@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Aghighi M, Golovko D, Ansari C, Marina
NM, Pisani L, Kurlander L, et al. (2015) Imaging
Tumor Necrosis with Ferumoxytol. PLoS ONE 10(11):
€0142665. doi:10.1371/journal.pone.0142665

Editor: Efstathios Karathanasis, Case Western
Reserve University, UNITED STATES

Received: July 11,2015
Accepted: October 26, 2015
Published: November 16, 2015

Copyright: © 2015 Aghighi et al. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: The authors acknowledge support from the
National Cancer Institute, grant number R21-
CA176519 and the Eunice Kennedy Shriver National
Institute for Child Health and Human Development,
grant number R01-HD081123. The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE
Imaging Tumor Necrosis with Ferumoxytol

Maryam Aghighi’, Daniel Golovko?, Celina Ansari', Neyssa M. Marina', Laura Pisani’,
Lonnie Kurlander', Christopher Klenk', Srabani Bhaumik®, Michael Wendland*, Heike
E. Daldrup-Link'*

1 Department of Radiology, Molecular Imaging Program at Stanford, Stanford University, Stanford, CA,
United States of America, 2 School of Medicine, Tufts University, Medford, MA, United States of America,
3 GE Global Research Center, Research Circle, Niskayuna, NY, United States of America, 4 University of
California, Berkeley, CA, United States of America

* heiked @ stanford.edu

Abstract

Objective

Ultra-small superparamagnetic iron oxide nanopatrticles (USPIO) are promising contrast
agents for magnetic resonance imaging (MRI). USPIO mediated proton relaxation rate
enhancement is strongly dependent on compartmentalization of the agent and can vary
depending on their intracellular or extracellular location in the tumor microenvironment. We
compared the T1- and T2-enhancement pattern of intracellular and extracellular USPIO in
mouse models of cancer and pilot data from patients. A better understanding of these MR
signal effects will enable non-invasive characterizations of the composition of the tumor
microenvironment.

Materials and Methods

Six 4T1 and six MMTV-PyMT mammary tumors were grown in mice and imaged with feru-
moxytol-enhanced MRI. R1 relaxation rates were calculated for different tumor types and
different tumor areas and compared with histology. The transendothelial leakage rate of fer-
umoxytol was obtained by our measured relaxivity of ferumoxytol and compared between
different tumor types, using a t-test. Additionally, 3 patients with malignant sarcomas were
imaged with ferumoxytol-enhanced MRI. T1- and T2-enhancement patterns were com-
pared with histopathology in a descriptive manner as a proof of concept for clinical transla-
tion of our observations.

Results

4T1 tumors showed central areas of high signal on T1 and low signal on T2 weighted MR
images, which corresponded to extracellular nanoparticles in a necrotic core on histopathol-
ogy. MMTV-PyMT tumors showed little change on T1 but decreased signal on T2 weighted
images, which correlated to compartmentalized nanoparticles in tumor associated macro-
phages. Only 4T1 tumors demonstrated significantly increased R1 relaxation rates of the
tumor core compared to the tumor periphery (p<0.001). Transendothelial USPIO leakage
was significantly higher for 4T1 tumors (3.4£0.9x10® mL/min/100cm?®) compared to
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MMTV-PyMT tumors (1.0£0.9x10® mL/min/100 cm®). Likewise, ferumoxytol imaging in
patients showed similar findings with high T1 signal in areas of tumor necrosis and low sig-
nal in areas of intracellularly compartmentalized iron.

Conclusion

Differential T1- and T2-enhancement patterns of USPIO in tumors enable conclusions
about their intracellular and extracellular location. This information can be used to charac-
terize the composition of the tumor microenvironment.

Introduction

Ultra small superparamagnetic iron oxide nanoparticles (USPIO) have been developed as con-
trast agents for magnetic resonance (MR) imaging [1-5]. USPIO have several advantages over
standard small molecular paramagnetic contrast agents. These include:

1. Higher relaxivity (magnetic moment) leading to higher sensitivity [6].

2. Specific tumor delivery via the enhanced permeability and retention (EPR) effect [7].
3. Possibility to chemically link diagnostic pharmacophores for targeted delivery [8].

