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Longitudinal study of tumor-associated
macrophages during tumor expansion

using MRI

Yen-Yu I. Shih*®, Yi-Hua Hsu?, Timothy Q. Duong®, Sui-Shan Lin?,
Kai-Ping N. Chow* and Chen Chang®**

MRI is being used increasingly for the noninvasive longitudinal monitoring of cellular processes in various
pathophysiological conditions. Macrophages are the main stromal cells in neoplasms and have been suggested
to be the major cell type ingesting superparamagnetic iron oxide (SPIO) nanoparticles. However, no MRI study has
described longitudinally the presence of tumor-associated macrophages (TAMs) during tumorigenesis with histo-
logical confirmation. To address this, we injected SPIO nanoparticles into the circulation of tumor-bearing mice and
used MRI and post-mortem histology to monitor TAMs at different time points. The MRI results demonstrated that
TAMs, as hypointense signals, appeared continually with the expansion of the tumor. The histological findings also
revealed that SPIO-labeled TAMs tended to deposit closer to the vessel lumen with time prior to rapid tumor growth.
The present study demonstrates the potential of using MRI to assess longitudinally TAM accumulation during
tumorigenesis, and provides the first in vivo insight into the topographical arrangement of TAMs in relation to the
progression of tumors. In vivo monitoring of the presence of TAMs could be useful for the development of tumor

treatments that target TAM functions. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

MRI enables comprehensive assessment of the tumor micro-
environment, including the vascular supply, metabolic changes,
hypoxia and acidity (1,2). Recent advances using an MRI contrast
agent - superparamagnetic iron oxide (SPIO) nanoparticles —
have further improved our understanding of the intrinsic cellular
mechanisms and tumorigenesis (3-7). Tumor-associated macro-
phages (TAMs), one of the major leukocytic cell types residing in
tumor tissues, are observed concomitantly with the onset of
tumor growth, and have been implicated in tumor promotion
(8-14). There is accumulating evidence that high levels of TAMs
are often associated with a poor response to tumor treatments
(14,15), whereas depletion of TAMs prevents tumors from
progressing further (16,17). The targeting of TAM functions has
been shown to be an effective anti-angiogenic therapeutic
approach (9,10,16,17). Thus, the ability to noninvasively image
and longitudinally monitor TAM distribution would be immensely
beneficial.

Cells can be tracked using MRI by ex vivo labeling with
SPIO nanoparticles and detected in vivo as hypointensity on T»-
or T,"-weighted images (3,4). Although this method has been
used to delineate the fate of macrophages in different
pathophysiological experimental conditions (18-20), it is difficult
to apply in clinical practice. As demonstrated by Moore et al. (21)
and Williams et al. (22), the SPIO labeling efficiency is higher
in macrophages than in other cell types. Alternatively, macro-
phages can be labeled in vivo or in situ. Clear co-localization of
macrophages and SPIO nanoparticles has been shown to occur
several days after a single systemic injection (23-27), indicating
that the macrophages or monocytes take up SPIO nanoparticles
with subsequent infiltration to their destination. These results

demonstrate the potential of the systemic administration of SPIO
nanoparticles for the tracking of macrophages in vivo.

The purpose of this study was to determine whether MRI
could be used to monitor longitudinally the presence of
TAMs during tumorigenesis. To this end, we used a single
systemic administration of SPIO nanoparticles to track TAMs in a
transplantable tumor model that is highly predictable, repro-
ducible and can be easily infiltrated with macrophages (28,29).
Post-mortem histology was also employed to serially identify the
occurrence of SPIO-labeled TAMs. Our findings demonstrate the
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potential of using MRI to track TAMs, and provide the in vivo
evidence that the expansion of new tumor mass is tightly
associated with the presence of TAMs. The results of this study
could facilitate the longitudinal assessment of potential
TAM-targeting drugs for cancer therapy in vivo.

