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Magnetic resonance tracking of dendritic cells in
melanoma patients for monitoring of cellular therapy
I Jolanda M de Vries1,2, W Joost Lesterhuis3, Jelle O Barentsz4, Pauline Verdijk1, J Han van Krieken5,
Otto C Boerman6, Wim J G Oyen6, Johannes J Bonenkamp7, Jan B Boezeman8, Gosse J Adema1,
Jeff W M Bulte9, Tom W J Scheenen4, Cornelis J A Punt3, Arend Heerschap4 & Carl G Figdor1
The success of cellular therapies will depend in part on accurate delivery of cells to target organs. In dendritic cell therapy,
in particular, delivery and subsequent migration of cells to regional lymph nodes is essential for effective stimulation of the
immune system. We show here that in vivo magnetic resonance tracking of magnetically labeled cells is feasible in humans for
detecting very low numbers of dendritic cells in conjunction with detailed anatomical information. Autologous dendritic cells
were labeled with a clinical superparamagnetic iron oxide formulation or 111In-oxine and were co-injected intranodally in
melanoma patients under ultrasound guidance. In contrast to scintigraphic imaging, magnetic resonance imaging (MRI) allowed
assessment of the accuracy of dendritic cell delivery and of inter- and intra-nodal cell migration patterns. MRI cell tracking
using iron oxides appears clinically safe and well suited to monitor cellular therapy in humans.

Cellular therapies using stem cells and immune cells are being
increasingly applied in clinical trials. Accurate delivery of cells to target
organs can make the difference between failure or success. Because of
their pivotal role in initiating an immune response, dendritic cells are
of widespread interest as a means of enhancing the endogenous
immune response against tumor cells. Tumor antigen–loaded dendritic
cell vaccines have been introduced in the clinic and have proven
feasible and nontoxic, and both immunological and clinical responses
have been observed1. However, effective immune induction is limited
to a minority of patients. One possible explanation of this is insufficient delivery of dendritic cells to the target organs.
For effective immunotherapy, dendritic cells must migrate throughout the vascular and lymphatic system to present their antigens to
T cells located within lymph nodes. In independent studies, dendritic
cells have been administered by different routes: intradermally, subcutaneously, intravenously or using combinations of these routes.
Alternatively, dendritic cells can be injected directly into the lymph
node2. Thus far it has not been clear which route of administration is
optimal. The design of optimal dendritic cell therapy would therefore
be facilitated by technologies for monitoring dendritic cell trafficking.
Dendritic cells have previously been labeled with radionuclides for
scintigraphic imaging, which is the only clinical cellular imaging
modality approved by the US Food and Drug Administration
(FDA)3–5. A major drawback of scintigraphy, however, is the lack of
anatomical detail; it allows only gross anatomical determination of
migration between lymph nodes without the ability to assess the
intranodal distribution pattern of dendritic cells within each lymph

