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Purpose: To quantitatively monitor the dynamic perivascular recruit-
ment of ferritin heavy chain (FHC)–overexpressing fibro-
blasts to ovarian carcinoma xenografts by using R2 mapping 
and biexponential magnetic resonance (MR) relaxometry.

Materials and 
Methods:

In vivo studies of female mice were approved by the institu-
tional animal care and use committee. In vitro analysis included 
MR-based R2 relaxation measurements of monkey kidney cell 
line (CV1) fibroblasts that overexpress FHC, followed by in-
ductively coupled plasma mass spectrometry to assess cellular 
iron content. For in vivo analysis, CV1-FHC fibroblasts were 
either mixed with fluorescent human ovarian carcinoma cells 
before subcutaneous implantation (coinjection) or injected in-
traperitoneally 4 days after the cancer cells were injected (re-
mote recruitment). Dynamic changes in tumor R2 were used 
to derive CV1-FHC cell fraction in both models. In coinjection 
tumors, dynamic contrast material–enhanced MR imaging was 
used to measure tumor fractional blood volume. Whole-body 
fluorescence imaging and immunohistochemical staining were 
performed to validate MR results. One-way repeated measures 
analysis of variance was used to assess MR and fluorescence 
imaging results and tumor volume, and one-way analysis of var-
iance was used to assess spectrometric results, fractional blood 
volume, and immunohistochemical evaluation.

Results: CV1-FHC fibroblasts (vs CV1 fibroblasts) showed enhanced 
iron uptake (1.8 mmol 6 0.5 3 1028 vs 0.9 mmol 6 0.5 3 
1028; P , .05), retention (1.6 mmol 6 0.5 3 1028 vs 0.5 mmol 
6 0.5 3 1028, P , .05), and cell density–dependent R2 con-
trast. R2 mapping in vivo revealed preferential recruitment of 
CV1-FHC cells to the tumor rim in both models. Measurement 
of fractional blood volume was similar in all tumors (2.6 AU 6 
0.5 3 1023 for CV1, 2.3 AU 6 0.3 3 1023 for CV1-FHC, 2.9 
6 0.3 3 1023 for CV1-FHC-ferric citrate). Dynamic changes in 
CV1-FHC cell fraction determined at MR relaxometry in both 
models were confirmed at immunohistochemical analysis.

Conclusion: FHC overexpression, when combined with R2 mapping and 
MR relaxometry, enabled in vivo detection of the dynamic 
recruitment of exogenously administered fibroblasts to the 
vasculature of solid tumors.
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Materials and Methods

Cell Preparation
Cell lines of human ovarian epithelial 
carcinoma cells and normal monkey 
kidney fibroblasts (CV1) were cultured 
in Dulbeco’s modified eagle’s medium 
(DMEM) as described in Granot et 
al (25). Cancer cells expressing the 
enhanced green fluorescent protein 
(eGFP), CV1 fibroblasts expressing to-
mato fluorescent protein (provided by 
Roger Tsien, University of California, 
San Diego), and CV1 fibroblasts over-
expressing human influenza hemagglu-
tinin–tagged FHC (CV1-FHC), were 
generated (B.C., with 15 years of ex-
perience) as described in Cohen et al 
(15). Western blot analysis was per-
formed on extracts from CV1 and CV1-
FHC fibroblasts, and isolated cells were 
stained for influenza hemagglutinin and 
49,6-diamidino-2-phenylindole (Appen-
dix E1 [online]).

In Vitro Experiments
CV1-FHC and CV1 fibroblasts were 
grown in DMEM supplemented with 1 
mmol per liter of ferric citrate (FC) for 

and correlation of recruitment with 
therapeutic outcomes at the subtissue 
level and in both preclinical models and 
clinical trials.

Magnetic resonance (MR) imaging 
is an established method for acquisi-
tion of high-spatial-resolution anatomic 
images. MR imaging cell-tracking tech-
niques have enabled longitudinal track-
ing of labeled cells in the brain, heart, 
and in numerous cancer models (7,8). 
Typically, iron oxide nanoparticles or 
other contrast media (7) are used to 
label cells and generate contrast on MR 
images. Although such methods gener-
ate robust contrast, limitations includ-
ing asymmetric dilution of the contrast 
agent with each cell division (9), altered 
cellular phenotypes (9,10), persistence 
of label after cell death (11), and de-
pendence on visual identification of 
signal intensity loss in the case of iron 
oxide nanoparticles hinder the ability 
to garner more detailed measurements, 
including the relative population of la-
beled cells.