MATERIALS AND METHODS
Subjects and tumor model

Twenty-three male BALB/c mice (National Laboratory Animal
Center, Taipei, Taiwan) were used for MRI experiments and
histology. A transplantable tumor model mimic viral oncogene-
mediated carcinogenesis with stable TAM infiltration was
established by tumorigenesis of the Epstein-Barr virus-encoded
oncogene latent membrane protein 1 (LMP1), as described
previously (28,29). To facilitate in vivo tumor formation,
LMP1-transformed BALB/c-3T3 cells were injected subcutaneously
into five severe combined immunodeficiency (SCID) mice (4-5
weeks of age) for the development of solid tumor as passage 1.
Small fragments (~9 mm?®) of passage 1 tumors that were known
to be more immune resistant were taken from a SCID mouse
showing most apparent tumor kinetics (29) and transplanted into
the left flanks of five normal BALB/c mice (6-8 weeks of age) as
passage 2. Afterwards, the tumor model was maintained among
BALB/c mice by fragment transplantation (n =5 for each passage).
This model has been shown to exhibit stable LMP1 expression,
macrophage infiltration and tumor kinetics for at least 30 in vivo
passages (29). In this study, the eighth to tenth passages were
used. The day on which solid tumor fragments from tumor-bearing
BALB/c mice were implanted subcutaneously into normal BALB/c
mice was designated as day 0. All experimental procedures were
approved by the Institute of Animal Care and Utilization
Committee at Academia Sinica, Taipei, Taiwan.

MRI experiments and data processing

All MRI experiments were performed using a 7-T scanner
(PharmaScan 70/16, Bruker Biospin GmbH, Ettlingen, Germany)
with an actively shielded gradient of 300 mT/m in 80 ws. A volume
coil with an internal diameter of 38 mm was used for both
radiofrequency excitation and signal detection. On the day of the
experiment, each animal was initially anesthetized with 5%
isoflurane in O, at a flow rate of 5 L/min, and anesthesia was
maintained with 1% isoflurane in O, at a flow rate of 1 L/min
throughout the experiment. The anesthetized mice were
immobilized using a customized body holder inside the magnet.
The body temperature was kept at 37 °C using a circulating
warm-water blanket. The respiratory rate was monitored and
maintained at 20-30 breaths/min by altering the isoflurane level.

In order to demonstrate the fate of SPIO particles in tumors in
vivo, a group of tumor-bearing mice (n=6) on day 5 were first
scanned to obtain control T,-weighted images using a rapid
acquisition with relaxation enhancement (RARE) sequence with
the following parameters: TR/TE =5000/60 ms; RARE factor, §;
number of excitations, 4. T,"-weighted images were then acquired
using a two-dimensional fast low-angle shot (FLASH) sequence
with the following parameters: TR/TE =600/13 ms; number of
excitations, 2; flip angle, 15°. After imaging, dextran-coated SPIO
particles (Feridex IV, Berlex Laboratories, Wayne, NJ, USA) were
administered at a dose of 30 mg Fe/kg via the ophthalmic vein. T,-
and T,"-weighted images were then acquired immediately after

SPIO particle injection and on days 7,9, 11, 14 and 21. All images
were obtained in the transverse direction with a field of view of
3.cm, slice thickness of T mm and a 256 x 128 matrix zero filled to
256 x 256. Images were reconstructed using ParaVision (Bruker
Medical GmbH, Ettlingen, Germany), and the signal intensity was
measured with MRVision (MRVision Co., Winchester, MA, USA).
The tumor volume was calculated from the three-dimensional
reconstruction of MR images using Amira (Visage Imaging GmbH,
Berlin, Germany). The tumor volumetric doubling time was defined
as described previously (28).