node. Furthermore, accurate cell delivery, which may be essential for
subsequent migration into nearby lymph nodes, cannot be properly
evaluated owing to scintigraphy’s lack of spatial resolution.
In contrast, MRI is well suited to obtain three-dimensional, wholebody, high-resolution images and is widely used in clinical practice.
The most sensitive existing markers to label cells for magnetic
resonance detection are (ultrasmall) superparamagnetic iron oxide
((U)SPIO) particles6. Initially applied as a marker for cells of the
reticulo-endothelial system, including the liver7 and lymph nodes8,
these contrast agents are now either FDA-approved as a liver agent
(SPIO; Feridex-USA; Endorem-Europe) or in late-phase clinical trials
as a lymph node agent (USPIO; Combidex-USA; Sinerem-Europe)9.
They are nontoxic and biodegradable10. Recently, SPIO particles have
been applied as a magnetic label to detect cells after local grafting11–14
or systemic injection15–18, including dendritic cells labeled with a
nonclinical-grade SPIO preparation through a two-step monoclonal
antibody approach19. These studies have all been performed in animal
models. Translation of these techniques from animal models to
humans is not straightforward because SPIO-labeling raises safety
concerns associated with the use in patients of adjunct compounds,
such as transfection agents.
In this study, we obviated these concerns by taking advantage of the
fact that immature dendritic cells naturally endocytose clinically
applied, FDA-approved SPIO-labels in substantial amounts. We
found that cells could be labeled with high efficiency without affecting
their function. We then investigated the biodistribution of SPIOlabeled dendritic cells applied as cancer vaccines in melanoma patients
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RESULTS
In vivo MRI and scintigraphy of dendritic cells
We loaded dendritic cells with SPIO particles by coculturing immature
dendritic cells with 200 mg/ml SPIO, as immature but not mature
dendritic cells are highly phagocytic21. Several tests were conducted to
determine whether the labeling procedure affected the cells’ viability
or function. First, we confirmed that all cells had taken up a substantial amount of SPIO by the end of the culture period (Fig. 1b).
Second, the phenotypes of SPIO-labeled and unlabeled cells appeared
similar (Fig. 2a). Third, the random migration on fibronectin-coated
wells3 showed that SPIO-labeled dendritic cells migrated as well as
unlabeled- or 111In-labeled cells (Fig. 2b). Finally, SPIO-labeling of
dendritic cells loaded with the melanoma-specific peptide gp100:154162 was found not to affect the peptide-specific production of
interferon-g by a gp100:154-162-specific T-cell line22 (Fig. 2c), indicating that the antigen-presentation function of dendritic cells
remained unaffected after labeling. Together these results demonstrate
that SPIO labeling does not affect the cells’ phenotype or function.
Eight stage-III melanoma patients received an intranodal injection
under ultrasound guidance of a mixture of 111In- and SPIO-labeled
dendritic cells (ratio 1:1) 2 d before radical dissection of regional
lymph nodes. Patients were imaged before and 2 d after the injection
by both scintigraphic imaging and MRI to monitor delivery of
the dendritic cells and their subsequent migration to nearby lymph
nodes. Scintigraphic imaging confirmed and extended previous findings that although a significant percentage of dendritic cells remained

