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Abstract
Background IneYcient migration of dendritic cells (DC)
to regional lymph nodes (LN) upon intracutaneous injec-
tion is a major obstacle for eVective DC vaccination. Intra-
venous vaccination is unfavorable, because DC cannot
migrate directly from the blood into LN.
Methods To enable human monocyte-derived (mo)DC to
enter LN directly from the blood, we manipulated them by
RNA electroporation to express a human chimeric E/L-
selectin (CD62E/CD62L) protein, which binds to peri-
pheral node addressin expressed on high endothelial venules.
Results Transfection eYciency exceeded 95%, and high
E/L-selectin surface expression was detected for >48 h. E/L-
selectin RNA-transfected DC displayed an identical mature
DC phenotype as mock-transfected DC. Furthermore, E/L-
selectin-transfected DC maintained their normal CCR7-med-
iated migration capacity, and their ability to prime and
expand functional cytotoxic T cells recognizing MelanA.

Most importantly, E/L-selectin-RNA-transfected DC gained
the capability to attach to and roll on sialyl-LewisX in vitro.
Outlook  The presented strategy can be readily translated
into the clinic, as it involves no stable genetic manipulation
or viral transformation, and allows targeting of a large
number of LN.

Keywords L-Selectin · RNA · Electroporation · 
Dendritic cells · Homing behavior · Intravenous injection

Introduction

Therapeutic vaccination using dendritic cells (DC) has
gained increasing importance in treatment of cancer and
infectious diseases. DC can be generated in large quantities
from blood-derived monocytes (monocyte-derived DC;
moDC), and have been used as an adjuvant in many clinical
phase I and phase II trials. In most of these trials, intra- or
subcutaneous injection was chosen as the route of applica-
tion [4, 19, 21, 31, 38]. However, to reach peripheral lym-
phatic tissue, where antigen-speciWc T-cell stimulation
takes place, DC have to migrate from the site of injection to
the draining lymph nodes (LN), where at most 1–2% of the
cells arrive [12, 34, 40]. This may contribute to the limited
eYcacy observed in DC vaccination trials so far [43]. An
alternative way of application is the supersonic-guided
injection directly into the LN. However, the node may be
missed or its structure disturbed, the injectable volume is
limited, and special equipment and experience are required.
Hence, this method yields very variable results [12, 13].

Intravenous injection of moDC results in their accumula-
tion in the lung, and later in the liver, the spleen, and the
bone marrow, but they are unable to transmigrate from the
bloodstream into the LN [34]. In humans, this appears to
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favor a Th2-polarized immune response, which is likely
less beneWcial in cancer vaccination [20]. However, other
immune cells, i.e., T cells, are able to enter the LN from the
high endothelial venules (HEV) using the surface proteins
L-selectin, CCR7 and LFA-1. Two of them, CCR7 and
LFA-1 are expressed on mature moDC, but L-selectin is
not. Therefore, the idea was conceived to close that gap by
genetic manipulation, thus enabling DC to migrate through
the HEV [41]. It was demonstrated that murine DC, retrovi-
rally transduced with a human chimeric E/L-selectin pro-
tein, are able to bind to peripheral node addressin (PNAd),
the natural ligand of L-selectin, which is highly expressed
on HEV. E/L-selectin is a fusion protein composed of the
extracellular portion of E-selectin and the transmembrane
and intracellular portion of L-selectin. This chimera was
constructed to avoid proteolytic shedding from the DC’s
surface, which is rich in membrane-bound proteases. Inter-
estingly, the binding speciWcity of the protein is signiW-
cantly dependent on the intracellular domains, which deWne
the molecule’s distribution on the cell surface. Accord-
ingly, E/L-selectin expressing murine DC could indeed
enter peripheral LN after IV injection in vivo [41].

In the present study we focused on transferring this
approach to the human system in a clinically applicable
way. Since the application of retrovirally transduced cells is
problematic in humans, e.g., due to ethical and regulatory
restrictions, and the transfection eYciency is variable and
would only be applicable to DC derived from proliferating
CD34+ cells, but not at all to the most often used DC
derived from non-dividing monocytes, RNA electropora-
tion was used as an alternative method to introduce the pro-
tein of choice. This relatively new method of DC
transduction results in high transfection rates if an opti-
mized electroporation method is employed (>95%) [47],
and ensures that only transient expression will occur since
chromosomal integration is impossible. However, RNA
electroporation has so far mainly been used as a means of
antigen delivery, and sparsely to increase the DC’s stimula-
tory capacity [1, 11, 22]. So it was unclear and questioned
by most investigators whether a suYcient expression level
for an adhesion-mediating receptor could at all be achieved
by RNA transfection. Here, we show for the Wrst time that
introduction of an adhesion molecule by RNA transfection
into human moDC is possible, and that the introduced pro-
tein is functional in vitro, while the phenotype and the
immunologic function of the DC remained unaVected.

