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Purpose: To test the following hypotheses in a murine model of 
pancreatic cancer: (a) Vaccination with antigen-loaded 
iron-labeled dendritic cells reduces T2-weighted signal 
intensity at magnetic resonance (MR) imaging within pe-
ripheral draining lymph nodes (LNs) and (b) such signal 
intensity reductions are associated with tumor size chang-
es after dendritic cell vaccination.

Materials and 
Methods:

The institutional animal care and use committee approved 
this study. Panc02 cells were implanted into the flanks of 27 
C57BL/6 mice bilaterally. After tumors reached 10 mm, cell 
viability was evaluated, and iron-labeled dendritic cell vac-
cines were injected into the left hind footpad. The mice were 
randomly separated into the following three groups (n = 9 
in each): Group 1 was injected with 1 million iron-labeled 
dendritic cells; group 2, with 2 million cells; and control mice, 
with 200 mL of phosphate-buffered saline. T1- and T2-weight-
ed MR imaging of labeled dendritic cell migration to draining 
LNs was performed before cell injection and 6 and 24 hours 
after injection. The signal-to-noise ratio (SNR) of the draining 
LNs was measured. One-way analysis of variance (ANOVA) 
was used to compare Prussian blue–positive dendritic cell 
measurements in LNs. Repeated-measures ANOVA was used 
to compare in vivo T2-weighted SNR LN measurements be-
tween groups over the observation time points.

Results: Trypan blue assays showed no significant difference in 
mean viability indexes (unlabeled vs labeled dendritic 
cells, 4.32% 6 0.69 [standard deviation] vs 4.83% 6 0.76; 
P = .385). Thirty-five days after injection, the mean left 
and right flank tumor sizes, respectively, were 112.7 mm2 
6 16.4 and 109 mm2 6 24.3 for the 1-million dendritic 
cell group, 92.2 mm2 6 9.9 and 90.4 mm2 6 12.8 for the 
2-million dendritic cell group, and 193.7 mm2 6 20.9 and 
189.4 mm2 6 17.8 for the control group (P = .0001 for 
control group vs 1-million cell group; P = .00007 for con-
trol group vs 2-million cell group). There was a correlation 
between postinjection T2-weighted SNR decreases in the 
left popliteal LN 24 hours after injection and size changes 
at follow-up for tumors in both flanks (R = 0.81 and R = 
0.76 for left and right tumors, respectively).

Conclusion: MR imaging approaches can be used for quantitative 
measurement of accumulated iron-labeled dendritic cell–
based vaccines in draining LNs. The amount of dendritic 
cell–based vaccine in draining LNs correlates well with 
observed protective effects.
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Advances in Knowledge

nn With use of iron nanoparticles in 
combination with protamine sul-
fate cell-labeling techniques, the 
3-hour labeling time in our study 
resulted in 100% labeling effi-
ciency and no decrease in cel-
lular viability.

nn There was a strong negative cor-
relation between T2-weighted 
signal-to-noise ratio decreases in 
the left popliteal lymph node 24 
hours after injection and tumor 
size changes at follow-up (R = 
0.81 and R = 0.76 for left and 
right tumors, respectively).

Dendritic cells are one of the most 
potent antigen-presenting cells 
in the immune system, particu-

larly because of their ability to directly 
prime naive T cells in lymph nodes 
(LNs) (1,2). Dendritic cells are impor-
tant in the initiation and regulation of 
antigen-specific immune responses and 
have been used as potent therapeutic 
vaccines against human cancers (2,3). 
They are highly malleable antigen-pre-
senting cells that can promote potent 
antitumor immunity and tolerance, de-
pending on the environmental signals 
received. Dendritic cell–based vacci-
nation strategies offer the potential for 
systemic treatment of many cancers 
(4–6).

