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Epstein—Barr virus (EBV) transformation is a useful tool in generating immortalized B cells. However, the B cell
immortalization efficiency is quite low in conventional method of EBV transformation (1%) and improved EBV
transformation (2.4%). Here we optimized the EBV transformation by multiple aspects including viral concentration,
cytokines, co-culture with feeder cells, cell density. The results showed that the efficiency of the methods was
approximately 7.8% (0.6%-20%), which was three folds higher than that of the improved EBV transformation
method of 2.4% (0.4%—11%). Based on the optimized method, an immortalized human naive B cell library with the
diversity of BCR repertoire at about 6x10° was generated from health donors. This naive B cell library is useful for
isolation of viral specific naive B cell lines for the maturation study in vitro. Our results provide knowledge in

optimized EBV transformation and naive B cell library construction.
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Introduction

To generate B cell libraries for isolating antigen-specific
B cells, two requirements have to be fulfilled. One is the
immortalization of human B cells for long-term culture; the
other is that high immortalization efficiency is preferred to
maintain the diversity of human B cells to recapitulate the
B cell population in vivo. Immortalization of B cells by
EBV transformation is the only feasible solution for
long-term culture of human B cells [1-3]. EBV has
successfully caused latent infection in over 95% of
individuals worldwide, which preferentially infected
human B cells and led to multiple distinct latency patterns.
EBV-induced transformation can immortalize human B
cells into lymphoblastoid cells. Meanwhile, the EBV
genome does not integrate into the genome of host cells.
Instead, it exists as extrachromosomal copies (viral
episomes). lymphoblastoid cells are usually assumed as an

activated state of B cells with high expression of CD23,

CD80, CD86, CD70 and adhesion molecules, such as
LFA1, LFA3, and ICAMI1, on the cell surface [2]. By
contrast, these molecules are not expressed or only
marginally expressed on resting B cells. However, upon
activation by antigens or mitogens, the expression of these
activated markers is upregulated. EBV transformed human
B cells resemble the physiological state of B cells in
germinal center. The activation state is associated with the
immortalization of human B cells in vitro.

Generally, three events are necessary for full activation
of B cells [4]. The first event is the single transduction
from the B cell receptors after binding with antigens. The
second event is the engagement of CD40 with its ligand
(CD40L) expressed on T cells. The third event is the
involvement of other receptors on B cells, including
different Toll-like receptors (TLRs). EBV encodes two

additional membrane proteins, latent membrane protein 1
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(LMP1) and latent membrane protein 2 (LMP2A). LMP1
mimics the constitutive activation of CD40 [5], whereas
LMP2A the activation of BCR [6]. The

involvement of unknown viral components or other

induces

coinfection pathogens serve as the third event in B cells
activation [4]. Although the exact mechanism responsible
for B cell immortalization remains unclear, current studies
showed that it is a complex and dynamic process
containing multiple stages. Human B cells are readily
transformed by EBV. Numerous human antibodies have
been identified by this method. However the efficiency of
the conventional EBV transformation method is quite low
(10°-10*) [7]. Little progress has been made in the 20
years following the discovery of EBV. Until the discovery
of TLR-9 agonist CpG, which shows great synergetic effect
in EBV-induced transformation, this method has been
successfully used to isolate antibodies against SARS [8],
HIV-1 [9] and HCMV [10]. EBV transformed B cells can
fuse with partner cells to form stable hybridoma cell lines,
which facilitates the production of human antibodies [11].
Other polyclonal activators have also been attempted to
further increase EBV-induced transformation of human B
cells besides CpG. R848, a strong agonist for both TLR7
and TLR&, can efficiently activate B cells but show little
synergetic effect on EBV transformation. Moreover, LPS,
the agonist of TLR4, has been long recognized as a strong
B cell activator. However, its effects on EBV induced
transformation are quite conflicting. Additionally, certain
cytokines can also increase EBV transformation efficiency,
such as B cell-activating factor (BAFF), IL-2, IL-10, IL-21,
APRIL, INF-y, IL-4 and IL-15. Another breakthrough
came from B cell short-term culture in vitro by
CD40L-expressing feeder cells. In the early 1990s, an in
vitro system for short-term activation of human B cells was
established using CD40L-expressing fibroblast cells

(L-CD40L) as feeder cells. This method was successfully
used to generate autologous CD40-activated B cells as an
alternative source of highly efficient antigen-presenting
cells for adoptive immunotherapy [12]. A new culture
system was subsequently generated based on the new
feeder cells, which express both CD40L and BAFF on the
cell surface [13]. This system can greatly increase the
short-term proliferation of mouse B cells compared with
the early system. However, whether L-CD40L enhances
EBV Irradiated
autologous T cells were recently used for short-term culture

transformation remains unknown.
of B cells, which allowed direct neutralization screening of
supernatants that led to the discovery of some very potent
and bread bNADs against HIV-1, such as PG9, PG16 and
PGT151-158, etc [14-17]. Moreover, autologous T and
EBV

transformation, leading to the isolation of neutralizing

CpG can work synergistically to increase
antibodies against influenza virus and also autoreactive
antibodies [8, 18]. Even so, the efficiency of EBV
transformation is still quit low in the presence of
autologous T cells. To further increase the efficiency of
EBV transformation for the construction of an
immortalized human naive B cell library, efforts have been
made to improve the EBV transformation efficiency in this
study. Based on this optimized EBV transformation method,
an immortalized human naive B cell library with the
diversity of BCR repertoire at about 6x10° was generated

from the naive B cells isolated from 16 health donors.
Materials and Methods
Cell lines

The cell lines used in this study and their organism and
applications are included in Table 1.

