or IL-12 was added to each well of a Microtest 96 well tissue culture plate (BD
Biosciences). 5 μl of serum-free medium, undiluted Omniscan, or an Omniscan dilution was
added to each well, with each condition represented in duplicate wells. 100 μl of human
PBMC or monocytes at a concentration of 5 × 105 cells/ml in serum-free medium was then
added to each well. After 5 days in culture, cells were fixed and stained with hematoxylin/
eosin, and fibrocytes were identified as spindle-shaped cells with an oval nucleus following
(11). The average number of fibrocytes in the duplicate wells was calculated. For each
independent experiment, fibrocyte numbers were normalized to the number present with no
SAP (or IL-12) and no Omniscan. Immunocytochemistry to confirm that the spindle-shaped
cells with oval nuclei were fibrocytes was done following (13).

SAP Assay and Statistics
An ELISA assay to measure serum SAP levels was performed following (11). The assay
was performed three independent times for each sample, and the values were averaged. All
statistical analysis was performed using GraphPad Prism software (GraphPad Software, San
Diego, CA). Differences between two groups were assessed by Student's t-test or chi square
as indicated. Significance was defined as p < 0.05.

RESULTS
Fibrocytes differentiate from circulating CD14+ monocyte precursors (4) by a process that is
regulated by SAP (11,12). To determine if a GCCA affects the differentiation of monocytes
into fibrocytes, we subjected human PBMCs (a population that includes CD14+ monocytes)
to a standardized fibrocyte differentiation protocol (11) in the presence of Omniscan. We
studied peripheral blood cells obtained from 17 healthy volunteers, 3 patients with biopsy-
proven NSF, and 2 hemodialysis patients without NSF.

We observed that under baseline differentiation conditions (no Omniscan or SAP), the yield
of fibrocytes from different donors, or from a single donor studied over a period of several
months, could vary considerably. For instance, from 34 assays of PBMC from 17 healthy
donors, the number of fibrocytes observed in the absence of SAP at 5 days varied from 9.3 ×
101 to 2.0 × 103/ 2.5 × 105 PBMC. The number of fibrocytes from the NSF patients ranged
from 1.0 × 103 to 2.1 × 103/ 2.5 × 105 PBMC, and the number for hemodialysis patients
ranged from 7.8 × 102 to 1.3 × 103/ 2.5 × 105 PBMC. For quantification, we therefore
normalized the fibrocyte number for each donor to the condition (presence or absence of
SAP) in which Omniscan was added. SAP inhibits fibrocyte differentiation (11), and for the
healthy controls, 1 μg/ml SAP decreased the number of fibrocytes by 71 ± 4% (mean ±
SEM, n = 34 studies from 17 donors). In the NSF patients, SAP decreased the number of
fibrocytes by 44 ± 7% (n=9 studies from 3 patients), and for the hemodialysis patients the
decrease was 57 ± 10% (n=6 studies from 2 patients). The difference between controls and
NSF patients was significant (p < 0.01, 1-way ANOVA, Tukey's test), while the difference
between hemodialysis patients and either of the other groups was not significant. We also
measured serum SAP levels by ELISA, but observed no significant differences among the
studied groups (healthy controls 35 ± 2 μg/ ml (n=9), NSF 32 ± 3 μg/ ml (n=3), and the two
hemodialysis controls 29 and 34 μg/ ml).

Very high concentrations of Omniscan (≥10-1 mg/ml) inhibited fibrocyte differentiation
from PBMCs obtained from all donors under all conditions examined (Figures 1A, 2-4, and
data not shown); this most likely reflects a direct toxic action of this agent on cells in our
culture conditions. For the healthy volunteers, Omniscan in the absence of exogenous SAP
sometimes appeared to increase the number of fibrocytes by ~20%, but this was not
consistent even for different blood collections from a single donor. Since SAP is a key
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inhibitor of fibrocyte differentiation, we examined the effect of Omniscan on the ability of
SAP to inhibit fibrocyte differentiation. In the presence of 1 μg/ ml SAP, in 15 of the 17
healthy donors, the addition of Omniscan (10-7 to 10-3 mg/ml) reduced the ability of SAP to
inhibit the number of fibrocytes present in the culture (Figure 1A). To verify that the
elongated cells we observed in the cultures were fibrocytes, we stained cells with a variety
of markers. Using PBMCs from 3 different healthy donors, we found that the cells we were
counting as fibrocytes showed no expression of CD14, a marker that is quickly lost by
fibrocytes (1,11), but did stain for 5 different markers that are expressed by fibrocytes
(Figure 1B). Together, the results indicate that for most healthy patients, Omniscan reduces
the ability of SAP to inhibit fibrocyte differentiation.

