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Summary

 

Cell-based immunotherapy, in which antigen-loaded antigen-presenting cells
(APC) are used to elicit T cell responses, has become part of the search for
alternative cancer and infectious disease treatments. Here, we report on the
feasibility of using mRNA-electroporated CD40-activated B cells (CD40-B
cells) as alternative APC for the 

 

ex vivo

 

 induction of antigen-specific CD8

  

++++

 

 T
cell responses. The potential of CD40-B cells as APC is reflected in their phe-
notypic analysis, showing a polyclonal, strongly activated B cell population
with high expression of MHC and co-stimulatory molecules. Flow cytometric
analysis of EGFP expression 24 h after EGFP mRNA-electroporation showed
that CD40-B cells can be RNA transfected with high gene transfer efficiency.
No difference in transfection efficiency or postelectroporation viability was
observed between CD40-B cells and monocyte-derived dendritic cells (DC).
Our first series of experiments show clearly that peptide-pulsed CD40-B cells
are able to (re)activate both CD8

  

++++

 

 and CD4

  

++++

 

 T cells against influenza and
cytomegalovirus (CMV) antigens. To demonstrate the ability of viral antigen
mRNA-electroporated CD40-B cells to induce virus-specific CD8

  

++++

 

 T cell
responses, these antigen-loaded cells were co-cultured 

 

in vitro

 

 with autolo-
gous peripheral blood mononuclear cells (PBMC) for 7 days followed by anal-
ysis of T cell antigen-specificity. These experiments show that CD40-B cells
electroporated with influenza M1 mRNA or with CMV pp65 mRNA are able
to activate antigen-specific interferon (IFN)-gamma-producing CD8

  

++++

 

 T cells.
These findings demonstrate that mRNA-electroporated CD40-B cells can be
used as alternative APC for the induction of antigen-specific (memory) CD8

  

++++

 

T cell responses, which might overcome some of the drawbacks inherent to
DC immunotherapy protocols.

 

Keywords:

 

 CD40-activated B cells, dendritic cells, mRNA electroporation,
immunotherapy

IIII

 

ntroduction

 

Immunotherapy using antigen-loaded antigen-presenting
cells (APC) has become an interesting development in the
search for alternative treatment modalities concerning can-
cer and infectious diseases. All adoptive immunotherapy
protocols used as alternative or adjuvant treatment require
rapid, efficient and safe methods to generate antigen-specific
T cells that can elicit cellular immunity.

Classically, cultured dendritic cells (DC) are loaded with
antigens through RNA electroporation, pulsing, lipofection
or viral transfection and used subsequently for T cell activa-
tion [1–3]. Cellular immunotherapy using antigen-loaded

DC has already been tested in phase II and III clinical trials
for the treatment of melanoma, prostate cancer, B cell lym-
phoma, cutaneous T cell lymphoma and metastatic renal cell
carcinoma, which proves the possible value of cell-based vac-
cines for cancer immunotherapy [4–10]. Although DC are
considered to be the most professional APC of the immune
system, this approach suffers from some serious drawbacks:
primary DC constitute only 0·1–0·5% of human peripheral
blood mononuclear cells [11]. Culturing DC out of patients’
monocytes or CD34

 

+

 

 precursor cells is a more practical alter-
native [12], but requires multiple phlebotomies, leukapher-
esis or even bone marrow aspiration. Moreover, 

 

ex vivo

 

expansion of DC from non-stem cell sources cannot be
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achieved. DC found 

 

in vivo

 

 cannot be considered as a homo-
geneous population of cells but consist rather of functionally
disparate cell types with different immune stimulating
capacities [13]. Thus, it also remains unclear how closely 

 

in
vitro

 

 differentiated DC resemble DC found in tissues and
lymphoid organs [14].

Earlier studies have shown that massive amounts of B cells
can be obtained from small quantities of peripheral blood
through activation by CD40 ligand, and are therefore a cost-
effective source of autologous APC [15]. Moreover, several
studies have demonstrated that these cells can induce 

 

ex vivo

 

T cell responses against recall and neoantigens when loaded
with antigen through pulsing with peptides or with tumour
lysates, or when loaded through retroviral transduction [16–
18].