4. Possibility to add other contrastophores for multi-modality imaging [9, 10].

5. Possibility to link therapeutic pharmacophores for simultaneous imaging and therapy
[11-13].

Several USPIO compounds are currently translated to clinical applications [14-18]. It is
important to understand their complex effect on tissue MR signal enhancement, which is
highly dependent on the geometry and microscopic compartmentalization of the magnetic
centers of the nanoparticles [19-21]. Intravenously injected USPIO initially distribute in the
blood pool. Due to their large size, they are confined to the intravascular space in most organs.
In tumors, USPIO slowly leak across the hyper-permeable endothelium of tumor micro vessels,
accumulate in the tumor interstitium and are phagocytosed by tumor-associated macrophages
[22, 23]. The transverse relaxivity (negative/dark signal effect on T2-weighted MR images) of
the USPIO increases during interstitial and intracellular clustering processes, reaching a con-
centration-dependent maximum and followed by a plateau or a minor decline at very high tis-
sue concentrations [24]. On the other hand, the longitudinal relaxivity (positive/bright signal
effect on T1-weighted MR images) of USPIO is linearly related to the ability of the nanoparti-
cles to interact with protons [25]. Previous studies noted high T1-signal of USPIO with intra-
vascular compartmentalization and high T1-signal of USPIO in most solid tissues, including
tumors [26], presumably due to decreasing proton-interactions throughout interstitial and
intracellular-intralysosomal clustering processes.

Therefore, we hypothesized that regional differences in T1- and T2-relaxivities of USPIO in
vivo may enable discrimination of different histopathological compartments within tumor tis-
sue. While the T1- and T2-enhancement pattern of intracellular and extracellular USPIO has
been studied extensively in vitro [20, 25], to our knowledge nobody has compared T1- and
T2-enhancement pattern of intracellular and extracellular USPIO in vivo. Thus, the goal of our
study was to compare the T1- and T2-enhancement pattern of intracellular and extracellular
USPIO in mouse models of cancer and pilot data from patients. A better understanding of MR

PLOS ONE | DOI:10.1371/journal.pone.0142665 November 16,2015 2/15



@’PLOS ‘ ONE

Imaging Tumor Necrosis with Ferumoxytol

signal effects of intracellular and extracellular USPIO in tissues will facilitate non-invasive
USPIO localization in vivo, enable conclusions about the composition of the tumor microenvi-
ronment and form the basis for related quantitative analyses.

Materials and Methods
Contrast Agents

Ferumoxytol (AMAG Pharmaceuticals, Cambridge, MA) is a colloidal solution of USPIO
nanoparticles, which are composed of an iron oxide core and a semisynthetic carbohydrate
coating of polyglucose sorbitol carboxymethyl ether with a hydrodynamic diameter of 30 nm
[27]. Ferumoxytol is FDA-approved as an iron supplement for treatment of anemia in patients
with chronic kidney disease [28] and has been used “off label” as an MR contrast agent by our
group and others [1, 4, 14, 27]. The agent has an R1 relaxivity of 38 mM's", an R2 relaxivity
of 83 mM's™ (at 0.47 T and 39°C) and a plasma half-life of 14.5 hours in humans [1, 14, 29].
GEH121333 is a new core/shell USPIO agent with an iron oxide core and a hydroxypho-
sphonate-PEG shell. GEH121333 nanoparticles have an average hydrodynamic diameter of 22
nm, as measured by differential Light Scattering (DLS) with monodispersity, as measured by
Field Flow Fractionation (FFF). GEH121333 nanoparticles have an R1 relaxivity of 17 s 'mM™"
and R2 relaxivity of 40 s'mM ' measured at 1.5 T and 40°C [30].
Gd-DTPA (Gadopentetate Dimeglumine, Magnevist, Bayer Shering Pharma AG, Berlin,
Germany) is a standard, low molecular weight, gadolinium chelate with an R1 relaxivity of
3.8 mM™'s™, an R2 relaxivity of 4.1 mM's! (at 0.47 T and 37°C) and a plasma half-life of
1.6 hours [31]. A dose of 0.2 mmol/kg was diluted in 100 pl normal saline and injected via an
indwelling tail vein catheter.