Fibrocytes differentiate from the monocytes in the PBMCs, and SAP acts directly on
monocytes to inhibit fibrocyte differentiation (1,4,11,13). To determine if Omniscan
requires the presence of an additional cell population in the PBMCs to decrease the effect of
SAP on fibrocyte differentiation, we examined the effect of Omniscan and SAP on purified
monocytes. As with the PBMC, Omniscan in the absence of SAP had little discernable
effect on fibrocyte differentiation (data not shown). However, Omniscan reduced the ability
of 1 μg/ ml SAP to decrease the differentiation of purified monocytes into fibrocytes (Figure
2).

To determine if the effect of Omniscan on fibrocyte differentiation is limited to its ability to
partially block the effect of SAP, we examined the effect of a different fibrocyte
differentiation inhibitor, IL-12, in the presence or absence of Omniscan. The presence of
~10-7 to 10-3 mg/ ml Omniscan significantly decreased the ability of IL-12 to inhibit
fibrocyte differentiation (Figure 3). These data indicate that Omniscan reduces the ability of
at least two different signals to decrease fibrocyte differentiation.

In one of three NSF patients (JS-5), Omniscan reduced the ability of 1 μg/ ml SAP to
decrease fibrocyte differentiation (Figure 4A). In PBMCs from this patient, Omniscan had
no significant effect on fibrocyte differentiation in the absence of SAP. However, for the
second NSF patient (JS-2), Omniscan in the absence of SAP consistently increased fibrocyte
differentiation (Figure 4B), even though Omniscan did not affect the ability of SAP to
decrease the number of fibrocytes. Interestingly, whereas for the healthy control PBMCs,
Omniscan did not significantly increase fibrocyte numbers at 7 × 10-9 mg/ ml (Figure 1A),
for both of these NSF patients, Omniscan at this concentration significantly increased
fibrocyte numbers. In both the presence and absence of SAP, a promotional effect of
Omniscan on fibrocyte differentiation in vitro was not observed in PBMCs obtained from
the third NSF patient as well as the two hemodialysis patients without NSF.

DISCUSSION
We observed that in PBMCs from healthy donors, Omniscan in concentrations of 10-7 to
10-3 mg/ml reduced the ability of both SAP and IL-12 to decrease the number of fibrocytes.
Even though the number of PBMCs that differentiated into fibrocytes varied by a factor of
21 (2.0 × 103/ 9.3 × 101), in the presence of either 1 μg/ ml SAP or 10 ng/ ml IL-12, the
addition of Omniscan at 10-7 to 10-3 mg/ml caused a fairly consistent ~1.6-fold increase in
the number of fibrocytes compared to no added Omniscan. Radiologic studies employ an
Omniscan dose of ~0.1 mmol/ kg ((14) and Omniscan prescribing information), which
corresponds to 0.23 to 0.26 mg/ ml of Omniscan in the blood immediately after the injection
(15). Since Omniscan is excreted or dialyzed, at some point concentrations of Omniscan less
than this level would be observed in a patient.
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The NSF and hemodialysis patients all had impaired renal function. We observed that
Omniscan reduced the ability of 1 μg/ ml SAP to decrease fibrocyte numbers in 15 of 17
healthy controls, but under the same conditions, Omniscan affected fibrocyte numbers in
only 1 of 5 of the combined NSF and hemodialysis patients. While our conclusions must
necessarily be qualified by the limited number of patients studied, a chi square analysis
showed that the decreased response to Omniscan in the combined patient group was
significant with p < 0.01. One possible explanation for this is that impaired renal function or
some other factor may influence PBMC in some patients to render them less sensitive to
Omniscan. We observed that at very low concentrations of Omniscan, there was a variability
in the sensitivity of different donors' PBMCs or monocytes to Omniscan (Figures 1A, 2, 3,
and 4). We hypothesize that this may explain why only a minority of patients with impaired
renal function who receive Omniscan develop NSF.

