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We have developed a B cell immortalization method for low B cell numbers per well using simultaneous
B cell stimulation by CpG2006 and B cell infection by Epstein-Barr virus (EBV), followed by an additional
CpG2006 and interleukin-2 (IL-2) stimulus. Using this method, immunoglobulin G (IgG)-producing
immortalized B cell lines were generated from peripheral blood IgGþCD22þ B cells with an efficiency of
up to 83%. Antibody can already be obtained from the culture supernatant after 3e4 weeks. Moreover,
clonality analysis demonstrated monoclonality in 87% of the resulting immortalized B cell lines. Given
the high immortalization efficiency and monoclonality rate, evidence is provided that no further sub-
cloning is necessary. An important application of this B cell immortalization method is the character-
ization of (autoreactive) antibodies from patients with autoimmune disease. This could eventually lead to
the identification of new autoantigens, disease markers or targets for therapy.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

B cell immortalization by Epstein-Barr virus (EBV) is an estab-
lished method for antibody production. EBV infects B cells via their
CD21 receptor [1] and subsequently transforms them into conti-
nually dividing, lymphoblastoid cell lines that produce antibodies
representing the humoral immune response in vivo. Antibodies can
be generated against an infectious agent or tumour cells, rendering
the resulting antibodies attractive for therapy. In addition, B cell
immortalization can be a valuable tool for the production and
characterization of autoreactive antibodies from patients with
autoimmune diseases. This can provide more insight into the
underlying mechanisms of humoral immune responses in auto-
immunity and can lead to the identification of new autoantigens,
disease markers or targets for therapy [2e4]. The major advantage
of B cell immortalization, when compared to other antibody-
producing techniques [5e10], is the generation of fully human
antibodies that truly reflect both the specificity and diversity of the
medical Research Institute,
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human immune response, generated from the human B cell
repertoire, without the need for specific immunization.

The original B cell immortalization technology, first described
in 1977, was performed by culturing B cells in the presence of
EBV, obtained from the marmoset lymphocyte cell line B95-8
[11,12]. The resulting immortalized B cell lines were mainly
unstable immunoglobulin M (IgM) producing clones with low
affinity. Various adjustments to the procedure have been tried
since then, but immortalization and B cell growth rate remained
inefficient. More recently, antibodies neutralizing SARS corona-
virus and cytomegalovirus (CMV) were produced successfully by
the introduction of the polyclonal B cell activator CpG2006 in
the B cell immortalization process or by B cell activation prior to
EBV infection, respectively [13,14]. In our hands, these methods
resulted in a low reproducibility. The current study was aimed at
developing a B cell immortalization procedure with a high effi-
ciency and reproducibility when seeding low B cell numbers per
well, that could easily be adopted for the production of (autor-
eactive) antibodies from patients with autoimmune disease.
Such a method can be especially advantageous when autor-
eactive B cells are not easily available, for example in the cere-
brospinal fluid (CSF) of multiple sclerosis (MS) patients or the
synovial fluid of rheumatoid arthritis (RA) patients. Moreover,
seeding low B cell numbers per well limits the bias towards the
preferential outgrowth of fast growing immortalized B cells.
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2. Materials and methods

2.1. B cell immortalization procedure

Peripheral blood from healthy donors was obtained with
informed consent. Peripheral blood mononuclear cells (PBMC)
were isolated by Ficoll Hypaque density gradient centrifugation
(SigmaeAldrich). To isolate IgGþCD22þ B cells, PBMC were stained
with PE-Cy5-labelled anti-CD22 antibodies (Ab) and PE-labelled
anti-IgG Ab for 30 min at 4 �C and subsequently enriched by means
of FACS sorting using a FACSAria II cell sorter (all from BD Biosci-
ences). The FACS sorted cells were immediately used for B cell
immortalization assays.