Table 1. Cell lines and their origin

Cell Organism and Tissue
lines
B95-8 Marmoset lymphocyte
293T human embryonic kidney
Hela Human cervix epithelial cells

Growth medium for cell culture
Dulbecco’s Modified Eagle Medium (DMEM) growth

applications

producing EBV stock

Expression of fusion cytokines in small quantity

Generation of CD40L expressing feeder cells;

host cells for titration of lentivirus

medium for 293T, Hela, NIH3T3 and TZM-bl: DMEM

supplemented with 10% heat-inactivated fetal bovine
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serum (FBS), 100 units/ml penicillin, and 100 pg/ml
streptomycin. RPMI 1640 growth medium for B95-8,
DG-75 and Raji: RPMI 1640 medium supplemented with
10% FBS, 100 units/ml penicillin, 100pg/ml streptomycin
and 50uM B-mercaptoethanol. Growth medium for EBV
transformation: Iscove's Modified Dulbecco's Medium
(IMDM) supplemented with 10% FBS, 0.66 pg/ml
cyclosporin A (CsA), 100 units/ml penicillin, 100 pg/ml
streptomycin  and 50uM B-mercaptoethanol. Growth
medium for CD40L-B cells: IMDM supplemented with
10% FBS, 0.66 pg/ml CsA, 2 pg/ml IL-4, 5 pg/ml insulin,
30 pg/ml transferrin, 100 units/ml penicillin, 100 pg/ml
streptomycin and 50uM B-mercaptoethanol.

Virus and plasmids

EBV-producing marmoset B cell line (B95-8),
commonly used as a source of EBV for infection and
immortalization of human B cells, was kindly provided by
Prof. G.S.W. Tsao of the Department of Anatomy, Li Ka
Shing Faculty of Medicine, HKU. Mammalian expression
vector (pcDNA 3.1(-)) was from Life Technologies
(Catalog number: V795-20) and used for the cloning and

expression of human CD40L on mammalian cells.

Preparation of concentrated virus stock

To prepare infectious EBV stocks as previously reported
with minor modifications [19], EBV-producing marmoset
cells (B95.8) were seeded at 10° cells/ml and incubated at
37 °C and 5% CO; for 4 days in IMDM complemented

with 10% heat-inactivated FBS, 1%
penicillin-streptomycin, and 35 ng/ml
12-O-tetradecanoylphorbol-13-acetate  (TPA)/ml.  After

centrifugation at 800g for Smin, the supernatant was passed
through a 0.45um filter. To concentrate the virus,
EBV-containing supernatant was loaded in Centricon
Plus-70 wunits (100,000 MW cut-off, Millipore) and
centrifuged at 3200 g for 45 min with the minimal retentate
volume left. The virus-containing concentrate was
resuspended with fresh IMDM medium up to 1/10 of the
original volume. Aliquots of 1ml per vial were preserved

at -80 °C..

Titration of EBV by transformation units
Freshly purified primary B cells (105) in 500 ul of
RPMI1640 growth medium were cultured in a 24-well

plate. Different amounts of EBV supernatant at 1, 5, 25,
125, and 625 pl were added in each well. Finally, fresh
growth medium was added to each well to obtain a total
volume of up to 1.2ml. Cells were incubated at 37 °C and
5% COz for three days and then analyzed by flow
cytometry with forward and side scatter. A lymphoblastoid
cell was assumed to represent 1 unit of transforming EBV.

Isolation of human naive B cells

PBMCs were isolated from peripheral blood buffy coats
from healthy donors by Ficoll density centrifugation. B
cells were further purified with Human B Cell Isolation Kit
(Miltenyi Biotech, Germany). Non-B cells were indirectly
deleted with magnetical microbeads after they were labeled
with a cocktail of biotin-conjugated monoclonal antibodies.
Memory and naive B cells were separated by CD27
microbeads (Miltenyi Biotech, Germany). Moreover, the
purity of the cell populations was verified by flow

cytometry.

New B cell immortalization method by EBV infection

Purified naive B cells were suspended in 3 ml of IMDM
supplemented with 10% heat-inactivated fetal bovine
medium, 100 units/ml penicillin, 100 pg/ml streptomycin,
0.66 pg/ml CsA, 2 pg/ml CpG2006, 25 ng/ml BAFF, 2
pg/ml LPS and 5 ng/ml IL-2. About 3ml of concentrated
EBV-containing supernatant was added to the cells
suspension and mixed well. The suspension was
centrifuged at 500 g for 60 min at room temperature and
then suspended at 10% /ml. Cells were seeded into 96-well
U-bottom plates at 200 pl/well. Plates were incubated at
37 °C and 5%CO>, and half-medium was changed every 7
days. After three weeks of culture cells were transferred to
T75 flask for further culture.

B cell culture in CD40L system

CDA4O0L feeder cells were irradiated at 80 Gy and seeded
into six-well plates at 0.2x10* cells/well in DMEM
containing 10% FBS, 100 units/ml penicillin and 100
pg/ml streptomycin. After overnight culture (>6 h), plates
were washed with PBS for three times before use as feeder
cells. Meanwhile, PBMCs were freshly isolated from
blood buffy by Ficoll density
centrifugation and then resuspended at 5x10°-10%ml in
CD40L-B IMDM

peripheral coats

growth  medium  containing
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supplemented with 10% FBS, 0.66 pg/ml CsA, 50 uM
B-mercaptoethanol, 2 pg/ml IL-4, 5 pg/ml insulin, 30
pg/ml transferrin, 100 units/ml penicillin and 100 pg/ml
streptomycin. Finally PBMCs were seeded in six-well
plates in the presence of irradiated CD40L feeder cells and
incubated at 37 °C and 5% CO.. Feeder cells were replaced
with fresh irradiated ones every 4 days. After day 7, the
concentration of cells should be reduced to 5x10° for
further subculture. Generally CD19+B cells accounted for
over 70% in total PBMC by then.