Taken together, the technique of RNA electroporation
allows for expression of a functional adhesion molecule,
avoiding the risks of genetic manipulation, without hamper-
ing the DC’s immunogenic functions in vitro. This can pro-
vide a new strategy to target DC to LN in cancer
vaccination, which may be more eYcient than intracutane-
ous DC injection.

Materials and methods

Antibodies

The following antibodies (Ab) were used for intracellular
FACS staining of tumor antigens: mouse-anti-human
Melan A (clone A103) (Novocastra, Newcastle upon Tyne,
UK), mouse-anti-human MAGE (clone 57b; kindly pro-
vided by Dr. Spagnoli, Basel). This Ab detects several
members of the MAGE-family, including MAGE-3 [25].
Goat-anti-human survivin, (R&D Systems, Minneapolis,
MN, USA). Secondary antibodies used in intracellular
staining were goat-anti-mouse PE (BD Pharmingen, Hei-
delberg Germany) and donkey-anti-goat FITC (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). For surface staining
the following monoclonal Ab were used: anti-CD83, anti-
CD86, anti-CD25, and anti-CD80, anti-HLA-DR (BD Bio-
sciences, Heidelberg, Germany), anti-CD62L, (Beckman
Coulter GmbH, Krefeld, Germany), anti-HLA class I (Mil-
lipore, Schwalbach, Germany), anti-CD18 (Millipore)—all
FITC-labeled—and PE-labeled anti-CD11a (eBioscience,
San Diego, CA, USA). Isotype controls were: IgG1-FITC
and -PE (BD Pharmingen), and IgG2a-FITC (Millipore).
For determining E/L-selectin expression, FITC-labeled
anti-human E-Selectin/CD62E mAb (Clone BBIG-E5;
R&D Systems GmbH, Wiesbaden-Nordenstadt, Germany)
was used. T cell phenotype was determined with: ECD-
labeled anti-CD45RA, PC7-labeled anti-CD8 (both from
Beckman Coulter), and FITC-labeled anti-CCR7 (R&D
Systems).

Human DC generation from leukapheresis and whole blood

moDC were generated essentially as described [5]. In short,
peripheral blood mononuclear cells (PBMC) were prepared
from leukapheresis products or whole blood of healthy
donors (obtained following informed consent and approved
by the institutional review board) by density centrifugation
using Lymphoprep (Axis-Shield, Oslo, Norway). PBMC
were resuspended in autologous medium that consisted of
RPMI 1640 (Cambrex, Verviers, Belgium) containing 1%
of heat-inactivated human plasma, 2 mM L-Glutamin (Bio-
Whittaker, Walkersville, MD, USA), 20 mg/l Gentamicin
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
and were transferred to cell-factories (Nunc, Roskilde,
Denmark), or for generation of DC in smaller scale to tissue
culture dishes [Falcon (BD), Le Pont De Claix, France] at
1.2 £ 109 cells/cell-factory, or 3 £ 107 cells/dish. Cells
were incubated for 1–2 h at 37°C to allow for adherence,
the non-adherent fraction was removed and cryopreserved,
while 200 ml (cell factory) or 10 ml (dish) of autologous
medium was added to the adherent cells. Feeding of cells
with medium and cytokines [GM-CSF (Leukine, Berlex,
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Montville, NJ, USA), and IL-4 (Strathmann, Hamburg,
Germany)], and maturation of DC was performed as
described previously [47]. After 24 h of maturation, the
cells were used for electroporation.

Production of in vitro transcribed RNA

For in vitro transcriptions, the pGEM4Z64A-enhanced
GFP (EGFP), pGEM4Z64A-MAGE-3, pGEM4Z64A-Mel-
anA [24], and pGEM4Z64A-survivin (survivin wild-type
[2]) plasmids (kindly provided by Dr. I. Tcherepanova,
Argos Therapeutics, Durham, NC, USA), were used. For
the production of the E/L-selectin encoding RNA, the
PSP73 SphA64+EL plasmid that contains the extracellular
domain of human E-selectin and the transmembrane and
intracellular domain of human L-selectin in one open read-
ing frame was used. All plasmids were transcribed as
described before [47] using an Ambion mMESSAGE
mMACHINE T7 ULTRA kit, Austin, TX, USA, according
to the manufacturer’s instructions.

Electroporation of dendritic cells

Human DC were harvested from the cell-factories or dishes
and washed once with pure RPMI 1640 and once with PBS
(all at room temperature). The cells were resuspended in
OptiMEM without phenol-red (Gibco-BRL, Long Island,
NY, USA) at a concentration of 3–6 £ 107/ml. RNA was
electroporated into DC with a Genepulser Xcell (Bio-Rad,
Munich, Germany) machine. The parameters for electropo-
ration were: square wave pulse, 500 V, 1 ms, 4 mm
cuvettes, and a volume of 100–600 �l per shot. The RNA-
concentration was 150 �g/ml for E/L-selectin RNA, and
50 �g/ml for tumor-antigen encoding RNAs. Immediately
after electroporation, the cells were transferred to autolo-
gous medium supplemented with the above-indicated con-
centrations of GM-CSF and IL-4.