+

using MRI. In vitro-generated dendritic cells loaded with tumorderived antigenic peptides were administered to stage-III melanoma
patients as outlined in Figure 1 (refs. 3,20). Dendritic cells were
labeled with 111In-oxine and SPIO (Endorem) separately and coinjected in a lymph node in the lymph node basin to be resected. This
provided a unique opportunity not only to obtain magnetic resonance
scans at 3 Tesla (T) before surgery, but also to generate high-resolution
magnetic resonance images at 7 T of individual resected lymph nodes
and to correlate the results with scintigraphy and (immuno)histopathology (Fig. 1). We show that magnetic resonance tracking of
magnetically labeled cells is a clinically safe procedure that, because of
its high resolution and excellent soft tissue contrast, appears ideally
suited to monitor novel experimental cell therapies in patients.
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at the injection site, some did migrate to nearby lymph nodes. In four
of eight patients, 1% to 40% of total 111In activity was found in
regional lymph nodes draining the injected lymph node, indicating
migration of 111In-labeled dendritic cells (Fig. 3d, Table 1 and
Supplementary Fig. 1 online).
The scintigraphic images were compared with in vivo magnetic
resonance images obtained on a 3-T magnetic resonance system
(Fig. 3). Comparison of gradient echo images before and after
cell injection (Fig. 3a,c; patient 1) showed that the injected SPIOlabeled dendritic cells resulted in a significant decrease in signal
intensity at the injection site. After injection, turbo spin echo (SE)
images, which are relatively insensitive to SPIO-induced magnetic
susceptibility effects, were also obtained (Fig. 3b). By comparing the
iron-insensitive magnetic resonance spin echo sequence with ironsensitive gradient echo sequences, one can reliably detect the presence
of iron in a lymph node9.
In SE images, lymph nodes generally appear as dark-gray structures.
In gradient echo images, they are white (compare open arrows in
Fig. 3e,f; k,l and m,n; patient 3); a large decrease in signal intensity at
the sites of the lymph nodes indicated the presence of SPIO-labeled
cells (closed arrows in Fig. 3). 111In- and SPIO-labeled cells colocalized in the same areas, proving that the locations detected
by MRI indeed represent injected and migrated dendritic cells
(Fig. 3e–n). All lymph nodes that showed 111In activity were also
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Figure 1 Study protocol. (a) Monocytes are obtained by cytopheresis from
stage-III melanoma patients. (b) They are cultured and labeled with SPIO
particles and 111In. (c,d) The cells are then injected intranodally into a
(either cervical, inguinal or axillary) lymph node basin that is to be
resected and their biodistribution is monitored in vivo by scintigraphy
(c) and MRI at 3 Tesla (d). (e–g) The lymph node basis is resected and
separate lymph nodes are visualized with high resolution MRI at 7 Tesla
(f) and histology (g).
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Figure 2 Phenotypical and functional characterization of SPIOlabeled dendritic cells. (a) FACS analysis of the expression of major
histocompatibility complex class II (HLA-DR/DP) and costimulatory
(CD80 and CD86) molecules, dendritic cell maturation marker CD83 and
chemokine receptor CCR7. (b) Migratory capacity of dendritic cells
determined by the percentage of dendritic cells labeled with or without
SPIO or 111In that migrate on a fibronectin surface in a random in vitro
migration assay. (c) Interferon-g production by gp100:154-162-specific
T-cell line cocultured with unlabeled, gp100:154-162-loaded dendritic cell,
SPIO-labeled, gp100:154-162-loaded dendritic cells or unlabeled dendritic
cells loaded with an irrelevant peptide.
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Figure 3 In vivo scintigraphic and MRI. (a–c) Monitoring of the delivery of
dendritic cells labeled with SPIO and 111In by MRI before and after
intranodal injection in patient 1. (a) Gradient echo transversal magnetic
resonance image before vaccination showing a right inguinal lymph node
with a hyperintense signal area (1). (b) SE (technique much less sensitive for
SPIO) transverse magnetic resonance image obtained from the same lymph
node after vaccination. (c) Gradient echo transverse magnetic resonance
images after vaccination in same position as b showing a decreased signal
intensity of lymph node 1. (d–n) Monitoring of in vivo migration of SPIO and
111In-labeled dendritic cells with MRI and scintigraphy after injection in a
right inguinal lymph node in patient 3. (d) In vivo scintigraphy 2 d after
vaccination showing migration of the dendritic cells from the injection lymph
node (1) to three following lymph nodes (2–4). (e–n) Five image pairs of a
coronal gradient echo and SE image 2 d after vaccination showing migration
of the dendritic cells from the injection lymph node 1 (e and f) to four
following lymph nodes (g–n). Open arrows indicate lymph nodes that do not
contain SPIO, on the SE images these nodes are dark-gray; on gradient echo
images they are white. Closed arrows indicate lymph nodes that are positive
for SPIO in the gradient echo magnetic resonance image. On gradient echo
images SPIO-containing lymph nodes have a decreased signal intensity
compared to SE images. The concentration of SPIO in lymph node 1 was
very high, resulting even in a decreased signal intensity in the SE image. The
lymph node that was identified by the scintigraphy as the injection lymph
node (lymph node 1 in d) actually consisted of two distinct lymph nodes as
evidenced by MRI (lymph nodes 1 and 5).

positive in MRI. However, because MRI has a higher spatial resolution, the MRI images revealed more lymph nodes containing migrated
dendritic cells as compared with the scintigraphic images (Table 1). In
addition, scintigraphic imaging saturates the image such that multiple
adjacent lymph nodes may appear as one. An example is shown in
Figure 3. In patient 3, four positive lymph nodes were identified by
scintigraphy. However, the magnetic resonance images revealed five
lymph nodes, as the hot spot of lymph node 1 actually consisted of
two separate lymph nodes, with the second one lying close to the
injection node (Fig. 3d,g,h and Supplementary Video 1 online).
From the scintigraphy of the resected lymph node basin from
patient 1, we could calculate that 2% of 7.5  106 dendritic cells
migrated to draining lymph node number 4 (see Supplementary
Fig. 1 online). This particular node was also visible by MRI, indicating
that as few as 1.5  105 migrated cells could readily be visualized. The
node had a volume of 2.3  7.6  3.5 mm (90 voxels in one slice).

Table 1 Comparing scintigraphy and MRI for monitoring of cell
migration

Injection
Injection
site

correctly
in LN

Inguinal LN
Inguinal LN

Yes
Yes

3 Right Inguinal LN
Left Inguinal LN

Patient
1
2

Number of LNs Number of LNs
visualized on
visualized on Number of LNs
in vivo
scintigraphya

ex vivo
scintigraphya

visualized on
MRa

2 (4%)
1 (0%)

4 (40%)
2 (1%)

4
3

Yes
Yes

4 (4.2%)
2 (1.7%)

5 (n.d.)
n.d.