Proliferation assay

CFSE is a commonly used assay to evaluate cell
proliferation of lymphocytes in vitro and in vivo by
labeling with dye dilution to track cell multiple generations
by flow cytometry. The optimal concentration of CFSE for
B cell staining was 5 uM as determined by tracking five
cell generations. The CFSE manual for labeling cells in
suspension was strictly followed. In brief, B cells were
incubated with 5 uM CFSE at room temperature for 20 min
without light. Cells were washed five times in the original
staining volume of growth medium before treatmentwith
different stimulators.

Finally, cells proliferation was

examined by flow cytometry for FITC signal on day 6.

Evaluation of EBV-induced immortalization efficiency by
lymphoblastoid cell outgrowth

After EBV infection by either conventional EBV
transformation method or EBV spinfection, B cells were
resuspended in EBV transformation medium (IMDM
supplemented with 10% FBS, 0.66 pg/ml CsA, 50 uM
B-mercaptoethanol, 100 units/ml penicillin, and 100 pg/ml
streptomycin). Cells were accounted and seeded into
U-bottom 96-well plates at five fold serial dilutions. For
example, the wells in the first row contained 8,000 cells,
and the next row contained 1,600 cells, and so forth. The
96-well plates were incubated at 37 °C and 5% CO; with
half-medium changed every 6 days. On day 18, the cells

were observed under a light microscope as lymphoblastoid
cell outgrowth could be clearly observed by then. One
lymphoblastoid cell cluster was assumed to be derived
from the outgrowth of one B cell, which was regarded as
one immortalization event. The immortalization
efficiency could be readily estimated from the rows with

the lowest number of lymphoblastoid cell outgrowth.

Results

TPA-induced
EBV-containing

release, high concentration of

supernatant and spinfection greatly
enhanced EBV transformation efficiency

The most interesting characteristic of EBV infection is
its ability to immortalize human B cells in vitro. WT EBV
derived from B95.8 cells was used in this study. Human B
cells were proofed readily transformed by EBV infection
via conventional protocol, which led to the steady
proliferation of lymphoblastoid cells that could be readily
detected by flow cytometry scatter analysis. EBV titration
is usually determined by two methods. One is to detect the
EBV genome by quantitative real-time PCR, which is a
routine method for most recent published papers because of
its good repeatability and accuracy. However, the number
of EBV gene copies does not simply equal viral viability.
The other way is by viral transforming units, which
evaluate EBV transformation ability by infection of
primary B cells. In brief, freshly isolated B cells were
incubated in the

presence of serially diluted

EBV-containing  supernatants. The emergence of
lymphoblastoid cells was analyzed by flow cytometry on
day 3. A logarithmically linear relation was readily
detected between EBV doses and lymphoblastoid cells
numbers (Figure 1). Accordingly, the titer of EBV stock
could be calculated by the formula:

EBV transforming units/ml = 2x10° x (% of LCL

cells/100)/volume of supernatant in ml.
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Figure 1 Titration of EBV stock by transforming units. (A) Emergence of lymphoblastoid cells was measured by flow cytometry. (B) The
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In our experience, this method was readily repeatable.
However, variations may exist when different human B
cells are used. Consistent with previous records, EBV
stocks were usually in low titers, which limited the
transformation efficiency of human B cells. To solve this

problem, we optimized the preparation of EBV stocks with
high titration. First, EBV-containing supernatants were
harvested with conventional manual as control. Meanwhile,
B95.8 cells were stimulated with TPA or anti-hulgM F(ab)
for 4 days, followed by the conventional procedure for the
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preparation of EBV stocks. The titration of EBV stock was
evaluated with the method described as above. EBV titers
were nearly five times higher when treated with TPA
(Figure 2). In addition, TPA showed a slightly better
stimulation for releasing of EBV than anti-hu IgM F(ab).
Given economical consideration, TPA was used to prepare
EBV stocks in the later experiments. EBV titer could be
further increased by the concentration of EBV-containing
supernatants via high-speed centrifugation as described
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Although TPA stimulation followed by EBV

supernatant concentration could significantly increase EBV
titer, B cell transformation efficiency was still very low.
Previous literature showed that low-speed concentration of
cells with HIV-1 virus greatly enhances viral infection
efficiency. This method (termed spinfecion) has been well
used to increase the infection efficiency of other envelope
viruses. However, the protocols of spinfection differ among
various studies for EBV transformation. Besides, only

transient infection efficiency instead of long-term growth

e

previously [19]. Besides, two additional benefits existed
for the viral concentration. First, the remaining TPA was
removed from the supernatant because it could affect the
transformation of B cells during EBV infection. Second,
viral stocks were replaced with fresh growth medium,
which may result in better survival of primary human B
cells in the early infection stage of human B cells. As
expected, the results showed about two folds increase in
EBYV transformation efficiency after the viral concentration.