Here, we provide evidence that not only DC but also
CD40-activated B cells (CD40-B cells) can be loaded with
antigen with high efficiency and viability by means of
mRNA electroporation, a cytoplasm expression-based
transfection technique which has many advantages over the
classical peptide pulsing or viral transfection protocols [19].
Furthermore, we evaluated the ability of these alternative
APC for the 

 

ex vivo

 

 induction of antigen-specific cellular
immune responses. First, we show that both CD8

 

+

 

 [cytome-
galovirus (CMV) pp65/influenza matrix protein] and CD4

 

+

 

(influenza haemagglutinin) T cell responses can be induced
with major histocompatibility complex (MHC) class I and
II-restricted peptide-pulsed CD40-B cells. The following
data demonstrate clearly that mRNA-electroporated CD40-
B cells (CMV pp65/influenza matrix protein) are highly effi-
cient APC and can be considered as a valuable alternative to
DC for the activation of antigen-specific CD8

 

+

 

 T cells 

 

in
vitro

 

.

 

Materials and methods

 

Cell lines

 

T2 cells (TAP-deficient, HLA-A2

 

+

 

, T

 

¥

 

B hybrid) were kindly
provided by Dr Pierre Van der Bruggen (Ludwig Institute for
Cancer Research, Brussels, Belgium) and were cultured in
complete medium consisting of Iscove’s modified Dulbecco’s
medium (IMDM with 2 m

 

m L

 

-glutamine, Invitrogen, Mer-
elbeke, Belgium) supplemented with 10 

 

m

 

g/ml gentamicin
(Invitrogen, Merelbeke, Belgium), 1·25 

 

m

 

g/ml amphotericin
B (Fungizone, Invitrogen) and 10% fetal calf serum (FCS;
Sera Laboratory, Sussex, UK). 3T3 feeder cells stably trans-
fected with CD40 ligand (T CD40L 3T3 feeder cells) were
kindly provided by Dr K. Thielemans (Medical School of the
Vrije Universiteit Brussel, Brussels, Belgium) and were cul-
tured in IMDM medium (with 2 m

 

m L

 

-glutamine, Invitro-
gen), supplemented with 10 

 

m

 

g/ml gentamicin and 500 

 

m

 

g/
ml G418 (Invitrogen). All cells were maintained in logarith-
mic phase growth at 37

 

∞

 

C in a humidified atmosphere sup-
plemented with 5% CO

 

2

 

.

 

Source of primary cells

 

Peripheral blood mononuclear cells (PBMC) were obtained
from healthy blood donors (donors A–D and F) or from
haemochromatosis patients (donors E and G). All donors
except donors E and G were CMV seropositive. Our study
protocol was approved by the local Ethical Committee and
informed consent was obtained from all participating sub-
jects. Mononuclear cells were isolated by Ficoll-Hypaque
gradient separation (LSM, ICN Biomedicals, Costa Mesa,
CA, USA).

 

Generation of Epstein–Barr virus (EBV)-transformed B 
lymphoblastoid cell lines (B-LCL)

 

B-LCL were generated by infection of PBMC with the super-
natant of the EBV-producing B95-8 monkey cell line (kindly
provided by Dr Christine Van Broeckhoven, University of
Antwerp, Belgium) [20]. Cell lines were cultured in IMDM
supplemented with 10% FCS.

 

HLA typing of PBMC

 

To determine HLA-A2 expression, PBMC were first incu-
bated with the supernatant of the BB7-2 hybridoma (anti-
HLA-A2; ATCC), followed by staining with FITC-conjugated
rabbit antimouse immunoglobulins (Dako, Heverlee, Bel-
gium). To determine HLA-DR4 expression, PBMC were first
incubated with anti-HLA-DR4 mouse IgG1 containing
supernatant (Sanbio, Ijmuiden, the Netherlands), followed
by staining with fluorescein isothyocyanate (FITC)-
conjugated rabbit antimouse immunoglobulins. HLA-A2
and HLA-DR4 presence or absence was analysed by flow
cytometry using a FACScan analytical flow cytometer (Bec-
ton Dickinson, Erembodegem, Belgium).

