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Abstract

Few imaging methods are available for depicting /n vivo cancer cell migration within the
lymphatic system. Detection of such early micrometastases requires extremely high target to
background. In this study, we dual-labeled human breast cancer cells (MDA-MB468) with a small
particle of iron oxide (SP10) and a quantum dot (QD), and tracked these cells in the lymphatic
system in mice using /7 vivo MRI and optical imaging. A generation-6 gadolinium-dendrimer-
based MRI contrast agent (Gd-G6) was employed for visualizing regional lymphatic channels and
nodes. Since Gd-G6 shortened 7; leading to high signal, whereas SP10-labeled cancer cells
greatly lowered signal, a small number of cells were simultaneously visualized within the draining
lymphatic basins. One million dual-labeled cancer cells were subcutaneously injected into the
paws of mice 24h prior to imaging. Then whole body images were acquired pre- and post-
intracutaneous injection of Gd-G6 with 3D- 7;w-FFE and balanced-FFE sequences for cancer cell
tracking and MR lymphangiography. /nn vivo MRI clearly visualized labeled cancer cells migrating
from the paw to the axillary lymph nodes using draining lymphatics. /7 vivo optical imaging using
a fluorescence surgical microscope demonstrated tiny cancer cell clusters in the axillary lymph
node with high spatial resolution. Thus, using a combination of MRI and optical imaging, it is
possible to depict macro- and early micrometastases within the lymphatic system. This platform
offers a versatile research tool for investigating and treating lymphatic metastases in animal
models.

Keywords
iron oxide nanoparticle; quantum dots; lymphatic metastasis; dendrimer; MRI

"Correspondence to: Hisataka Kobayashi, Molecular Imaging Program, National Cancer Institute, NIH, Building 10, Room B3B69,
MSC1088, Bethesda, MD 20892-1088, USA. Kobayash@mail.nih.gov.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 2

INTRODUCTION

The lymphatic system is difficult to visualize because it is much less accessible than the
vascular system (1). Various nano-materials have been used /n vivoto investigate the
lymphatics using interstitial injections, whereby the contrast agent is absorbed and
transported from the interstitial tissue into the collector lymphatics (2-4). A particularly
vexing issue is the study of cancer cell migration into and through the lymphatics. These
cancer cells take advantage of the enlarged and porous lymphatics found after tumor
lymphangiogenesis (5). The detection of small numbers of cells within the tiny lymphatics
in vivorequires very high target-to-background ratios (TBR). The visualization of cancer
cells can be achieved by labeling the cells with iron oxide nanoparticles that are detectable
with MRI (6). However, without delineating the lymphatic system, it is impossible to verify
the location of the tagged cells. Therefore, a method of enhancing the lymphatic structures is
also necessary to achieve sufficient TBR. Nanoparticles such as iron oxides and dendrimers
are well suited to study of the lymphatics, not only because of the size-selectivity of the
lymphatic system, but also because of the enhanced signals that derive from larger particles.
For example, superparamagnetic iron oxide (SP10) nano-particles can increase />* more
than >30-fold at 1.5 T and higher under greater magnetic field strength (7), and gadolinium-
dendrimer-molecules can increase /; more than 10 000-fold compared with small
gadolinium-chelates (8,9). Therefore, low concentrations of these particles or molecules can
be detected with MRI. For optical imaging quantum dots (QD) can increase light emission
by more than 100-fold compared with small organic fluorophores at similar wavelengths,
which enables real-time observation (10). Thus, these nanoparticles have particular
advantages when imaging clusters of migrating cancer cells, which will originate
micrometastases in the lymphatics.

Multiplexed imaging, which uses two or more modalities, has become a powerful approach
in both the laboratory and clinic for obtaining accurate and precise information /n vivo (11).
By using more than one modality, multiplexed imaging can overcome the limitations of each
modality when used alone. For instance, combined use of nuclear and optical imaging
provides high-sensitivity (optical) and quantitation (nuclear) images during a single imaging
session (12). Simultaneous use of multiple optical agents can depict different targets (13) or
different lymphatic basins (14).