Results of recent studies (7–9) 
have shown that when vitro techniques 
utilize dendritic cells pulsed with ex-
ogenous tumor antigens, the antigen-
loaded dendritic cells are then adop-
tively transferred to the hosts as cancer 
vaccines to enhance immune response. 
These in vitro loading approaches per-
mit better control of the environment 
in which dendritic cells interact with 
antigens while avoiding potential pitfalls 
associated with in vivo immunization 
procedures (7). However, clinical trials 
(7,10–12) have not yet demonstrated 
positive therapeutic efficacy or a clear 
indication for dendritic cell vaccines. 
Given that the effectiveness of immu-
nization with antigen-loaded dendritic 
cells is strongly influenced by their suc-
cessful migration to peripheral draining 

LNs, in vivo measurements of dendritic 
cell migration activity could serve as 
an early biomarker for prediction of 
therapy response in individual patients, 
prompting additional vaccinations or 
adoption of alternative therapeutic 
strategies when necessary.

In animal models, dendritic cell 
migration and subsequent interactions 
within T-lymphocytes in the LNs can 
be studied by using fluorescence imag-
ing techniques (13,14). Investigators 
(15,16) have sought to translate these 
dendritic cell tracking approaches into 
clinical settings by using nuclear imaging 
and magnetic resonance (MR) imaging 
methods. Nuclear imaging methods can 
be highly sensitive for dendritic cell de-
tection but offer relatively poor spatial 
resolution. Study results (16–19) have 
demonstrated the potential of using 
superparamagnetic iron oxide (SPIO) 
labeling techniques for in vivo MR im-
aging visualization of dendritic cell mi-
gration to LNs in animal models and 
in patients with melanoma. Additional 
studies are necessary to compare these 
MR imaging measurements of dendritic 
cell migration with longitudinal tumor 
response after vaccination.

The purpose of our study was to 
test the following hypotheses in a mu-
rine model of pancreatic ductal cell 
adenocarcinoma: (a) Vaccination with 
antigen-loaded SPIO-labeled dendritic 
cells reduces T2-weighted signal inten-
sity within peripheral draining LNs and 
(b) resulting longitudinal tumor size 
changes after dendritic cell vaccina-
tion are associated with the magnitude 
of these T2-weighted signal intensity 
reductions.

Materials and Methods

This study was approved by the institu-
tional animal care and use committee of 
Northwestern University.

Pancreatic Ductal Adenocarcinoma Cell 
Line and Mouse Model
The mouse Panc02 cell line is derived 
from amethylcholanthrene-induced 
pancreatic ductal adenocarcinoma in 
C57BL/6 mice and was purchased from 
the American Type Culture Collection 

(Rockville, Md). Panc02 cells were 
maintained in RPMI 1640 medium (Life 
Technologies, Carlsbad, Calif) supple-
mented with glutamine (2 mmol/L, Life 
Technologies), pyruvate (1 mmol/L, 
Sigma-Aldrich, St Louis, Mo), penicillin 
and streptomycin (100 IU/mL, Sigma-
Aldrich), and 10% fetal bovine serum 
(Sigma-Aldrich). The cells were main-
tained in a humidified atmosphere of 
5% CO2 at 37°C. Before implantation, 
cell viability was assessed by means of 
trypan blue (Sigma-Aldrich) staining 
(cell viability of . 90% was confirmed 
prior to tumor implantation). Twenty-
seven female C57BL/6 mice (4 weeks 
of age, weighing between 13 and 17 
g; Charles River, Wilmington, Mass) 
were used for our study. Early passage 
Panc02 cells were harvested, and ap-
proximately 1 3 106 cells suspended 
in 200 µL of phosphate-buffered saline 
were subcutaneously implanted into the 
left and right flanks of each mouse.

Generation and Antigen Loading of Bone 
Marrow–derived Dendritic Cells
Bone marrow–derived dendritic cells 
were prepared as previously described 
(20). Briefly, bone marrow cells were 
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isolated from femur and tibia. After 
red blood cell lysis, cells were cultured 
in dendritic cell medium. After 7 days, 
loosely adherent cells were harvested. 
Next, dendritic cells were stained with 
the following antibodies: APC anti-
mouse CD86 (BD Pharmingen, San 
Jose, Calif) and PE antimouse CD40 
(BD Pharmingen). Finally, fluores-
cence-activated cell sorter analysis was 
performed with a flow cytometer, and 
the results were analyzed with FlowJo 
Software (Tree Star, Ashland, Ore) 
(sample size, n = 6). The expression of 
dendritic cell markers was quantified as 
positive and negative percentages. For 
antigen loading of dendritic cells, gen-
erated dendritic cells were co-cultured 
with apoptotic Panc02 cells, as previ-
ously described (21,22). A more de-
tailed description of the generation and 
antigen loading of these dendritic cells 
is included in Appendix E1 (online).