Histological examinations

To determine the correlation between MRI signal changes and
histological data, a group of nine tumor-bearing mice was
prepared, scanned as described previously and sacrificed after
MRI experiments at representative time points on days 5,7 and 14
(n=3 for each time point). Another group of six tumor-bearing
mice without SPIO particle injection was scanned as controls and
sacrificed after MRI experiments on days 5, 7 and 14 (n=2 for
each time point). The mice were perfused transcardially with 4%
paraformaldehyde (Sigma, St Louis, MO, USA) in phosphate-
buffered saline (PBS, pH 7.4). The tumors were removed, kept in
the same fixative overnight at 4 °C, paraffinized and sectioned at
5pum. The tumor sections were deparaffinized through xylene
and graded alcohols prior to staining. Hematoxylin and eosin
staining was used to reveal the tumor morphology on the images,
and Prussian blue (PB) staining was performed to reveal the
distribution of SPIO nanoparticles in tumors and thereby to allow
the cause of MRI signal changes to be determined. Hematoxylin
and eosin staining was performed on sections adjacent to PB
staining. Immunostaining was used to identify cells containing
SPIO particles and to assess tumor angiogenesis. An antibody
against CD68 (MCA1957, AbD Serotec, Kidlington, Oxford UK) was
used to identify monocytes/macrophages, and antibodies
against CD31 (sc-1506, Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) and a-smooth muscle actin (SMA) (ab5694,
Abcam, Cambridge, MA, USA) were used to examine the vascular
network. Briefly, deparaffinized sections were immersed in 10 mm
citrate buffer (pH 6.0) at 98 °C for 30 min to retrieve the antigen.
After washing with PBS containing 0.3% Triton X-100, sections
were treated with 0.2% H,0O, in PBS to inhibit endogenous
peroxidase. Nonspecific binding was blocked by the incubation
of sections for 1h in 3% normal serum plus 2% bovine serum
albumin in PBS containing 0.3% Triton X-100. Sections were then
incubated sequentially with the primary antibodies overnight at
room temperature, with a biotinylated secondary antibody for 1 h
and with an avidin-biotin—horseradish peroxidase complex for
1h. The antigen complex was then deposited with a diamino-
benzidine solution (4 mg/mL in PBS) in the presence of 0.01%
H,0,, and PB staining was performed thereafter. The double-
staining slides were reviewed and counted under a microscope
(BX51, Olympus, Tokyo, Japan) by two histologists (YHH and KPC)
blind to the experimental groups. The SPIO labeling percentages
in the total TAM population were calculated by dividing
the number of PB-/CD68-positive cells by the number of
CD68-positive cells. Nine mice (three slices per mouse) were
analyzed for the quantification of PB- and CD68-positive cells.

Extraction of circulating leukocytes and bone marrow cells

To examine the existence of SPIO-labeled cells outside the tumor,
two tumor-bearing mice were prepared. After the administration
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of SPIO particles on day 5, the extraction of circulating leukocytes
and bone marrow cells was performed on days 6 and 14. The
extracted cells were then cytospun to slides at a concentration of
1 x 10° cells/per slide. After air drying, the slides were immersed
in 4% paraformaldehyde in PBS for fixation. After 10 min of
fixation, the slides were washed in PBS and underwent double
staining for CD68 and PB.

RESULTS

Progressive tumor growth is related to the appearance of
MRI hypointensities

Figure 1 shows that the implanted tumors (n=6) exhibited
typical exponential growth (28,29). In general, the tumor growth
was relatively slow at days 5-14 in comparison with the rapid
growth at days 14-21. The initial growth of tumor on day 5 was
minimal with a budding of new tumor mass. The location of
budding varied among different animals, but usually occurred
only on one side of the implanted fragment. The growth curve
was calculated from mice with SPIO nanoparticle injection.
The tumor volumetric doubling time in SPIO-injected mice
was 4.53 £0.97 days, whereas our previous study showed the
doubling time in mice without SPIO nanoparticle injection was
4.194+0.73 days (28). No significant difference was found
between the two groups (p > 0.05, t-test). In Fig. 2 (left panel),
budding of the new tumor mass occurred on the left side of
the fragment (dotted circles). The tumor continued to expand
leftward, downward and then upward relative to the area in
which budding first occurred.

To assess the presence of TAMs during tumor growth, SPIO
nanoparticles were injected intravenously on day 5 to label
TAMs in vivo. Figure 2 illustrates that the progressive develop-
ment of the tumor mass was accompanied by the appearance of
hypointensities that putatively represent SPIO-labeled TAMs.
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Figure 1. Exponential growth of implanted tumor fragments. Tumor
growth was defined as the volume growth ratio calculated by dividing
the tumor volume at each time point by the tumor volume on day 5
(n=6). The tumor growth started slowly, but increased rapidly after day
14. Error bars, standard deviation.