5
2

4
5

Cervical LN
Axillary LN

Partlyb
No

2 (17%)
1 (0%)

2 (n.d.)
1 (0%)

2
0c

6
7

Auxiliary LN
Inguinal LN

Partlyb
No

1 (0%)
1 (0%)

1 (0%)
1 (0%)

1
0c

8

Inguinal LN

No

1 (0%)

1 (0%)

0c

aIncluding

the injected LN, between brackets the total percentage of 111In-activity at the site(s)
distant from the injection depot is given (only for scintigraphy).
of the cells were injected outside the LN, mostly in the perinodal tissue. cSPIO was
detected only outside the LN. LN, lymph node.
bPart
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Assuming that the distribution of SPIO-positive cells in the lymph
node was homogeneous, as a rough estimate ~2  103 cells/voxel
could be visualized. Because the distribution is inhomogeneous, the
actual value may be larger. Notably, the additional anatomical
information provided by the magnetic resonance images could
confirm that the injected dendritic cells were truly localized within
the lymph node. In addition, MRI demonstrated that in three patients
the dendritic cells were actually delivered not into the lymph node
but in the perinodular fat (Fig. 4a,b). Notably, in all three patients no
dendritic cell migration to draining lymph nodes was observed
(Table 1). Furthermore, in two patients, dendritic cells were
injected only partly in the target lymph node and migration of
dendritic cells was registered in only one of them. The total number
of SPIO-positive dendritic cells imaged by magnetic resonance was
significantly correlated with the success of the intranodal injection
(see Supplementary Fig. 2, P o 0.05). Thus, in contrast to MRI,
which allows verification that hotspots are actually lymph nodes,
scintigraphy cannot distinguish between correct and incorrect
intranodal injections, leading to erroneous classification of injection
sites as lymph nodes.
Analysis of the number of cases in which one technique was more
accurate in imaging true dendritic cell–positive lymph nodes showed
that MRI was significantly better than scintigraphy (P o 0.05). Thus,
the detailed anatomical information (combination of high spatial
resolution and excellent soft tissue contrast) of MRI is a clear
advantage compared with scintigraphic imaging, allowing both verification of accurate delivery and monitoring of subsequent migration
of SPIO-labeled cells.

NOVEMBER 2005

1409

ARTICLES

© 2005 Nature Publishing Group http://www.nature.com/naturebiotechnology

a

b

Figure 4 Monitoring of the accuracy of delivery of SPIO-labeled cells using
MRI. (a) MRI before vaccination; the inguinal lymph node to be injected
is indicated with a black arrow. (b) MRI after injection showing that the
dendritic cells were not accurately delivered into the inguinal lymph node
(black arrow) but in the vicinity, in the subcutaneous fat (white arrow).