& 8
& &
& 8

Figure 3 Effect of relative centrifugal force, time
and temperature on short-term and long-term
EBV transformation efficiency. (A) Effect of
centrifugal force on EBV transformation
efficiency on day 3. (B) Effect of centrifugal time
on EBV transformation efficiency on day 3. (C)
Effect of centrifugal force on EBV transformation
efficiency on day 15. (D) Effect of centrifugal
time on EBV transformation efficiency on day 15.
(E) B cell growth curve with or without
spinfection infected with different EBV doses. (F)
Effect

of centrifugal temperature on EBV

transformation efficiency.

of B cells was examined in those studies. To generate B
cells libraries for cells panning, long-term culture of
lymphoblastoid cells is required. Thus, we examined the
optional conditions responsible for long-term culture of B
cells after EBV transformation. For this purpose, B cells
were infected with EBV at MOI 0.5 in 24-well plates. The
plates were centrifuged with different centrifugal forces,
times and temperatures. The transformation efficiency was
3 and 15. For short-term EBV
efficiency day 3,

assessed on days

transformation measured on
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centrifugations at 250, 500, 1000 and 1250 g all
contributed equally to the increase in EBV transformation
efficiency (Figure 3A). Meanwhile, centrifugations at
different time spans also showed a similar increase in EBV
(Figure 3).
significant differences appeared when the growth of B cells

transformation  efficiency Interestingly,
was examined on day 15. The results showed that B cells
proliferated best when centrifuged at 500 g. By contrast, B
cells proliferated poorly when centrifuged at 1250 g
(Figure 3C). Moreover, B cell proliferated best when
centrifuged between 30 and 60min (Figure 3D). We
speculated that centrifugation at higher force (>500g) and
longer time (>60min) possibly impaired the viability of
primary B cells, which was responsible for the reduction in
B cell proliferation. In addition, spinfection at different
temperatures did not show any difference for both
short-term and long-term EBV transformation efficiency
(Figure 3F). Enhanced B cells outgrowth with or without
centrifugation was confirmed by infection of B cells with
different EBV doses (Figure 3E). All these results showed
that spinfection could increase both short-term EBV
transformation efficiency and long-term B cell proliferation
when centrifuged at 500 g for 60 min.

Effect of cytokines on EBV infection

Such efforts included soluble CD40L, IL-2, IL-4, IL-21,
INF-y, BAFF, CpG, and anti-IgM F(ab)2. However, only
short-term EBV transformation efficiency was examined in
previous studies by 3H-thymidine or CFSE assay between
days 3 and 6. Thus, we aimed to determine whether EBV
transformation efficiency can be improved in the presence
of different B cells activators for long-term culture in vitro.
Consistent with previous finding, CpG worked best for B
cell stimulation tested on day 7 with or without EBV
B cells stimulated with BAFF or IL-2
proliferated slightly faster, whereas B cells showed reduced

infection.

proliferation when treated with other activators and
cytokines (Figure 4A). However, B cells stimulated with
BAFF and LPS demenstrated good proliferation on day 21
(Figure 4C). The growth curve of B cells treated with
different activators in the presence or absence of EBV
infection is showed in Figure 4D and 4E. We then
examined whether early stimulation of B cells contributes
to enhanced B cell proliferation by adding BAFF or LPS
only in the first 2 days after EBV infection. The results
showed that early stimulation of B cells with BAFF was
sufficient to enhance EBV transformation -efficiency.
Therefore, early presence of BAFF could aid in better
outgrowth of EBV-transformed B cells for long-term in

vitro culture, whereas other activators could improve EBV

Since the discovery that EBV can transform human B transformation efficiency only in short-term culture
cells in vitro, numerous cytokines and activators have been system(<7 days).
investigated to obtain higher transformation efficiency.
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Figure 4 BAFF enhanced long-term EBV-induced B cell proliferation.
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(A) B cell growth on day 3. (B) B cell growth on day 14. (C) B cell

growth on day 21. (D) B cell growth curve with EBV infection. (E) B cell growth curve without EBV infection. (F) Early presence of BAFF

enhanced long-term B cell proliferation.
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Evaluation of B cell immortalization efficiency by
lymphoblastoid cell outgrowth

Given that the conditions of EBV transformation
method have been optimized for better B cell proliferation
in a long-term culture, we then examined B cell
immortalization efficiency using lymphoblastoid cell
outgrowth assay (Table 2). In brief, B cells were counted
and dispensed into 96-well U-bottom plates in a five-fold
dilution series about 12 h after EBV infection. Cells were
incubated at 37 °C and 5% CO: for 21 days. By then,
lymphoblastoid cell outgrowth was readily visible under
light microscopy. EBV immortalization efficiency was
estimated based on the assumption that one lymphoblastoid
cell cluster resulted from the immortalization of at least

one B cell. Thus, the efficiency was calculated from rows

containing the lowest number of cells per well in which
lymphoblastoid cell proliferation was consistently observed.
It was expressed as one immortalization event per number
of cells originally dispensed into the well. The results
showed that the efficiencies of the improved EBV
immortalization methods were 2.4% (0.4%-11%), which
much higher than that
transformation methods (10°-104). The diversity of the B

was of convention EBV
cell library was approximately 2.4x10° starting from 10%® B
cells. The efficiency was still quite low, which could lead
to the loss of most B cells during the generation of the
human B cell library in the first few weeks after EBV
transformation. However, the generation of immortalized
human B cells may be possible based on the improved
EBYV transformation procedure.

Table 2. Cell density and success rate for the establishment of LCLs by EBV transformation.

PBMC Number Success
per well of wells rate(%)
200000 8000 20 20 0 100
40000 1600 20 20 0 100
8000 320 20 19 1 90
1600 64 20 11 9 55
320 12.8 20 4 16 20

Table 3. Cell density and success rate for the establishment of LCLs by combining EBV transformation and CD40L

stimulation

PBMC B Cells | Number Success
per well | per well | of wells rate(%)
200000 8000 20 20 0 100
40000 1600 20 20 0 100
8000 320 20 20 0 100
1600 64 20 20 0 100
320 12.8 20 19 1 95
64 2.56 20 4 14 20
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CDA40L system for long-term B cell culture

It has been proved that the activation of CD40 on B
cells induced the rapid expansion of B cells in vitro using
stable Fc receptor-expressing fibroblast cells as feeder cells
and supplemented with anti-CD40 antibodies [20-22]. This
CD40L-B system has been applied for the short-term
culture of B cells in vitro. However whether the CD40L-B
EBV-induced

transformation remains unclear. To answer this question, a

system could be used to improve
new human CD40L (huCD40L)-expressing cell line was
generated. CD40L gene was cloned from total RNA
extracted from human PBMCs. Subsequently, cDNA was

synthesized by reverse transcription from total RNA.