Comparison of iron oxide nanoparticle enhancement in tumors with and
without central necrosis

Animal experiments were approved by Institutional Animal Care and Use Committee
(IACUC) at the University of California San Francisco and Administrative Panel on Labora-
tory Animal Care (APLAC) at Stanford University and all animals were kept and treated in
accordance to NIH and institutional guidelines. Two tumor models were used: To mimic a
slow-growing malignancy, a transgenic MMTV-PymT model was used [32, 33]. MMTV-PymT
mice develop spontaneous, multi-focal cancers of the mammary glands. Three MMTV-PymT
mice were sacrificed at day 100, their tumors explanted, homogenized, pooled, and re-
implanted into the mammary fat pads of 6 non-transgenic FVB/n mice. Explant transplanta-
tion was used to eliminate potential bias due to differences in tumor latency, tumor grade and
number of tumors per animal. MMTV-PymT explants with sizes up to 1 cm do not typically
show central areas of necrosis. To mimic a quickly growing, more aggressive malignancy with
early central necrosis formation, 4T1 cells were implanted into mammary fat pads of 6 BALB/c
mice. The tumor size was measured with a caliper every other day. Animals were referred to
MR imaging once the tumors reached a diameter of 1 cm.

Six animals with 4T1 tumors and six animals with MMTV PyMT tumors underwent MR
imaging under isoflurane anesthesia, using a 2 T Omega CSI-II animal scanner (Bruker Instru-
ments, Fremont, CA) and a custom birdcage radiofrequency coil with a circulating deuterium
oxide warming pad. MR images were obtained before, immediately after, 1 hour after and 24
hours post injection (p.i.) of ferumoxytol using following sequences: (i) T1 weighted spin echo
(SE) 500/12 ms (TR/TE) sequences, (ii) T2* weighted gradient echo (GE) 240/10 ms (TR/TE)
flip angle 30 degrees sequences and (iii) inversion recovery (IR) 3000/1500 ms (TR/TE) with
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increasing inversion times (70-3370 ms in increments of 300 ms). (i) and (ii) were acquired
with a slice thickness of 2 mm, a field of view of 3x3 cm, and a matrix of 128x128, (iii) had
same slice thickness and field of view but a matrix of 64x64. Ferumoxytol was injected at a dose
of 0.5 mmol Fe/kg body weight (27.92 mg Fe/kg) in 100 pl normal saline via an indwelling tail
vein catheter placed before animal imaging.

Inversion recovery fast GE images were used to calculate maps of relaxation rate for T1, R1
(1/T1), for each slice covering the tumor by fitting the image pixel values to the following equa-
tion: SI(TT) = 1-2 exp (-TI*R1), where TI is inversion time. Regions of interest were drawn on
the R1 maps to measure the entire tumor in all slices and the resultant data were averaged by
weighting the individual slice values by the number of tumor pixels in that slice.

The trans-endothelial permeability of ferumoxytol across tumor micro vessels was calcu-
lated from 4T1 and MMTV-PymT tumors. We assume that the change in MR signal enhance-
ment in tumor is a combination of signal change from contrast in the blood as well as in the
interstitial space and that the blood concentration of ferumoxytol is roughly constant during
the first hour after intravenous administration [22]. Dividing the R1 change in the tumor tissue
by the R1 change in blood provided estimates of the relative tumor blood volume [34]. A blood
concentration time curve was obtained by sampling blood from mice immediately (5 minutes),
60 minutes and 24 hours post injection of 0.5 mmol Fe/kg of ferumoxytol and by measuring
R1 values by inversion spectroscopy. The trans-endothelial leakage rate of ferumoxytol in
mmol (Fe) per unit time was obtained by dividing the tumor AR1 (R1 at 1 h minus R1 at
5 min) by our measured relaxivity of ferumoxytol.