Ex vivo MRI and histology of resected lymph nodes
As the melanoma patients were scheduled for regional lymph node dissection, a unique opportunity existed to investigate the biodistribution
of the injected dendritic cells in more detail in individual resected
lymph nodes by high-resolution MRI at 7 T (Fig. 5a,c). All lymph
nodes that contained 111In-positive dendritic cells as determined by a
gamma probe were also positive for SPIO-labeled cells, validating the
ability of MRI to detect and localize low numbers of injected and
migrated SPIO-labeled cells. As expected when SPIO-labeled cells are
present, the gradient echo images of these nodes showed much larger
areas in the lymph nodes that are hypointense as compared with the
SE images (see Supplementary Videos 2 and 3 online).
Localization of SPIO-labeled dendritic cells in the lymph nodes was
further confirmed by histology after Prussian blue staining of lymph
node sections (Fig. 5b,d). There was an excellent correlation between
the hypointense areas of images obtained by ex vivo MRI and the areas
containing large numbers of SPIO-positive cells as visualized by
histochemistry. Even low numbers of SPIO-labeled dendritic cells
distributed over a larger area were readily detected by MRI (encircled
areas in Fig. 5b,d). These ex vivo MRI and histology findings thus
confirm that in vivo MRI is a sensitive and accurate technique for
monitoring the biodistribution of SPIO-labeled cells.
Further histological evaluation of the lymph nodes beyond the
injected node that were detected with autoradiography and MRI
showed iron-containing dendritic cells in the paracortex. Large
numbers of iron-containing cells were present in the sinuses of the
lymph node. These findings indicate that injected dendritic cells
entered the lymph nodes via their natural route through the
afferent lymph vessels and sinuses (Fig. 5e). A significant proportion
of the cells penetrated deep into the T-cell areas (Fig. 5f) throughout
the lymph nodes, whereas no cells were found in the B-cell
areas. SPIO-labeled dendritic cells in T-cell areas were often found
to be surrounded by rosetting lymphocytes (Fig. 5g). The presence of
rosettes of slightly enlarged T cells around SPIO-positive dendritic
cells is indicative of T-cell activation, a requirement for effective
dendritic cell vaccines. The SPIO-labeled cells were negative for
the macrophage marker CD68 (Fig. 5g), indicating that SPIO-positive
cells were indeed injected dendritic cells and not macrophages
that had phagocytosed SPIO particles released from dead cells. Moreover, SPIO-containing cells were also positive for the dendritic
cell–markers S100 (Fig. 5h) and CD83 (data not shown). Thus,
SPIO-labeling does not prevent migration of injected dendritic cells
to the T-cell area in the lymph node in vivo, and injected dendritic
cells that migrate into the T-cell areas have productive interactions
with resident T cells.
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Figure 5 Ex vivo magnetic resonance images and correlation with histology.
(a–d) SE magnetic resonance image of the injected lymph node (a) and a
nearby lymph node (c) obtained after resection from patient 1. SPIO-labeled
dendritic cells were visualized by Prussian Blue staining in sections from the
injected lymph node (b) and the nearby lymph node (d) at levels comparable
to the magnetic resonance images. Areas with (dispersed) SPIO-labeled
dendritic cells as detected at higher magnifications are encircled and
correlated with the magnetic resonance images. The blue area in b that
is visible even at low magnification represents the injection site. (e–h)
Magnifications of specific regions of d. SPIO-labeled cells were detected
in the sinus (e) and in T-cell areas (f) of the lymph node. (g) T cells form
rosettes around vaccinated dendritic cells (a representative picture is
shown). SPIO-labeled cells are negative for the macrophage marker CD68.
(h) SPIO-labeled cells were positive for the dendritic cell marker S100.
Blue represents SPIO-particles, brown indicates specific immunostaining.