Iron Oxide Nanoparticle Labeling of 
Antigen-loaded Dendritic Cells
Antigen-loaded dendritic cells were 
placed in a flask with fresh dendritic 
cell medium and protamine sulfate–
coated (Sigma-Aldrich) Texas Red SPIO 
nanoparticles (GENOVIS, Lund, Swe-
den), and final concentrations of 20 mg 
iron per milliliter and 0.5 mg protamine 
sulfate per milliliter were used for label-
ing the antigen-loaded dendritic cells. 
The dendritic cells were then incubated 
for 3 hours at 37°C in a 5% CO2 at-
mosphere to permit cellular uptake of 
the SPIO particles. Aliquots of labeled 
cells and unlabeled (control) cells were 
stained with trypan blue. Dead (try-
pan blue–positive) and live cells were 
counted to calculate overall viability 
(expressed as a percentage of overall 
cells counted). Labeling efficiency was 
determined by using fluorescence mi-
croscopy. Additional procedural details 
are included in Appendix E1 (online).

The average amount of iron taken 
up per cell was measured by using nu-
clear MR relaxometry measurements, 
as previously described (23). Digestion 
of approximately 2 3 105 labeled cells 
in 1 mL of 6M HCl was performed for 
1 hour at room temperature, and the 
cells were then placed into individual 

wells in 96-well solid plate (glass). Eight 
standard samples with iron concentra-
tions ranging from 0 to 10 mg/mL were 
prepared by diluting 1000-ppm iron 
atomic absorption standard solution 
(Sigma-Aldrich); these samples were 
pipetted into adjacent wells of the plate. 
The plate containing digested cells and 
iron standard solution was placed into 
a 7.0-T high-field-strength small-animal 
MR imaging system (ClinScan; Bruker 
Biospin, Ettlingen, Germany), and T2-
weighted images were obtained with 
the following parameters: a Carr-Pur-
cell-Meiboom-Gill sequence with four 
echoes per excitation; repetition time 
msec/echo times msec, 2000/14.1, 
28.2, 42.3, 56.4; field of view, 50 3 50 
mm2; matrix, 256 3 256; and section 
thickness, 2 mm. An offline voxelwise 
postprocessing algorithm was imple-
mented in the Matlab software package, 
version 7.1 (MathWorks, Natick, Mass) 
and was used to generate T2 maps 
(assuming monoexponential voxelwise 
echo time–dependent signal decay in 
respective Carr-Purcell-Meiboom-Gill 
images). T2 values for circular regions 
of interest (ROIs) (5 mm) were defined 
within each well. A standard curve was  
constructed by plotting R2 = 1/T2 ver-
sus [Fe] for the iron standards. The 
iron concentration in each digested cell 
sample was then calculated from its R2 
value by means of linear interpolation 
of this standard curve. Finally, iron 
concentrations were normalized by the 
actual number of cells digested in each 
sample to give the average iron content 
in picograms of iron per cell and were 
averaged over the digestion of six sepa-
rately cultured cell populations labeled 
in identical conditions (n = 6).

Therapeutic Vaccination Strategy
A study flowchart is included in Figure 
E1 (online). Each mouse was treated 
separately when one or both tumors 
had reached approximately 10 mm in 
greatest diameter. SPIO-labeled den-
dritic cells, in a final volume of 200 
mL phosphate-buffered saline, were in-
jected subcutaneously into the left hind 
footpad. Mice in group 1 (n = 9) were 
injected with 1 million labeled dendritic 
cells, mice in group 2 (n = 9) were 

injected with 2 million labeled dendritic 
cells, and control mice (n = 9) were in-
jected with 200 mL phosphate-buffered 
saline.

