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Abstract
Fibroblasts at the tumor-host interface can differentiate into myofibroblasts and pericytes, where they
contribute to guidance and stabilization of endothelial sprouts. After intravenous administration of
biotin-BSA-GdDTPA-(FAM) to mice with subcutaneous MLS human ovarian carcinoma tumors,
distribution of the macromolecular MRI/optical contrast material was confined to blood vessels in
normal tissues, while it co-registered with αSMA positive stroma tracks within the tumor. These
αSMA positive tumor associated myofibroblasts and pericytes showed uptake of the contrast material
into intracellular granules. Thus, we evaluated the use of this contrast material for in vitro labeling
of tumor fibroblasts as an approach for tracking their involvement in angiogenesis. Fluorescence
microscopy demonstrated internalization of the contrast material and MRI revealed significant
increase in R1 relaxation rate of labeled fibroblasts. R1 not only remained elevated for two weeks in
culture, but also increased with cell proliferation, indicating prolonged retention of the contrast
material and subsequent intracellular processing and redistribution of the material, thereby enhancing
MR contrast. Uptake of the contrast material could be suppressed by nystatin, suggesting
internalization by caveolae mediated endocytosis. This study shows that labeling of fibroblasts is
feasible and may allow non-invasive in-vivo tracking of fibroblasts during tumor angiogenesis and
vessel maturation.

Introduction
The integrity of epithelial tissues is highly dependent on the cross talk between the epithelium
and its surrounding stroma. The stroma is comprised of fibroblasts, leucocytes and endothelial
cells, which reside in an extracellular matrix (ECM) and hence, spatially separated from the
epithelium by the basement membrane. When the epithelium transforms into epithelial
carcinoma, the stroma inevitably changes as well (1). All solid tumors, regardless of their
origin, require stroma for their progression beyond a minimal size of 1–2 mm. Tumor-
associated fibroblastic stroma is often referred to as “stromal response” or desmoplasia, which
is responsible for the “scirrhous” character of some carcinoma types (2–4). Indeed, the extent
of fibroblastic stromal reaction in epithelial solid tumors can account for over 90% of the total
tumor mass (5). This desmoplastic reaction is characterized by pronounced alterations in the
phenotype and expression profile of the associated fibroblastic cells (3). Myofibroblasts are a
dominant cell population in tumor desmoplasia and critically contribute to the abnormal
distribution and composition of the extracellular matrix in carcinomas (2,3,6,7). They have
been observed in the stroma of various epithelial tumor types such as carcinomas of the colon,
breast, lung, liver, prostate and pancreas (4,8–12) and their appearance may precede the
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invasive tumor stage (1). Myofibroblasts are a unique fibroblastic cell population, which
possess contractile qualities through the expression of smooth muscle filaments such as alpha
smooth muscle actin. Although their origin remains controversial, fibroblasts are considered
to be the main progenitor cells (1,2).

Angiogenesis is a basic requirement for solid tumor growth and progression. Recent studies
suggested that fibroblastic tumor stroma, and in particular myofibroblasts, essentially
contribute to both the angiogenic process and cancer progression (13,14). It was suggested that
fibroblasts at the tumor-host interface differentiate into myofibroblasts and then into pericyte-
like cells, which are proposed to guide endothelial sprouts (15). In order to verify this
hypothesis and to better understand the impact of fibroblasts and myofibroblasts on the
development of the abnormal tumor vasculature, interactions between endothelial cells and
fibroblast cell populations in a tumor environment are to be studied. Indeed, it has been shown
that matrix-bound fibroblasts enhance angiogenesis as well as endothelial cell motility (16),
and co-cultures of ovarian carcinoma SKOV-3 cells with myofibroblasts facilitated invasion
of endothelial cells in three-dimensional cultures (13). However, in order to gain deeper insight
into the process of tumor angiogenesis, in-vivo monitoring of fibroblast/myofibroblast-
endothelial cell interactions is required.