Cryopreservation of cells

Cryopreservation was performed as described [18].
In short, cells were taken up in 20% human serum albumin
(HSA, Pharmacia&Upjohn, Stockholm, Sweden) at a
concentration of 5–10 £ 106 cells/ml for DC or
20–50 £ 106 cells/ml for the non-adherent fraction, and placed
for 10 min on ice. An equal volume of cryopreservation
medium, i.e., 55% HSA (20%), 20% dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) and 25% Glucose (Glucosteril
40™, Fresenius, Bad Homburg, Germany), was added to
the cell suspension. Cells were then frozen at ¡1°C/min in
a cryo-freezing container (Nalgene, Roskilde, Denmark) to
¡80°C. Thawing was performed by holding cryotubes in a
37°C water-bath till detachment of the cells was visible.

Cells were then poured into 10 ml RPMI 1640, washed and
added to a cell culture dish containing pre-warmed autolo-
gous medium, 250 IU IL-4/ml and 800 IU GM-CSF/ml.
Cells were rested for 1–2 h in a 37°C incubator prior to fur-
ther experiments.

Flow cytometric analysis of DC

For cell surface staining, DC were washed and, thereafter,
suspended at 1 £ 105 cells in 100 �l of cold FACS solution
[DPBS (Bio Whittaker) containing 0.1% sodium azide
(Sigma-Aldrich) and 0.2% HSA (Octapharma, Langenfeld,
Germany)] and incubated with mAb or appropriate isotype
controls for 30 min. Cells were then washed twice and
resuspended in 100 �l of cold FACS solution. Stained cells
were analyzed for immunoXuorescence with a FACSstar
cell analyzer (Becton-Dickinson, Heidelberg, Germany).
Cell debris was eliminated from the analysis using a gate on
forward and side scatter. A minimum of 104 cells was ana-
lyzed for each sample of surface-stained cells. Results were
evaluated using the Cellquest software (Becton-Dickinson).

Transwell migration assay

Transwell migration assays were performed using transwell
inserts (Costar, London, UK) with a pore size of 5 �m, and
CCL19 (100 ng/ml, tebu-bio GmbH, OVenbach, Germany)
as described previously [47].

Cytotoxic T Cell (CTL) induction assay

Dendritic cells were pretreated as indicated. A part of the
DC were pulsed for 1 h at 37°C with 10 �g/ml of the
MelanA-derived HLA-A2-binding analogue peptide ELA-
GIGILTV for comparison. The non-adherent fraction from
the same healthy donor was used as source for generating
CD8+ T-cell using MACS (Miltenyi Biotech, Bergisch-
Gladbach, Germany) according to the manufacturer’s
instructions. CD8+ cells were then co-cultivated with DC at
Wnal concentrations of 1 £ 106/ml and 1 £ 105/ml, respec-
tively, in RPMI supplemented with 10% pooled-serum
(Cambrex), 10 mM Hepes, 1 mM sodiumpyruvate, 1%
MEM non-essential aminoacids (100£), 2 mM L-gluta-
mine, 20 mg/l Gentamycin, and 20 U/ml of IL-7. Twenty
IU/ml of IL-2 and 20 U/ml of IL-7 were added on days 2
and 4. On day 7, the cells were harvested and used for read-
out.

Tetramer staining and phenotyping of antigen-speciWc 
CD8+ T cells

HLA-A2-MelanA (ELAGIGILTV) tetramer staining
(Beckman Coulter GmbH) and T cell phenotyping using
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anti-CCR7, anti-CD45RA and anti-CD8 antibodies were
performed as described previously [47]. Cells were ana-
lyzed on a CYTOMICS FC500 from Beckman Coulter.

Cytotoxicity assay

Cytotoxicity was tested in standard 4 h 51Cr release assays
as described previously [47].

E/L-selectin-induced in vitro migration assay

Dendritic cells, electroporated with or without E/L-selectin
RNA, were resuspended at a concentration of 1 £ 106 cells/
ml. Rectangular cover slips (24 £ 60 mm2) were coated
with 5 �g biotinylated polyacrylamide bound to sialyl-
Lewisx and sulphated tyrosine (s-Lex/TS-PAA; Lectinity
Holdings Inc., Moscow, Russia) and air-dried. All cover
slips were incubated for at least 30 min with 0.5% bovine
serum albumin (in PBS) to prevent non-speciWc binding.
Transparent Xow chambers with a slit depth of 50 �m and a
slit width of 500 �m, equipped with coated or uncoated
cover slips were brieXy rinsed with Hank’s balanced salt
solution (HBSS) supplemented with 2 mM CaCl2 prior to
connection to a syringe containing 1 ml cell suspension.
Perfusion was performed at 20°C using a pulse-free pump
at a shear rate of 1.04 dyne/s2. During perfusion, micro-
scopic phase-contrast images were recorded in real time.
After 10 min of perfusion, four diVerent microscopic Welds
of vision (10£ objective) were recorded and the numbers of
adhering cells were counted for each Weld. Image analysis
was performed oV-line using MetaView Imaging software
(Universal Imaging Corporation, Downington, PA, USA).
For statistical analysis, a paired, one-tailed Student’s t-test
was chosen.