IgGþCD22þ B cells were cultured in U-bottom 96-well plates
(Nunc) at 50 cells per well in RPMI 1640 medium supplemented
with L-glutamine, 10 mM HEPES buffer, 1 mM sodium pyruvate, 50
U/ml penicillin, 50 mg/ml streptomycin (all from Invitrogen Life
Technologies) and 10% heat-inactivated fetal bovine serum (FBS,
HyClone). All immortalization experiments were started in 30wells
for each tested condition. The isolated B cells were immortalized
during 2 weeks in the presence of 1 � 105 autologous irradiated
(83 Gy) feeder cells, 30% v/v EBV-containing supernatant (3.4 � 108

viral copies/ml) of the B95-8 cell line (ATCC) and 1 mg/ml CpG2006
Fig. 1. B cell immortalization procedure. IgGþCD22þ B cells are isolated from PBMC by FA
infection. B cells are cultured during 2 weeks in microtiter plates at 50 cells per well in the pr
containing supernatant of the B95-8 cell line (2). After this immortalization phase, the cells a
(3). The culture medium is then replaced and cultures are continued without the addition
performing dot blot analysis for antibody production and by light microscopic examination
(ODN2006, 50-tcgtcgttttgtcgttttgtcgtt-30, InvivoGen) (Fig. 1). Next,
cells were restimulated during 7 days with 1 mg/ml CpG2006
together with 50 U/ml IL-2 (Roche Diagnostics). Culture medium
was then replaced and cells were continuously cultured without
extra stimuli. Immortalizationwas verified 28 days after seeding by
screening the culture supernatant for antibody production using
dot blot analysis and by light microscopic examination of cell
growth. Both parameters were included since positive antibody
measurements were sometimes observed in the absence of B cell
growth, due to B cell activation at the start of the culture.

2.2. Dot blot analysis for antibody production

Culture supernatant (5 ml) of potentially immortalized B cells
was spotted on a nitrocellulose blotting membrane (Protran BA-85,
VWR International). After drying, blots were blocked with 5% (w/v)
non-fat dry milk (NFDM) in PBS (blocking buffer) during 30 min on
a shaker. Membranes were then incubated for 1 h with
HRP-labelled rabbit anti-human IgG (Dako) 1/100 in blocking
buffer and extensively washed in PBS supplemented with 0.05%
(v/v) Triton X-100. Antibody production was detected using 3,30

deaminobenzidine (DAB) substrate (SigmaeAldrich). Serial dilu-
tions of human IgG (Zymed, Invitrogen) ranging from 500 mg/ml to
CS sorting (1) and thereafter immortalized using simultaneous B cell stimulation and
esence of 1 �105 autologous irradiated feeder cells, 1 mg/ml CpG2006 and 30% v/v EBV-
re restimulated during 1 week with 1 mg/ml CpG2006 in combination with 50 U/ml IL-2
of stimuli for 1 week. Immortalization status is verified after 28 days of culture by
of cell growth (4).



Table 1
Sequences of VH and J gene-specific primers.