Evaluation of tumor enhancement with monodisperse iron oxide
nanoparticles

To evaluate, whether the variable size of ferumoxytol nanoparticles was the reason for the
observed differences in tumor enhancement, we performed an additional experiment in six
mice MMTV-PyMT tumors. The tumors were allowed to grow up to a size of 1.5 cm, which
lead to formation of a central necrosis as confirmed by fluid-equivalent central hyperintense
tumor areas on T2-weighted MR images. MR images were obtained on a 7T animal MR scan-
ner before iron oxide injection and at 24 and 48 h post injection (p.i.,) using the following pulse
sequences: T1-weighted 3-dimensional (3D) fast spoiled gradient recalled acquisition (FSPGR)
6.6ms/1.4ms/2-30° (repetition time/echo time/flip angle) and T2*-weighted 3D FGRE 70ms/
1.6-20.6ms/20°. All MR acquisitions were performed with a field of view of 4.5x4.5 cm and a
slice thickness of 0.6 mm. MR data were analyzed by one independent investigator at Stanford
using custom research software tool (Cinetool, GE Global Research Center). T1 and T2* relaxa-
tion times of tumors were calculated based on multi-flip-angle FSPGR and multi-echo FGRE
images, converted to relaxation rates (R1 = 1/T1, R2* = 1/T2*). Statistical comparisons of AR1
relaxation rates of 4T1 and MMTV-PymT tumors was performed using a t-test with a p < 0.05
considered to be significant.

Histology

After the last imaging sequence, animals were sacrificed and tumors were explanted and
immersed in formalin. Sections were dehydrated and embedded in paraffin for cutting.
Routine H&E staining was performed on sections to detect necrosis versus viable tumor tissue.
Necrotic areas were identified by microscopic appearance of coagulative necrosis with sheets of
homogenous clusters and dying and dead cells whereas viable tumor tissue was identified by
microscopic appearance of intact cells. Histologic distribution of iron on Prussian blue stain
was used to differentiate between compartmentalized and free iron. Blue staining in a
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compartmentalized fashion indicated intracellular iron whereas diffuse blue staining not in a
cellular distribution indicated extracellular iron.

Formalin-fixed paraffin embedded (FFPE) whole tumor tissue sections of GEH121333
injected animals were deparaffinized with Histochoice clearing agent (Amresco, Solon, OH),
rehydrated by a series of alcohol washes, and processed for iron stains and antigen retrieval.
Immunohistochemistry (IHC) detection of tumor associated macrophages (TAM) and
GEH121333 in tumor tissue was performed by an antigen retrieval method developed specifi-
cally for FFPE tissues. In brief, slides were incubated in citrate buffer for 20 minutes followed
by 0.3% Triton X-100/EDTA for 20 minutes and blocked against non-specific binding by incu-
bating with blocking solution (10% goat serum/PBS) for 1-2 hours at room temperature. A
mixture of two primary antibodies containing (1) anti-PEG, rabbit-derived (Epitomics Inc.,
Burlingame, CA) and (2) rat anti-mouse F4/80 (Serotec, Oxford, UK) was applied on the
sections at a dilution of 1:100 and left overnight at 4°C in PBS/10% goat serum. For indirect
detection of bound primary antibodies, species-specific Cy3 or Cy5-conjugated secondary anti-
bodies (Jackson ImmunoResearch Lab Inc., West Grove, PA) were used at a dilution of 1:200.
The sections were further stained with 4',6-diamidino-2-phenylindole (DAPI) to identify cell
nuclei.