Recent studies suggested the use of MRI for in-vivo cell tracking via paramagnetic and
superparamagnetic cell labeling (17,18). One of the most promising approaches is the
application of membrane impermeable paramagnetic metal cation compounds. However, the
application of these compounds has been limited and so far they were mostly utilized to monitor
cell movement in embryogenesis and embryonic cell lineage analysis (19). Covalent
attachment of Gd-DOTA to the HIV-Tat peptide was used for lymphocyte labeling by receptor
mediated endocytosis (20) and the attachment of Gd-DTPA to poly-L-lysine-transferrin-DNA,
enabled labeling of erythroleukemia cell line via co-transport of the contrast material with DNA
during transfection (21). At present, most work in the field has been focused on detection of
cells belonging to the hematopoietic system. The motivation of the present study was to
establish and verify a technique to label fibroblasts in vitro, and to characterize the uptake
mechanism, retention and MR visibility of the contrast material. This work provides the basis
for future in-vivo MR monitoring, with the intention to detect their interaction with the vessel
wall during tumor angiogenesis and vascular remodeling.

We show here that fibroblasts can be efficiently labeled ex-vivo with biotin-BSA-GdDTPA
without loss of cell viability thus providing MR detectable contrast. Additionally, in a xenograft
model of human fibroblasts and human ovarian cancer cells, after intravenous administration
of biotin-BSA-GdDTPA, immunohistochemical stainings detected the contrast material
intracellularly in myofibroblasts. This model is of particular interest since in a previous study
we reported that the exit of implanted human MLS ovarian carcinoma spheroids from
dormancy correlated with infiltration of alpha SMA positive (myo)fibroblasts into the tumor
mass, suggesting a critical role for these cells in initiation of tumor progression (14).

Material and Methods
Contrast material

Biotin-BSA-GdDTPA-FAM was synthesized as previously described (22). Protein
concentration was determined by ultraviolet absorption at 280 nm against standard
concentration of BSA. The degree of fluorescence of 5(6)-carboxyfluorescein, succinimidyl
ester (FAM, Molecular Probes Inc., Eugene, Oregon) labeling was determined according to
the manufacturer protocol (2–4 FAM molecules per BSA). The number of biotin groups bound
to BSA was measured using HABA/avidin reagent (Sigma Chemical Co., St. Louis, MO; 1–
2 biotin moieties per BSA molecule). Gadolinium (Gd) was measured by inductively coupled
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plasma – atomic emission spectrometer (ICP-AES, Optima 3300, Perkin Elmer, Norwalk, CT;
27 GdDTPA per BSA).

Longitudinal proton relaxation rate (R1) was determined at room temperature on a 4.7 T Bruker
Biospec spectrometer (Karlsruhe, Germany) for a range of concentrations of the contrast
material. Longitudinal relaxation rates were measured using spin echo images (flip angle 90°)
with 10 repetition times TR 100–2000 ms, TE 10 ms for each concentration. The relaxivity of
the contrast material was calculated as previously reported (22) and was found to be 186
mM−1s−1 (6.8 s−1 per mM GdDTPA).

Cell culture
Primary fibroblasts were obtained from normal skin (N1), normal breast (PFN2) and ductal
breast carcinoma biopsies (PF40T – from a highly differentiated G1 breast tumor, PF42T –
from a poorly differentiated invasive G3 breast tumor) and were characterized and processed
as previously described (23). For the present experiments, fibroblasts were cultured from frozen
stocks in DMEM (Dulbecco’s Modified Eagle’s Medium) with a CPD (cumulative population
doublings) of <40. Assays were performed using primary fibroblasts of passages 3 to 7. Cos-7
cell line was cultured in DMEM medium. MLS, human ovarian epithelial carcinoma cell line,
was cultured in alpha MEM (Minimal Essential Medium). All media were supplemented with
10% FCS, 100 u/ml penicillin, 0.1 mg/ml streptomycin, 0.06 mg/ml amphotericin B and 2mM
L-glutamine. Media and serum were purchased from Biological Industries, Beit Haemek,
Israel.