Target region Sequence

VH1-FR1 50 GGCCTCAGTGAAGGTCTCCTGCAAG 30

VH2-FR1 50 GTCTGGTCCTACGCTGGTGAAACCC 30

VH3-FR1 50 CTGGGGGGTCCCTGAGACTCTCCTG 30

VH4-FR1 50 CTTCGGAGACCCTGTCCCTCACCTG 30

VH5-FR1 50 CGGGGAGTCTCTGAAGATCTCCTGT 30

VH6-FR1 50 TCGCAGACCCTCTCACTCACCTGTG 30

VH1-FR2 50 CTGGGTGCGACAGGCCCCTGGACAA 30

VH2-FR2 50 TGGATCCGTCAGCCCCCAGGGAAGG 30

VH3-FR2 50 GGTCCGCCAGGCTCCAGGAA 30

VH4-FR2 50 TGGATCCGCCAGCCCCCAGGGAAGG 30

VH5-FR2 50 GGGTGCGCCAGATGCCCGGGAAAGG 30

VH6-FR2 50 TGGATCAGGCAGTCCCCATCGAGAG 30

VH7-FR2 50 TTGGGTGCGACAGGCCCCTGGACAA 30

VH1-FR3 50 TGGAGCTGAGCAGCCTGAGATCTGA 30

VH2-FR3 50 CAATGACCAACATGGACCCTGTGGA 30

VH3-FR3 50 TCTGCAAATGAACAGCCTGAGAGCC 30

VH4-FR3 50 GAGCTCTGTGACCGCCGCGGACACG 30

VH5-FR3 50 CAGCACCGCCTACCTGCAGTGGAGC 30

VH6-FR3 50 GTTCTCCCTGCAGCTGAACTCTGTG 30

VH7-FR3 50 CAGCACGGCATATCTGCAGATCAG 30

J 50 CTTACCTGAGGAGACGGTGACC 30
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0.5 mg/ml were included as a positive control. Culture mediumwas
used as a negative control.
2.3. B cell spectratyping

B cell spectratyping was performed on 34 randomly selected B
cell lines to determine monoclonality rates of the resulting immor-
talized B cell populations. Genomic DNA was isolated from immor-
talized antibody-producing and growth-positive B cells present in
single wells. The variable region of the B cell receptor heavy chain
(HC) locus was amplified from 100 ng DNA using the IdentiClone�
IGH Gene Clonality Assay (Invivoscribe Technologies) according to
the manufacturer’s recommendations. This standardized assay was
extensively validatedusing Revised European/American Lymphoma
(REAL) Classification [15]. Primers that target the conserved
framework regions (FR) were used in combination with a FAM-
labelled consensus primer targeting the conserved joining region (J)
in order to amplify the variable region in which genetic rearrange-
ments occurduringB cell development. The B cell receptor genes are
highly polymorphic and subject to diversity and mutations. To
maximize identification of the clonal rearrangements, a polymerase
chain reaction (PCR) was performed for each FR using VH family-
specific forward primers (Table 1). Analysis of the resulting
Fig. 2. Immortalization efficiency and clonality on isolated IgGþ B cells or total PBMC. (a
immortalization method was measured as the percentage of IgG- and growth-positive wells
donors. (b) The mean percentage of immortalized B cell lines is shown after immortalization
infectionwith the addition of CpG2006, IL-2 or both after immortalization. Both IgG- and IgM
average of experiments in 2 healthy donors (donors 1 and 2 panel a). (c) Clonality of 34 rand
for IgGþCD22þ cells and total PBMC. The percentage of monoclonal, biclonal and polyclona
fragments was accomplished using automatic capillary electro-
phoresis (ABI3730, Applied Biosystems). Polyclonal populations
resulted in a Gaussian distribution of amplification products with
different lengths, while a monoclonal population yielded a single
amplification product. This spectratyping procedure can detect
clonal populations with a sensitivity of 0.5e5%.

2.4. Statistics

All statistical analyses were performed using Prism software
version 4.00 (Graphpad). We analyzed the data using unpaired
Student’s t-test. A p value of <0.05 was considered statistically
significant.

3. Results and discussion

AnimprovedBcell immortalizationmethodwasdeveloped for the
fast generation of IgG-producing B cell lines from IgGþCD22þ

peripheral blood B cells. This procedure is characterized by simulta-
neous B cell stimulation by CpG2006 and B cell infection by EBV
during 2weeks at 50 cells per well (Fig.1). After this immortalization
phase, the cells are restimulated during 7 days by CpG2006 and IL-2.