Interestingly, these hypointensities appeared in a stepwise
manner in the tumor tissue. In the two representative cases,
the hypointensity (red arrow, labeled 5 in the figure) appeared in
the budding tumor area on both T,"- and T,-weighted images
after the injection of SPIO nanoparticles on day 5 (Fig. 2). The
hypointensity was more apparent in T,"- than in T,-weighted
images, showing the high sensitivity of T,"-weighted images to
SPIO particles within tumor tissue. On day 7, the expansion of a
new tumor mass (white arrow, labeled 7 in the figure) was
observed close to the hypointensity found on day 5, together
with newly detected hypointensities (red arrows, labeled 7 and 7/
in the figure). The development of tumor mass near new
hypointensities on subsequent days (days 9-14) continued in the
same pattern as described above. Thus, there appeared to be a
specific topographical relationship between the hypointensities
and the newly formed tumor masses, beginning with a
hypointensity at the side of the tumor that generated a new
tumor mass, which itself served as the anchor for the formation of
new tumor masses.

MRI hypointensity induced by SPIO-labeled TAMs

To verify whether MRI hypointensities in tumor tissue corre-
sponded to SPIO particles, another set of tumors (n =9) showing
hypointensity (red arrows in Fig. 3a) after SPIO injection was
collected at different time points. The tumors were sectioned and
co-stained with PB (Fig. 3b) to depict iron particles (i.e. SPIO) and
immunostained against CD68 (30) to identify macrophages. The
PB deposits in the sections (Fig. 3c) corresponded to the
distribution of hypointensities on the images. The enlarged views
of PB-stained sections in Fig. 3d demonstrate that blue iron
particles were consistently confined within CD68-positive cells on
different days, showing that MR hypointensities were probably
induced by SPIO-labeled TAMs. To depict the percentage of
SPIO-labeled TAMs in the whole TAM population, the PB-/
CD68-positive and CD68-positive cells on the co-stained sections
were counted directly under the microscope. The percentages of
SPIO-labeled TAMs were 6.4+ 0.2%, 3.8 +0.7% and 0.9+0.1%
(mean =+ standard deviation, n = 3 for each time point) on days 5,
7 and 14, respectively.

Another group of tumor-bearing mice without SPIO particle
injection was imaged as a control group to verify the contribution
of other potential sources to MR hypointensities (n=6). Mild
signal loss was observed in the new tumor mass on days 5 and 14
(Fig. 4a), but no clear iron deposit was found in the corresponding
PB-stained sections (Fig. 4c, enlarged views from Fig. 4b).
Adjacent hematoxylin and eosin-stained sections indicated that
this signal loss was probably induced by hemorrhage (Fig. 4d).
Compared with days 5 and 14, PB staining indicated the presence
of iron-labeled cells in the hypointense area on day 7 (Fig. 4b, c),
where hematoxylin and eosin-stained sections confirmed
extensive hemorrhage (Fig. 4d). Although hemorrhage may also
contribute to MR signal loss, the images from controls exhibited a
different signal distribution pattern and less signal loss compared
with the SPIO-injected group.

The presence of extratumoral SPIO-/CD68-positive cells

To determine whether additional blood and bone marrow-
derived macrophages were labeled in vivo, blood and bone
marrow cells were collected from another set of mice (n=2) on
days 6 and 14 and co-stained with PB and immunostained against
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Figure 2. MR signal loss in the growing tumor mass after injection of superparamagnetic iron oxide (SPIO) particles. The transplantable tumor model
was induced by subcutaneous implantation of a solid tumor fragment (dotted circle) into the flanks of mice on day 0. Pure oxygen was delivered to the
animals during imaging to enhance the MR signals in the vessels. The images are of two representative animals from a group of tumor-bearing mice
shown up to day 9 (n = 6). On day 5, T»- and T,"-weighted images (T2WI and T2*WI) were acquired before and immediately after the intravenous injection
of SPIO particles. MRI scanning was performed on the same animals on days 7,9, 11, 14 and 21. Spots of hypointensity were assumed to be deposits of
SPIO particles, whereas the hyperintensity expanding from the implanted fragment was considered to be the generation of a new tumor mass. Red and
white arrows indicate the locations of hypointensities and newly generated tumor masses, respectively. The numbers with apostrophes indicate the day
on which a particular spot of hypointensity/new tumor mass was first detected.