Ideally, cell labeling should remain 
consistent throughout cell divisions 
and should enable quantification of la-
beled cells in a mixed-cell population. 
MR imaging reporter gene methods 
are well suited for this purpose and 
are emerging alternatives to conven-
tional cell-labeling strategies (12,13). A 
prominent MR imaging reporter gene 
method uses cellular overexpression 
of proteins responsible for maintain-
ing iron homeostasis, notably ferritin, 
to generate R2 and/or R2* contrast 
on images of reporter gene–express-
ing cells (14–23). Studies in which fer-
ritin was used as a reporter gene for 
MR imaging of cell survival (15,23,24), 
migration (21), and differentiation (16) 
showed promising results. However au-
thors of these studies either examined 
high densities of ferritin-overexpressing 
cells or followed the migration of tagged 
cells through a narrowly defined path 
near the injection site (21). We sought 
to quantitatively monitor the dynamic 
perivascular recruitment of ferritin 
heavy chain (FHC)–overexpressing fi-
broblasts to ovarian tumor xenografts 
by using R2 mapping and biexponential 
MR relaxometry.

The recruitment of fibroblasts from 
local or remote tissues by tumors 
is a critical aspect of tumor growth 

and metastasis (1,2). On recruitment, 
activated stromal myofibroblasts di-
rect and stabilize tumor blood vessels 
and remodel the extracellular matrix, 
thereby guiding tumor growth and pro-
moting the metastasis of cancer cells 
(1–4). Although existing treatments 
typically target either cancer cells (eg, 
chemical and radiation therapies) or 
the vascular microenvironment (eg, 
antiangiogenic therapy [6]), the goal of 
emerging therapies is to decrease tumor 
growth and metastasis through redi-
rected tumor-stromal interactions, po-
tentially by targeting cancer-associated 
fibroblasts or by recruiting genetically 
modified fibroblasts (4). The efficacy of 
such therapies must be evaluated with 
methods that can allow quantification 

Advances in Knowledge

nn The overexpression of human 
ferritin heavy chain when used 
as an MR imaging reporter gene, 
enables quantitative tracking of 
the recruitment of transgenic 
fibroblasts to human ovarian 
tumors.

nn Ferritin heavy chain–overexpress-
ing fibroblasts can be detected 
through R2 mapping at a consid-
erably lower cell density than 
was previously believed (2.5 3 
106 cells per milliliter).

nn Use of biexponential MR imaging 
relaxometry enables quantifica-
tion of the fraction of reporter 
gene–expressing cells in a mixed-
cell population at high spatial 
resolution, and is supported by 
conventional histologic examina-
tion results.

nn Correlation of R2 and fractional 
blood volume reveals the prefer-
ential recruitment of fibroblasts 
to a vascular niche in the stroma.

nn The ability to generate detectable 
contrast without obfuscating sur-
rounding anatomy on MR images 
could be useful for image-guided 
cellular and surgical therapy.
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acquired at increasing echo times by us-
ing a multisection multispin echo-pulse 
sequence with specific parameters: rep-
etition time sec/echo time msec, 3/10;  
number of echoes, 60; section thick-
ness, 0.8 mm; field of view, 6 3 4 cm; 
matrix, 256 3 256; sections, four. Af-
terward, cells were recovered and cellu-
lar iron content was quantified by using 
inductively coupled plasma mass spec-
trometry (26). Separately, CV1-FHC 
fibroblasts were cultured in DMEM and 
FC for 48 hours, washed repeatedly, 
and further grown in DMEM for 4 days. 
Cells were then isolated, washed, and 
processed in a centrifuge four times 
at 1000 rpm, with residual phosphate-
buffered saline removed after each cen-
trifugation. Multisection multispin echo 
pulse sequence imaging was performed 
to determine the R2 of CV1-FHC-FC 
fibroblasts.