Ex-vivo cell labeling
Labeling of fibroblasts for MRI measurements was performed on cells grown to confluence in
6 cm culture plates. Fibroblasts were incubated on a rotating board in fresh culture medium
supplemented with 10 mg/ml biotin-BSA-GdDTPA. After 48 hours of incubation, labeling
was terminated by removal of the medium and four washes with serum free medium.

Retention of the contrast material was assayed using labeled cells (passages 6–7), which were
subsequently washed and cultured in fresh medium. In some cases, cells were harvested with
trypsin-EDTA following labeling, washed, and re-plated in fresh medium. After an additional
period of culture of up to two weeks, cells were analyzed by MRI. The role of caveolae in
biotin-BSA-GdDTPA uptake into fibroblasts was assessed by addition of nystatin (50 μM;
Sigma) to the labeling media. Correlation between proliferation and relaxivity of the contrast
material was determined using cos-7 cell line. Cos-7 cells, grown to sub-confluence in a 10
cm dish, were labeled with 10 mg/ml biotin-BSA-GdDTPA for 24 hours. At each subsequent
time point 1*106 cells in log phase were taken for MRI analysis and 2*106 were seeded for
further culturing in 10 cm plates.

Fluorescence imaging of labeled cells was performed with cells grown to sub-confluence on
12-mm coverslips. Cells were labeled with the fluorescent (FAM) conjugated contrast material
for 48 hours as described above. Cells washed with serum free medium, were fixed (20 minutes
in 3% paraformaldehyde), and nuclei were stained (5 μg/ml propidium iodide; PI, Sigma). The
contrast material and PI were detected by fluorescence confocal microscopy (Axiovert 100;
Zeiss, Goettingen, Germany).

Cell survival was determined for cells cultured in 96 well plates by neutral red accumulation
as previously described (24). Mean net optical density (570 nm; after subtraction of assay
blanks) was computed (mean ± SEM).
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MRI measurements of ex-vivo labeled cells
NMR microscopy measurements were performed on a 400 MHz (9.4 Tesla) vertical wide-bore
DMX spectrometer, equipped with a microimaging attachment with a 5 mm Helmholtz radio
frequency coil (Bruker). Labeled and control cells (primary human fibroblasts, 3×105 cells;
and cos-7 cell line, 1*106 cells) were washed four times in serum free medium, harvested with
trypsin-EDTA and suspended in 1% low gelling temperature agarose (Sigma; 200 μl/500 μl
for primary human fibroblasts and cos-7 cells respectively), in 5 mm (od) NMR tubes (Wilmad
Glass Company, Buena, NJ).

R1 measurements: Spin echo images were acquired with different repetition times (TR values
100–2000 ms); TE 8.8 ms; 128 ×128 pixels; 2 averages; slice thickness of 1mm; field of view
(FOV) of 1.5 cm × 0.6 cm; in-plane resolution 117 × 47 μm; spectral width (SW) 50,000 Hz.

MRI data were analyzed using Matlab computing software (The Matlab Work Inc, Natick,
MA, USA). Images acquired with 10 different TR values were used for generation of R1 maps
as well as for calculation of average R1 values in selected regions of interest (ROI), by non-
linear least square pixel-by-pixel fitting to a single exponent. Mean ΔR1 was calculated from
the differences in R1 between labeled and unlabeled cells (mean values ± SEM are reported).
The student’s t-test (paired, one tail) was used for statistical analysis to compare control and
labeled groups.