To visualize cancer cell migration in the lymphatic system, we simultaneously employed
three different nano-sized agents: an SPIO and QD to label breast cancer cells for tracking
by MRI and optical imaging, respectively, and a generation-6 gadolinium-dendrimer-based
MRI contrast agent (Gd-G6) for MR lymphangiography. Simultaneous use of a negative
signal in the cells (SP10O to shorten 7,*) and a positive MR contrast agent (Gd-G6 to shorten
71) can visualize the small clusters of labeled cancer cells within the draining lymphatic
basins. Furthermore, additional labeling of QD provides higher spatial resolution using
intravital surgical microscopy.
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2. RESULTS

2.1. Invitro validation of dual-labeling

Confirmation of the dual-labeling of MDA-MB468 cells was performed with fluorescence
microscopy and Prussian blue staining (iron staining). Dual-labeled cancer cells clearly
incorporated both iron and QD within their cytoplasm, while nonlabeled control cells did not
(Fig. 1A). To further evaluate the efficiency of labeling, two-color flow cytometry was also
performed with dextran-staining, which fluorescently stained the SP1O using a monoclonal
antibody. Flow cytometry demonstrated successful dual labeling in 90.1 + 7.1% of cells
(Fig. 1B). Quantification of intracellular iron labeled cells was performed with UV-vis
spectrometric methods. Dual-labeled cells contained 11.61 + 1.59 pg iron per cell, while
almost no iron was detected in nonlabeled control cells (0.04 + 0.35 pg iron per cell).
Viability was assessed with the trypan blue exclusion method. Dual-labeled cells and SPIO-
labeled cells showed slightly lower viability (87.8 + 3.3 and 89.7 + 2.6%, respectively) than
nonlabeled control cells and QD-labeled cells (92.7 + 2.1 and 92.4 + 2.1%, respectively).
These differences were statistically significant (P < 0.05, Kruskal-Wallis test with Dunn’s
multiple comparisons test).

2.2. Intralymphatic cancer cell tracking with MR and optical imaging in vivo

In vivo cell tracking was performed under MR, followed by /7 vivo optical imaging.
Twenty-four hours after dual-labeled cancer cell inoculation in the left paw, 7;-weighted fast
field echo (7;w-FFE) images showed a dark signal in the periphery of the left axillary
lymph node (Fig. 2B), corresponding to SP10-labeled cancer cells. After administration of
Gd-G6 MR contrast agents into the left paw, the lymphatic basin was depicted with the SPIO
labeled cells starkly depicted against a bright background (negative enhancement, cancer
cells; positive enhancement, lymphatic basin). In contrast, no enhancements (neither
negative nor positive) were observed in the contralateral axillary lymph node. The identical
findings were also observed with balanced-steady-state free precession (b-FFE) MR images
(Fig. 2B).

Following MR imaging, /n vivo optical imaging was performed with a macro-zoom
fluorescence microscope. Fluorescence images showed optically labeled cancer cell clusters
(small red dots in Fig. 2 C) in the left axillary lymph node with high spatial resolution.
These labeled cancer cells could be observed in real time owing to bright fluorescence from
QDs (see video in Supporting Information). After optical imaging, mice were euthanized
and histological validation of labeled-cancer cells was performed with hematoxylin—eosin
(H-E) staining, Prussian-blue staining and fluorescence microscopy. These images
confirmed the presence of dual-labeled cancer cells in the peripheral of left axillary lymph
node, corresponding to the /n vivoimages (Figure 3).

3. DISCUSSION

Cancer spread into the lymphatic system is a significant prognostic factor in most cancer
patients (15,16), and therefore, it is important to understand how cancer cells migrate within
the lymphatic system (17). /n7 vivo cell tracking, including macrophages, stem cells and

Contrast Media Mol Imaging. Author manuscript; available in PMC 2019 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosaka et al.