In Vivo Tumor Models
Animal experiments were approved 
by the animal care and use committee 
at our institution. Female CD1 nude 
mice were purchased from Harlan 
Laboratories (Indianapolis, Ind) and 
fed chlorophyll-free chow. For coin-
jection experiments, cancer cells and 
fibroblasts were mixed before subcu-
taneous injection into the hind limb 
of 8-week-old mice (Fig 1). In recruit-
ment experiments, fibroblasts were in-
jected intraperitoneally at a remote site 
in the abdomen 4 days after hind limb 
subcutaneous injection of cancer cells  
(Fig 1). The composition of experimental 

were suspended in agarose phantoms 
at densities of 1, 2.5, 5, and 10 3 106 
cells/mL at day 1, and 2.5, 5, 10, and 
20 3 106 cells/mL at day 7. MR imaging 
was performed (M.H.V., with 8 years of 
experience) with a horizontal bore 9.4 
T imager (Bruker Biospec; Ettlingen, 
Germany). T2-weighted images were 

48 hours (CV1-FHC-FC and CV1-FC, 
respectively), and control CV1 fibro-
blasts were grown in DMEM without 
supplementation. Cells were repeatedly 
washed with phosphate buffered sa-
line solution and were either immedi-
ately harvested on day 1 or grown in 
DMEM for an additional 7 days. Cells 

Figure 1

Figure 1:  Experiment time course. Mice in coinjection group were injected with mixture of 
human ovarian cancer cells and CV1 (control), CV1-FHC (ferritin), or CV1-FHC-FC (ferritin + FC) 
fibroblasts. Whole body in vivo fluorescence imaging (IVIS) was performed immediately after and 
3 and 10 days after cell injection. MR imaging was performed at 3, 5, and 10 days after cell in-
jection. For recruitment group, cancer cells were injected into mice, and on day 4, either CV1 or 
CV1-FHC-FC fibroblasts were injected intraperitoneally at site remote from tumor. Recruitment 
of CV1-FHC cells was examined with MR imaging immediately after and 2, 4, 7, and 9 days 
after remote injection. At 7 days after injection, IVIS imaging was used to confirm recruitment of 
CV1 cells. At conclusion of both protocols, tumors were removed for histologic examination.

Table 1

Composition of In Vivo Tumor Models

Model and Group

Mixture of Cells Injected into Hind Limb 

Mixture of Cells Injected into Intraperitoneal Cavity on Day 4Cancer Cells CVI Fibroblasts FHC with or without FC

Coinjection group
  Control (n = 6) 4 3 106 MLS-eGFP 2 3 106 CV1-Tom . . . . . .
  FHC (n = 7) 4 3 106 MLS-eGFP 1 3 106 CV1-Tom 1 3 106 CV1-FHC . . .
  FHC-FC (n = 6) 4 3 106 MLS-eGFP 1 3 106 CV1-Tom 1 3 106 CV1-FHC-FC . . .
Recruitment group
  Control (n = 7) 4 3 106 MLS-eGFP . . . . . . 2 3 106 CV1-DiR
  FHC-FC (n = 7) 4 3 106 MLS-eGFP . . . . . . 2 3 106 CV1-FHC-FC and 2 3 106 CV1-DiR

Note.—Data are number of cells. MLS = human ovarian cancer cell line, eGFP = enhanced green fluorescent protein, Tom = Tomato fluorescent protein, DiR = 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindotricarbocyanine iodide.
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mass, respectively. Finally, tumor vol-
ume was calculated by multiplying the 
number of voxels within the tumor by 
voxel volume.

Measurement of CV1-FHC Cell Fraction 
with MR Relaxometry
For assessment of the labeled CV1-
FHC cell fraction, signal decay curves 
were derived by a least squares fitting 
algorithm to the biexponential function 
SI (TE) = SI0(A ⋅ e2R2f 3 TE + B ⋅ e2R2c 

3 TE) + C, where parameters A and B 
represent the weighted coefficients of 
the labeled CV1-FHC and the tumor 
mass components, respectively, R2f is 
the R2 of CV1-FHC-FC cells, and R2c 
represents the mean control tumor R2 
measured throughout all experiments. 
The CV1-FHC (high R2) and tumor 
(low R2) cell fractions were calculated 
as [A/(A + B)] ⋅ 100 and [B/(A + B)] ⋅ 
100, respectively.

Immunohistochemical Validation
Immunohistochemical and immunoflu-
orescent staining was performed on 
isolated tissue sections (Appendix E1 
[online]). Fluorescent microscopic im-
ages were acquired with a Zeiss Axio 
microscope (Carl Zeiss, Oberkochen, 
Germany). For quantitative immuno-
fluorescence analysis (M.V.H., S.M., 
with 1 year of experience), images 
were acquired of four sections at dif-
ferent locations in tumors at day 10 
(coinjection, n = 2) and at day 13 
(recruitment, n = 2) tumors from the 
CV1-FHC-FC group mice. Boxes mea-
suring 110 mm2 were superimposed at 
five to eight locations on each image, 
and the relative fraction of influenza 
hemagglutinin–expressing cells was 
calculated by counting the number of 
nuclei and positively stained cells.