 

In vitro

 

 culture of DC

 

Immature monocyte-derived dendritic cells (iMo-DC) were
cultured from peripheral blood monocytes as described by
Romani 

 

et al

 

. [21], with some minor modifications. Briefly,
monocytes from PBMC were allowed to adhere into six-well
plates in AIM-V medium (Invitrogen, Paisley, UK) for 2 h
at 37

 

∞

 

C. The non-adherent fraction was removed and
adherent cells were cultured further for 6 days in IMDM
supplemented with 10% FCS. One hundred ng/ml
granulocyte-macrophage colony-stimulating factor (GM-
CSF; Leucomax, Novartis Pharma, Basel, Switzerland) and
1000 U/ml interleukin (IL)-4 (R&D Systems, Minneapolis,
MN, USA) were added to the cultures every 2–3 days start-
ing from day 0. Maturation of iMo-DC was induced after
day 6 by adding a maturation cocktail consisting of 2·5 ng/
ml tumour necrosis factor (TNF)-

 

a

 

 (Roche Molecular
Biochemicals, Mannheim, Germany), 10

 

-

 

7

 

 

 

M

 

 prostaglandin
E

 

2

 

 (PGE

 

2

 

) (Sigma, St Louis, MO, USA), 500 U/ml IL-6
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(Biosource Europe, Nivelles, Belgium) and 100 U/ml IL-1
(Biosource, Camarillo, CA, USA).

 

In vitro

 

 culture of CD40-activated B cells

 

CD40-B cells were generated from PBMC by co-culturing
whole PBMC at 2 

 

¥

 

 10

 

6

 

 cells/ml with irradiated (96 Gy) E-
CD40L 3T3 feeder cells in IMDM supplemented with 10%
FCS, 5 

 

m

 

g/ml insulin (Sigma, St Louis, MO, USA), 10 

 

m

 

g/ml
gentamicin, 2 ng/ml IL-4 and 1·9 

 

¥

 

 10

 

-

 

7

 

 

 

m

 

 cyclosporin A
(Novartis Pharma, Vilvoorde, Belgium) [15]. Cultured cells
were transferred to irradiated new E-CD40L 3T3 feeder cells
every 3 days. Before use in co-cultures, CD40-B cells were
Ficoll-Hypaque density centrifuged and cryopreserved to
remove non-viable cells and remaining E-CD40L 3T3 feeder
cells.

 

Immunophenotyping of CD40-activated B cells

 

The following monoclonal antibodies were used for immu-
nophenotyping of peripheral blood and CD40-B cells:
(FITC)-conjugated anti-CD3, (FITC)-conjugated anti-
CD10,  (PE)-conjugated  anti-CD19,  (FITC)-conjugated  anti-
CD19,  (PE)-conjugated  anti-CD25,  (FITC)-conjugated
anti-CD79, (PE)-conjugated anti-CD80, (FITC)-conjugated
anti-CD83,  (PE)-conjugated  anti-CD86,  (FITC)-
conjugated anti–kappa, (PE)-conjugated anti–lambda and
(PE)-conjugated anti-HLA-DR (all from BD Bioscience,
Erembodegem, Belgium). Non-reactive isotype-matched
antibodies (BD Bioscience) were used as negative controls.

 

Freezing and thawing procedure

 

PBMC, CD40-B cells or mature DC were frozen in cryotubes
(Nunc CryoTube Vials, Nalgene Nunc International, Rosk-
ilde, Denmark) at a concentration of 1–10 

 

¥

 

 10

 

6

 

 per ml in
90% FCS and 10% dimethylsulphoxide (DMSO) (Sigma).
Cell suspensions were slowly frozen (

 

-

 

1

 

∞

 

C/min) to 

 

-

 

80

 

∞

 

C by
using a cryofreezing container (Nalgene Nunc Interna-
tional). Frozen cells were thawed quickly in a 37

 

∞

 

C water
bath, followed by the addition of 100 

 

m

 

g/ml DNaseI (Roche
Diagnostics) and 50 

 

m

 

l/ml of a 3·79% MgSO

 

4

 

 solution for
10 min. Next, cells were centrifuged and resuspended at
0·5 

 

¥

 

 10

 

6

 

 per ml in IMDM for 15 min to remove residual
DMSO. Finally, cells were washed once and resuspended in
culture medium.