Results

Electroporation of E/L-selectin encoding RNA into mature 
human DC resulted in high transfection eYciency and good 
survival

Our goal was to enable DC to enter LN directly from the
bloodstream through HEV by introduction of a chimeric
E/L-selectin molecule by RNA electroporation. Since this
would require high and long-lasting expression of the func-
tional protein, we further optimized the electroporation of
mature DC with RNA [47]. For this, we used GFP RNA in
initial experiments, and E/L-selectin RNA in the subse-
quent ones. We decided to use a square wave pulse in
accordance to the protocol published by Sæbøe-Larssen
et al. [44]. In these preceding experiments, we found that at
a voltage of 500 V in a 4 mm cuvette, the expression of the

protein, encoded by the introduced RNA, is almost propor-
tional to the pulse length between 0 and 1 ms. Longer pulse
times resulted in increased cell death and reduced expres-
sion levels (data not shown). This was by and large in line
with previously published data [44]. The voltage of 500 V
was chosen for technical reasons, since higher voltages are
not possible with the gene pulser Xcell (in 4 mm cuvettes).
A reduction of the voltage did not increase the cell survival,
but reduced the expression levels (data not shown). We also
found that between 100 and 600 �l, the volume had no
inXuence on the transfection eYciency and cell survival, as
long as the RNA concentration was kept constant (data not
shown). Increasing the RNA concentration almost propor-
tionally increased expression of the encoded protein, up to
an RNA concentration of 150 �g/ml ([47] and data not
shown). DC concentrations above 6 £ 106/ml resulted in
reduced transfection eYciency (not shown). With respect to
the level and kinetics of E/L-selectin expression, the opti-
mal electroporation conditions were deWned to be 500 V,
1 ms pulse length and a RNA concentration of 150 �g/ml.

To demonstrate substantial and prolonged expression of
E/L-selectin, DC were electroporated with the above
described conditions and cryopreserved 4 h later. As shown
in Fig. 1a, high and homogeneous expression of E/L-selec-
tin was observed even 24 and 48 h after thawing, proving
that a prolonged expression of E/L-selectin was obtained.
Exclusion of dead cells by PI-staining at the 48 h time-
point did not alter the expression proWle (data not shown).
For comparison, CD8+ T cells were stained for E-selectin
and L-selectin expression. As expected, only L-selectin
expression was observed (Fig. 1b).

The introduction of large quantities of diVerent mRNAs
could lead to a competition for the translation machinery of
the cell. To examine this, we co-electroporated 150 �g/ml
of E/L-selectin RNA with RNA encoding the three tumor-
associated antigens (TAAs) MelanA, MAGE-3, and survi-
vin (50 �g/ml RNA each). Four hours after electroporation,
DC were cryoconserved, and thawed to be stained and ana-
lyzed by FACS immediately. Neither the E/L-selectin-
expression was negatively inXuenced when the three TAAs
were present (Fig. 1c), nor was the expression of the TAAs
reduced by co-electroporation of the E/L-selectin RNA
(Fig. 1d). From this we conclude that no competition for
translation factors occurred under our electroporation con-
ditions.

Cell survival after transfection is critical to obtain enough
DC for vaccination, and gives an indication for survival
capacity of electroporated DC in vivo. Harmful eVects of the
electroporation procedure and of the introduction of E/L-
selectin into DC had to be excluded. Hence, we determined
yield by counting in trypan-blue (i.e., percent surviving cells
after electroporation and freeze/thaw relative to the number
of DC before electroporation) of DC electroporated without
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RNA and E/L-selectin RNA-electroporated DC 0, 24, and
48 h after freeze/thaw (for the 24 and 48 h time-point, cells
were cultured in autologous medium with IL-4 and GM-CSF
at 37°C). Survival of E/L-selectin RNA-electroporated DC
directly after freeze/thaw was »80%, and decreased slowly
from 60 to 47% over 2 days not diVering from mock-electro-
porated DCs (Fig. 1e). These data are in line with the yield
obtained with non-electroporated DC ([47], and data not
shown). Thus, the introduction of E/L-selectin RNA had no
toxic eVect on transfected DC.