Statistical Analysis
Statistical analysis was performed 
by using SigmaStat software (Aspire 
Software, Ashburn, Va). One-way re-
peated-measures analysis of variance 
Holms-Sidak comparisons were per-
formed to assess differences in R2, 
fluorescent radiance, cell fraction, 
and tumor size in all studies. One-way 
analysis of variance was performed to 

imaging was performed 4, 6, 8, 11, and 
13 days after tumor initiation (Fig 1). 
After MR imaging, in vivo whole-body 
fluorescence imaging was performed 
(Appendix E1 [online]).

Vascular Mapping with Dynamic 
Contrast–enhanced MR Imaging
Measurement of fractional blood volume 
(fBV) was performed after R2 mapping 
at day 10 of the coinjection protocol in 
the control, FHC, and FHC-FC groups 
(three mice per group). Three-dimen-
sional gradient-echo images with iden-
tical spatial parameters as the multi-
section multispin echo pulse sequence 
images were acquired with specific 
parameters: repetition time msec/echo 
time msec, 7.0/2.53; field of view, 28.1 
3 28.1 3 80 mm; Matrix, 256 3 128 
3 10; signals acquired, two; and flip 
angles, 5°, 15°, 30°, 45°, and 75°. R1 
mapping was performed as described 
in Dafni et al (27). Next, biotin-bovine 
serum albumin gadopentetate dimeglu-
mine was infused through an indwelling 
tail vein catheter, and gradient-echo 
images were continuously acquired (flip 
angle, 15°) (27). Calculation of fBV was 
then performed as described in Dafni 
et al (27).

Data Analysis
Analysis of MR imaging data was per-
formed by using custom software in 
Matlab (Mathworks, Natick, Mass). In 
phantoms, mean signal intensity was 
measured in each section. R2 relax-
ation was quantified by using a least-
squares optimization curve-fitting algo-
rithm: SI (TE) = SI0e

2R2 3 TE + C, where 
SI is signal intensity, TE is echo time, 
SI0 is signal intensity with an echo time 
of 0 msec; R2 is the transverse relaxa-
tion rate, and C is the noise at the last 
echo time. For in vivo studies, tumor 
geometry was manually segmented on 
gadopentetate dimeglumine–enhanced 
images. Mean tumor R2 values were 
calculated by using the average signal 
intensity in each section. For regional 
R2 measurements, pixel-wise fitting 
was performed, and the tumor rim 
and core were defined as the outer 
two pixels along the circumferential 
direction and the remaining tumor 

groups is detailed in Table 1 In the coin-
jection protocol, CV1-FHC cells were ei-
ther injected without prior exposure to 
FC supplemented medium (FHC group), 
or were grown in FC supplemented 
medium for 48 hours prior to injection 
(FHC-FC group). After isolation, these 
cells were washed three times before 
being mixed with human ovarian cancer 
cells and CV1 cells expressing tomato 
fluorescent protein to remove any re-
sidual FC. In the recruitment protocol, 
control CV1 fibroblasts were labeled 
(CV1-DiR) with 3.5 µg/mL of the fluo-
rescent label DiR (Molecular Probes, 
Life Technologies, Grand Island, NY) as 
described in Granot et al (25).

MR Imaging and Experimental Time-
Course
Animals were positioned prone and 
warmed by using circulating water con-
trolled with a thermostat. Anesthesia 
was maintained by using 1.25% iso-
flurane in oxygen, and respiration was 
monitored throughout imaging, which 
was performed with a small animal 
monitoring system (Small Animal In-
struments, Stony Brook, NY). A mul-
tisection multispin echo pulse sequence 
was used to acquire a series of T2-
weighted images at increasing echo 
times. Specific parameters included 
repetition time sec/echo time msec, 
3/7.07; echoes, 30; section thickness, 
0.8 mm; field of view, 28.1 3 28.1 
mm; matrix, 256 3 128; number of 
sections, five to eight; averages, three. 
To define tumor boundaries, gadopen-
tetate dimeglumine was injected with 
an indwelling intraperitoneal line af-
ter acquisition of a multisection mul-
tispin echo pulse sequence. A series 
of gadopentetate dimeglumine–en-
hanced T1-weighted gradient-echo im-
ages (repetition time msec/echo time 
msec, 10/2.53; flip angle, 10°, averages, 
three) and multisection spin-echo im-
ages (rapid acquisition with relaxation 
enhancement factor, four; effective 
echo time, 22 msec; averages, two) 
were acquired with identical spatial 
parameters. For the coinjection proto-
col, MR imaging was performed 3, 5, 
and 10 days after tumor initiation (Fig 
1). For the recruitment protocol, MR 
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cells at both time points (Fig 2b, 2c). 
Enhanced R2 contrast corresponded 
with increased iron uptake (day 1) and 
retention (day 7) in CV1-FHC-FC cells 
compared with that in CV1-FC cells 
(Fig 2d).