Animal experiments
Animal experiments were approved by the Weizmann Institutional Animal Care and Use
Committee. CD1-nude mice (female; n=4; 6–10 weeks-old; body weight, 28–30 g) were
studied 14–20 days after subcutaneous co-inoculation in the hind limb of MLS ovarian
carcinoma cells and PF42T fibroblasts derived from a desmoplastic, poorly differentiated
breast tumor (1*106 and 2.5*105 cells/mouse, respectively). Mice were anesthetized by intra-
peritoneal injection of 75 mg/kg ketamine (Fort Dodge Animal Health, Fort Dodge, Iowa) and
3 mg/kg xylazin (XYL-M2, V.M.D, Arendox, Belgium), followed by additional subcutaneous
injection of half a dose. The tail vein was catheterized and biotin-BSA-GdDTPA was injected
intravenously (12 mg/mouse in 0.2 ml PBS). Mice were sacrificed approximately 30 minutes
after administration of the contrast material. Tumor samples were removed and fixed in
Carnoy’s solution (6:3:1 ethanol/chloroform/acetic acid).

Immunohistochemistry
Fixed tumor samples were embedded in paraffin blocks and serially sectioned (4-μm).
Following deparaffinization with xylene and rehydration in ethanol (100%, 95%, 70% and
DDW), sections were blocked and incubated with monoclonal anti-alpha smooth muscle actin
(αSMA) antibody (alkaline phosphatase (AP) conjugated; 1:30, Sigma). Biotinylated contrast
material was detected by incubation with avidin-FITC (1:40, Sigma). Nuclei were counter-
stained with Hoechst reagent (1:1000 in PBS, Molecular Probes). Sections were sealed with
antifade reagent (Molecular Probes).

RESULTS
In-vivo labeling of tumor stroma

Tumor xenografts were initiated from a human ovarian carcinoma cell line (MLS) co-
inoculated with human tumor-derived fibroblasts (PF42T). Mice were sacrificed
approximately 30 minutes after intravenous administration of biotin-BSA-GdDTPA. The
distribution of the biotinylated contrast material in the tumor mass was detected by avidin-
FITC staining of thin histological sections. During the time interval between intravenous
administration of the contrast material and sacrifice of the mice, contrast material leaked from
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blood vessels into the tissue at sites of hyper-permeability (figure 1). Low magnification views
(e.g. figure 1a) revealed that the contrast material was localized at the tumor rim delineating
the borders of the tumor (figure 1; arrowheads) with channels extending into the tumor inner
mass. Images with a higher magnification (figure 1b) showed that the contrast material was
not chaotically scattered but rather reflected a pattern associated with specific types of stromal
cell tracks.

Since myofibroblasts are the most abundant cell type in the stroma of epithelial carcinomas,
we double stained the tumor specimens with avidin-FITC and anti-alpha smooth muscle actin
(αSMA). The results not only verified the association between contrast material and
myofibroblasts, but also confirmed that contrast material remained confined to areas of αSMA
positive myofibroblasts, without penetrating the ‘nodules’ of tumor cells (figure 2). Some
contrast material was detected within intracellular granules in these myofibroblasts (arrow
heads). Contrast material could be found localized in alpha SMA positive cells which surround
a large blood vessel (Figure 2, Tumor #1; yellow), as well as in alpha SMA negative tracks
which were surrounded by alpha SMA positive cells. Thus, we evaluated the potential of
exploiting this uptake for development of a new approach for ex vivo labeling of tumor
associated fibroblasts and myofibroblasts.

Ex vivo labeling of fibroblasts with biotin-BSA-GdDTPA-FAM
In view of the importance of fibroblasts and myofibroblasts in regulating tumor perfusion, and
the intracellular uptake of contrast material into these cells, we assessed the use of biotin-BSA-
GdDTPA-FAM for ex-vivo pre-labeling of fibroblasts. Tumor-derived and normal human
breast fibroblasts were incubated with biotin-BSA-GdDTPA-FAM (48 hours; 10 mg/ml),
followed by extensive washes for removal of excess contrast material. Cells labeled with the
fluorescent tagged contrast material, were fixed and counter stained with propidium iodide
(5μg/ml) to identify all cell nuclei. In contrast to unlabeled fibroblasts, the cytoplasm of labeled
PFN2 normal breast fibroblasts showed high fluorescence (green), demonstrating
internalization of the fluorescein labeled contrast material (figure 3a). After 48 hours of
incubation, 100% of the cells were fluorescently labeled. Thus, the contrast material was
internalized into the cytoplasm of all cells revealing the high efficiency of this labeling
procedure.