Page 4

cancer cells, has been applied in many preclinical studies and has proved to be a robust tool
for biomedical research. Currently two major techniques are commonly used for cell
tracking: MR imaging with a SPIO and optical imaging with fluorophores or fluorescence
proteins (18-21). SPIO is a hano-sized iron oxide particle, which is coated by dextran. Once
target cells ingest SPIO within their cytoplasm, even very small numbers of cells (~600 cells
per voxel) can be detected owing to the strong susceptibility effects of incorporated iron
(22). When labeled with micron-sized iron oxide particles, a single cell can be detected with
a high magnetic field scanner (23). Another technique is optical imaging that uses a super-
bright inorganic fluororescent nano-particle (e.g. QD) or fluorescence proteins, which emit
bright fluorescence from labeled target cells. Cell tracking is therefore feasible; however,
tracking cancer cells within the lymphatic system is still limited, since it can be hard to
verify the intralymphatic location of a labeled cancer cell. Furthermore, to thoroughly
understand the relationship between intralymphatic cancer cell migration and lymphatic
drainage rates, it is also necessary to map out draining lymphatic basins /in vivo and follow
cancer cell migration (5,24).

MRI with SP10 has the advantage of high sensitivity and whole body/organ imaging.
However, since gradient echo sequences are very sensitive to local magnetic field
disturbances induced by SPIO, dark signals from SP10-labeled cells are generally larger
than actual cancer cells or clusters (the so-called ‘blooming effect’) (25), leading to
overestimation of the number of labeled cells distributing within target organs. Furthermore,
this dark signal caused by shortened 7,* can also emanate from micro-hemorrhage or tiny
air bubbles that also induce a similar susceptibility effect.

In this study, in addition to MR cell labeling and counterlabeling of the lymphatics, we
employed optical imaging agents, QD. MRI demonstrated macro-distribution of target
cancer cells in the whole body, while optical imaging was limited to a small field of view but
gave insight into the micro-distribution of cancer cells within lymph nodes. Taken together,
multimodal cell tracking method can compensate for the disadvantages of each modality.
Several studies of dual-labeled cells were reported with stem cells using a combination of
MRI and optical imaging (26,27). In these studies, stem cells were dual-labeled with MRI
contrast agents and fluorophores, and then /n vivo MRI demonstrated distribution and
migration of labeled stem cells in injured spinal cord or carotid, followed by ex vivo
fluorescence microscopy of sectioned tissue specimens, which showed the micro-
distribution of the labeled cells within the target organ. In this study, we showed dual-labeled
cancer cells tracking in the lymphatic system, which allowed minimally invasive MR
imaging along with more intrusive but higher resolution intravital real-time optical imaging.

The viability of dual-labeled and SPI1O-labeled cancer cells was slightly lower than that of
nonlabeled control cells in this study. SP1O labeling with protamine sulfate and QD cell
labeling have been reported not to influence cell viability at least in the short term (28-31).
Therefore, it is unlikely that SP10 or QD were directly cytotoxic. It is more likely that the
repeated intensive cell washing after SPIO labeling and multistep cell labeling process used
here caused a small decrease in viability. More optimal SPIO labeling (29) or single-step
dual-labeling (32) may improve the viability of dual-labeled cells, although additional newly
synthesized duallabeling chemicals are required to achieve this alternative.
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A lymphatic imaging agent, Gd-G6, was used to simultaneously image the lymphatics and
the SP10-labeled cells (2,33). Gd-G6 is a positive contrast agent on 7;w-FFE and b-FFE
sequences, and as a result lymphatic basins were positively enhanced. The larger size of the
G6 dendrimer scaffold results in gains in /2, compared with small-molecule Gd chelates.
Previously, cancer cells have been imaged with optical probes, including a combination of
QD-labeled cancer cells and fluorophore-conjugated dendrimers (34), or fluorescence-
protein-labeled cancer cells and fluorophore-conjugated monoclonal antibody (24). Our
result demonstrated that MRI with a negative (SP10) labeled cell and a positive (Gd-G6)
labeled lymphatic system is capable of visualizing early micrometastastic deposits of cancer
cells in lymph nodes. To evaluate lymphangiogenesis between lymphatic function and
cancer cell migration, simultaneous visualization of both the cells and the lymphatics is
important. It is note-worthy that the cancer cells entered the node through specific afferent
lymphatics in the lymph node periphery, leaving the remainder of the node unaffected (34).
The peripheral distribution of tumor cells at the early time point after injection is consistent
with a previous report using fluorescence microscopy to visualize QD labeled cells.
Subsequently, the tumor cells became more evenly distributed through the node (34).
Preventing dissemination at this point may be useful in reducing the spread of cancer.