FHC Overexpression Illuminates the 
Core-To-Rim Migration of Fibroblasts in 
Co-Injection Tumors
Sample images of groups of mice 
bearing ovarian carcinoma tumor xe-
nografts with control, CV1-FHC, and 
CV1-FHC-FC fibroblasts (hereafter 
termed control, FHC, and FHC-FC tu-
mors, respectively) acquired at day 3 
show greater loss of signal intensity at 
higher echo times in FHC-FC tumors  

assess differences in cellular iron con-
tent, fBV, and immunohistochemical 
measurements. P values less than .05 
were considered to indicate a signifi-
cant difference.

Results

FHC Overexpression Enhances Iron 
Uptake, Retention, and R2 Contrast
Western blot analysis (Fig E1 [online]) 
and cell staining (Fig 2a) confirmed in-
fluenza hemagglutinin-FHC expression 
in CV1-FHC cells (Fig 2a). Phantom 
studies revealed cell density–depen-
dent increases in R2 contrast in CV1-
FHC-FC compared with that in CV1-FC 

Figure 2

Figure 2:  (a) Photomicrographs of dual immunofluorescent nuclear 
49,6-diamidino-2-phenylindole (DAPI) and human influenza hemagglutinin (HA) 
staining reveal robust perinuclear FHC expression in CV1-FHC fibroblasts. (b) Bar 
graph shows data for CV1-FC and CV1-FHC-FC cells imaged immediately after 
removal from FC-supplemented medium. CV1-FHC-FC cells showed significantly 
enhanced mean R2 contrast at increasing cell densities when compared with 
CV1-FC cells at day 1. Control (CV1) phantoms contained CV1 cells suspended at 
identical densities. ∗ = P , .05 vs 1.0 3106 cells/mL, † = P , .05 vs 2.5 3 
106 cells/mL, ‡ = P , .05 vs 5.0 3 106 cells/mL. (c) Bar graph shows that on 
day 7 after removal of FC-supplemented medium, mean R2 contrast remained 
significantly enhanced in CV1-FHC-FC compared with that in CV1-FC cells at 
increasing cell densities. ∗ = P , .05 vs 2.5 3106 cells/mL, † = P , .05 vs 
5.0 3 106 cells/mL, ‡ = P , .05 vs 10 3 106 cells/mL. (d) Bar graph shows 
enhanced iron uptake on day 1 and retention on day 7 in CV1-FHC-FC cells.

(Fig 3a). By day 10, R2 mapping re-
vealed heightened R2 along the rims 
of FHC-FC and FHC tumors (Fig 3b). 
Regional R2 measurements confirmed 
the core-to-rim migration of CV1-FHC 
cells in FHC and FHC-FC tumors (Fig 
3c). Mean tumor R2 measurements 
mirrored in vivo fluorescence measure-
ments (Fig E2 [online]). Finally, tumor 
volumes were similar in all groups at 
days 3 and 10 (Table 2).

Vascular Mapping Reveals the Vascular 
Niche Occupied by CV1-FHC Fibroblasts
We measured fBV after infusion of 
the intravascular contrast agent bio-
tin-bovine serum albumin gadopen-
tetate dimeglumine (Fig 4a). Although 
fBV was similar (P = .16) in control, 
FHC, and FHC-FC tumors (Fig 4b), 
the distribution of R2 values was fBV-
dependent in FHC tumors (Fig E3 
[online]). Applying a threshold of R2 
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at the rim of FHC-FC tumors 2 days 
after fibroblast injection (Fig 5b). Both 
R2 mapping (Fig 5c), and T2*-weight-
ed gradient-echo scout images (Fig 
5d) revealed preferential recruitment 
of CV1-FHC fibroblasts to the rim of 
FHC-FC tumors. Fluorescence imaging 
confirmed colocalization of eGFP sig-
nal in cancer cells and of 1,19-diocta-
decyl-3,3,39-tetramethylindotricarbo-
cyanine iodide (Molecular Probes; Life 