T2*WI PB (blue) + CD68 (brown)

Figure 3. Hypointensities in MR images were correlated with iron-labeled CD68-positive tumor-associated macrophages (TAMs). MRI was performed on
another group of mice on days 5, 7 and 14 after injection of superparamagnetic iron oxide (SPIO) nanoparticles (total n =9, n =3 for each time point).
After scanning, animals were sacrificed to remove the tumors, which were sectioned according to where the images were acquired. (a) T,"-weighted
images (T2*WI) show hypointensities (red arrows) in tumor tissue after SPIO injection. (b) Co-staining of Prussian blue (PB) and antibody against CD68 was
used to identify the location of iron particles and CD68-positive TAMs in tumor tissue. (c) Enlarged views of the regions indicated by black squares in (b),
showing the co-localization of the blue iron deposits (red arrows) and the hypointensities on the images. PB-positive and CD68-negative cells were not
frequently observed. (d) Enlarged views of the regions indicated by red squares in (c), showing the cell-like structure containing blue iron particles (red
arrows) and CD68 positivity in the growing tumor. PB and CD68 positivity were strongly co-localized regardless of the tumor stage, although many
CD68-positive cells were located in areas without a PB reaction. Dotted circle, implanted tumor fragment; black arrowhead, hemorrhage; asterisk,
vessel-like structure; red arrow, CD68-positive TAMs co-localized with PB positivity; black arrow, CD68-positive TAMs not co-localized with PB positivity.
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Figure 4. Hypointensities in MR images without superparamagnetic iron oxide (SPIO) nanoparticle injection. MRI was performed on another group of
mice on days 5, 7 and 14 without SPIO nanoparticle injection (total n =6, n = 2 for each time point). After scanning, animals were sacrificed to remove the
tumors, which were sectioned according to where the images were acquired. (a) In T,"-weighted images (T2*WI), mild signal loss (red arrows) was found
in the new tumor mass (white arrows) on days 5 and 14, whereas stronger hypointensity (red arrowhead) was detected on day 7. (b) Prussian blue (PB)
staining was used to identify the source of MRI signal changes in the tumor tissue. (c) Enlarged views of the regions indicated by black squares in (b),
demonstrating the co-localization of the blue iron deposits and the dense hypointensity on the tumor image on day 7. No blue iron deposit was observed
on days 5 and 14. (d) Enlarged views of adjacent hematoxylin and eosin-stained sections (H&E), showing the co-localization of hemorrhage (black

arrowheads) in the corresponding area.

CD68. PB-/CD68-positive cells were found on both days 6 and 14
(Fig. 5). On day 6, the percentages of PB-/CD68-positive cells
over the total CD68-positive cells in the blood and bone marrow
were 0.8+0.3% and 0.4+0.1%, respectively. On day 14, the
percentage was 0.1 + 0.0% for both blood and bone marrow.

TAM distribution

To verify the locations of SPIO-labeled TAMs, PB staining and
immunostaining against CD31 (31) (a marker of both mature
and immature vessels) were performed separately on adjacent
sections at each time point (Fig. 6a). On day 5, the iron-labeled
cells (red arrows in the figure) were mainly distributed in the new
tumor mass with relatively few and sparse vessels (asterisks
in the figure). On day 14, the iron-labeled cells were found in the
proximity of CD31-positive vessels (Fig. 6b, c). To rule out the
possibility that SPIO particles were internalized by epithelial cells
and/or pericytes/myofibroblasts in the vessel wall, co-staining of
PB and CD31 or SMA (32) (a marker of pericytes/myofibroblasts)
was performed. As shown in Fig. 6d, e, PB-positive cells were not
CD31- or SMA-positive.

DISCUSSION

The present study demonstrates that MRI with the systemic
administration of SPIO nanoparticles is able to assess long-
itudinally the presence of TAMs during tumorigenesis. TAMs
are incorporated into the tumor expansion, with the appearance
of TAM-related MR hypointensity serving as an anchoring point
for the subsequent addition of new tumor masses. Moreover,
SPIO-labeled TAMs in developing tumor tissues appear closer to
the vessels with time. These processes occur prior to rapid tumor

growth (after day 14), indicating that TAMs may be associated
with multiple steps of tumor angiogenesis at the initial stages.