 

Plasmids and mRNA

 

Messenger (m)RNA encoding cytomegalovirus (CMV) pp65
protein was purchased from Curevac (Tübingen, Germany).
The pGEM4Z/EGFP/A64 plasmid, used to prepare mRNA
encoding the enhanced green fluorescent protein (EGFP),
was kindly provided by Dr E. Gilboa (Duke University Med-
ical Center, Durham, NC, USA) [22]. The pGEM4Z/M1/A64

plasmid was kindly provided by Dr A. Steinkasserer (Univer-
sity of Erlangen, Erlangen, Germany) [23]. These plasmids
were propagated in 

 

Escherichia coli

 

 supercompetent cells
(Stratagene, La Jolla, CA, USA) and purified on endotoxin-
free Qiagen-tip 100 columns (Westburg, Leusden, the
Netherlands). Next, plasmids were linearized with SpeI (MBI
Fermentas, St Leon-Rot, Germany), purified using a poly-
merase chain reaction (PCR) purification kit (Westburg)
and used as DNA templates for 

 

in vitro

 

 transcription (IVT).
Transcription was carried out in a final 20 

 

m

 

l reaction mix at
37

 

∞

 

C using T7 MessageMachine Kit (Ambion, Austin, TX,
USA) to generate 5

 

¢

 

-capped 

 

in vitro

 

 transcribed mRNA.
Purification of mRNA was performed by DNaseI digestion,
followed by LiCl precipitation, according to the manufac-
turer’s instructions.

 

Synthetic peptides

 

An influenza virus-specific HLA-A*0201-restricted matrix
protein M1 peptide (M1; amino acids (aa) 58–66, GILG-
FVFTL) was used for detection of M1-specific T cells. This
peptide was purchased from Sigma-Genosys (Cambridge,
UK). The CMV-specific HLA-A*0201-restricted pp65 (pp65;
aa 495–503, NLVPMVATV) and the influenza A-specific
HLA-DR

 

b

 

*0401-restricted haemagglutinin (HA; aa 307–
319, PKYVKQNTLKLAT) peptides were purchased from
Eurogentec (Seraing, Belgium). All peptides were dissolved
in DMSO to 10 mg/ml, diluted further to 1 mg/ml in serum-
free IMDM and stored in aliquots at 

 

-

 

80

 

∞

 

C. 1–2 

 

¥

 

 10

 

6

 

CD40-B cells cells were pulsed for 1–2 h at room tempera-
ture in the presence of 

 

b

 

2-microglobulin (Sigma Aldrich,
Bornem, Belgium) for class I peptides. The peptides were
used at a final concentration of 20 

 

m

 

g/ml.

 

EGFP analysis

 

EGFP mRNA-electroporated CD40-B cells and DC were
checked for EGFP expression following a previously
described procedure [24]. Briefly, cells (1–5 

 

¥

 

 10

 

6

 

) were
washed once in phosphate-buffered saline (PBS) supple-
mented with 1% FCS and resuspended in 0·5 ml of PBS sup-
plemented with 1% bovine serum albumin (BSA) and 0·1%
sodium azide. Ethidium bromide was added at a final con-
centration of 10 

 

m

 

g/ml directly prior to FCM analysis to
assess cell viability.

 

mRNA electroporation

 

Electroporation of mRNA was performed as described pre-
viously with minor modifications [19]. Briefly, prior to elec-
troporation 5–10 

 

¥

 

 10

 

6

 

 CD40-B cells or immature (i)Mo-DC
were washed twice with Optimix Washing Solution (Equi-
Bio, Ashford, Middlesex, UK) and resuspended in Optimix
electroporation buffer (EquiBio). Subsequently, 0·2 ml of the
cell suspension was mixed with 20 

 

m

 

g of IVT mRNA and
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electroporated in a standard 0·4 cm cuvette at 300 V and 150

 

m

 

F using an Easyject Plus device (EquiBio). After electropo-
ration, fresh complete medium (including cytokines for DC)
was added to the cell suspension and cells were incubated
further at 37

 

∞

 

C in a humidified atmosphere supplemented
with 5% CO

 

2

 

. All mock electroporations were performed
according to this protocol but without the use of mRNA.