R2 Mapping Reveals the Dynamic Time 
Course of CV1-FHC Recruitment
By using the recruitment of remotely 
administered fibroblasts to a solid tu-
mor, we evaluated FHC overexpression 
for MR imaging cell tracking under 
conditions of sparse cell density. The 
recruitment of CV1-FHC fibroblasts 
was detectable as heightened mean 
R2 starting 4 days after injection  
(Fig 5a), and heightened regional R2 

greater than or equal to 28.0 (1/sec), 
calculated as two standard deviations 
above the mean of control group tu-
mors, the percentage of tumor voxels 
showing heightened R2 remained con-
sistently higher throughout all levels of 
fBV in the FHC-FC group than in con-
trol group tumors (Fig E3 [online]). 
In FHC group tumors, the fraction of 
heightened R2 voxels increased as a 
function of fBV (Fig E3 [online]).

Figure 3

Figure 3:  R2 mapping of tumors reveals core-to-rim migration of CV1-FHC fibroblasts. (a) Representative spin-echo coronal images of 
tumors (red arrows) acquired 3 days after coinjection of cancer cells and CV1 (control), CV1-FHC (ferritin), or CV1-FHC-FC (ferritin + FC) fibro-
blasts. Images of control and FHC group mice showed similar signal intensities at each echo time (15.4 msec and 38.5 msec). Images of FHC-
FC group mice showed diffuse signal hypointensity at increasing echo times. (b) R2 mapping show similar tumor relaxation properties in control 
and FHC tumors 3 days after tumor initiation, and significantly heightened R2 in FHC-FC tumors. On day 10, R2 mapping showed migration of 
CV1-FHC cells to rims of tumors in FHC-FC group mice. In FHC tumors, heightened R2 was also observed along tumor rim. (c) Mean regional 
R2 showed core-to-rim migration in FHC-FC tumors. Time-dependent increase in R2 of rim was also observed in FHC tumors, but no change 
was seen in core. ∗ = P , .05 vs day 3, † = P , .05 vs day 5.
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CV1-FHC cell fractions measured with 
quantitative immunofluorescent (Fig 
7d, 7e) analysis corroborated those 
measured by means of MR imaging in 
FHC-FC tumors (Fig 7f).

Discussion

The recruitment of fibroblasts from 
remote tissues is essential to tu-
mor growth and metastasis, and the 
tracking of this fibroblast migration 
is emerging as a potential avenue for 
targeted therapy. The major findings 
of this study were (a) FHC is a suit-
able MR imaging reporter gene for 
longitudinal tracking of fibroblast mi-
gration in a maturing tumor, (b) When 
exposed to FC-supplemented medium 
before injection, FHC overexpressing 
cells produce sufficient contrast on MR 
images to enable detection of remotely 
administered cells to a solid tumor, 
and (c) Use of biexponential MR re-
laxometry enables in vivo assessment 
of the FHC-expressing cell fraction in a 
mixed-cell population.

Recent studies of ferritin overex-
pression as an MR imaging reporter 
gene of cell survival have demonstrated 
promising results when cells were non-
migratory and present at high densities 
(15,22–24,28). Our in vitro studies 
revealed that FHC overexpression in 

Multiexponential MR Relaxometry Enables 
Measurement of CV1-FHC Cell Fraction
Multiexponential MR relaxometry was 
used to determine the weights of CV1-
FHC and tumor mass components  
(Fig 6a). The relaxation rate of each 
component was quantified as R2f = 
58.3 sec 6 0.3, and R2c = 23.5 sec 6 
0.4, where R2f is the R2 of CV1-FHC-
FC cells and R2c is the R2 of the tu-
mor component. In coinjection exper-
iments, the CV1-FHC cell fractions at 
the core and rim changed significantly 
during tumor growth (Fig 6b). In re-
cruitment experiments, heightened 
CV1-FHC cell fraction was observed at 
the rim of FHC-FC tumors starting 2 
days after remote injection of CV1-FHC 
cells, increasing further thereafter (Fig 
6c). In FHC-FC tumors, the CV1-FHC 
fraction at the rim increased to similar 
steady-state values of 39.5% 6 5.9% 
and 44.8% 6 5.5% by the conclusion 
of coinjection and recruitment studies, 
respectively.