Iron-laden TAMs and MR hypointensities

The use of the systemic injection of iron oxide particles to label
macrophages has been investigated in various pathophysiolo-
gical conditions, including ischemic stroke (27), multiple sclerosis
(23), atherosclerosis (24), encephalomyelitis (26), neuroinflamma-
tion (20) and transplant rejection (25). It is generally agreed that
hypointensities on subsequently acquired images indicate the
presence of iron oxide particles, which are mainly internalized
by macrophages as a result of phagocytic activity, with the
magnitude of hypointensity being proportional to the iron
content in the imaged tissue (24). A larger MR hypointense
area has also been implicated to indicate a larger amount of
iron-labeled macrophages in the corresponding section (25).

The hypointense areas on the images may also reflect local
vasculature (33,34). Nevertheless, the MR signal from the
vessels can be suppressed significantly by pure O, inhalation
(33,34), making SPIO-labeled TAMs identifiable from vessels. In
addition, hemorrhage in the tumor stroma can also lead to MR
hypointensities (18). In this case, TAMs in hemorrhagic tumor
tissue may become laden with iron as a result of the ingestion of
by-products of red blood cell breakdown and/or the high local
concentration of hemoglobin. Nevertheless, iron-labeled TAMs
were also consistently observed in the tumor microenvironment
without hemorrhage in SPIO-injected mice. Taken together,
our findings suggest caution when interpreting MRI data during
the hemorrhagic phase without another modality to verify the
source of iron.
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Figure 5. The existence of superparamagnetic iron oxide (SPIO)-labeled monocytes/macrophages in blood and bone marrow. Tumor-bearing mice on
days 6 and 14 after SPIO nanoparticle injection were sacrificed to extract blood and bone marrow cells (n = 2). The extracted cells were then co-stained
with Prussian blue (PB) to detect SPIO (blue) and anti-CD68 antibody to assess monocytes/macrophages (brown). The photographs with a black frame
show the existence of SPIO-labeled CD68-positive cells in the extracts, whereas the enlarged photographs with the red frame confirm the internalization
of SPIO particles in the cytoplasm.

Sources of SPIO-labeled TAMs marrow. It has been shown that the internalized Feridex particles
remain inside the cellular endosomes/lysosomes for at least 5
SPIO particles have an intravascular half-life of a few minutes (35). days (36). Vande Berg et al. (37) demonstrated that intravenously

Weissleder et al. (35) showed that 82% of the injected Feridex injected Feridex decreased the bulk T, value in human bone
accumulates in the liver (half-life, 3 days) and 6% in the spleen marrow for up to 3 weeks. More recently, Henning et al. (38)
(half-life, 4 days). It is unlikely that the particles alone in the showed that rats preloaded with Feridex (intravenously), 7 days
bloodstream would continuously feed into the tumor several prior to stroke, exhibited iron-labeled bone marrow-derived
days after injection and label the stromal TAMs. We suspect that macrophage infiltration in the ischemic cortex after 14 days.
the MR hypointensities in the tumor microenvironment originate Our results from blood and bone marrow extraction also
primarily from SPIO-labeled macrophages in blood and bone showed SPIO-labeled CD68-positive cells on days 6 and 14,

PB (blue) CD31 (brown) PB (blue)

Day &

Figure 6. Distribution preferences of superparamagnetic iron oxide (SPIO)-labeled tumor-associated macrophages (TAMs) during tumor angiogenesis.
(a) Sections from collected tumors (n = 3 for each time point) were stained with Prussian blue (PB). (b) Enlarged views of the regions close to the tumor
fragments [black squares in (a)] and the adjacent sections stained with antibody against CD31. (c) Enlarged views of the regions away from the tumor
fragments [green squares in (a)] and the adjacent sections stained with antibody against CD31. PB-positive cells appeared closer to CD31-positive vessels
at day 14. (d) Sections co-stained with PB and CD31. (e) Sections co-stained with PB and anti-a-smooth muscle actin (SMA) antibody. The CD31-positive
endothelial cells and SMA-positive pericytes in the vessel structures contained no PB positivity, indicating that SPIO particles were not internalized by