 

Induction of viral-specific CD8

  

++++

 

 T cells with 
mRNA-electroporated APC

 

CD40-B cells and iMo-DC were electroporated with influ-
enza matrix protein mRNA or with CMV pp65 mRNA and
resuspended in IMDM supplemented with 5% human AB
serum (Sigma-Aldrich, Belgium). Maturation of immature
Mo-DC was started 1–2 h after electroporation by adding a
maturation cocktail. Four to 12 h postelectroporation, anti-
gen-loaded cells were used for stimulation of autologous
PBMC or CD8

 

+

 

 T cells. Briefly, 5 

 

¥

 

 10

 

6

 

 CD40-B cells or
mature Mo-DC were co-cultured with 20 

 

¥

 

 10

 

6

 

 autologous
PBMC or CD8

 

+

 

 T cells in IMDM supplemented with 5%
hAB serum, 2 ng/ml IL-4 and 10 ng/ml IL-7. CD8

 

+

 

 T cells
were enriched using a negative selection cocktail and mag-
netic nanoparticles (EasySep CD8

 

+

 

 T cell enrichment cock-
tail, StemCell Technologies, Meylan, France) according to
the manufacturer’s instructions. On days 2 and 4 of the co-
cultures, 20 U/ml IL-2 was added. After 7 days of culture,
cells were restimulated for 3–6 h with peptide-loaded or
unloaded T2 cells. The amount of interferon (IFN)-

 

g

 

 pro-
duced upon restimulation of the cultured PBMC was mea-
sured using an IFN-

 

g enzyme-linked immunosorbent assay
(ELISA) (BioSource, Nivelles, Belgium) and an IFN-g secre-
tion assay (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions.

Statistical analysis

Results are expressed as mean ± standard deviation (s.d.)
or ± standard error of the mean (s.e.m.) as indicated. Com-
parisons were validated using a two-sided Student’s t-test. A
P-value £0·05 was considered to be statistically significant.

Results

CD40-activated B cells are easily expandable and show 
distinct co-stimulatory potential

Starting from 72 ¥ 106 whole PBMC, approximately
79·1 ¥ 106 ± 8·6 ¥ 106 (donors A–E, n = 5) CD40-activated B
cells with >75% purity can be obtained after 20–28 days of
culture (approximately eightfold increase of CD19+ B cells).
Flow cytometric analysis of the final CD40-B cell prepara-
tions shows that less than 5% (CD45-negative) E-CD40L
3T3 cells are present in the total cell population. The gradual
increase of CD19+ CD40-B cells and the simultaneous

decrease of CD3+ T cells present in the cultures is depicted in
Fig. 1a for the five CD40-B cell cultures used in this study
(donors A–E). Phenotypical analysis of the cultured CD40-B
cells shows a polyclonal (kappa/lambda ratio approx. = 1·4),
highly activated (CD80+, CD83+, CD86+, CD25+, HLA-DR+)
B cell population without any aberrant markers as CD10 or
CD79 that are found commonly in B cell malignancies [25]
(Fig. 1b, dot plots + bold histograms in histogram overlays,
representative example of three independent experiments).
Unstimulated B cells as found in PBMC did not express high
levels of these activation markers (Fig. 1b, thin histograms in
histogram overlays, representative example of three indepen-
dent experiments). The high expression of several co-stim-
ulatory molecules on CD40-B cells compared to naive B cells
suggests that these CD40-B cells can play the role of potent
antigen-presenting cells (APC) in the activation and co-
stimulation of T cells.

Peptide-pulsed CD40-activated B cells are able to 
stimulate antigen-specific CD4++++ and CD8++++ T cells