In Vivo MR Imaging of Labeled Dendritic 
Cell Migration to LNs
MR imaging studies were performed 
by using a 7.0-T high-field-strength 
small-animal MR imaging system with 
a commercial mouse coil (ClinScan; 
Bruker Biospin) before dendritic cell 
injection and at 6 and 24 hours after 
injection. Body temperature was mon-
itored continuously and was controlled 
with a water bed (SA Instruments, 
Stony Brook, NY). T2-weighted locali-
zation images were acquired in both the 
coronal and axial planes. High-spatial-
resolution T1- and T2-weighted images 
of the popliteal LNs on each side were 
acquired in both the coronal and axial 
planes. Of note, the left popliteal LN is 
the first LN station that dendritic cells 
can migrate to after injection into the 
left footpad; thus, the popliteal LN was 
chosen for serial follow-up monitoring 
with MR imaging (24). The parame-
ters for in vivo measurements were 
as follows for the T2-weighted turbo 
spin-echo sequence: 3000/44; field of 
view, 35 3 35 mm2; matrix, 256 3 256; 
turbo factor, 12; section thickness, 0.14 
mm; isotropic in-plane resolution, 0.14 
mm; with acquisition synchronized to 
the respiratory cycle to minimize mo-
tion artifacts. The parameters for the 
T1-weighted segmented turbo-flash 
gradient-echo sequence with an inver-
sion-recovery preparatory pulse were 
as follows: 1300/2.15; field of view, 35 
3 35 mm2; matrix, 256 3 256; section 
thickness, 0.14 mm; and isotropic in-
plane resolution, 0.14 mm. Both the 
T1-weighted and the T2-weighted MR 
images were acquired with and without 
fat suppression.

Ex Vivo Assessment of Labeled Dendritic 
Cells in the Popliteal LN
The popliteal LNs on each side were 
harvested for histologic analysis (n = 
3 in each group) 24 hours after den-
dritic cell injection. LNs were snap fro-
zen in Optimal Cutting Temperature 
compound and were sliced at 4-µm 
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corresponding tumor size changes at 
35 days after injection. The latter com-
parisons were separately performed for 
right and left flank tumors.

Results

The mean percentages of dendritic cells 
positive for CD40 and CD86 were 74.4% 
6 4.1 and 69.2% 6 4.8, respectively (n 
= 6) (Fig 1). Nuclear MR relaxometry 
measurements of iron concentrations 
in an acid digestion of iron-labeled den-
dritic cells indicated an average uptake 
of 0.65 pg iron per cell 6 0.03 (range, 
0.48–0.73 pg iron per cell) (n = 6). 
Fluorescence microscopy of iron-labeled 
dendritic cell vaccines revealed extensive 
but nonuniform uptake of Texas Red 
nanoparticles in the cytoplasm (Fig 2). 
Labeling efficiency was 100%: All den-
dritic cells were labeled with SPIO (n = 
6). There were no significant differences 
in viability indexes between labeled and 
unlabeled dendritic cells (4.32% 6 0.69 
[range, 3.53%–5.32%] vs 4.83% 6 0.76 
[range, 3.41%–5.62%], respectively; P = 
.385) (Fig 2, D).

The left popliteal LN demonstrated 
a marked decrease in T2-weighted 

Figure 1

Figure 1:  Bar graph shows results of flow cytom-
etry analysis of CD40 and CD86 expression in bone 
marrow–derived dendritic cells. The percentages of 
dendritic cells positive for CD40 and those positive 
for CD86 were 74.4% 6 4.1 and 69.2% 6 4.8, 
respectively. ∗ = P , .05.

intervals. For Prussian blue stain-
ing (Sigma-Aldrich), these slices were 
rinsed in distilled water, incubated in a 
1:1 solution of 10% aqueous solution of 
potassium ferrocyanide and 20% hydro-
chloric acid for 30 minutes, and then 
rinsed and counterstained with Nuclear 
Fast Red. For immunohistochemistry 
staining, tissue slices from the popli-
teal LN (from both sides, n = 6 in each 
group) were stained with dendritic cell 
marker mouse anti-CD11c and mac-
rophage marker anti-F4/80 antibodies 
(Abcam, Cambridge, Mass) as previ-
ously described (25,26).