Immunohistochemical and 
Immunofluorescent Analysis Confirm  
MR Imaging Measurements
Immunohistochemical staining of FHC-
FC tumors confirmed localization of 
CV1-FHC cells predominantly around 
the tumor rim, with some internal 
fenestrations (Fig 7a, 7b). The mean 

Technologies, Grand Island, NY [25]) 
signal (Fig 5e) in cancer cells and FHC-
FC and control tumors reflected overall 
recruitment in both groups (control vs 
FHC-FC, 1.4 3 107 photons/sec/cm2/
steradian 6 0.4 3 107 vs 1.4 3 107 pho-
tons/sec/cm2/steradian 6 0.1 3 107; P 
= .87). Tumor volumes were similar in 
both groups (Table 2).

Figure 4

Figure 4:   (a) Representative maximum intensity projection shows enhancement of tumor (arrow, left image) vasculature after injection of biotin-bovine serum 
albumin gadopentetate dimeglumine, which enabled measurement of fBV in tumor. Map of fBV for one section in the tumor (right) shows elevated fBV around highly 
angiogenic tumor rim (arrows), and depressed fBV at core of tumor. (b) Mean fBV was similar in control, FHC, and FHC-FC tumors, which shows that overexpression 
of FHC in cancer-associated fibroblasts does not alter vascularity of maturing tumor.

Table 2

Changes in Tumor Volume in 
Coinjection and Recruitment 
Protocols

Coinjection 
Protocol Day 3 Day 10

  Control 0.4 6 0.1 mL 1.3 6 0.7 mL*
  FHC 0.3 6 0.1 mL 1.1 6 0.4 mL*
  FHC-FC 0.3 6 0.1 mL 1.1 6 0.2 mL*
Recruitment  

  protocol
Day 4 Day 13

  Control 0.5 6 0.1 mL 1.5 6 0.5 mL†

  FHC-FC 0.4 6 0.1 mL 1.5 6 0.4 mL†

Note.—Data are mean 6 standard deviation. Tumor 
volumes were similar (coinjection: FHC vs control at day 
3, P = .55; FHC-FC vs control at day 3, P = .70; FHC vs 
FHC-FC at day 3, P = .90; FHC vs control at day 10, P = 
.51; FHC-FC vs control at day 10, P = .37; FHC vs FHC-
FC at day 10, P = .79) between all groups throughout 
each research protocol (Recruitment: FHC-FC vs control 
at day 4, P = .57; FHC-FC vs control at day 13, P = .76).

* P , .05 vs day 3.
† P , .05 vs day 4.
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Figure 5

Figure 5:  (a) Mean tumor R2 was similar in FHC-FC and control group 
tumors before and immediately after remote injection of fibroblasts. Mean 
R2 increased in FHC-FC tumors 4 days after remote injection of CV1-FHC 
fibroblasts and remained higher than that at baseline and in control tumors 
at all subsequent time points. (b) Mean regional R2 showed preferential 
recruitment of CV1-FHC fibroblasts to rim of tumors as early as 2 days 
after remote injection, with minor migration into core of tumor. (c) Rep-
resentative R2 maps of midtumor sections acquired 7 days after remote 
administration of either CV1 or CV1-FHC fibroblasts show heightened R2 
values along rim of FHC-FC tumors because of recruitment of CV1-FHC 
cells. (d) Gradient-echo axial scout images (echo time, 2.58 msec) show 
hypointensity along rim of FHC-FC tumors (red arrows) that are not present 
in control tumors. (e) In vivo fluorescence imaging confirmed colocaliza-
tion of signal from cancer cells with signal from CV1 cells, confirming 
recruitment of remotely administered fibroblasts to tumors. ∗ = P , .05 
vs core, † = P , .05 vs control, ‡ = P , .05 vs day 0, # = P , .05 vs 
day 2 after injection.
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the rim of FHC-FC tumors consistent 
with that generated by migrating FHC- 
overexpressing neural precursor cells in 
a recent study by Iordanova et al (21). 
T2*-weighted imaging only confirms 
the presence of recruited cells, but R2 
mapping revealed the spatiotemporal 
kinetics of recruitment even at low cell 
densities early after remote fibroblast 
administration. This finding suggests 
that MR imaging cell tracking of FHC 
overexpressing cells would be feasible 

to heighten R2 within 10 days, which 
was in agreement with data from prior 
studies (15,21,24). Finally, correlation 
of R2 and fBV illuminated the vascular 
niche to which CV1-FHC fibroblasts 
preferentially migrated.