Cells remained viable following labeling
The viability of cells treated with biotin-BSA-GdDTPA was evaluated after 48 hours of
labeling (10 mg/ml) using the neutral red viability assay (figure 3b). The number of viable cells
in labeled fibroblasts did not differ from an unlabeled control. Hence, the cell viability was not
affected by the labeling procedure. In addition, confocal microscopy revealed cells which were
in the process of cell division (figure 3a, arrowheads).

Labeled cells are MR visible
In order to determine whether the intracellular contrast material is detectable by MRI, we
measured R1 relaxation rates of control and labeled cells (48 hours; biotin-BSA-GdDTPA 10
mg/ml). MR images of fibroblasts suspended in agarose (3×105 cells/0.2 ml) were obtained
for derivation of R1 relaxation maps (Figure 4 a,b) and calculation of average R1 at selected
ROIs (Figure 4 c,d). Data analysis revealed a significant increase in R1 relaxation rates of
labeled cells. In detail, R1 values of labeled fibroblasts derived from normal skin, normal breast
or breast tumor (N1, PFN2 and PF40T/PF42T, respectively) were compared to R1 values of
corresponding unlabeled control fibroblasts. In all cases, incubation with biotin-BSA-
GdDTPA significantly elevated R1 value, resulting in positive ΔR1 (figure 4d;
ΔR1=R1(labeled)−R1(unlabeled) >0 for all fibroblast types; p<0.03). The increase in R1
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relaxation rate is in accord with both intracellular uptake and MR visibility of the intracellular
contrast material.

Caveolae mediated internalization of biotin-BSA-GdDTPA
Most cells internalize albumin via endo- or pinocytosis in a process that could be mediated
through caveolae (25). The mechanism of contrast material internalization into fibroblasts was
evaluated by the addition of nystatin to the labeling media. Nystatin, a general inhibitor of
caveolae mediated endocytosis, is known to precipitate cholesterol in the plasma membrane
of the cell, thereby disrupting caveolae function (26). Fibroblasts were labeled with biotin-
BSA-GdDTPA (48 hours; 10mg/ml) with or without the addition of nystatin (50 μM). MRI
measurements of R1 showed that uptake of biotin-BSA-GdDTPA was significantly suppressed
by the presence of nystatin in the labeling media (figure 5a, p=0.006). In all fibroblast types,
the elevation in R1 was considerably restrained by nystatin, and in PFN2 fibroblasts ΔR1 was
almost abolished. Cells that were grown in the presence of nystatin remained intact as was
visualized by microscopy prior to MRI assays, and viable, as demonstrated by neutral red
viability assay, performed with nystatin in the labeling medium (figure 5b). The inhibition of
labeling of cells by nystatin, emphasizes the role of specific endocytosis and caveolae in the
internalization of biotin-BSA-GdDTPA into fibroblasts ex-vivo.

MR signal was retained in labeled cells for at least two weeks in culture
For in-vivo follow-up of pre-labeled cells, the contrast material should remain detectable in the
cells or their progeny over a sufficient period. Thus, retention of biotin-BSA-GdDTPA was
determined in both normal PFN2 and tumor-derived PF42T fibroblasts. Also, the ability of
labeled cells to re-adhere to the surface of the culture plate was assessed. After incubation with
biotin-BSA-GdDTPA (48 hours; 10 mg/ml) and extensive washes, cells were either incubated
in fresh medium for an additional culturing period (up to two weeks), or harvested with trypsin-
EDTA before re-plating them in fresh medium for further culturing. After two weeks in culture,
cells were harvested, counted, suspended in agarose (3 × 105 cells/0.2 ml), and R1 was assessed
(figure 6a). MRI measurements showed that even after two weeks of subsequent culturing,
biotin-BSA-GdDTPA labeled cells maintained significantly higher R1 values than unlabeled
control cells (p<0.01). In addition, the ability of the cells to re-adhere to culture plates was not
affected by labeling treatment, and vise versa, harvesting and re-plating did not affect R1 values
of labeled cells. Thus, MR detectable contrast material was retained in the cells for at least two
weeks.