4. CONCLUSIONS

In conclusion, we demonstrate the ability to track early micrometastases of dual-labeled
cells within the lymph nodes. With this method, both the lymphatics and labeled cancer cells
within the lymphatics were simultaneously visualized, and intravital optical imaging
confirmed the presence of cells using high-spatial-resolution /7 vivo microscopy in real time.
These images can provide detailed information on migrating cancer cells within the
lymphatic system as well as the relationship between regional lymphatic drainage function
and cancer cell migration /in vivo. This method is potentially a powerful research tool for
investigating lymphatic metastases in animal models.

5. EXPERIMENTAL

5.1. Synthesis of gadolinium-dendrimer-based MRI contrast agent (Gd-G6)

5.2.

A generation-6 polyamidoamine dendrimer (PAMAM-G6, 58 kDa; Sigma-Aldrich, St Louis,
MO, USA) was coupled with the chelate 2-(p-isothiocyanatobenzyl)-6-methyl-
diethylenetriamine-pentaacetic acid (1B4M) and 204 Gd(l11) ions to obtain the Gd-G6 MRI
contrast agent (220 kDa, ~10 nm in hydrodynamic diameter) for MR lymphangiography.
The details of this Gd-G6 synthesis and quality control were described previously (2,35).

Cell line and cell culture

An established human breast cancer cell line, MDA-MB468 (36), was used for this study.
The cell line was grown in RPMI 1640 medium (Invitrogen Corporation, Carlsbad, CA,
USA) containing 10% fetal bovine serum (FBS; Invitrogen Corporation), 0.03% L-
glutamine at 37 °C, 100 units mI~1 penicillin and 100 ug ml~1 streptomycin in 5% CO,.
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5.3. Labeling of cancer cells

Optical (QD) cancer-cell labeling was performed with Qtracker 655 (Invitrogen
Corporation) following the manufacturer’s protocol. The hydrodynamic diameter of QD655
is ~20 nm. Briefly, 10 x 108 MDA-MB468 cancer cells were suspended in 20 nM Qtracker
655 solutions, and then incubated for 2 h in 5% CO, at 37 °C. After incubation, QD-labeled-
cancer cells were washed with complete medium three times and re-suspended with
complete medium in a T-75 flask.

SPIO labeling was performed using the protamine sulfate method (31,37). Commercially
available ferumoxide suspension (Feridex 1V; Berlex Laboratories, Montville, NJ, USA) and
protamine sulfate (American Pharmaceuticals Partners, Shaumburg, IL, USA) were used.
Ferumoxide at a concentration of 100 ug ml~1 was placed in a tube containing serum-free
RPMI 1640 medium (Invitrogen Corporation) and 0.03% L-glutamine. Protamine sulfate
was then added to the solution at the concentration of 5 ug ml~1. The solution containing
ferumoxides and protamine sulfate was mixed for 5-10 min. After 5-10 min, an equal
volume of the solution containing ferumoxide—protamine complexes was added to the
existing complete media in the QD-labeled cell culture, followed by overnight incubation in
5% CO» at 37 °C. Then, labeled cancer cells were harvested by trypsinization and washed
three times with PBS containing 10 U mlI~1 heparin sulfate. Further, to eliminate
unincorporated ferumoxide—protamine complexes thoroughly, collected cells were re-
suspended in complete media for 8 h, and then only adherent cells on the flask bottom were
harvested and washed with ice-cold PBS twice.