Full-length CD40L was amplified by high-fidelity PCR and
cloned into mammalian cell expression plasmid pcDNA3.1
(-). Clones were confirmed by sequencing. To generate
stable CD40L-expressing Hela cells, Hela cells were
transient transfected with confirmed plasmid. The
expression of CD40L on Hela cells was confirmed by flow
cytometry 2 days after transfection. Hela cells transfected
with pcDNA: huCD40L were cultured for another 2 days
before supplementation of G418. Two weeks after selection,
G418-resistant clones were readily observed in a six-well
plate. Six clones were selected for subculture in a 48-well
plate and finally tested by flow cytometry. Five clones

were found to be positive (Figure 5).
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Figure 5. Generation of
huCD40L-expressing Hela cell line
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Figure 6 CD40L induced rapid B cell proliferation. (A) Proliferation of human B cells in the presence of H-CD40L was tracked on various time

points by bright-field microscopy. (B) CD19+ B cells and CD3+ T cells were detected by flow cytometry on day 6. The ratios of B cells/T cells

were quantified to compare B cell growth with or without stimulation on feeder cells. (C) B cell proliferation was measured by CFSE on day 6.
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Given that a stable CDA40-expressing cell line was
generated, we examined whether it can activate the rapid
expansion of human B cells in vitro. H-CD40L cells were
irradiated at 80Gy before seeding in a six-well plate as
feeder cells. The proliferation of B cells was assessed at
various time points by bright field microscopy (Figure 6A).
The results showed that B cells started to adhere on feeder
cells on day 2. Clear cell clusters were observed on day 4.
Cells expanded at a much faster speed since then. On day 7,
a huge number of large cells formed in cell clusters could
be observed. The cells were examined by flow cytometry
on day 6. There was two- to four folds increase in B cells
number compared with T cells (Figure 6B). The number of
T cells was quite stable when CsA was supplemented in
medium which could efficiently inhibit the activation and
proliferation of T cells in vitro at 0.66pg/ml (Figure 8C).
Finally, the proliferation of B cells was measured by CFSE
on day 6. CD40L-B cells expanded much faster by
achieving three to five rounds of cell divisions, whereas
EBV-B cells only experienced one to two rounds of cell
divisions (Figure 6C). These data proved that H-CD40L
cells could be readily used as feeder cells for the rapid
expansion of human B cells in vitro. EBV-transformed B
cells could be easily detected by flow cytometry scatter
analysis because of the change in cell size. Thus, we
investigated if CD40L-activated B cells (CD40L-B) could
be detected in a similar way. To this end, PBMCs were
cultured in the presence of CD40L-expressing feeder cells
for 7 days before flow cytometry analysis. The
lymphocytes were gated based on the difference in cell size.
The large cells in the lymphoblast gate were exclusively B
cells, whereas the small resting lymph cells were mainly T
cells (Figure 7A). CD40L-B cells demonstrated a large cell
size similar to EBV-B cells. So scatter analyze was used to
detect CD40L-B cells as EBV-B cells. We further
examined the activation of B cells in the CD40L system by
focusing on the alteration in costimulatory molecules on B
cells. CD86 was the commonly used marker for B cell
activation as previously tested after EBV transformation,
so the expression of CD86 was examined on day 4 after
either CD40L stimulation or EBV transformation. B cells
in the CD40L system experienced full activation compared
with EBV-transformed B cells (Figure 7B). CD21 was the
main EBV receptor on B cells with slight upregulation after
EBYV infection. The expression of CD21was examined on

day 4 on CD40L-B and EBV-B cells. The results showed a
similar upregulation of CD21 on CD40L-B and EBV-B
cells. In conclusion, consistent with the rapid expansion of
B cells in the CD40L system, B cells could be more
efficiently activated by the CD40L system compared with
EBV transformation. Besides, CD40L-B cells showed
higher expression of costimulatory molecule CD86 than
EBV-B. Similar to EBV-B cells, CD40L-B cells assumed
an enlarged cell size, which could be readily detected by
scatter analysis. Given that H-CD40L could lead to rapid
activation and proliferation of human B cells in vitro, we
then asked whether H-CD40L can be used for the
long-term culture of human B cells by comparing B cell
growth in the CD40L system with EBV transformation.
Freshly isolated PBMCs were first prepared from buffy
coats and their components were quantified by flow
cytometry. T cells accounted for over half (50%) in the
whole population, followed by monocytes at 25%, whereas
B cells accounted for only about 2.0%-5.0% in total
PBMCs (Figure 8A). Then PBMCs were then seeded in
six-well plates and cultured in the CD40L system and EBV
transformation. The total numbers of cells were recorded
every 4 days. Meanwhile, B cells and T cells were
quantified by flow cytometry (Figure 8B). The
proliferation of B cells in the whole lymphocytes (B/(T+B)
x100%) at various time points in the CD40L and EBV
transformation systems is showed in (Figure 8C). Initially,
B cells only accounted for 3.6% in the whole PBMC
population. On day 4, the number of B cells was 4.3% after
EBYV transformation, whereas B cells turned to 9.8% in the
CD40L system. The gap became increasingly significant
since day 4. B cells accounted for 13.8% on day 8 after
EBV transformation. By contrast, B cells increased sharply
to 63.3% in the CD40L system at the same time point.
However, B cells grew steadily in the EBV transformation
system thereafter. The proliferation of B cells gradually
slowed down as an increasing number of B cells started to
die in the CD40L system (Figure 11). The growth curves of
B and T cells in the CD40L and EBV transformation
systems are showed in Figure 8D. About 1.3%, 4.1x, 13.4x
and 27x increases in B cells were recorded on days 4, 8, 12
and 16 after EBV transformation, respectively. Meanwhile,
about 3.5%, 40.2x%, 84.9x and 211.3x fold increases were
recorded on days 4, 8, 12 and 16 in the CD40L system. The
number of T cells was quite stable with a slight reduction
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because of the presence of CsA in both the CD40L and

EBV the ratio of

Hence,

transformation systems.