FACS sorting for the isolation of IgGþCD22þ cells resulted in the
highest yield (1.4 � 104 cells out of 1 � 107 PBMC), purity (>99%)
and immortalization efficiency (83%, donor 3 in Fig. 2a) when
compared to magnetic selection alone or in combination with FACS
sorting (data not shown). No IgMþ immortalized B cell lines were
recovered after FACS sorting, although several IgMþ wells could be
found after magnetic selection. Consequently, IgGþCD22þ FACS
sorting was proven to be the best choice for IgGþ B cell isolation
prior to B cell immortalization. This enrichment of IgGþ B cells
before immortalization was performed to select for IgG-producing
immortalized B cell lines. Autoantibodies of the IgG isotype are
mostly implicated in the pathogenesis of autoimmune diseases. For
example, oligoclonal IgG bands (OCB) have been described in the
CSF of patients with MS and are used as a diagnostic indicator
[16,17]. In several autoimmune diseases, including myasthenia
gravis (MG) [18,19], systemic lupus erythematosus (SLE) and
RA [20], IgG responses against autoantigenic targets are present.
Therefore, it is interesting to focus on IgG responses when
examining humoral immunity in autoimmune diseases.

The high immortalization efficiency on FACS sorted cells (83%)
was confirmed on 2 other healthy donors (donors 1e2 Fig. 2a).
Considering all 3 individual immortalization experiments, an
immortalization efficiency of 53e83% could be achieved (Fig. 2a).
Variations in culture conditions were tested together with the
immortalization experiments in donors 1 and 2 (Fig. 2b). A mean
) Immortalization efficiency for isolated IgGþCD22þ cells using the improved B cell
. IgG-producing immortalized B cell lines are shown 28 days after seeding for 3 healthy
of isolated IgGþCD22þ cells and total PBMC using simultaneous B cell stimulation and
-producing immortalized B cell lines are depicted for total PBMC. Results shown are the
omly selected IgGþ immortalized B cell lines was determined using B cell spectratyping
l immortalized B cell lines is shown.
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immortalization efficiency of 55% was hereby obtained for the
improved method, as indicated by the mean percentage of IgG- and
growth-positive wells (Fig. 2b). Variation in CpG2006 and IL-2
concentration revealed that the most efficient B cell stimulation
and immortalization could be obtained with 1 mg/ml CpG2006,
without the addition of IL-2 during EBV infection (data not shown).
CpG2006 was used for B cell stimulation during immortalization as
it was previously shown that this ligand of Toll-like receptor 9
(TLR9) [21] increases immortalization efficiency when adminis-
tered during EBV infection [13] and causes polyclonal B cell acti-
vation and proliferation [22e24]. Some studies revealed that
CpG2006 suppresses viral infection as it protects against several
viruses [25,26] and induces the production of anti-viral cytokines
and other proteins [27,28]. Concerning EBV, CpG2006 has only been
shown to suppress the initiation of lytic EBV infection via inhibition
of lytic gene expression [28]. Such connection, however, has never
been demonstrated for latent EBV infection during B cell immor-
talization in vitro. Moreover, we have shown a positive effect of
CpG2006 on B cell activation and a higher immortalization effi-
ciency when CpG2006 is administered to cells when immortaliza-
tion is in progress (data not shown). In contrast to the increase that
has been described in CpG2006 elicited B cell activation [29] or
immortalization [30] by IL-2, we could not detect an amplification
of B cell immortalization when IL-2 was administered during the B
cell immortalization phase (data not shown). Since the IL-2
receptor is mainly present on activated B cells [31], it is likely that
IL-2 exerts a stimulating effect on B cell proliferation and growth
rather than on B cell activation. This is also reflected in the higher
immortalization efficiency when CpG2006 and IL-2 are combined
for restimulation in comparison with the addition of CpG2006 or
IL-2 alone (Fig. 2a), although the difference was not statistically
significant. Addition of CpG2006 increases the effect of IL-2 given
that TLR9 expression is elevated after EBV infection and CpG2006
stimulation [32], rendering the immortalized cells even more
responsive to CpG2006.