In vitro validation of dual-labeled cancer cells

5.4.1. Validation of dual labeling—To validate dual-labeling of cancer cells,
fluorescence microscopy and Prussian blue staining were performed (38). Dual-labeled cells
were smeared on a glass slide, and examined with fluorescence microscopy (BX61,
Olympus America Inc., Melville, NY, USA) using RFP filter settings (excitation 560/55;
emission 645/75 nm) to identify incorporated QD within the cell cytoplasm. Prussian blue
staining of another slide was carried out to detect SP1O (Iron Stain Kit, Sigma-Adlrich).
Additionally, flow cytometry was performed to assess the efficiency of dual labeling. One-
million dual-labeled cells were treated with Cytofix/Cytoperm kit (BD, Franklin Lakes, NJ,
USA) following the manufacturer’s protocol, and then dextran immunostaining was
performed using anti-dextran FITC-conjugated mouse monoclonal antibody (Stem Cell
Technologies, Vancouver, Canada). Two-color flowcytometry was performed on a
FACSCaliber (BD) and analyzed using CellQuest software (BD). These experiments were
repeated three times.

5.4.2. Intracellular Iron Quantification—Quantification of intracellular iron labeled
cells was performed using UV-vis spectrometric methods (39,40). After duallabeling, 5 x
10° dual-labeled cells were centrifuged at 3000 rpm for 5 min. After discarding the
supernatants, cell pellets were incubated at 90 °C overnight (no cap on tubes). The next day,
iron was dissolved by adding 1 ml of 5 M hydrochloric acid (HCI) to each tube and samples
were further incubated at 60 °C for 4 h. During this incubation step, tubes were capped to
prevent acid evaporation. After the incubation, 0.5 ml solution from each tube was
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transferred to a separate 1.5 ml cuvette, and 0.5 ml freshly prepared 5% potassium
ferrocyanide (Sigma-Aldrich) was added to each cuvette and incubated at room temperature
in dark for 35 min. Prussian blue color developed in the reaction of the mixtures and became
stable after 35 min. After 35 min, the absorbance was measured using a UV-vis
spectrometer (8453 Value UV-vis Value System; Agilent Technologies, Santa Clara, CA,
USA). The absorption profile of 200-1100 nm wavelengths was plotted to determine the
peak absorbance wavelength. The peak absorbance for solution containing iron was 700 nm.
Iron concentration in the sample was calculated from a standard curve that was derived from
calibration standards of ferumoxides containing 0-10 pg mI~1 iron in the same acid mixture.
Iron concentration was expressed as an average picograms of iron per cell. A total of five
samples of dual-labeled cells or control cells were evaluated.

5.4.3. Trypan blue viability assay—Dual-labeled cells or control nonlabeled cells
were suspended in PBS at the concentration of 10 x 10% mI~1 and mixed with 0.4% trypan
blue dye at the 1:1 ratio. Ten microliters of this mixture was loaded into hemocytometer,
after which cells were counted. Cells with an intact membrane excluded the dye and were
considered as live cells. The percentage of live and dead cells was determined with 18
samples of dual-labeled or control cells each.

5.5. Intralymphatic cancer cell tracking with MR and optical imaging in vivo

All procedures were approved by the National Cancer Institute Animal Care and Use
Committee. Female nude mice (National Cancer Institute Animal Production Facility,
Frederick, MD, USA) were anesthetized via intraperitoneal injection of 1.15 mg sodium
pentobarbital (Nembutal Sodium Solution, Ovation Pharmaceuticals Inc., Deerfield, IL,
USA). Two million dual-labeled cancer cells were suspended in ice-cold PBS, and
intracutaneously injected into the left paw of anesthetized mice 24 h prior to imaging.