DISCUSSION
In this study, we followed the migration of autologous ex vivo-cultured
mature dendritic cells after intranodal administration in eight stage-III
melanoma patients scheduled for regional lymph node dissection. To
the best of our knowledge, there is no previous report of effective
tracking of ex vivo-labeled therapeutic cells in humans by noninvasive
MRI. By co-injecting equal numbers of 111In- and SPIO-labeled cells,
we demonstrated that MRI is at least as sensitive as scintigraphic
imaging for detecting dendritic cell migration in vivo. Moreover, MRI
is significantly better than scintigraphic imaging in that delivery of the
dendritic cell vaccine to the intended location can be verified and cells
can be tracked more accurately.
We labeled dendritic cells in the immature state, following which
they were allowed to mature, as immature but not mature dendritic
cells are highly phagocytic21. This obviated the use and clinical approval of transfection agents, which are now widely applied for efficient
intracellular magnetic labeling of nonphagocytic cells in animal models23. The phenotypical and functional properties of the SPIO-labeled
cells were unaltered as compared with unlabeled cells. Moreover, SPIOlabeled cells that had migrated into lymphoid tissue still expressed the
maturation marker CD83, indicating that migrating dendritic cells
remained mature and did not return to an immature state.
A major advantage of MRI over scintigraphic imaging is the highresolution anatomical background contrast, which allows precise
anatomical localization of SPIO-labeled cells at the actual injection
site and after migration. A major advantage of scintigraphic imaging,
however, is the possibility to quantify the amount of cells that have
migrated from the injection site. Preferably, both techniques should be
combined to obtain both quantitative and qualitative information on
migration of therapeutically administered cells. Alternative in vivo
approaches for noninvasive visualization of adoptively transferred
cells, such as bioluminescent imaging or positron emission tomography, have no endogenous background contrast, lack the resolution to
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delineate fine anatomical details of tissues and organs or cannot be
used clinically (bioluminescent imaging). The combination of both
SPIO and radionuclide labeling allows both quantification (scintigraphy) and detailed anatomical localization (MRI) of migrated cells.
With these techniques we were able to detect as few as 1.5  105 cells
in vivo, which is in concordance with a previous study in a preclinical
porcine model using MRI to visualize injected iron fluorophore
particle–labeled mesenchymal stem cells24 and which is far below the
therapeutic range of B20  106 cells necessary for successful cardiac
infarct engraftment13. Furthermore, the combination of labeling techniques offers new possibilities to image differentially labeled subsets of
cells simultaneously in vivo after their injection at one and the same
site (for example, dendritic cell subsets or dendritic cells in different
activation or maturation stages). This is particularly relevant for
further optimization of cell-based anti-cancer therapies. Subsequent
autoradiography, (immuno)histology and Prussian blue staining of
tissue sections from resected lymph nodes to visualize individual 111
In-labeled and SPIO-labeled cells would then offer a further means of
validation to track mixed cell populations at the single-cell level.
Interestingly, we found that in only B50% of the cases were
dendritic cells correctly injected into the lymph node, despite ultrasound guidance of the injection needle by a highly experienced
radiologist. Subsequent migration could be observed only when
dendritic cells were correctly injected into the lymph node, demonstrating the importance for cellular therapy of magnetic resonance
verification of accurate delivery. Inadequate delivery may explain why
only a limited proportion of patients is responding in ongoing clinical
trials of dendritic cell vaccines. We found that MRI was significantly
more accurate than scintigraphy for visualizing true dendritic cell–
positive lymph nodes. These findings illustrate the power of additional
anatomical information, which can also be of value for other fields
of biomedical research. For example, the importance of magnetic
resonance tracking of cell delivery has been recognized for
bone marrow stem cell injections into infarcted myocardium of
large animal models13,24.
MRI proved valuable for monitoring not only the accuracy of the
injection but also the migratory capacity of antigen-loaded dendritic
cells, as remote lymph nodes containing SPIO-labeled cells could be
visualized individually. In contrast to scintigraphy, where a hot spot
may represent one or more lymph nodes, MRI can detect all truly
positive lymph nodes separately owing to its high spatial resolution and
lack of saturation of images. In two patients, individual lymph nodes
were missed by scintigraphy because they were located in the same
vertical plane as the injection node. With MRI these lymph nodes
could be detected separately, allowing correct evaluation of the
migratory capacity of SPIO-labeled cells in vivo. That these lymph
nodes were SPIO positive was confirmed by ex vivo MRI and histology.
High-resolution MRI of these targeted lymph nodes ex vivo