Relaxivity of the intracellular contrast material increased with cell proliferation
Unexpected, further enhancement of the labeling contrast was observed with time after
labeling, despite the dilution of label by cell proliferation (the same number of cells was taken
for each measurement; figures 6a and 4d). Thus, after additional incubation of the cells, the
observed ΔR1 was greater than the ΔR1 measured immediately after labeling. In order to
evaluate the impact of cell proliferation on the relaxivity of the contrast material, we conducted
an additional experiment using cos-7 cell line. As opposed to primary fibroblasts which are
characterized by a very moderate proliferation rate and undergo senescence after a few cell
divisions, cos-7 cells divide every 24 hours. After incubation with biotin-BSA-GdDTPA (24
hours; 10 mg/ml) excess contrast material was removed by four washes. After harvesting with
trypsin, a fraction of cells was immediately analyzed by MRI (1*106 cells) while the remaining
cells were re-plated for further divisions (2*106 cells/10 cm plate). R1 was determined on a
daily basis for log phase cells, suspended in agarose (each time 1*106 cells/0.5 ml agarose).
The results as are shown in figure 6b revealed that ΔR1 persists throughout the four initial cell
cycles. Hence, although cells proliferated resulting in 2 fold dilution of the contrast material
every 24 h, no corresponding decrease in ΔR1 could be observed. The effective relaxivity of
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the intracellular contrast material (Ref ), derived by assuming 24 h doubling time (Ref = ΔR1
* 2n), highlights the increased visibility of Gd in the labeled cells after a few cell divisions
(Figure 6c).

DISCUSSION
MRI is emerging as a powerful tool for cell tracking via paramagnetic and superparamagnetic
cell labeling (27–34). Superparamagnetic iron oxide (SPIO) particles have been used both
clinically (27) and in research studies of various biological processes such as detection of stem
cells, tumor cells and tumor associated macrophages; migration and homing of stem cells to
bone marrow, lymphocytes in the liver, spleen and pancreas, as well as for detection of T-cells
and THP-1 phagocytes (28–32). More recently ultra small superparamagnetic iron oxide
(USPIO) particles have been used to perform lymphography and detection of T-cells in rat
testicles and macrophages within the central nervous system (33,34). However, paramagnetic
metal cation compounds which are membrane impermeable were mostly utilized by
microinjection, by covalent attachment to specific peptides or in conjugation with transfection
agents (19,20).

In the study reported here, we demonstrated that administration of multi-modality triply labeled
albumin-based contrast material results in its spontaneous internalization into tumor associated
myofibroblasts, where it appears to be localized in intracellular granules. This was established
both ex-vivo by incubation of cells with the contrast material, as well as in vivo by intravenous
administration of the contrast material to tumor bearing mice. Ex-vivo, incubation of human
fibroblasts derived from skin, normal breast and breast tumor tissues with the fluorescent-
conjugated contrast material confirmed uptake of biotin-BSA-GdDTPA-FAM into
cytoplasmic granules, presumably lysosomes. The physiological effects of labeling were
evaluated in order to verify that uptake of the contrast material does not impact cellular
function. The parameters tested included the ability of cells to adhere to the surface of culture
plate, cell membrane integrity (viability) and cell division. Dividing cells were visualized by
confocal microscopy revealing multiple labeled cells in mitosis. Similarly, adhesion of cells
after trypsinization and the number of viable cells after continuous culture were unaffected by
the labeling procedure and uptake, indicating an unaltered balance in cell death and
proliferation characteristics of the fibroblast cultures.