In vivo MR imaging was performed using a 3 T clinical MRI scanner (Achieva, Phillips)
with an inhouse 1-inch saddle type coil. Mouse was anesthetized with 3% isofluorane with
oxygen and then placed on a mouse cradle and put into the MR coil in the prone position.
Body temperature was kept around 36 °C using a heating pad. Then, MR images were
acquired with respiratory triggering: a 3D 7;-weighted gradient echo sequence ( 7;w-FFE)
with fat suppression (slice thickness, 0.6 mm; number of excitations, 5; field of view, 8 x 8
cm; matrix, 512 x 512; repetition time, 16 ms; echo time, 2.302 ms; flip angle, 30°), and 3D-
balanced-steady-state free precession (b-FFE) sequence (slice thickness, 0.6 mm; number of
excitations, 8; field of view, 8 x 8 cm; matrix, 512 x 512; repetition time, 8.796 ms; echo
time, 2.492 ms; flip angle, 45°). After MR image acquisition, 10 pl of 30 mM G6-Gd
solution was intracutaneously injected at the left paw, where labeled cancer cells were
inoculated, and another set of MR images were acquired 5-10 min after G6-Gd
administration.

After MRI, the mouse underwent /n vivo optical imaging. Mice were anesthetized via
intraperitoneal injection of 1.15mg sodium pentobarbital (Nembutal Sodium Solution,
Ovation Pharmaceuticals Inc., Deerfield, IL, USA), and the skin above left axillary lymph
node was removed. Fluorescence images were obtained using a macro-zoom fluorescence
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microscope (MVX10 Macroview, Olympus America, Center Valley, PA, USA) with GFR
filter setting (excitation 470/40nm; emission, 525nm, long-pass) and recorded with a CCD
video camera system (FluorVivo Mag, INDEC Biosystems, Santa Clara, CA, USA) in real-
time.

After all imaging procedures, mice were euthanized with carbon dioxide, and the left
axillary lymph node chain of each mouse was harvested and then subjected to histological
validation with H-E staining, Prussian-blue staining and fluorescence microscopic images
(BX61, Olympus). These experiments were repeated five times and showed consistent
results in all mice. The /n vivo imaging protocol is summarized in Fig. 2(A).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
In vitro validation of dual-labeling of MDA-MB468. (A) Differential interference contrast

(DIC) images, fluorescence images and Prussian blue staining of dual-labeled MDA.-
MBA468. Scales in DIC are 25 um. (B) Flow cytometory with dextran staining (SP10
staining) of dual-labeled MDA-MB468. Argon ion laser (488 nm) was used for excitation
with FL1 emission filter (530/30 nm) for anti-dextran FITC-conjugated antibody and FL3
(650 nm long-pass) for quantum dot 655.
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Fluorescence (QD)

Figure 2.

Intralymphatic cancer cell tracking with MR and optical imaging /n vivo. (A) Schematic
illustration of the protocol. (B) Both 7;-weighted-gradient echo sequence ( 73w-FFE) and
balanced-steady-state free precession (b-FFE) images show iron-labeled cancer cells in the
periphery of the left axillary lymph node (dark areas, black arrows). After administration of
Gd-G6 MR contrast agents into the left paw, the cancer cells and lymphatic basin are
simultaneously depicted (lymph nodes: white arrows, lymphatic ducts: arrow heads), while
no enhancements (neither negative nor positive) are observed in the contralateral axillary
lymph node (open arrows). MIP, maximum intensity projection. Scales in images are 5 mm.
(C) In vivo fluorescence images show optically labeled cancer cells (small red dots, arrow)
in an axillary lymph node with high spatial resolution. Note that the green fluorescence
arises from autofluorescence in the background tissue. Scale in fluorescence image is 1 mm.
These cancer cells can be observed in real time (see video in Supporting Information).
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Figure 3.
Histological validation of the removed left axillary lymph node. Labeled cancer cells are

found in the peripheral of lymph node in Prussian-blue staining (blue dots) and fluorescence
images (white dots). Scale in H-E staining is 50 pm.
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