epithelial cells and/or pericytes/myofibroblasts in the vessel wall. Dotted circle, implanted tumor fragment; red arrow, SPIO-labeled cell; black arrowhead,
hemorrhage; asterisk, CD31- or SMA-positive vessel.
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demonstrating that SPIO-labeled TAMs (but not SPIO particles
alone in the bloodstream) accumulated on days 7-14 can be
derived from the bone marrow and recruited from the circulation.
The ratio of PB-/CD68-positive cells decreased in the blood and
bone marrow over time, which correlated well with that in the
tumor. In addition, no PB-positive cells were seen on days 5 and
14 in the hypointense areas in the control group (without SPIO
injection), but could be clearly identified in the SPIO injection
group. This implies that TAMs can be labeled in vivo by a single
bolus SPIO nanoparticle injection and continually recruited by
tumor tissue.

In situ labeling of TAMs is also possible. It cannot be ruled out
that SPIO nanoparticles injected on day 5 may extravasate from
leaky vasculature at the tumor site and reside within the tumor
microenvironment for a certain period of time. In this case, the
tumor microenvironment functions as an in situ storage of SPIO
particles, which can be cleared by infiltrating macrophages (39)
and also stained as PB-/CD68-positive TAMs. Although this may
not be the major source of MRI hypointensity, these TAMs
could still be recruited to form new MR hypointense spots.
Consequently, TAMs can be labeled in vivo or in situ. Both views,
however, do not alter the central conclusion that SPIO-labeled
TAMs can be longitudinally detected by MRI during tumorigen-
esis, as confirmed by histology, and that the TAM-associated MR
hypointense area serves as an anchor point for tumor expansion.

Tumorigenesis and TAMs

Highly vascularized networks supplying abundant oxygen
and nutrients are indispensable to rapid tumor growth (40).
Therefore, transformation of a tumor from a nonangiogenic
phenotype to an angiogenic phenotype [i.e. the angiogenic
switch (41,42)] is essential to achieve both tumor growth and the
required vascularization. In this view, avascular areas of tumors
are unfavorable for tumor development unless angiogenesis is
‘switched on’ (43). TAMs are known to induce endothelial cell
migration and proliferation by releasing proangiogenic factors
(12). It is therefore possible that the location of TAMs in the
avascular regions of the early tumor (i.e. day 5) is related to
the angiogenic switch and can produce new vascular networks
for tumor growth (43). Consistent with this, our pilot study using
dynamic contrast-enhanced MRI to investigate an identical tumor
model showed that the vascular permeability started to increase
on day 5 and then changed proportionally with the tumor
volume over time (28).

Despite angiogenesis, the tumor vasculature is prone to
collapse because of its disorganized and leaky nature (44).
This results in hemorrhage in the primarily vascularized regions,
as seen in our histology results on day 7. The hemorrhagic
areas tend to become hypoxic to recruit more macrophages
(45) to remove dead cells and release proangiogenic factors.
As a consequence, the interstitial matrix of the tumor tissues
undergoes remodeling and revascularization (45).

With the progression of tumor growth, TAMs reside in close
apposition to the lumen of capillaries in the significantly enlarged
tumor (i.e. day 14). TAMs at this stage are believed to differentiate
into endothelial-like cells and become part of the tumor
vasculature (46-48). Interestingly, the temporal evolution in
the present study (i.e. days 5-14) was prior to the rapid growth
phase. Although the underlying mechanisms warrant further
investigation, we suspect that the observed behavior of TAMs

may be part of the machinery promoting the angiogenic switch,
and can be reliably detected by MRI.

CONCLUSION

The present study demonstrates the potential of MRI to monitor
longitudinally the presence of TAMs in tumorigenesis with a
single SPIO nanoparticle injection. The TAM-associated MR
hypointense area serves as an anchor point for tumor expansion
and SPIO-labeled TAMs gradually appear closer to vessels
within 14 days. Our findings may benefit the future study of
TAM behavior in tumors and the development of macrophage-
targeted therapies. Future studies will employ fluorescent
iron oxide particles to validate the source of iron in TAMs during
tumorigenesis.
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