Clinical Translation

As a proof-of-concept for clinical translation of the observed findings, we investigated four
patients with bone tumors with ferumoxytol-enhanced MRI as a part of a larger clinical trial
aimed at improving tumor staging with iron oxide based contrast agents [35]. We selected
tumors with macroscopic areas of T2-hyperintense central necrosis on pre-contrast MR
images for this part of our study. The study was approved by the committee for human
research and the cancer center at Stanford University and was conducted under an investigator
initiated Investigational New Drug (IND) with the Food and Drug Administration (FDA) for
off label use of ferumoxytol as an MR contrast agent. Following written informed consent,
patients underwent MRI on a 3 T clinical MR scanner (Discovery MR750, GE Healthcare,
Waukesha, W1, USA) using a 32 channel torso phased array coil. Pulse sequences comprised a
fat-saturated T1 weighted 3D-spoiled gradient recalled echo (SPGR) sequence (TR/TE/flip
angle = 12ms/3.8ms/15) and a T2* weighted enhanced fast gradient echo 3D (Efgre3D)
sequence (TR/TE/flip angle = 70.4/2-30ms/25). Imaging was performed before, 15 minutes
after and 24 hours p.i. of ferumoxytol at a dose of 5 mg Fe/kg (0.1 mmol Fe/kg). Other parame-
ters included a slice thickness of 5 mm and a matrix size of 196x256 pixels. MRI imaging was
correlated with other available imaging modalities to include CT, Gd-DTPA enhanced MRI
and FDG-PET scans.

Results
Ferumoxytol enhancement in tumors with and without central necrosis

Both MMTV-PymT and 4T1 tumors appeared homogenous and featureless on pre contrast T1
and T2* weighted MR images (Figs 1 and 2). There was no evidence of intratumoral inhomoge-
neity or central T2* hyper intensity to suggest central tumor necrosis. Injection of Gd-DTPA
into animals with 4T1 tumors yielded faint primarily peripheral tumor enhancement that in
some animals, but not consistently, showed a central core with decreased perfusion (Fig 2).
Ferumoxytol injection caused significant long-lasting signal enhancement of iliac vessels in
both MMTV-PymT and 4T1 animals on T1-weighted MR scans at 15 min and 24 hours p.i.
(Fig 1). Both MMTV-PymT and 4T1 tumors demonstrated minimal T1 enhancement of the
entire tumor at 1 hour p.i. without discernable differences between enhancement of the tumor
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Fig 1. Ferumoxytol nanoparticles delineate early necrosis on MR images. Axial T1- and T2*-weighted MR images of 4T1 and PymT tumors in mice
before, 1 hour and 24 hours post injection (p.i.) of ferumoxytol at a dose of 0.5 mmol Fe/kg. Note homogenous tumors on pre-contrast images with relatively
uniform blood pool enhancement at 1 h p.i.. 4T1 tumors demonstrate marked central T1-enhancement at 24 h p.i..

doi:10.1371/journal.pone.0142665.g001

core and center. However, at 24 h p.i. 4T1 tumors displayed a strongly hyperintense enhance-
ment of the tumor center, while the tumor periphery showed only moderate enhancement.
MMTV-PyMT tumors on the other hand, showed minor and homogenous T1-enhancement
at both 1 and 24 hours p.i. Corresponding R1 rates of the tumor increased significantly com-
pared to baseline with both 4T1 and MMTV-PyMT tumors (Fig 3). However, only 4T1 tumors
demonstrated significantly increased R1 relaxation rates of the tumor core compared to the
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Fig 2. Gadopentetate does not delineate early necrosis. Axial T1 weighted MR images of the same 4T1 tumor as in Fig 1 at 60 seconds after intravenous
injection of Gd-DTPA at a dose of 0.2 mmol/kg. Note homogenous tumor morphology with only slightly increased enhancement of the tumor periphery
compared to the tumor center.

doi:10.1371/journal.pone.0142665.9002

tumor periphery (4.38 + 1.33 ms-1 and 0.63 + 0.03 ms-1, respectively, p<0.001; Fig 3 insert).
T2-weighted MR images showed marked T2-enhancement of 4T1 tumors and MMTV-PyMT

Ferumoxytol AR1 Tumor Relaxation Rates B Core
Periphery
3 ms™? 6 ms™
m4T1
4 ms™
OPymT
k) Skeletal Muscle
S 2ms™
c
2
©
X
8
o
& 1ms™
=
1 I
PRI R '

5 minutes post 60 minutes post 24 hours post

Fig 3. 4T1 tumors with central necrosis exhibit significant T1-enhancement. Difference between pre- and post-contrast R1 relaxation rates (AR1
relaxation rates) of 4T1 tumors, PymT tumors as well as skeletal muscle. Data are displayed as mean data of six tumors in each group and standard
deviations. Insert shows AR1 data of 4T1 tumor core versus periphery at 24 hours. Tumor AR1 data at 60 minutes and 24 hours post contrast are significantly

different from baseline values (p<0.05).

doi:10.1371/journal.pone.0142665.9g003
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tumors at 1 and 24 hours p.i. without discernable differences between tumor center and
periphery.