Internalization of the contrast material was detectable not only by fluorescence microscopy
but also by MRI. R1 relaxation rates of the three primary human fibroblast types were
significantly elevated after incubation with the contrast material. Thus, not only was the
contrast material internalized into the cells, but it was MR visible as well. Uptake and
internalization of the contrast material, as manifested by elevated R1 relaxation rate, was
effectively suppressed by treatment of cells with nystatin, a cholesterol-sequestering agent,
suggested as a specific inhibitor of caveolae mediated endocytosis. Thus, these results implicate
caveolae in mediating endocytosis and accumulation of the contrast material in fibroblasts.
The role of caveolae was further supported by the preliminary finding that all three fibroblast
types assessed in this study, express caveolin-1, the most abundant component of caveolae
(data not shown).

Retention of labeling was demonstrated in fibroblasts, by culturing cells for up to two weeks
following the labeling process. R1 relaxation rates of the labeled cells remained considerably
elevated relative to unlabeled control cells. Moreover, relaxation rates increased with time in
culture. Following proliferation, despite dilution of the contrast material, the change in R1 was
similar throughout the first four cell cycles for the same number of suspended cells. Derivation
of the effective relaxivity of the contrast material showed increased visibility of Gd during the
first four cell cycles. Thus, we conclude that the effective relaxivity of the contrast material
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increased with cell proliferation. This finding is consistent with initial internalization of the
contrast material into intracellular granules, which was previously demonstrated to limit its
detection by MRI (35,36). Cell proliferation along with catabolism of albumin through
lysosomal degradation would result in redistribution of the contrast material in intracellular
compartments, hence increasing its effect on water relaxation. The early sequestration of the
contrast material in granules along with the finding that relaxivity may be enhanced with
proliferation, would improve sensitivity for in vivo detection of proliferation of fibroblasts in
tumors, and furthermore suggests that it might be possible to develop ways that would allow
to determine the number of cell divisions from the relative changes in R1 and R2 relaxation
rates.

In summary, triply labeled albumin was developed here for detection of tumor associated
fibroblasts by MRI and optical imaging. Uptake of the contrast material via caveolae mediated
endocytosis into intracellular granules resulted in significant enhancement in R1 relaxation
rate. These results provide the basis for future use of MRI to analyze the recruitment of
fibroblasts, pre-labeled with biotin-BSA-GdDTPA-FAM, during tumor progression. Tracking
fibroblasts in tumor models could provide insight into the mechanism of how fibroblasts
differentiate in tumors and help support tumor angiogenesis and vessel maturation. Indeed,
while in vitro co-culture models of endothelial cells and myofibroblasts suggested their
fundamental impact on tumor angiogenesis (1,13,15), the interactions that occur in vivo are
still not well understood and the role of fibroblasts in vessel formation and maturation is still
ambiguous. It is well known, however, that both endothelial cells and fibroblasts are located
in close association in many epithelial tumors, i.e. in those expressing a desmoplastic response.
We recently reported the critical role of myofibroblasts in the initiation of growth of dormant
MLS ovarian epithelial tumor xenografts (14). These tumor xenografts are not only massively
infiltrated by αSMA positive stromal cells (myofibroblasts/pericytes) but they are also
characterized by a moderate and non-leaky vasculature. Fibroblasts pre-labeled with biotin-
BSA-GdDTPA-FAM in combination with MRI and the xenograft model could provide a
fundamental tool that would help in elucidating the role of fibroblasts in tumor angiogenesis.
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Figure 1. Distribution of the contrast material in MLS tumors
Fluorescence microscopy of representative tumors initiated by co-inoculation of MLS cells
and PF42T fibroblasts. Biotin-BSA-GdDTPA was administered intravenously into the tail vein
of a tumor bearing mice (16 days after implantation; 30 minutes prior to tumor retrieval). The
distribution of biotin-BSA-GdDTPA was detected by staining with Avidin-FITC. Tumor
borders are illustrated by arrowheads (a).
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Figure 2. Internalization of contrast material into myofibroblasts in vivo
Immunohistochemical fluorescence microscopy of representative images acquired from four
individual tumors initiated by co-inoculation of MLS cells and PF42T fibroblasts. Biotinylated
contrast material (green; avidin-FITC; a, d, g, j) was intravenously administrated into the tail
vein of tumor bearing mice (16 days after implantation; 30 minutes prior to tumor retrieval).
αSMA staining of pericytes, vascular smooth muscle cells and myofibroblasts (red; b, e, h, k),
merged images (c, f, i, l), and nuclear staining (blue; a-f). Arrowheads indicate intracellular
uptake.