B cell spectratyping provides further insights into the clonality
of the resulting immortalized B cells, which can be useful to eval-
uate the need for cloning of the B cell lines. A monoclonality rate of
87%was demonstrated, while the remaining 13% of the investigated
B cell lines appeared to be biclonal (Fig. 2c). This preferential
generation of monoclonal immortalized B cell lines can be
explained by the immortalization process itself. EBV-infected B
cells undergo a proliferative crisis in which most of the cells die
because of apoptosis. Surviving B cells become activated and
eventually transform into lymphoblastoid immortalized cell lines
[33]. Consequently, the outgrowth of multiple immortalized B cell
lines is rare when starting with low B cell numbers per well.
Nevertheless, the high monoclonality rate provides a major
advantage for our B cell immortalization method in combination
with the high immortalization efficiency. Subcloning using limiting
dilution is no longer necessary, which considerably reduces the
time span in which monoclonal antibodies can be produced.

The improved B cell immortalization procedure could also be
successfully performed on total PBMC of 2 healthy donors with 95%
efficiency. The same donors were used as in previous experiments
with isolated IgGþCD22þ B cells. However, the largest proportion of
the resulting B cell lines (72%) appeared to be IgMþ. Only 23% of the
immortalized B cell lines were IgGþ (Fig. 2b). This larger proportion
of IgM-producing immortalized cells was reasonable, as most B
cells in the peripheral blood belong to the naïve B cell population
[34]. Naïve B cells also express the EBV receptor CD21 (unpublished
results) and can be activated by CpG2006 to produce large amounts
of IgM [23]. Moreover, the percentages of IgMþ and IgGþ immor-
talized B cell lines that were produced from total PBMC, namely 72%
and 23%, resemble the proportion of naïve and memory B cells
present in the peripheral blood [35]. No significant difference could
be observed when CpG2006, IL-2 or both were used during
restimulation after B cell immortalization, although a trend
towards a higher percentage of IgGþ immortalized B cells was
observed when both stimuli were added to the culture (23%)
compared to a single stimulus (18%) (Fig. 2b). When immortalizing
total PBMC, 250 ng/ml cyclosporine A has to be added to suppress
growth of (cytotoxic) T cells that would otherwise target EBV-
infected B cells, causing immortalization failure. B cell spectratyp-
ing of the generated immortalized B cell lines resulted in 70%
monoclonal B cell lines and 30% biclonal B cell lines (Fig. 2c). This
again emphasizes a high monoclonality rate when seeding low B
cell numbers per well.

Using this improved B cell immortalization method, we have
successfully generated a large panel of immortalized B cell lines
from the peripheral blood of MS patients [36,37]. Some B cell lines
could also be recovered from the CSF of a MS patient. Preliminary
screening demonstrated intracellular binding of antibodies from
several B cell lines to a human oligodendroglia cell line, suggesting
autoreactivity. In addition, autoreactivity against striated muscle
proteins was shown for immortalized B cell lines that were
recovered from MG patients [19,38]. These are two examples of
how possibly autoreactive antibodies can be produced from
patients with autoimmune disease using B cell immortalization.

In summary, this study presents a reproducible B cell immor-
talization method with an efficiency of up to 83% for fast IgG
production from CD22þIgGþ peripheral blood B cells, by simulta-
neous B cell stimulation using CpG2006 and B cell infection by EBV
followed by an additional stimulus of CpG2006 and IL-2. This
immortalization procedure can in addition be used for IgM
production from total PBMC with an efficiency of about 70%.
A detailed method description is provided to increase reproduci-
bility of B cell immortalization success rates. Moreover, B cell
spectratyping demonstrated monoclonality in almost 90% of the
immortalized B cell lines originating from isolated IgGþ B cells. This
unique combination of a high immortalization efficiency and a high
monoclonality rate eliminates the need for further cloning of the
immortalized cells. For the first time, a B cell immortalization
procedure is introduced with high efficiency and reproducibility for
low B cell numbers that makes immediate generation of mono-
clonal antibodies possible.
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