Patients with normal renal function do not develop NSF, while we observed that for most
healthy donors, Omniscan decreased the ability of both SAP and IL-12 to inhibit fibrocyte
differentiation. One possible explanation for this is that PBMCs require a prolonged
exposure to Omniscan for Omniscan to reduce the inhibitory action of SAP or IL-12 on
fibrocyte differentiation. In patients with normal renal function, Omniscan is cleared with an
elimination half-life of ~1.3 hours, while in patients with impaired renal function, Omniscan
is cleared relatively slowly (15). In our experiments, PBMCs were exposed to Omniscan for
5 days, which is an exposure time more similar to that in a patient with a slow clearance of
Omniscan than the exposure time in a patient with normal renal function and a rapid
clearance of Omniscan.

In conclusion, our data suggest that Omniscan interferes with the regulatory action of signals
that inhibit the differentiation of monocytes to fibrocytes. Fibrocytes are involved in a
number of fibrosing diseases (1-3,16), and several mediators have been identified that
control their differentiation, recruitment, and trafficking to tissue (13,16). Our observation
that the number of fibrocytes that develop from PBMCs in culture varies from individual to
individual or from the same individual over time also emphasizes the plasticity of the
fibrocyte differentiation response (1,11). The identification of additional co-factors that
influence fibrocyte differentiation may prove to be important in not only explicating the
pathogenesis of NSF but also other fibrosing disorders that develop in response to injurious
or immunologic stimuli.
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Figure 1. Fibrocyte differentiation of PBMCs from healthy donors
A) PBMC were cultured in the presence of 1 μg/ml SAP and the indicated concentrations of
Omniscan, with the highest concentration (7 mg/ ml) representing 5 μl of a 1:9 dilution of
the 287 mg/ ml Omniscan added to 200 μl of cells, SAP, and media. Values are mean ±
SEM of the number of fibrocytes observed after 5 days relative to the no SAP/ no Omniscan
control in each of 34 independent experiments from 17 donors. A * indicates that the value
is significantly higher than the 1 μg/ ml SAP/ no-Omniscan (0) value with p < 0.05 (t-tests).
B) PBMC were cultured in serum-free medium (SFM), SFM with 7 × 10-5 mg/ ml
Omniscan, (Omniscan), SFM with 1 μg/ ml SAP (SAP), or SFM with 1 μg/ ml SAP and 7 ×
10-5 mg/ ml Omniscan (SAP + Omniscan). After 5 days, cells were fixed and stained for the
indicated markers. For each experiment for each marker, more than 100 spindle-shaped cells
were examined. The values are the mean ± SEM (because of consistent results, no error bars
are visible) of the percentage of spindle-shaped cells stained with the indicated marker from
3 independent experiments using PBMC from 3 different healthy donors.
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Figure 2. Fibrocyte differentiation of monocytes from healthy donors
Monocytes from healthy donors were cultured in the presence of 1 μg/ml SAP and the
indicated concentrations of Omniscan. Values are mean ± SEM of the number of fibrocytes
observed after 5 days relative to the no SAP/ no Omniscan control from each of 4 different
donors. A * indicates that the value is significantly higher than the 1 μg/ ml SAP/ no-
Omniscan (0) value with p < 0.05 (t-tests).
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Figure 3. Omniscan decreases the ability of IL-12 to decrease fibrocyte differentiation
PBMC from healthy donors were cultured in the presence of 10 ng/ml IL-12 and the
indicated concentrations of Omniscan. Values are mean ± SEM of the number of fibrocytes
observed after 5 days relative to the no IL-12/ no Omniscan control from each of 7 different
donors. A * indicates that the value is significantly higher than the 10 ng/ ml IL-12/ no
Omniscan (0) value with p < 0.05 (t-tests).
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Figure 4. Fibrocyte differentiation of PBMCs from two NSF patients
A) Fibrocyte appearance from PBMCs in NSF patient JS-5 after 5 days of culture in the
presence of 1 μg/ ml SAP and the indicated concentrations of Omniscan. Values are mean ±
SEM of the number of fibrocytes relative to the no SAP/ no Omniscan control from three
independent experiments. A * indicates that the value is significantly higher than the 1 μg/
ml SAP/ no-Omniscan (0) value with p < 0.05 (t-tests). B) Fibrocyte appearance from
PBMCs in NSF patient JS-2 after 5 days of culture in the absence of exogenous SAP with
the indicated concentrations of Omniscan. Values are mean ± SEM of the number of
fibrocytes relative to the no Omniscan control from three independent experiments. A *
indicates that the values is significantly higher than the no Omniscan value with p < 0.05 (t-
tests).
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