Expression of E/L-selectin did not inXuence CCR7-medi-
ated migratory capacity and LFA-1 expression

Migration mediated by the chemokine receptor CCR7 is
critical for normal DC movement from the skin into the
LN, but also for the intranodal orientation. Furthermore,
functional CCR7 expression is also necessary for rolling on
HEV and the subsequent transmigration. Although it was

previously shown that electroporation per se does not
reduce CCR7-mediated migration of DC [17, 47], we still
had to exclude any interference of the E/L-selectin expres-
sion with CCR7-mediated migration. Therefore, mock-
electroporated and E/L-selectin RNA-electroporated DC
were compared in a standard transwell in vitro migration
assay [46]. DC were allowed to migrate for 2 h either
against (i.e., chemokine in upper well together with DC) or
toward (i.e., chemokine in lower well and DC in upper
well) a CCL19 gradient. Both mock-electroporated and E/
L-selectin RNA-electroporated DC did not migrate against
the CCL19 gradient (Fig. 2a). Most importantly, both DC
populations showed an identical migration capacity of
»60% toward CCL19 (Fig. 2a). This is similar to the migra-
tional capacity of not electroporated mature DC [17, 47]. As a
negative control, cells were incubated in transwells without
CCL19. These data indicate, that the E/L-selectin expressing
DC were still capable of CCR7-mediated migration, which
is a prerequisite to extravasate into the LN.

Fig. 1 High E/L-selectin expression, no competition with other
RNAs, and high DC yield after E/L-selectin RNA electroporation. a
Mature DC were electroporated with or without E/L-selectin (ELS)
RNA and cryopreserved after 4 h. ELS expression of ELS-RNA-elec-
troporated DC (black histogram) and mock-electroporated DC (gray
histrogram) was determined by FACS analysis 0, 24, or 48 h after
thawing. The percentage of ELS-positive cells and mean Xuorescence
intensity (MFI) are depicted in the histogram. b For comparison, puri-
Wed CD8+ T cells were stained for E-selectin (thick black line) and for
L-selectin expression (black histogram); gray histogram: isotype con-
trol. c and d Mature DC were electroporated without RNA, with ELS
RNA, with RNA encoding the three TAAs MelanA, MAGE-3, and sur-
viving, or with the combination of E/L-selectin RNA and RNA of all
three TAAs. Four hours later they were cryopreserved. Directly after

thawing, ELS-expression of mock-electroporated (dotted line), and of
DC electroporated with ELS RNA only (gray histograms) or with both
ELS and TAAs RNA (thick line) was determined by FACS analysis
(c). DC transfected without RNA (dotted line), with the TAAs RNA
alone (gray histogram), or in combination with the ELS RNA (thick
line) were stained intracellularly for the three TAAs and analyzed by
FACS (d). The data shown in a, b, c, and d are representative for three
independent standardized experiments. DC yield (e) of ELS-RNA-
electroporated DC (white square) and mock-electroporated DC (black
circle) was determined by trypan-blue staining and cell counting 0, 24,
or 48 h after thawing. Yield was expressed as percent surviving cells
of input cells before electroporation The average § standard error of
the mean (SEM) of three standardized experiments is shown
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Another surface molecule that is required to enter the LN
through the HEV is the integin LFA-1, a heterodimer that
consists of CD11a and CD18. To exclude negative eVects

of the electroporation on LFA-1 expression, we compared
E/L-selectin RNA-electroporated DC with mock-electropo-
rated DC and with CD8+ cells by double-staining for both
CD11a and CD18 and subsequent FACS analysis. The
LFA-1 expression was not inXuenced by the E/L-selectin
expression, and was similar to that of CD8+ T cells
(Fig. 2b). From this, we conclude that suYcient LFA-1
expression is present on the electroporated DC, to allow for
transmigration into the LN.

E/L-selectin RNA-electroporated human DC displayed a 
mature phenotype and were eYcient inducers of 
MelanA-speciWc CTL

In case of using E/L-selectin-expressing DC as a vaccine
against cancer, it is essential that the DC can process and
present antigen to induce TAA-speciWc CTL. This requires
a mature phenotype. To exclude that the E/L-selectin
expression aVects the DC’s mature phenotype, we com-
pared mock-electroporated DC with E/L-selectin RNA-
electroporated DC by determining the surface expression of
CD80, CD83, CD86, CD25, HLA class I and HLA-DR
molecules on these DC. Both DC populations exhibited a
mature phenotype, and no diVerence was observed between
the two (Fig. 3a). From these data, it can be concluded that
the expression of E/L-selectin on the surface of the DC
does not change their mature phenotype.

The DC’s ability to process and present antigen to prime
CTL was tested in an autologous CD8+ T cell stimulation
assay, with the melanoma-associated antigen MelanA. After
one stimulation for one week, the number of MelanA-spe-
ciWc CD8+ T cells was determined by tetramer staining, and
their phenotype (i.e., naïve, central memory, eVector mem-
ory, or lytic eVector) by CCR7 and CD45RA staining [45].
We compared the induction capacity of DC loaded with Mel-
anA alone, with the induction capacity of MelanA-loaded
DC electroporated with E/L-selectin RNA. The antigen-
loading was performed either by co-electroporation of RNA
coding for the natural MelanA or by pulsing with a MelanA-
derived HLA-A2 restricted analogue peptide. DC electropo-
rated with MelanA RNA alone or with the combination of
MelanA RNA and E/L-selectin RNA expanded the MelanA-
speciWc T cells to the same extent, with a strong bias toward
the eVector population (Fig. 3b). Mock-electroporated and E/
L-selectin RNA-electroporated DC served as negative con-
trols (Fig. 3b). The MelanA analogue peptide-loaded DC
expectedly stimulated the MelanA peptide-speciWc T cells
even stronger, and again no substantial diVerence in stimula-
tion capacity between the mock-electroporated and the E/L-
selectin RNA-electroporated DC was observed (Fig. 3b).