The R1 relaxivity of ferumoxytol in 0.9% normal saline at 2 T and room temperature was
11.85 mM (Fe) !s’!. Plasma AR1 was 125.8+10.1 s™* 5 minutes p.i., 114.3£12.4 s™! 60 minutes
p.i. and 3.89+3.7 s”' 24 hours p.i. Corresponding iron concentrations in plasma were 10.6+0.9
mM Fe at 5 minutes, 9.65+1.0 mM Fe at 60 minutes and 0.33+0.31 mM Fe at 24 hours. Assum-
ing a mono-exponential loss of Fe in blood, we obtained a blood clearance rate of 0.15h™. As
we could not faithfully measure blood in tumor secondary to the high ferumoxytol concentra-
tion in the blood, we used blood concentration curves to determine tumor leakage rates. This
yielded a trans-endothelial leakage of 3.4+0.9x10 mL/min/100 cm” for 4T1 tumors and 1.0
+0.9x10 mL/min/100 cm® for MMTV-PyMT tumors.

The average AR1 and AR2 in tumor and necrosis after 1 hour, 24 hour and 48 hour post
injection are calculated and shown in Table 1.

Histological correlations showed a markedly heterogeneity in 4T'1 tumor with a core com-
prised of cellular debris and leukocytes consistent with necrosis and a periphery comprised of
tumor cells (Fig 4A). In the necrotic core, there was diffuse blue staining consistent with non-
compartmentalized iron (Fig 4C). Prussian blue staining of tumor showed compartmentalized,
cellular iron staining surrounding this interface between the core and the periphery (Fig 4D).
MMTV-PymT tumors displayed a homogenous hyper cellular tumor (Fig 4B).

Evaluation of tumor enhancement with monodisperse iron oxide
nanoparticles

In accordance with results described above, intravenous injection of the monodisperse iron
oxide nanoparticle compound GEH121333 demonstrated significant positive (bright)
T1-enhancement and significant negative (dark) T2-signal enhancement of central tumor
areas (Fig 5), while presumably solid peripheral tumor portions demonstrated negative (dark)
enhancement on both T1- and T2-weighted sequences.

Histological correlations showed an abundance of free (extracellular) iron oxide nanoparti-
cles in central necrosis. The necrotic areas were outlined by a rim of macrophages, which con-
tained iron oxides. More peripheral highly cellular tumor areas demonstrated iron oxide
nanoparticles in macrophages and few interstitial iron oxides.

Clinical translation

As a proof-of-concept for clinical translation of our observations, we investigated MR signal
effects of ferumoxytol nanoparticles in four patients with malignant bone sarcomas. We used
the iliac vessels as an internal standard for a proton-rich environment with extracellular
USPIO and we used hematopoietic bone marrow as an internal standard for a highly cellular
tissue with abundant macrophages and intracellular USPIO compartmentalization. The iliac
vessels demonstrated significant T1-enhancement, while normal bone marrow demonstrated
lack of T1-enhancement, consistent with our hypothesis that extracellular iron oxides in proton

Table 1. Average AR1 and AR2 in tumor and necrosis after 1 hour, 24 hour and 48 hour post injection.