Antitumor Efficacy of Dendritic Cell 
Vaccination
After dendritic cell injection, vital 
signs; mental status, including abnor-
mal behavior or activity; diet; and activ-
ity levels for each animal were observed 
daily. Tumor growth was assessed as 
the product of perpendicular diame-
ters measured with a caliper; tumor 
size was calculated by using the tumor 
size formula longest length 3 longest 
width (n = 6 mice with 12 tumors in 
each group) (27). The tumor sizes were 
measured at multiple time points after 
the administration of dendritic cells (1, 
5, 10, 15, 20, 25, 30, and 35 days after 
tumor cell implantation). All mice were 
euthanized 35 days after dendritic cell 
or control injection.

Image Analysis
For MR imaging examinations, image 
analyses were performed by using Im-
ageJ (version 1.34s; National Institutes 
of Health, Bethesda, Md). ROIs were 
drawn by a radiologist (Z.Z.) with more 
than 15 years of experience. A circu-
lar ROI (mean diameter, 2.51 mm 6 
0.32 [standard deviation]) encom-
passing each respective LN was used 
to measure mean T2-weighted signal 
intensity (SImean) Separate ROIs were 
drawn over ipsilateral caudal thigh 
muscles and outside the LN (drawn at 
consistent positions between repeated 
measurements with consistent sizes) 
to estimate relative noise levels on the 
basis of the standard deviation of the 
background signal (NSD). These calcula-
tions were used to estimate the relative 

signal-to-noise ratio (SNR) = SImean/NSD 
for each measurement. Prussian blue–
stained slides from LN specimens (six 
slices from each left and right popliteal 
LN) were scanned at a magnification 
of 320 and digitized by using the Tis-
sueFAXS system (TissueGnostics, Los 
Angeles, Calif). These acquired im-
ages were analyzed by using the Histo-
Quest Cell Analysis Software package 
(TissueGnostics) to quantify the total 
number of SPIO-labeled dendritic cells 
within each specimen (SPIO-labeled 
dendritic cells were identified on the 
basis of positive blue staining).

The anti-CD11c and anti-F4/80 an-
tibody–stained slides (six from each left 
and right popliteal LN) were scanned, 
and images were digitized by using the 
TissueFAXS system. The images were 
analyzed by using the HistoQuest Cell 
Analysis Software to quantify the to-
tal number of CD11c-positive dendritic 
cells and F4/80-positive macrophages.

Statistical Analysis
Statistical calculations were performed 
by using the Prism V6 software pack-
age (Graphpad, La Jolla, Calif). P , .05 
was considered to indicate a significant 
difference. Repeated-measures analysis 
of variance (ANOVA) (28) was used to 
compare in vivo T2-weighted SNR LN 
measurements between groups (1 or 2 
million cells) over the observation time 
points (before injection and 6 and 24 
hours after injection). The interactions 
between treatment group and time on 
SNR changes were analyzed. Pairwise 
comparisons were performed if the 
treatment-time interaction was signif-
icant. One-way ANOVA was used to 
compare Prussian blue–positive den-
dritic cell, CD11c-positive dendritic 
cell, and F4/80-positive macrophage 
measurements in LN. Finally, for thera-
peutic efficacy studies at each postinjec-
tion observation interval, the Dunnett 
test was used to compare left flank tu-
mor size measurements in control and 
treated animals. Significant multiplicity-
adjusted P values and 95% confidence 
intervals were reported. Pearson cor-
relation coefficients were calculated 
to assess the relationship between 24-
hour postinjection LN SNR changes and 
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Figure 2

Figure 2:  A–C, Images from fluorescence microscopy of iron-labeled dendritic cell vaccines and, D, results of trypan blue assess-
ment of labeled dendritic cells. A, Texas Red particle accumulation is observed in cytoplasm while, B, DAPI-stained nuclei were blue, 
with coregistration in, C, a merged image. D, Bar graph shows that there was no significant difference between trypan blue viability 
indexes for labeled and those for unlabeled dendritic cells. Scale bars for A, B, and C = 10 mm.