In order to demonstrate that CD40-B cells can be used as
APC for T cell stimulation, PBMC were primed for 7 days
with CMV pp65 mRNA-electroporated autologous mature
DC. Next, activated PBMC were restimulated for 5 h with
CMV pp65 peptide-loaded T2 cells or with autologous CMV
pp65 peptide-loaded CD40-B cells as antigen-specific stim-
ulators. Figure 2a (representative example for two indepen-
dent experiments) demonstrates clearly that peptide-pulsed
autologous CD40-B cells perform equally well compared to
peptide-pulsed T2 cells as stimulator cells for antigen-spe-
cific IFN-g production by T cells that were primed by DC
(P = 0·72). Restimulation with unloaded T2 cells or with
unloaded autologous CD40-B cells did not give rise to any
significant IFN-g production response (all P < 0·01 when
compared to restimulation with loaded T2 or CD40-B cells),
demonstrating the antigen-specific nature of the detected
immune response. As a following step in the evaluation of
CD40-B cells as APC, PBMC were primed for 7 days with
influenza matrix protein M1 peptide-pulsed autologous
CD40-B cells. After 7 days of co-culture, statistically signifi-
cant IFN-g production could be detected after restimulation
with influenza M1 peptide-pulsed T2 cells and with influ-
enza M1 peptide-pulsed CD40-B cells, while only back-
ground IFN-g production was seen after restimulation with
unloaded T2 cells or with unloaded autologous CD40-B cells
(all P < 0·01) (Fig. 2b, representative example for two inde-
pendent experiments). These results confirm that autolo-
gous peptide-pulsed CD40-B cells can act not only as
stimulator cells for primed CD8+ T cells (Fig. 2a), but can
also be used for the first stimulation of antigen-specific CD8+

T cells (Fig. 2b).
To show that CD40-B cells could also induce antigen-spe-

cific CD4+ T cell responses, similar co-cultures were set up
using influenza HA-peptide pulsed-CD40 B cells for the
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initial priming of the PBMC. Upon restimulation with influ-
enza HA peptide-pulsed autologous CD40-B cells (Fig. 2c)
or allogeneic EBV-LCL (Fig. 2d) after 7 days of co-culture,
statistically significant HA-specific T cell responses could be
observed compared to restimulation with unloaded autolo-
gous CD40-B cells or allogeneic EBV-LCL (Figs 2c,d, all
P < 0·01, representative examples for two independent
experiments are shown). Flow cytometric secretion assays
confirm that the IFN-g is produced by antigen-specific CD4+

T cells (data not shown). These results demonstrate the abil-
ity of CD40-B cells to present antigens by MHC class II mol-
ecules in order to activate (memory) CD4+ T cells.

CD40-activated B cells can be mRNA-electroporated 
with high efficiency and viability

To demonstrate that CD40-B cells can be mRNA-electropo-
rated with equal efficiency compared to DC, CD40-B cells
and DC were cultured and electroporated with EGFP
mRNA. Flow cytometric analysis of the EGFP expression 24
h postelectroporation showed that both cell types can be
RNA electroporated with gene transfer rates up to 80% (rep-
resentative EGFP histogram overlay in Fig. 3a for CD40-B
cells and in Fig. 3b for DC). No difference in transfection
efficiency was observed between CD40-B cells or DC
(71·4 ± 3·0% (s.e.m.) for CD40-B cells versus 79·8 ± 4·4%
(s.e.m.) for DC in five individual experiments, P = 0·153).
Viability of these CD40-B cells after cryopreservation and
thawing was high (up to 85%). No difference in viability 24
h postelectroporation was observed between CD40-B cells or
DC (71·6 ± 3·3% (s.e.m.) for CD40-B cells versus
70·6 ± 2·1% (s.e.m.) for DC in five individual experiments,
P = 0·826) (representative viability dot plots in Fig. 3a for
non-electroporated and EGFP mRNA-electroporated CD40-
B cells and in Fig. 3b for non-electroporated and EGFP
mRNA-electroporated DC). Moreover, mock or EGFP
mRNA-electroporation did not have any effect on the phe-
notype of the CD40-B cells (data not shown).

CD40-activated B cells electroporated with mRNA 
coding for viral antigens can induce viral-specific CD8++++ 
T cell responses

To demonstrate the ability of mRNA-electroporated CD40-B
cells to activate CMV or influenza-specific CD8+ T cell
responses, mRNA-electroporated CD40-B cells were co-
cultured with autologous PBMC in a T cell : CD40-B cell
ratio of 4 : 1. After 1 week of co-culture, cells were restimu-