1h 24 h (p.i.) 48 h (p.i.)
AR1—tumor 0.067 0.145 0.113
AR1—necrosis 0.058 0.373 0.328
AR2—tumor 258.2 509.2 518.8
AR2—necrosis 225.3 547.0 531.8

doi:10.1371/journal.pone.0142665.1001
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Fig 4. 4T1 tumor T1-enhancement corresponds to clusters of free iron oxides in central necrosis. (A) H&E stain of 4T1 tumor shows a necrotic core
(square C) and highly cellular tumor periphery (square D, 100x magnification). (B) H&E stain of PymT tumor shows uniformly heterogeneous tumor tissue
without central necrosis (100x magnifications). (C) Prussian blue stain (400x magnification) of the necrotic core of the 4T1 tumor shows diffuse distribution
blue (iron) staining consistent with iron oxide nanoparticles in a non-compartmentalized, extracellular localization. (D) Prussian blue stain (400x
magnifications) of the peripheral area of the 4T1 tumor shows blue iron staining in cells.

doi:10.1371/journal.pone.0142665.g004

rich environment exhibit strong T1-signal effects while intracellularly compartmentalized iron
oxides show diminished T1-signal effects. No difference between these differently compart-
mentalized iron oxides could be noted on T2-weighted MR scans.

Accordingly, necrotic or cystic tumor areas with histopathological proven micro vessel sup-
ply, such as early tumor necrosis and telangiectatic tumor areas, demonstrated significant
T1-enhancement. Solid tumor tissue demonstrated minimal or no T1-enhancement (Figs 6
and 7). On T2-weighted MR images, some areas of central necrosis did not show any iron
oxide nanoparticle enhancement while other areas of necrotic/telangiectatic areas showed a
negative (dark) T2-enhancement which did not show any difference in signal characteristics
compared to solid tumor tissue.

Discussion

Data showed that T1 weighted MR images provide important information about intracellular
and extracellular compartmentalization of iron oxide nanoparticles in tumors. Ferumoxytol
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Fig 5. GEH121333 Tumor T1-enhancement corresponds to free iron oxides in central necrosis. (A) Axial T1- and T2*-weighted MR images of a
representative PymT tumor before and 48 hours post injection (p.i.) of ferumoxytol at a dose of 0.5 mmol Fe/kg. Note homogenous tumors on pre-contrast
images. The tumor center demonstrates hyperintense (bright) T1-enhancement and hypointense (dark) T2*-enhancement while the tumor periphery
demonstrates hypointense enhancement on both sequences. (B) Corresponding histopathology (20x magnification) demonstrates areas of apparently free
PEG-Cy5 (red) positive iron oxides in central tumor areas. F4/80 positive (green) macrophages outline these central areas. (C) Higher magnification (40x
magnification) of the central tumor area confirms free PEG-Cy5 positive iron oxides (red) in central, necrotic tumor areas with low cell quantity (DAPI, blue).
(D) Closer evaluation of peripheral tumor areas with high cell content demonstrate PEG-Cy5 (red) positive iron oxides co-localized to abundant F4/80
positive (green) macrophages.

doi:10.1371/journal.pone.0142665.9g005

nanoparticles in tumor necrosis demonstrated marked T1 and T2-enhancement at 24 after
injection, while intracellularly compartmentalized ferumoxytol nanoparticles demonstrated
predominant T2, with little or no T1 enhancement. These in vivo findings are in accordance
with previous in vitro studies on MR signal effects of intracellular and extracellular iron oxides
[25].
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Fig 6. T1-enhancement of ferumoxytol in early necrosis of a Ewing’s sarcoma. A) T1- and T2 weighted MRl images of a 21 year old patient with
metastatic Ewing’s sarcoma in the left sacrum and ilium (arrow). Normal bone marrow demonstrates marked T2-enhancement and minimal or no
T1-enhancement at 24 h p.i., consistent with intracellular iron in bone marrow macrophages. Fluid-isointense liquefied necrosis demonstrates minimal
peripheral rim enhancement. Blood in iliac vessels and T2-hyperintense tumor necrosis in the sacrum demonstrate marked T2-enhancement and marked
T1-enhancement at 24 h p.i., consistent with extracellular iron. B) T1 weighed axial MRI image after intravenous injection of Gd-BOPTA demonstrates
peripheral rim enhancement around the liquefied necrosis in the ilium, but interestingly no enhancement of the necrotic tumor area in the sacrum. C) PET
image from the same area demonstrates highly cellular bone marrow after induction chemotherapy and relatively mild '®F-FDG uptake into the tumor (arrow).