Granot et al. Page 12

Magn Reson Med. Author manuscript; available in PMC 2006 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Viability of fibroblasts after ex-vivo labeling
a) Confocal microscopy of PFN2 fibroblasts double labeled with biotin-BSA-GdDTPA-FAM
(48 hours; 10 mg/ml) and propidium iodide (nuclear staining). Arrowheads indicate
proliferating cells. b) Neutral red incorporation was used to measure cell viability in control
unlabeled cells and in labeled cells. Optical density was measured at 570 nm (mean ± SEM;
n=9; p=0.12, t-test un-paired, two tail).
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Figure 4. Detectable increase in R1 relaxation rate of fibroblasts labeled with biotin-BSA-GdDTPA
T1 weighted images of control and labeled cells were acquired on a 400 MHz spectrometer.
(a) Representative R1 maps of unlabeled cells and (b) cells labeled with biotin-BSA-GdDTPA
contrast material (48 hours; 10 mg/ml). (c) Non linear single exponential fittings of signal
intensity as a function of TR, used for derivation of R1 for unlabeled cells (close squares) and
for labeled cells (open squares). (d) MRI detection of the change in R1 (ΔR1=R1(labeled)
−R1(unlabeled), obtained from ROI analysis) of fibroblasts labeled with biotin-BSA-GdDTPA
compared with that of unlabeled cells (PFN2 n=4; PF40/42T n=3; N1 n=2; * significant change
in R1 of labeled versus unlabeled cells p<0.03, t-test paired, one tail).
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Figure 5. Nystatin inhibits internalization of biotin-BSA-GdDTPA into fibroblasts
a) Various primary fibroblasts were labeled with biotin-BSA-GdDTPA (48 hours; 10 mg/ml)
in the presence (close bars) or absence (open bars) of the caveolae inhibitor nystatin (50 μM).
(PFN2 n=3; PF40/42T n=2; N1 n=2; * p=0.006 for nystatin effect t-test paired, one tail). b)
Neutral red incorporation was used to measure cell viability in cos-7 cells after incubation with
CM and nystatin. Optical density was measured at 570 nm (mean ± SEM; n=10 p>0.5, t-test
un-paired, two tail).
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Figure 6. Prolonged intracellular retention and enhanced visibility of the contrast material during
cell proliferation
a) PFN2 and PF42T fibroblasts were labeled with biotin-BSA-GdDTPA (48 hours; 10 mg/ml),
and incubated in fresh medium for up to two weeks (PFN2 2w; PF42T 2w), or harvested prior
to additional incubation (PFN2 2w re-plating). ΔR1 was measured after two weeks of further
culturing (* p<0.01 for labeling retention; t-test paired, one tail). b) Cos-7 cells were labeled
with the contrast material (24 hours; 10 mg/ml). ΔR1 was measured daily, each time for new
1×106 cells harvested from log phase monolayer culture (* p<0.03 for labeling retention-
ΔR1>0 relative to unlabeled cells; t-test paired, one tail). c) Effective relaxivity (Ref) of the
contrast material was derived from ΔR1 (b) according to the equation: Ref α ΔR1 * 2n (where
n is the number of cell divisions)
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