Fig. 2. Peptide-pulsed CD40-activated B cells can act as alternative anti-

gen-presenting cells. (a) IFN-g production of PBMC primed with CMV 

pp65 mRNA-electroporated mature DC after restimulation with 

unloaded or with CMV pp65 peptide-pulsed T2 or autologous CD40-B 

cells. (b) IFN-g production of PBMC primed with influenza M1 peptide-

pulsed CD40-B cells after restimulation with unloaded or with influenza 

M1 peptide-pulsed T2 or autologous CD40-B cells. (c) IFN-g production 

of PBMC primed with influenza HA peptide-pulsed CD40-B cells after 

restimulation with unloaded or with influenza HA peptide-pulsed autol-

ogous CD40-B cells. (d) IFN-g production of PBMC primed with influ-

enza HA peptide-pulsed CD40-B cells after restimulation with unloaded 

or with influenza HA peptide-pulsed allogeneic EBV-LCL. Graphs rep-

resent results from IFN-g ELISA assays (error bars indicate standard 

deviation) and are representative of two individual experiments.
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Fig. 1. Culture and phenotypical analysis of CD40-activated B cells. (a) Absolute amount of CD19+ and CD3+ T cells as measured in the CD40-B cell 
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lated for 3–6 h with CMV or influenza peptide-pulsed T2
cells or with unloaded T2 as control stimulators. Upon
restimulation of PBMC cultures that were stimulated with
CD40-B cells electroporated with CMV pp65 or influenza
M1 mRNA, antigen-specific IFN-g release could be detected

against CMV or influenza peptide-pulsed T2 cells (Fig. 4, top
row: three independent experiments for CMV-specific T
cells, bottom row: three independent experiments for influ-
enza-specific T cells), while IFN-g release against unloaded
T2 cells was significantly lower (P < 0·01 in all experiments

Fig. 3. CD40-activated B cells can be mRNA-electroporated with high efficiency and viability. (a) Viability of non-electroporated and EGFP mRNA-

electroporated CD40-B cells as determined by ethidium bromide (EtBr) staining (dot plots). Flow cytometric analysis of EGFP expression in CD40-

activated B cells; thin lines represent mock-electroporated CD40-B cells, bold lines represent EGFP mRNA-electroporated CD40-B cells (histogram). 

(b) Viability of not electroporated and EGFP mRNA-electroporated mature DC as determined by ethidium bromide staining (dot plots). Flow 

cytometric analysis of EGFP expression in mature DC; thin lines represent mock-electroporated mature DC, bold lines represent EGFP mRNA-

electroporated mature DC (histogram). Data are representative of five individual experiments.
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shown). Also, using the IFN-g secretion assay, an alternative
detection method for antigen-specific T cells, we were able to
demonstrate that the observed CMV- and influenza-specific
IFN-g release was produced by CD8+ T cells (Fig. 5). All
donors had a higher percentage IFN-g producing CD8+ T
cells after restimulation with the peptide-loaded T2 cells
compared to unloaded T2 cells. Co-cultures set up with
CD8+ T cells instead of PBMC also yielded comparable anti-
gen-specific CD8+ T cell responses, which rules out the influ-
ence of other APC in the PBMC population (Fig. 5). Minor
differences in the frequency of antigen-specific CD8+ T cells
may be due to the presence of CD4+ helper or regulatory T
cells in the PBMC cell population [26,27]. Irradiating the
CD40-B cells (at 30 Gy) prior to mRNA electroporation also
did not have any influence on the antigen-presenting capac-
ities of these cells (data not shown). In summary, these
experiments demonstrate that mRNA-electroporated CD40-
B cells can be used as alternative APC for inducing antigen-
specific (memory) CD8+ T cell responses.