B/Tx100% could be roughly used to indicate B cell growth.

Collectively, B cells proliferated in a relatively slow but

steady manner after EBV transformation. By contrast, B
cells proliferated much faster when cultured in the presence
of CD40L-expressing feeder cells, especially between days
4 and 8.
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Figure 7 CD40L induced fast and full activation of B cells. (A) PBMCs were cultured in the presence of CD40L-expressing feeder cells for 7
days before analysis by flow cytometry. Large lymphoblast cells were mainly B cells, whereas resting lymph cells were T cells. (B) Fast and full
activation of B cells induced by the CD40L system.
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Figure 8 Fast and early B cells expansion in the CD40L system than by EBV transformation. (A) PBMC components. (B) B cells growth in the
CD40L and EBV transformation systems at different time points analyzed by flow cytometry. (C) B cells in total lymphocytes cultured in the

two systems. (D) The growth curves of B and T cells in the two systems.

for the conventional EBV transformation method because a

high concentration can increase EBV transformation
11

Effect of cell density on the efficiency of CD40-B cells
A high density of PBMCs (3-5x10° cells) was required
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efficiency by facilitating the spread of virus via the close
contact of cells. However, we found that B cells failed to

proliferate with a high density of PBMCs in CD40L system.

To determine the optional initial PBMC concentration for
the CD40L system, PBMCs were seeded at 5x10%ml,
4x10°/ml, 2x10%ml and 107/ml in a 6-well plate in the
presence of CD40L-expressing feeder cells. The growth of
B cells was assessed on day 10 by flow cytometry (Figure
9A). The results showed that B cells accounted for 73.3%
and 73% when initial PBMC were seeded at 5x10%ml and
4x103/ml, respectively. However the proportions of B cells
dropped to 48.1% and 37.5% when initial PBMC were set
at 2x10%ml and 107/ml, respectively (Figure 9B). Thus, the
optional initial PBMC concentration was 4x10°/ml. Early
experiments found that the presence of feeder cells causes
B cell death after extended culture (Figure 8B and 8C). The
main reason may be induced by the increasing number of
irradiated feeder cells that died and detached from flasks
after the extended culture time. Certain components

Small Initial Cell Numbers Favored

B8x104 4x105

2x106 107

released from dead cells may be detrimental to the viability
and growth of CD40L-B cells. In addition, the pH of
growth medium became acid in a shorter time when more
irradiated feeder cells were seeded, possibly resulting in
the death of CD40L-B cells.
optional density of feeder cells. To this end, irradiated
feeder cells were seeded at 0, 4x10* and 2.4x10° in

six-well plates. The growth of B and T cells was measured

We then examined the

on days 3, 7, 10 and 14, respectively (Figure 9C). As
expected, B cells did not grow in the absence of H-CD40L
feeder cells. B cells proliferated equally well on feeder
cells at 4x10%well and 2.4x10°/well, so feeder cells at
4x10* /well in six-well plates were used in subsequent
experiments. Taken together, the cell densities of both
initial PBMC and irradiated feeder cells were critical for
efficient B cells proliferation in the CD40L system. The
optimal cell density for initial PBMCs and feeder cells
were 4x10°ml and 4x10%well in a six-well plate,

respectively.
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Figure 9 Effect of cell density on B cell proliferation in the CD40L system. (A) Initial PBMC density determined B cell proliferation as tested on

day 10 by flow cytometry. (B) The proportions of B and T cells on day 10. (C) Growth of B and T cells in the presence of different concentration

of feeder cells in a six-well plate. (D) The presence of H-CD40 was required for the continuing culture of CD40L-B cells.

CD40 signal was indispensable for long-term survival of
CDA40L-B cells
Previous data showed that the presence of H-CD40L
cells is required but also detrimental for long-term culture
of B cells. In this study, we investigated whether B cells

can survive without the presence of feeder cells. PBMCs

were isolated from three donors and cultured in the CD40L
system for 16 days. Fresh feeder cells were replaced every
4 days. On day 16, feeder cells were withdrawn. Rapid
expansion of B cells (300- to 400-fold increases) was
observed in all three samples from days 4 to 16. However,
CDA40L-B cells ceased to proliferate after the withdrawal of
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feeder cells (Figure 9D). The data proved that CD40 signal
was indispensable for the growth of CD40L-B cells. For
the EBV transformation system, certain cytokines have
been identified to enhance B cell immortalization
efficiency, such as LPS, CpG and BAFF. We investigated
whether the expansion of B cells in the CD40L system can
be further improved by additional cytokines. To this end,

IL-21, CpG, LPS, BAFF, protein A, protein G and anti-IgG

B Cells

10407 279 CON

-+ |L-21
K073 =+ Protein A E
E 1.0:40° -+ Protein G E
£ -0 anfi-Fab z
£ -+ CpG o
8 1.0x10% 4 & LPS 0

-4 BAFF

1.040¢ T T T T

F(ab), were tested in the CD40L system. The numbers of B
and T cells were assessed on days 4, 9 and 14, respectively.
B cells proliferated in a similar speed when treated with
different cytokines (Figure 10A). These cytokines and
activators showed no effects on T cells (Figure 10B). Thus,
the commonly used cytokines could not enhance the
proliferation of CD40L-B cells.
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Figure 10 Effect of cytokines on outgrowth of CD40L-B cells. (A) B cell growth in the CD40L system stimulated with different cytokines or

activators. (B) T cell growth in the CD40L system stimulated with different cytokines or activators.