Figure 3

Figure 3:   A–C, Representative coronal T2-weighted MR images of bilateral popliteal LNs in a mouse model of pancreatic carcinoma after 
injection of 1 million labeled dendritic cells into the left footpad. Images were obtained, A, prior to dendritic cell administration, B, 6 hours after 
injection, and, C, 24 hours after injection. White boxes = right popliteal LNs, red boxes = left popliteal LNs. D, E, Corresponding Prussian blue–
stained slices from popliteal LNs (collected immediately after 24-hour postinjection MR imaging) in, D, right popliteal LN, and, E, left popliteal 
LN. F, High-magnification image corresponding to the inset (square) in E. Scale bars for D and E = 5 mm; scale bar for F = 50 mm.

signal intensity at both 6- and 24-hour 
intervals after injection, while there 
was no signal intensity change in the 

right popliteal LN at the same time 
points (Fig 3). Prussian blue staining 
of bilateral popliteal LNs (collected 

immediately after 24-hour postinjection 
MR imaging was performed) confirmed 
the presence of SPIO-labeled dendritic 
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cells in left popliteal LNs, which was 
not observed in right popliteal LNs 
(Fig 3, D and F). Representative axial 
T2-weighted images from animals in 
groups 1 and 2 are shown in Figure 4.  
For repeated-measures ANOVA, there  
was a significant interaction between 
time (P = .00006), treatment (P = 
.0425), and time treatment (P = .0072) 
for T2-weighted SNR within the left 
popliteal LN. For each treatment, SNR 
levels decreased significantly over time 
in both group 1 and group 2 (Fig 4, G) 
(for the 1-million dendritic cell injection 
group, the preinjection SNR was 93.01 
6 10.90, while the 6-hour postinjection 
SNR was 56.67 6 7.85 [P = .00009] 
and the 24-hour postinjection SNR was 
38.93 6 7.52 [P = .0001]; for the 2-mil-
lion dendritic cell injection group, the 
preinjection SNR was 95.59 6 11.28, 
while the 6-hour postinjection SNR 
was 43.86 6 8.95 [P = .00007] and the 
24-hour postinjection SNR was 27.7 6 
7.91 [P = .0001]). Moreover, there were 
significant differences between groups 
1 and 2 at each postinfusion time point 
(P = .005 at 6 hours and P = .001 at 
24 hours) (Fig 4, G). There was a sig-
nificantly larger number of positively 
stained dendritic cells measured in the 
2-million dendritic cell injection group 
than in the 1-million dendritic cell in-
jection group (P = .004) (Fig 5). The 
quantitative results of CD11c-positive 
dendritic cell and F4/80-positive mac-
rophage measurements are shown in 
Figure E2 (online).

The immunotherapeutic efficacy 
of the dendritic cell vaccination pro-
cedure was evident as inhibition of 
tumor growth compared with that in 
untreated control animals 20–35 days 
after vaccination (Fig 6). However, 
Dunnett multiple comparison tests did 
not demonstrate significant multiplici-
ty-adjusted P values for comparisons of 
mean tumor sizes relative to control left 
flank tumors (P = .18–.40). There were 
no significant differences in therapeu-
tic response elicited in left tumors and 
right tumors for each vaccination group 
at any time point (P = .19–0.60) (Fig 6, 
A). There were differences between tu-
mor sizes for mice in the 1-million and 
2-million dendritic cell injection groups 

Figure 5

Figure 5:  A, B, Representative Prussian blue–stained slices from left popliteal LNs 24 hours after injection 
for, A, mice in the 1-million dendritic cell injection group, and, B, mice in the 2-million dendritic cell injection 
group. C, Bar graph shows that there was significantly greater positive staining in the 2-million dendritic cell 
injection group than in the 1-million dendritic cell injection group. ∗ = P , .05. Scale bars = 50 mm.