Discussion

Earlier studies have already shown that CD40-expanded B
cells can be loaded with antigens by means of peptide puls-
ing or retroviral transduction [17,18]. Our present find-
ings not only indicate that CD40-B cells are to be
considered as a highly activated cell population with dis-
tinct phenotypical characteristics, but also that these cells
can be transfected with high efficiency by RNA electropora-
tion. Our results further demonstrate that peptide-pulsed
CD40-B cells are able to present antigens to both CD8+ and
CD4+ T cells with subsequent (re)activation of the antigen-
specific immune response. Furthermore, we found that
mRNA-loaded CD40-B cells present antigens efficiently and
are able to boost a CD8+ T lymphocyte response to recall
antigens such as the influenza matrix M1 and the cytomeg-
alovirus pp65 proteins. Moreover, the antigen-specific
responses induced by the mRNA-electroporated autologous
CD40-B cells were clearly MHC class I-restricted, as evi-
dent from the T2-based peptide restimulation assays. These
results confirm and extend the findings by Coughlin et al.,
who recently reported the induction of influenza and mela-
noma antigen-specific immune responses by RNA-
transfected CD40-B cells [28]. The biological variability of
the observed cellular immune response against the influ-
enza matrix protein M1 in the several blood donors could
be due to different precursor frequencies of T cells directed
against influenza circulating in the blood of the donors
tested. This may also be the case for the CMV responses
observed in the CMV seropositive donors. However, low
CMV-specific CD8+ T cell immune responses against the
HLA-A*0201 restricted pp65 CMV-peptide could also be
explained by the relative dominance of HLA-B*07
restricted CD8+ T cell responses in people sharing HLA-
A*02 and HLA-B*07 alleles [29].

The induction of CD4+ T cell responses through mRNA-
electroporated CD40-B cells would require the use of mRNA
coding for a secreted antigenic protein that can taken up by
dendritic cells for MHC class II processing or the artificial
linking of the mRNA antigen sequence to endosomal target-
ing sequences, such as the invariant chain (Ii) fragment, or to
lysosomal targeting sequences of lysosomal proteins, such as
lysosomal-associated membrane protein-1 (LAMP) or DC-
LAMP [30]. Both strategies remain to be investigated for
CD40-B cells. These results underscore that CD40-B cells
can act as alternative APC for the ex vivo induction of T cell
immune responses, as was shown previously for mRNA-
loaded DC [19,31]. RNA-loaded APC form an excellent tool
for future vaccination strategies, as RNA-based loading of
APC overcomes the problem of HLA restriction which limits
the use of peptide pulsing. Through RNA electroporation,
APC can be loaded with the full-length antigen, enabling
presentation of multiple epitopes without the need for prior
characterization of immunogenic epitopes. This approach
also minimizes the risk for generation of tumour antigen loss
variants or virus escape variants. Moreover, RNA electropo-
ration is a more feasible and safe method to apply in a clin-
ical setting compared to using viral vectors for transfection
of antigens into APC.

Although the ability of mRNA-loaded CD40-B cells to
activate T cells in vivo remains to be proved, the expression of
chemokine receptors as CCR7 suggests that following injec-
tion they have the ability to migrate to regional lymph nodes
[32]. Moreover, the possible downside of using non-human
cells such as the murine fibroblast cell line 3T3 to activate B
cells can be overcome by using soluble trimeric CD40 ligand
[16]. Importantly, given the massive expansion capacity of
CD40-B cells, in strong contrast with in vitro-generated DC,
they consitute an expandable source of APC (starting from
less than 100 ml of peripheral blood) for multiple vaccina-
tions in an active immunotherapy setting or for multiple
restimulations ex vivo of antigen-specific T cell populations
in an adoptive setting.

In conclusion, our findings demonstrate that not only
peptide pulsing but also mRNA electroporation of CD40-B
cells lead to effective CD8+ T cell activation. Concomitant
pulsing of the CD40-B cells with MHC class II-restricted
peptides might be advantageous when a T helper response is
required for effective priming of naive CD8+ T cells. Because
CD40-B cells offer many advantages over monocyte-derived
DC, we strongly believe that our findings with mRNA-
electroporated CD40-B cells could contribute to the eventual
development of a workable immunotherapy. Moreover, this
RNA/APC strategy can be applied not only in infectious dis-
eases but also in the fields of oncology and haematology.
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Fig. 5. IFN-g secretion by antigen-specific CD8+ 

T cells after ex vivo induction of viral antigen-

specific cellular immune responses by mRNA-

electroporated autologous CD40-activated B 

cells. Antigen-specific cellular immune responses 

against influenza M1 and/or CMV pp65 after 

restimulation of primed PBMC with T2 cells (left 

dot plots) or with T2 cells pulsed with the rele-

vant peptide (right dot plots). Donors A, B and 

F were typed CMV seropositive. The figures 

represent the percentage viable IFN-g positive 

CD3+CD8+ T cells.
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