The generated T cells were checked for their cytolytic
capacity in a standard Cr51-release assay, using T2 cells
loaded with the speciWc analogue peptide as target cells.

Fig. 2 Electroporation with E/L-selectin-encoding RNA does not inXu-
ence CCR7-mediated migration and LFA-1 expression. a Mature DC
were electroporated with or without E/L-selectin (ELS) RNA and cryop-
reserved after 4 h. After thawing, cells were tested for their CCR7-med-
iated migratory capacity toward medium containing CCL19 in a standard
transwell migration assay. To measure spontaneous migration, cells were
incubated in a transwell without CCL19 in the upper or lower compart-
ment (neg.), or with CCL19 in the upper compartment (anti). The aver-
age § standard error of the mean (SEM) of three standardized
experiments is shown. b Mature DC were electroporated (EP) with E/L-
selectin (ELS) RNA or were only replated (DC no EP). After resting for
4 h, they were cryopreserved, thawed and stained for CD11a and CD18
expression (which form LFA-1 as a heterodimer). As a control for the
staining, the LFA-1 expression of CD8+ cells was determined. Isotype-
controls are depicted in the left panel. The data shown are representative
for three independent standardized experiments
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This reXected the results of the tetramer staining: the E/L-
selectin expression on the DC had no inXuence on the T
cells lytic capacity (Suppl. Fig. 1), while both the pulsing of
the DC with analogue peptide, and the electroporation with

MelanA RNA resulted in T cells capable to speciWcally lyse
the targets. As expected, lysis was stronger after stimula-
tion with the peptide. In summary, these data demonstrate
that E/L-selectin co-expression does not alter the DC’s
function to induce speciWc CTL by presenting a tumor-
associated Ag.

E/L-selectin RNA-electroporated human DC rolled 
by binding to sialyl-Lewisx

The functionality of the introduced chimeric E/L-selectin
protein was determined in an in vitro rolling assay using a
surface coated with sialyl-Lewisx and sulphated tyrosine (s-
Lex/TS-PAA) in a parallel plate Xow chamber [28]. The
shear force in the assay approximated the one in HEV
(1.04 dyne/s2). As shown in Suppl. Fig. 2a, mock-electro-
porated DC did not roll on, or adhere to s-Lex/TS-PAA-
coated slides. In contrast, E/L-selectin RNA-electroporated
DC clearly rolled on the s-Lex/TS-PAA-coated surface with
a slow rolling velocity (Suppl. Fig. 2b). Both DC popula-
tions did not roll on or adhere to uncoated slides (data not
shown). After 10 min of Xow, pictures of four random
Welds were taken, and cells were counted. Figure 4 summa-
rizes this quantiWcation for three diVerent donors. DC elec-
troporated without RNA did not adhere to or roll on the s-
Lex/TS-PAA-coated slides at all (Fig. 4), while E/L-selec-
tin RNA-electroporated DC of all three donors showed
adherence and rolling (Fig. 4). Since the s-Lex/TS-PAA-
coating of the slides is not a standardized process, large
variations between the donors were observed, however, a
statistical analysis revealed that the observed diVerences
were signiWcant for each individual donor (P < 0.05).
Taken together, these data show that the E/L-selectin pro-
tein that was expressed following E/L-selectin-RNA trans-
fection into DC was functional and mediated in vitro
rolling of these DC. Previous studies in other tissues have
shown that a slow rolling velocity facilitates integrin acti-
vation [27, 29]. Therefore, it is likely that the slow rolling
velocity of the DC could allow their extravasation through
the HEV into the LN.

In aggregate, these data prove that RNA electroporation
is a possible way to introduce functional E/L-selectin into
DC with high eYciency and without inXuencing their
immunogenic functions. This could make the IV injection
of DC in humans in vaccination studies feasible, and shows
that RNA-electroporation is a possibility to provide DC
with new functions, they cannot fulWll by themselves.