Figure 4

Figure 4:  A–F, Representative T2-weighted MR images of left popliteal LN in different dendritic cell 
injection groups at different time points. A–C, Images in mouse in 1-million dendritic cell injection group, 
A, before dendritic cell injection, B, 6 hours after injection, and, C, 24 hours after injection. D–F, Images in 
mouse in 2-million dendritic cell injection group, D, before dendritic cell injection, E, 6 hours after injection, 
and, F, 24 hours after injection. G, Bar graph shows T2-weighted SNR measurements in the left popliteal 
LN 6 and 24 hours after injection compared with preinjection SNR levels in both the 1-million and 2-million 
dendritic cell injection groups. ∗ = P , .05.
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tumor protein extracts (31–33), or syn-
thetic peptide tumor epitopes (34) or 
can be fused with irradiated tumor cells 
(35) to generate protective immunity to 
subsequent tumor challenges. Previ-
ous studies in the Panc02 tumor model 
have shown that dendritic cells pulsed 
with tumor lysates can readily prime 
tumor-specific cytotoxic T-lymphocytes 
(36), which motivated our selection of a 
similar protocol for our study. We used 
Panc02 tumor lysates as the antigen 
source, with a pulsing strategy similar 
to that of protocols previously approved 
for clinical trials of dendritic cell vac-
cination (21,22,27,36–38). Consistent 
with results of prior studies, this strat-
egy yielded dose-dependent responses, 
with those mice receiving larger doses 
of pulsed dendritic cells experiencing 
better therapeutic outcomes (ie, slower 
tumor growth).

For SPIO labeling of the harvested 
dendritic cells, we used protamine sul-
fate as a transfection agent, adapting 
a protocol previously implemented for 
labeling primary cells (23,39). This 
approach required a relatively short 
3-hour period for labeling prior to foot-
pad infection, thus differing somewhat 
from prior successful dendritic cell la-
beling studies requiring a 20-hour pe-
riod for labeling with a FeREX agent 
or a 12-hour labeling period to image 

30–35 days after vaccination (Fig 6, A), 
but these were not significant at multi-
ple-comparison testing (P = .12). Thir-
ty-five days after injection, the relative 
sizes of the left and right flank tumors, 
respectively, were 112.7 mm2 6 16.4 
and 109 mm2 6 24.3 for mice in the 
1-million dendritic cell injection group, 
92.2 mm2 6 9.9 and 90.4 mm2 6 12.8 
for mice in the 2-million dendritic cell 
injection group, and 193.7 mm2 6 20.9 
and 189.4 mm2 6 17.8 for mice in the 
control group (P = .0001 for 1 million 
vs 2 million; P = .0001 for control vs 
1 million; P = .00007 for control vs 2 
million). There was a strong negative 
correlation between 24-hour postin-
jection T2-weighted SNR decreases in 
the left popliteal LN and size change 
at follow-up for tumors in both the left 
and right flanks (R = 0.81 and R = 0.76 
for left and right tumors, respectively) 
(Fig 6).

Discussion

The immunizing ability of antigen-load-
ed dendritic cells is strongly influenced 
by their migration to peripheral drain-
ing LNs. Serial monitoring of dendritic 
cell migration after vaccination may be 
critical to elucidate the potential causes 
of the differential response rates in pa-
tients with cancer during clinical trials. 

In vivo migration measurements may 
also be useful for early prediction of 
therapy response to prompt additional 
vaccinations or adoption of alternative 
therapeutic strategies when needed. 
Our study describes a vaccination 
protocol wherein dendritic cells were 
loaded with both tumor antigens and 
SPIO nanoparticles for in vivo MR 
imaging monitoring of SPIO-labeled 
dendritic cell migration shortly after 
therapeutic vaccination. During our 
study in a murine model of pancreatic 
carcinoma, we showed that MR imag-
ing measurements permitted in vivo 
monitoring of SPIO-labeled dendritic 
cell–based vaccine migration to the 
draining LNs, which led to a reduction 
in the draining LN signal intensity on 
T2-weighted MR images. Histologic 
measurements confirmed that these 
signal intensity reductions were due to 
SPIO-labeled dendritic cell migration 
to the left popliteal LN. These signal 
intensity reductions, measured within 
24 hours of vaccination, were well cor-
related with longitudinal therapeutic 
responses (tumor growth inhibition 35 
days after vaccination).