In a prior study by Granot et al 
(25), T2*-weighted MR imaging showed 
the recruitment of ferridex-labeled CV1 
fibroblasts to the rim of ovarian tumors. 
In our study, T2*-weighted MR imag-
ing revealed signal intensity loss around 

CV1 fibroblasts significantly enhanced 
iron uptake and retention, resulting in 
detectable R2 contrast even at lower 
cell density. The capacity to generate 
in vivo R2 contrast on the basis of this 
mechanism was confirmed by means of 
coinjection of cancer cells with CV1-
FHC cells. In FHC-FC tumors, elevated 
mean tumor R2 persisted despite 
growth-mediated dilutions in CV1-
FHC cell density. In FHC tumors, CV1-
FHC cells accumulated sufficient iron 

Figure 6

Figure 6:  (a) Representative R2 maps generated by using 
monoexponential relaxation function show heightened R2 along rim 
of FHC-FC tumor. Tumor relaxation was modeled by using weighted 
biexponential function, where high R2 component represents 
CV1-FHC cells and low R2 component represents remaining tumor 
tissue. By fitting tumor relaxation waveforms for weights of each 
component, relative fraction of CV1-FHC cells and remaining tumor 
cells can be quantified as represented on high and low R2 fraction 
maps, respectively. (b) Mean CV1-FHC fraction (high R2 fraction) 
in coinjection studies shows core-to-rim migration of CV1-FHC in 
FHC-FC tumors. CV1-FHC fraction rose rapidly from day 3 to day 
10 (at day 5, rim and core were identical) at rim of FHC-FC tumors, 
and fell rapidly during same period at core. ∗ = P , .05 vs con-
trol, † = P , .05 vs core, ‡ = P , .05 vs day 5, § = P , .05 vs 
day 3. (c) Measurement of CV1-FHC fraction in recruitment studies 
revealed immediate recruitment of CV1-FHC cells to tumor rim, 
with continued accumulation of CV1-FHC cells up to 7 days after 
remote injection. ∗ = P , .05 vs control, † = P , .05 vs core, ‡ 
= P , .05 vs day 0, § = P , .05 vs day 2, # = P , .05 vs day 4.
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gene expressing cells in a mixed-cell 
population. With the emerging view 
of cancer-associated fibroblasts as po-
tential therapeutic vehicles and targets 
(4,31,32), a method to correlate the 
density of FHC-expressing fibroblasts 
with MR imaging measurements of 
therapeutic outcome (eg, fBV, fibrosis) 
could be valuable for evaluating and re-
fining such therapies.

One limitation to our study was 
that, because of rapid tumor growth, we 

to account for continued CV1-FHC di-
vision and subsequent iron uptake af-
ter injection. In both tumor models, 
the peak CV1-FHC fraction at the rim 
of FHC-FC tumors was approximately 
40%, which was in close agreement 
with quantitative immunofluorescent 
analysis. Compared with conventional 
methods of reporting the relative pres-
ence of reporter gene expressing cells, 
measurement of CV1-FHC cell fraction 
can illuminate the fraction of reporter 

even in models where cell density is a 
limiting factor.

Biexponential modeling of tissue 
relaxation is an established method to 
estimate pathologic tissue iron content 
(29,30). We used a priori knowledge of 
the R2 of the CV1-FHC-FC cells and the 
R2 of the tumor component in conjunc-
tion with biexponential relaxometry to 
measure CV1-FHC cell fraction in solid 
tumors. Our method for estimating the 
R2 of CV1-FHC-FC cells was an attempt 

Figure 7

Figure 7:  Immunohistochemical staining of isolated tissue sections from FHC-FC tumors at (a) day 10 (coinjection) and (b) day 13 (recruitment) shows significant 
recruitment of CV1-FHC cells to tumor rim in both models. (c) DAB staining at rim and core of control tumors was minimal, revealing more hematoxylin and eosin 
staining. Limited nonspecific staining of skin, muscle, and fat around tumor was seen in both FHC-FC and control tumors. (d) Representative immunofluorescent 
staining of FHC-FC tumors shows CV1-FHC cells in red and nuclei of all cells in blue. (e) Higher magnification of immunofluorescent images from region in rim 
reveals labeling of individual cells and enables quantitative measurement of CV1-FHC cell fraction in both tumor models. (f) Mean CV1-FHC cell fraction was similar 
at rims of FHC-FC tumors in coinjection and recruitment models (P = .6). At core, CV1-FHC cell fraction trended higher in coinjection than in recruitment tumors (P = 
.06). In both models, CV1-FHC cell fraction was significantly higher at rim than in core ∗ = P , .01 vs rim, um = micrometer.
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