Discussion

This paper describes the introduction of a functional chime-
ric molecule, E/L-selectin, into human moDC. A high

Fig. 3 E/L-selectin transfected DC retain mature phenotype and their
capacity to stimulate naive CD8+ T-cells. a Mature DC were electro-
porated with (gray histogram) or without (black line) E/L-selectin
(ELS) RNA, rested for 4 h, cryopreserved and stained for the charac-
teristic maturation-surface markers CD25, CD80, CD83, CD86, HLA
class I, and HLA-DR after thawing. Interrupted lines represent respec-
tive isotype controls. b DC were electroporated without RNA, with E/
L-selectin RNA (ELS RNA) alone, with MelanA RNA (MelA RNA)
alone, or with MelanA in combination with E/L-selectin RNA, and
were used to stimulate autologous naive CD8+ cells. In addition, mock-
electroporated and E/L-selectin RNA-electroporated DC were loaded
with MelanA-derived analogue peptide (MelA pep.) and used for stim-
ulation of naïve CD8+ T cells. After 1 week of stimulation, the percent-
age of MelanA/A2-tetramer-binding CD8+ T cells, and their phenotype
were determined. Assignment of functional T cell phenotype was as
follows: lytic eVectors (LE): CD45RA+/CCR7¡; eVector memory
(EM): CD45RA¡/CCR7¡; central memory (CM) CD45RA¡/CCR7+;
naïve (N): CD45RA+/CCR7+. Both a and b show one representative
out of three independent standardized experiments
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transfection eYciency (>95%) and yield (>75%) was
obtained after electroporation and subsequent cryopreser-
vation (Fig. 1). This high transfection eYciency of E/L-
selectin RNA into DC was in line with introduction of RNA
encoding tumor antigens [47]. Other groups also expressed
functional proteins in DC via RNA transfection [1, 10, 11,
22]. However, in these studies, lower expression levels
were observed, or the cellular expression was not deter-
mined, but the introduced proteins (signaling receptors or
proteins involved in certain signaling cascades) neverthe-
less exerted their function. The group of Sæbøe-Larssen
previously reported high expression for both functional and
non-functional proteins [44]. For our purpose, also high
expression of E/L-selectin on the DC surface was critical
for functional rolling to occur. Therefore, we optimized the
RNA-electroporation protocol in line with the above men-
tioned publication, which resulted in such high and pro-
longed expression levels. For this, we used GFP RNA in

initial experiments, and E/L-selectin RNA in the subse-
quent ones. With respect to the level and kinetics of E/L-
selectin expression, the optimal electroporation conditions
were deWned to be 500 V, 1 ms pulse length and an RNA
concentration of 150 �g/ml.

Hence, this paper shows for the Wrst time that functional
adhesion receptors can be introduced into human moDC by
RNA electroporation, since the E/L-selectin transfected DC
gained the capability to tether and roll on slides coated with
the natural ligand of E/L-selectin, proving the functional
introduction of this chimeric molecule in vitro (Fig. 4 and
Suppl. Fig. 2).

Functional introduction of E/L-selectin in bone marrow-
derived murine DC was previously shown [41]. However,
retroviral transduction was used in this study to insert E/L-
selectin. RNA electroporation has several considerable
advantages as compared to retroviral transduction. First, the
most important drawback of using retroviral transduction is
that the provirus integrates at random in the genome of the
transduced cells. Thus, it can also integrate in genes
involved in cell cycle control, and subsequently disturb cell
growth (i.e., insertional mutagenesis) [7, 23, 32]. The prob-
lem of possible insertional mutagenesis is completely
absent when RNA is electroporated in cells, and for appli-
cations where only transient expression of certain mole-
cules is necessary, such as targeting of DC from blood to
LN, RNA electroporation is a good alternative. Therefore,
our E/L-selectin RNA transfection of DC is generally safer
for clinical application, with respect to mutagenesis, than
retroviral transduction of the chimeric E/L-selectin gene
into DC.

Second, retroviral transduction can only be performed in
dividing cells, such as bone marrow-derived DC. In princi-
ple, human CD34+ stem cells could be used to provide a
pool of DC precursors that divide, which can be retrovirally
transduced. However, isolation of CD34+ stem cells is a
time-consuming and complicated procedure and is addi-
tionally a burden for the patient, because of the necessary
pretreatment with hematopoietic growth factors such as
G-CSF. Therefore, almost exclusively moDC are used. These
cells do not divide, and cannot be retrovirally transduced.
Non-dividing DCs can be transduced using other viruses,
such as lentivirus, although, in contrast to RNA electropo-
ration, this results in heterogeneous expression of the intro-
duced molecules [6, 16, 48], which is undesired for
targeting of all DC to the LN, or adenovirus [26, 37, 39],
which also results in heterogeneous expression of the intro-
duced molecule [9]. Moreover, adenovirally transduced DC
may even induce regulatory T cells instead of an eYcient
anti-tumor response [30]. In addition, viral transduction is
still classiWed as gene therapy, and is hampered by many
regulatory restrictions and ethical considerations. Here we
show that RNA transfection is a promising alternative for

Fig. 4 E/L-selectin transfected DC gain the ability to roll on sialyl-
Lewisx/TS-PAA. Human DC (three donors) were electroporated without
RNA (No RNA) or with E/L-selectin RNA (ELS RNA) and cryopreserved.
Their ability to tether and roll was analyzed in a parallel plate Xow
chamber using slides coated with sialyl-Lewisx/TS-PAA directly after
thawing. Perfusion was performed at 20°C using a pulse-free pump
at a shear rate of 1.04 dyne/s2. During perfusion, microscopic phase-
contrast images were recorded in real time. After 10 min of perfusion,
four diVerent randomly chosen microscopic Welds (one representative
is depicted) (10£ objective) were recorded and the numbers of adhering
cells were counted for each Weld. An average (§SEM) of cell numbers
of the four Welds and the P-value as determined by unpaired, one-tailed
Student’s t-test is shown for each donor
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the introduction of the chimeric E/L-selectin molecule
into moDC, because it does not change the phenotypical
and functional characteristics of the transfected cells
(Figs. 2, 3).