provided detailed information on the three-dimensional biodistribution of small numbers of cells and their migration into the paracortex
of the lymph node, the location of the T-cell areas where the dendritic
cell–T cell interaction takes place. These findings were confirmed by
immunohistology after Prussian blue staining of lymph node sections.
Moreover, rosettes of slightly enlarged T cells around injected dendritic cells were present in several patients, demonstrating a functional
interplay between SPIO-labeled dendritic cells and T cells. Thus,
SPIO-labeling of dendritic cells did not affect the migratory behavior
and functionality of the dendritic cells in vivo.
In conclusion, this clinical study demonstrates the potential of using
MRI for tracking therapeutic cells in patients. Our approach could be
easily extended to other clinical applications, including those based on
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monocyte, granulocyte and lymphocyte trafficking, monitoring of
cellular transplants and tissue-restoration therapies based on stem
cells and progenitors. The routine imaging protocols we used are
readily available on common MRI systems. Therefore, cellular MRI
may pave the way for many investigators and clinicians to obtain a
more in-depth view of the underlying biodynamics of cellular treatment modalities.
METHODS
Patients. This study included melanoma patients enrolled in an ongoing
protocol in which the in vivo immune responses of a dendritic cell vaccine
are under study (KUN 99-150). Eligibility criteria included stage-III melanoma
(according to the 2001 American Joint Committee on Cancer staging system25),
planned regional lymph node dissection for lymph node metastases, HLA-A2.1
phenotype, melanoma expressing the melanoma-associated antigens gp100
and tyrosinase, and World Health Organization performance status 0 or 1.
Prior treatment was allowed, provided that a treatment-free period of at least
4 months was observed and all related toxicity had resolved. Patients with brain
metastases, serious concomitant disease or a history of a second malignancy
were excluded. The study was approved by our Institutional Review Board, and
written informed consent was obtained from all patients. Toxicity was assessed
using the National Cancer Institute Common Toxicity Criteria.
In total, 11 stage-III melanoma patients were included, of whom 2 developed
clinical overt brain metastases between inclusion and start of treatment and
could therefore not be included in the analysis. Of the other nine patients, one
had severe claustrophobia precluding in vivo MRI, although scintigraphy and
ex vivo MRI could be obtained. Toxicity was similar to previous dendritic cell
vaccination studies20 and consisted of low-grade fever, mild flu-like symptoms
and irritation at the site of injection after the vaccinations in some patients.
Preparation of SPIO- and 111In-labeled dendritic cells. Dendritic cells were
generated from adherent peripheral blood mononuclear cells by culturing in
the presence of interleukin-4 (500 U/ml) and granulocyte-monocyte colony
stimulating factor (800 U/ml) (both Cellgenix). For SPIO-labeling, 200 mg
Ferumoxide/ml (Endorem, Laboratoire Guerbet) was added 3 d after the onset
of dendritic cell culturing. At day 5, dendritic cells were matured with
autologous monocyte-conditioned medium supplemented with prostaglandin
E2 (10 mg/ml, Pharmacia & Upjohn) and 10 ng/ml recombinant tumor necrosis
factor-a (Cellgenix) for 48 h, as described previously26,27. Dendritic cells were
pulsed with the melanoma peptides gp100:154-162, gp100:280-288 tyrosinase
369-376 as described previously3.
Mature dendritic cells were labeled with 111In-oxine (Tyco Healthcare) in
0.1 M Tris-HCl (pH 7.0) for 15 min at 20 1C as described previously3,26
resulting in 5 mCi activity per 7.5  106 cells. Cells were washed three times
with PBS. Radiolabeling efficiency was determined by measuring activity in
both the cell pellet and the washing buffer. Iron labeling efficiency was verified
by Prussian blue staining. Virtually all cells endocytosed SPIO particles (Fig. 1).
Total iron content of SPIO-labeled cells was assessed by a Ferrozin-based
spectrophotometric assay following acid-digestion of labeled cell samples11,28.
The iron content was 10–30 pg of iron per cell. Cell viability was determined by
Trypan blue staining, showing comparable viability (more than 80%) for
unlabeled dendritic cells and 111In and SPIO-labeled dendritic cells (data
not shown).
Phenotypic and functional evaluation of dendritic cells. Fluorescenceactivated cell sorting (FACS) analysis was performed using a Becton Dickinson
FACSCalibur. The following fluorochrome-conjugated monoclonal antibodies
were used: anti-HLA class I (W6/32), anti-HLA DR/DP (Q5/13), anti-CD80
(all Becton Dickinson), anti-CD83 (Beckman Coulter), anti-CD86 (Pharmingen), and anti-Chemokine Receptor 7 (kind gift of Martin Lipp). Random
in vitro migration was tested as described previously3. Peptide-specific T-cell
stimulatory capacity was tested by coculturing dendritic cells with or without
SPIO that were loaded with the gp100:154-162 peptide or an irrelevant peptide
with a gp100:154-162 specific T-cell line (dendritic cell:T ratio, 1:5)22. After 48 h
the cytokines in the supernatant were analyzed with a cytometric bead array for
human Th1/Th2 cytokines (BD Biosciences).
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Treatment schedule. Within 2 weeks before vaccination a first (preinjection)