EBV transformation rescued CD40L-B for long-term
culture of B cells

Previous findings showed that irradiated allogeneic
mononuclears cells can enhance EBV transformation. This
method was successfully used to isolate SARS antibodies
in 2004 [8] and autoreactive antibodies from patients with
autoimmune disease in 2010 [18]. Costimulatory molecules
on the allogeneic mononuclear cells have been suspected to
be responsible for the activation of B cells. Given that
CD40L was the strongest among these molecules, B cells
experienced rapid expansion in the first few days in the
CD40L system. However CD40L-B cells were unsuitable
for long-term culture because of the poor viability of
CD40L-B cells. By contrast, EBV-B cells proliferated in a
slow but steady speed, which could be cultured in vitro
nearly indefinitely. Subsequently, we investigated whether
EBV immortalization efficacy can be further improved in
the presence of CD40L feeder cells. First, we investigated
whether EBV transformation rescues CD40L-B cells in
vitro. Freshly isolated PBMCs were divided into four

groups: one group served as blank control without any
treatment. The other three were cultured with the EBV
transformation, CD40L system and the two methods
combined. Lymphoblastoid B cells were directly measured
by flow cytometry at various time points (Figure 11). B
cells did not proliferate in the control group as most
lymphocytes were in resting status and no cell cluster
formed on day 8 as check under microscope. By contrast, B
cells were activated and proliferated steadily after EBV
transformation. The formation of small cell clusters could
be observed on day 8. In addition, B cells expanded rapidly
in the CD40L system and peaked on day 8. Cell clusters
were observed on day 8 with a much bigger size compared
with EBV-B cells, but an increasing number of CD40L-B
cells died. On day 20, most CD40L-B cells were already
dead. Interestingly, for the new method that combined EBV
transformation and CD40L stimulation, rapid expansion of
B cells could be observed on day 8. In contrast to the
CD40L system, B cells could long-term survive with

similar cell viability as EBV-transformed B cells. These
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results proved that EBV transformation could rescue
CDA40L-B for long-term culture.
Evaluation of B cell immortalization efficiency by
lymphoblastoid cell outgrowth

We evaluated B cell immortalization efficiency by
lymphoblastoid cell outgrowth assay. Freshly isolated
PBMCs were first incubated with concentrated EBV by
spinfection methods before seeding into wells of 96-well
round bottom plates as a fivefold dilution series. Cells were

0d 4d ad 12d 16d

incubated for 21 days in a tissue culture incubator at 37 °C
and 5% COs. Cells were checked on day 21 as the
outgrowth of lymphoblastoid cell was visible under
microscopy by then (Table 3). The results showed that the
efficiency of the methods was approximately 7.8%
(0.6%—-20%), which was slightly higher than that of the
method of 2.4%
(0.4%—11%). The variances among PBMCs were quite

improved EBV  transformation
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Figure 11 EBV transformation rescued CD40L-B for long-term culture. Freshly isolated PBMCs were divided into four groups: blank control,

EBV transformation, CD40L system and EBV/CD40L method. Lymphoblastoid B cells were measured by flow cytometry on days 4, 8, 12 and

16.

Generation of immortalized human naive B cell libraries
based on improved EBV immortalization method.

Early naive B cells were usually non-memory B cells
CD19+IgM+CD27-.
Accordingly, B cells with the same phenotype were

that assumed the phenotype as

isolated by magnetic beads (Miltenyi) in a two-step
negative selection method. In brief, non-B cells were
indirectly magnetically labeled and deleted by human B
cell isolation kit. Memory B cells were directly deleted
with CD27 beads. The purity of the purified B cells and
naive B cells were stained with anti-CD19-APC and
anti-CD27-FICT and then analyzed by flow cytometry. The
results showed that high-purity of B and naive B cells were
isolated after the first and second rounds of negative
size of an

isolation, respectively (Figure 12). The

immortalized B cells library is generally determined by

both the initial number of B cells and the efficiency of B
cell immortalization efficiency. The efficiency of B cell
immortalization improved to 7.8% by the optimized EBV
transformation method. Given that the number of starting
naive B cells also limited the diversity or the size of B cell
libraries, human naive B cells were isolated from 16
healthy donors and immortalized by the optimized EBV
method. Finally, an immortalized human naive B cell
library was generated by combining all the individual
libraries together. The size of the new library was estimated
to be about 6x10°. The plasma of some donors (9/16) was
examined by gpl40yu-ELISA. HIV-1

antibody b12 was used as the positive control at 5 ng/ml.

neutralizing

As suspected, the plasma could not recognize the HIV-1
envelope as they were derived from health donors (Figure

12). This library is aimed for isolation for non-HIV-1
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binding antibody ancestor expressing naive B cells.
Therefore, an immortalized human naive B cell library

A

1K T Lymphocytes

with the diversity of BCR repertoire at about 6x10° was

generated from health donors.
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Figure 12 Generation of immortalized human naive B cell libraries. (A) Purification of human naive B cells from PBMCs of healthy donors.