As mentioned in the introduction, the number of DC
reaching the LN after intravenous injection is very low [12,
34, 40]. Intravenous injection of E/L-selectin-targeted DC
might be more eYcient than intracutaneous injection of
DC, i.e., a higher number of DC may reach the LN. Fur-
thermore, by targeting of DC from the blood directly into
the LN, not only the draining LN is reached by the DC, but
in principle all LN. This might result in a more eYcient
stimulation of antigen-speciWc T cells, because the quantity
of T cell-DC contacts is increased.

Evidence is increasing that T cells in LN draining diVer-
ent organs acquire a homing pattern that targets these T
cells to the respective organ after contact with the DC [8,
14, 15, 42, 50]. Moreover, it was described that in vitro
stimulation of T cells with skin-derived DC, and later resti-
mulation with gut-derived DC, results in a replacement of
skin-homing molecules with gut-homing molecules [33],
proving the plasticity of T cell homing. By intracutaneous
injection and subsequent stimulation of T cells in the drain-
ing LN, preferentially T cells with a skin homing pattern
are generated which migrate to cutaneous eVector sites.
Indeed, it was shown that DC vaccination strategies, in
which DC were injected intracutaneously or intralymphati-
cly, resulted in eVective clearance of mainly cutaneous
metastases [3, 35, 49]. Using the vaccination strategy
described in this paper, it is possible that after intravenous
injection, by targeting DC to several peripheral LN, T cells
with diVerent homing patterns will be generated. This could
be of great advantage for the induction of an immune
response directed against metastases within various organs
and tissues. Alternatively, it is also possible, that the T cells
acquire no homing pattern, because the DC did not migrate
to the LN via the natural route. Which alternative holds
true, will be subject of future in vivo experiments analyzing
T cell location, and homing receptors.

Although the question whether the E/L-selectin trans-
fected DC will be capable of entering the LN from the
blood stream in vivo, and will initiate a strong immune
response there, can be discussed here only on a theoretical
level, we are conWdent that this approach will be successful.
Monocyte-derived mature DC express LFA-1 and CCR7,
and this is not diminished by the introduction of E/L-selec-
tin (Fig. 2). The DC’s capability to migrate through a 5 �m
mesh toward a CCL19 gradient (i.e., a ligand of CCR7) was
also shown (Fig. 2). Furthermore, the functionality of the
introduced E/L-selectin was shown in a Xow chamber assay
in vitro. The biological relevance of this assay had been
shown before with murine DC, retrovirally transduced with
E/L-selectin, which gained the ability to tether and roll in

this in vitro assay, but also were able to enter the T cell
areas in the LN in vivo [41]. In addition, blocking experi-
ments also showed that the in vitro assay correlates with
in vivo homing, i.e., agents that blocked lymphocytes bind-
ing in the in vitro assay also inhibited rolling and homing to
peripheral LN in vivo [36].

Since the human, RNA-electroporated DC were
equipped with all three molecules needed for extravasation
from the HEV to the LN (i.e., CCR7, LFA-1, and E/L-
selectin), they should be able to extravasate in vivo, in anal-
ogy to the murine DC described above. As T cells enter the
LN by the very same route, DC/T cell encounters are very
likely. In addition, the DC still possess their CCR7-medi-
ated ability to orientate in the LN. As the DC display a high
immunogenicity in vitro, T cell stimulation in the natural
environment of the LN is very probable. On the other hand,
it is also possible that the human DC, although expressing
LFA-1, are not able to respond to LFA-1 signaling as T
cells do, or do not possess the mechanical functions to
transmigrate through the endothelium of the HEV. It could
also be that the DC need to receive special signals for opti-
mal function during their natural path of migration toward
the LN, which would make our approach less eYcient.
When we balance these arguments, our expectation is that
the described approach will work, although proof deWnitely
requires in vivo experiments.

Taken together, the introduction of a chimeric E/L-selec-
tin molecule into human non-dividing moDC is now possi-
ble without genetic manipulation. This may target the DC
from the blood directly into the LN, without changing their
phenotypical and functional characteristics. For the Wrst
time a functional adhesion molecule was introduced into
cells by RNA electroporation, thus bypassing the serious
problems related to viral introduction of these molecules,
which constricted the clinical use of this vaccination
approach. These DC might provide a quantitatively and
qualitatively more eYcient antigen-speciWc T cell stimula-
tion, which is critical to induce eVective immune resistance
to cancer. This hypothesis will be tested in a clinical trial in
the near future.
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