baseline magnetic resonance scan was performed (see below). At day 7
peripheral blood mononuclear cells were obtained by leukapheresis for
dendritic cell culturing. At day 0 patients received a single injection of 111Inlabeled dendritic cells (7.5  106) mixed with iron oxide–labeled dendritic cells
(7.5  106, total volume 200 ml) directly into a lymph node of the lymph node
region that was to be resected, using a 21 G sterile needle (0.8  50 mm,
Microlance, Becton Dickinson). Intranodal injections were performed under
ultrasound guidance.
One hour after injection the first scintigraphic image (see below) was
acquired. At day 2, a second (post-vaccination) magnetic resonance scan was
perfomed, followed by a second scintigraphic imaging session, followed by
regional lymph node dissection. After surgery, the resected material was again
imaged scintigraphically to verify whether all tissue containing radioactivity was
indeed removed. Radioactive lymph nodes were dissected from the surgical
specimen under guidance of a gamma probe (Europrobe, Eurorad) and then
fixed in Unifix (Klinipath). Of these separate lymph nodes, high-resolution ex
vivo magnetic resonance images were acquired at the end of day 2 and the
beginning of day 3. The lymph nodes were sliced and embedded in paraffin at
the end of day 3 and sections were cut at day 4 and processed for histology
(iron-staining).
As the lymph nodes were to be resected only 2 d after intranodal vaccination,
the induction of an immune response might not have been optimal. For this
reason patients simultaneously received melanoma peptide-loaded dendritic
cells intranodally in a contralateral clinically tumor-free lymph node which was
not to be resected. Patients received three more vaccinations at days 14, 28
and 42.
Scintigraphic imaging. In vivo and ex vivo planar scintigraphic images (256 
256 matrix, 174 and 247 keV 111In photopeaks with 15% energy window) of
the injection depot and corresponding lymph node basin were acquired with a
gamma camera (Siemens ECAM) equipped with medium energy collimators,
at day 0 and day 2). Migration was quantified by region-of-interest analysis of
the individual nodes visualized on the images and expressed as the relative
fraction of 111In-labeled dendritic cells that had migrated from the injection
depot to following lymph nodes after 2 d.
MRI. Patients were imaged using a 3 T whole body magnetic resonance system
(Siemens Magnetom Trio) with a body array radiofrequency coil for signal
reception. Magnetic resonance images were obtained with a gradient echo pulse
sequence; the signals of three gradient echoes were combined into one
T2*-weighted image with an average echo time of 15 ms (flip angle 361,
repetition time (TR) 1,060 ms, total acquisition time B9 min, 30 slices,
resolution 0.50  0.50  3.50 mm). In addition to T2*-weighted images, which
are very sensitive to SPIO-induced magnetic susceptibility effects, SE images at
corresponding slice locations were also acquired using a short echo time (TE)
of 18 ms (resolution 0.83  0.50  3.50 mm, TR 2.5 s, total time B6.5 min) as
a reference control to ensure that the decreased signal intensity originated from
the magnetic field inhomogeneities caused by SPIO. To keep radiofrequency
power deposition within prescribed limits, hyperechoes29 were used in
SE imaging.
Ex vivo MRI of lymph nodes was performed using a 7T MR-spectrometer
(Surrey Medical Imaging Systems) equipped with a 20-mm diameter radio
frequency (RF) coil. The lymph nodes were placed in a plastic tube filled with
Fomblin LC0810 (Ausimont), to reduce susceptibility artifacts at the tissue-air
interface without a background proton signal. Multi-slice gradient-echo imaging was performed at two different echo times (TR ¼ 1,500 ms and TE ¼ 9
and 13 ms, voxel-size ¼ 0.12  0.12  0.5 millimeters, acquisition time 13
min). Subsequently multi-slice spin-echo imaging was performed at corresponding slice locations and voxel size (TR ¼ 1,000 ms and TE ¼ 15 and 28 ms,
acquisition time 8.5 min).
Statistical analysis. Statistical analysis was performed using the Wilcoxon rank
sum test for nonparametric distributions for paired and unpaired observations.
To test the hypothesis that magnetic resonance is more accurate than scintigraphy, we coded our data for both methods: more lymph nodes visualized by
magnetic resonance (MR ¼ +1, scintigrapy ¼ –1); more lymph nodes
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visualized by scintigraphy (MR ¼ –1, scintigraphy ¼ +1); or equal numbers
(MR ¼ scintigraphy ¼ 0). When a hot spot in scintigraphy was qualified as
situated outside lymphoid tissue by MRI, this was coded in favor of MRI
(MR ¼ +1, scintigraphy ¼ –1). P o 0.05 was considered significant.
Iron staining and immunohistochemistry of histopathological sections.
Sections (5 mm) of the radioactive resected lymph nodes were stained with
Prussian blue to detect SPIO-labeled cells. Slides were stained with 2%
potassium hexacyanoferrate (II)-trihydrate in 0.2 M HCl for 15 min and
counterstained with 0.05% nuclear fast red in 5% aluminum sulphate.
Immunohistochemistry was performed using antibodies against CD68 (KP1,
DAKO), S100 (DAKO) and CD83 (Beckman Coulter). Bound antibody was
visualized using powervision (Immunologic). Subsequently the slides were
stained using Prussian blue and nuclear fast red.
Note: Supplementary information is available on the Nature Biotechnology website.
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