doi:10.1371/journal.pone.0142665.9006

Our data indicate that ferumoxytol-enhanced MRI may be more sensitive for the detection
of an early necrosis compared to T2 weighted or Gd-DTPA enhanced T1 weighted MRI scans.
The typical lack of contrast enhancement of tumor necrosis with Gd-DTPA is based on lack of
tumor perfusion and the typical hyper-intensity on T2 weighted images is based on increased
proton content, both of which may be only noted in advanced, liquefied necrosis [36]. Feru-
moxytol tissue accumulation is largely dependent on microvascular permeability, which is
increased in early necrosis. Hypoxia-induced increase in tumor microvascular permeability
occurs earlier in the evolution of necrosis than decrease in blood volume or liquefaction [37].
This would have important clinical implications for estimating tumor aggressiveness, biopsy
guidance, delivery of macromolecular therapeutic drugs and therapy monitoring. Tumor
necrosis has been shown to be a valuable histological indicator of prognosis in many cancers
including sarcomas [38] as well as malignancies of the colon, kidney and breast [39-41]. In a
recent study in renal cancer, findings of tumor necrosis on conventional MRI were associated
with disease progression and aggressive tumor pathology, irrespective of tumor size [42]. In
sarcomas, biopsies after the initial diagnosis are used for therapy stratifications. An improved
delineation of early necrosis could be used to direct biopsies to viable tumor areas, needed for
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Fig 7. T1-enhancement of ferumoxytol in dilated vascular sinusoids of a teleangiectatic osteosarcoma. T1 weighted pre and post contrast images
with corresponding histology. A) Non-contrast, nonfat-saturated, T1 weighted axial image of the femur shows a telangiectatic osteosarcoma (arrow). Tumor
appears featureless. B) Fat-saturated, T1 weighted axial image of the same tumor after administration of 5 mg Fe/kg ferumoxytol. Tumor now shows
hyperintense fluid-fluid levels in cystic-vascular areas. C) Corresponding histology shows findings compatible with telangiectatic osteosarcoma with
numerous vascular sinusoids.

doi:10.1371/journal.pone.0142665.g007

tumor grading. Finally, a sensitive imaging technique for diagnosing early tumor necrosis
could be used to accelerate imaging diagnosis of tumor chemotherapy response, spare patients
from repeated ineffective therapies and assign non-responders to alternative treatment
options.

Our data also showed in accordance with others that ferumoxytol causes little or no
T1-enhancement in solid tumors. Turetschek et al. and Moore et al. postulated that
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USPIO-induced T1 and T2-enhancement in solid tumors on relatively early postcontrast scans
is largely determined by the tumor’s blood volume, which is in the order of 5% for most cancers
[23, 24, 26]. Our team added that a persistent T2-enhancement on delayed scans, 24h p.i. or
later, without concomitant T1-effect is due to uptake and retention by tumor associated macro-
phages [1]. Normal hematopoietic bone marrow demonstrates a similar ferumoxytol enhance-
ment pattern with significant T2-enhancement at 24 h p.i. and little or no T1-enhancement
and may thus be used as an internal standard [30].

We acknowledge limitations of our study. In our animal model, we utilized a dose of feru-
moxytol, which was fivefold higher than the FDA approved dose of iron oxide nanoparticles
for patients (0.5 versus 0.1 mmol Fe/kg). Given the faster bio distribution and higher uptake
efficiency for USPIO in rodent spleen and liver, these higher doses are reccommended for
rodent studies in order to provide similar contrast agent kinetics compared to humans [15, 27].
Our translational images proved to be comparable and thus using a lower dose for further
human studies appears feasible. However, further studies in patients will need to evaluate the
complex compartmentalization patterns of iron oxide nanoparticles in human tumors and
their related MR signal effects.

Conclusions

In summary, we have shown that extracellular iron oxides in early tumor necrosis lead to
strong T1 and T2-enhancement while compartmentalized intracellular iron oxides in macro-
phages are characterized by predominant T2-enhancement with little or no T1-enhancement.
This information is important for the interpretation of iron oxide enhanced MRI scans of
malignant tumors, especially if conclusions are drawn between iron oxide MR enhancement
and presence or quantities of macrophages in target tissues.
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