Murine myeloid dendritic cells have 
been widely used to evaluate the effi-
cacy of dendritic cell–based vaccines 
(29,30). These dendritic cells can be 
pulsed with tumor lysates (18–20), 

Figure 6

Figure 6:  A, Graph shows tumor growth curves. Effective inhibition of tumor growth can be observed 20 days after dendritic cell vaccination (P , .0001 for all); no 
significant difference in therapeutic response was observed between tumors in the left (L) and right (R) flanks for the vaccinated groups at any time point. Significant 
differences were observed between the 1-million and 2-million dendritic cell injection groups 30 days after dendritic cell vaccination (P , .0001). B, C, Graphs show 
comparisons between T2-weighted MR imaging measurements (SNR changes in the left popliteal LN 24 hours after injection) and longitudinal therapeutic response 
(tumor size changes) for, B, left flank tumors and, C, right flank tumors (R = 0.81 and R = 0.76, respectively).
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dendritic cells with prostaglandin E2–
enhanced migration. The protamine 
sulfate transfection protocol used for 
our study resulted in 100% labeling effi-
ciency in only 3 hours and, importantly, 
demonstrated no significant differences 
in viability indexes between labeled and 
unlabeled dendritic cells. The short la-
beling period for this protocol may be 
more conducive to clinical translation 
during dendritic cell vaccination trials. 
Particularly given the potential fragility 
of harvested dendritic cells, a limited-
duration labeling period could poten-
tially avoid cell damage and subsequent 
alterations of priming function.

The SPIO labeling approach we 
used permitted MR imaging visuali-
zation of autologous dendritic cell mi-
gration from the left footpad into the 
draining LN. Dendritic cell accumula-
tion was visualized as a reduction in 
T2-weighted signal intensity within the 
left popliteal LN at 6- and 24-hour in-
tervals after footpad injection. No sig-
nal intensity alterations were observed 
within the right popliteal LN; this find-
ing was consistent with histologic mea-
surements, wherein no labeled den-
dritic cells were observed in the right 
popliteal LN. However, tumor growth 
was significantly suppressed for Panc02 
tumors within both right and left flanks. 
Growth inhibition for both right and left 
flank tumors was well correlated with 
the T2-weighted SNR changes mea-
sured within the left popliteal LN 24 
hours after injection. Each of the latter 
findings is suggestive of an enhanced 
systemic immune response initiated 
with footpad inoculation using these 
SPIO-labeled tumor antigen–pulsed au-
tologous dendritic cells.

Our study had several limitations. 
First, MR imaging of SPIO-labeled den-
dritic cell migration was performed at 
only two time points after injection (6 
and 24 hours), and our study protocol 
examined only two dendritic cell dos-
es (1 and 2 million cells). Additional 
studies may be valuable to determine 
the optimal doses and optimal post-
injection time intervals for follow-up 
imaging measurements. Furthermore, 
while our study utilized T2-weighted 
imaging measurements, quantitative 

voxelwise measurements should also 
be explored as an option to potentially 
enhance the reproducibility these mea-
surements between patients in clinical 
settings. Finally, for these studies, 
the antitumor activity of the injected 
dendritic cells was assessed longitudi-
nally with tumor size measurements. 
Prior studies using the Panc02 model 
with similar dendritic cell priming and 
vaccination approaches have already 
demonstrated that these methods in-
duce tumor antigen–specific cytotoxic 
T-lymphocytes and inhibit growth. Fu-
ture studies are clearly warranted to 
further study the impact of SPIO label-
ing on dendritic cell function.

Practical applications: In sum-
mary, our study demonstrated an effi-
cient approach for (a) labeling primed 
dendritic cells within a 3-hour period 
and (b) noninvasive MR imaging visu-
alization of migration to draining LNs. 
Signal intensity measurements on T2-
weighted images significantly decreased 
following dendritic cell migration; these 
MR imaging measurements were well 
correlated with the longitudinal sup-
pression of tumor growth in a murine 
pancreatic carcinoma model. These 
techniques may offer future insights 
into the dynamics and kinetics of den-
dritic cell migration in vivo and the re-
lated impact on therapeutic outcomes 
in both preclinical and clinical research 
settings. Additional translational stud-
ies are warranted to evaluate the effi-
cacy of these approaches for early pre-
diction of longitudinal outcomes during 
dendritic cell therapy in a broad range 
of tumor etiologies.
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