PBMC:s, purified B cells and purified naive B cells were stained with CD27-FITC and CD19-APC, and then analyzed by flow cytometry. (B)

The plasma could not bind gp140Y U2 as tested by gp140YU2-ELISA.
Discussion

Strategies other than EBV transformation have also been
documented for human B cell immortalization. For
example, human B cell hybridoma technology has been
developed to isolate GM-CSF specific antibody. However,
its efficiency (<10) is much lower than the conventional
EBV method (10°-10"%) [23]. In addition, a genetic
programming method for the generation of stable
monoclonal antibody-producing B cell receptor-positive
human memory B cells has been reported by the exogenous
expression of Bel-6 and Bcel-xL in GC B cells [24]. A
RSV-specific B cell line was generated by this method.
However, this method is technically demanding with

comparatively low efficiency. Thus, EBV transformation is

still the first choice for the immortalization of human B
cells.

In this study, different approaches were investigated to
improve EBV transformation efficiency for generating
immortalized human B cell libraries with enlarged cell
diversity. The infection of human B cells with EBV usually
led to the expression of latency III genes, which was
characterized by the emergence of LMP1, LMP2 and
EBNAT1-6. The expression of these genes was proven to be
responsible for the latency and immortalization of B cells
after EBV transformation [2]. However the immortalization
efficiency for conventional EBV transformation was about
107°-1074, which was too low to maintain the diversity of
the B cell repertoire, indicating that the size of the B library
was only about 10>-10* starting from 10® primary B cells.
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Hence, great efforts have been made to improve the
immortalization efficiency of primary human B cells as
followed.

The activation and proliferation of B cells were
correlated with the titer of EBV stocks. Since the B95.8
cell line was the main resource for preparing EBV stocks
and viral titers were usually quite low, increasing the
titration of EBV titer was critical. We found that TPA could
significantly induce the release of EBV and increase the
titer of EBV When
concentration of EBV-containing supernatant, we observed

stocks. combined with 10x
a four- to eightfold increase in the activation and
proliferation of B cells. In contrast to previous reports that
EBYV titrations are measured by quantitative real-time PCR,
transforming units/ml was used in our study because it
could better recapitalize EBV transformation ability. We
found that the proliferation of LCLs was logarithmically
dependent on the EBV dose. By this method, the titer of
EBV could reach 107 U/ml which was sufficient for further
experiments. It was noted that transformation efficiency
was positively correlated with the EBV titer, but not in a
linear relationships. Previous findings showed that B cells
with multiple EBV infection events do not provide
additional immortalization advantage than a single
infection event, suggesting that when EBV titer increased
to a level that could have most B cells infected, further
improvement in viral titer might not bring additional
benefits.

The infection efficiency of envelope viruses could be
improved by low-speed centrifugation in the first few hours
of infection. Given that spinfection in previous studies
varied and only short-term infection efficiency was
examined, we investigated the optimal spinfecion
conditions for long-term B cells immortalization. EBV
transformation efficiency significantly improved by
spinfection. Interestingly, we found that the short-term
EBV transformation efficiencies as measured on day 3
increased in a similar level by indifferent centrifugal
conditions, including different centrifugal forces, times and
temperatures. However, in terms of long-term
immortalization of B cells, centrifugation at 500 g for
30min—60mins produced optimal results, and temperature
had no influence on B cell immortalization.

Difference cytokines and B cell activators have been

evaluated for EBV-induced B cells transformation. Unlike

previous reports that measured short-term activation and
proliferation of B cells (3—6 days), long-term B cell
proliferation was investigated in this study (21 days).
Consistent with previous findings, CpG was the most
potent activator for short-term B cell proliferation [4].
However, BAFF was found to be the most important
cytokine for long-term proliferation of B cells. Finally, the
efficiency of B cell immortalization was assessed by
lymphoblastoid cell outgrowth assay. The immortalization
efficiency was approximately 2.4% (0.4%—-11%), which
was much higher than convention EBV transformation
methods (10°-10#). The diversity of the B cells library was
2.4x10° starting from 10% primary B cells.

CD40, a member of the TNF receptor family, was
expressed on mature B cells and could be activated by its
ligand, CD40 ligand (CD40L), which was
expressed on activated T cells. The interaction of CD40L

mainly

with CD40 provided the most important second signal for
the activation and proliferation of B cells [25]. Patients
with CD40L deficiency usually suffer from hyper-IgM
syndrome manifested by a lack of T cell mediated B cell
response in vivo [26]. GC structure, memory B cells, CSR
and SHM could not be found in such patients [27]. CD40L
was identified as the most important costimulatory
molecule for B cell activation and proliferation, so it was
not surprising to find that CD40L-expressing fibroblast
could be used as feeder cells and induce the rapid
expansion of human B cells than EBV
transformation [22]. This CD40L-B system has been used
for short-term culture of human PBMCs to obtain highly

In vitro

purified B cells, which showed great therapeutic value for
cancers and infectious diseases using as antigen-presenting
cells [12]. However, whether the CD40L system can be
used for long-term B cell culture and whether it can
EBV
unknown. Accordingly, we generated a new human
CD40L-expressing cell line, termed H-CD40L. Consistent

with previous documents, rapid activation and expansion of

synergistically enhance transformation remain

human primary B cells were observed. High-purity human
B cells could be harvested by the CD40L system with
proper modifications of culture conditions. The
proliferation of B cells was completely dependent on the
presence of CD40L feeder cells. Meanwhile, the viability
of B cells was greatly impaired because of the detachment

of feeder cells and release of toxic components in the
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medium. Thus, an increasing number of B cells started to
die since week 2, which made the long-term culture of
CD40L-B cells quite difficult, if not impossible. The EBV
transformation efficiency was investigated in the presence
of CD40L-expressing feeder cells. Interestingly, enhanced
EBV transformation efficiency was observed in the
presence of feeder cells. The results showed that the
efficiency of this method was 7.8% (1%—20%), which was
3 folds higher than that of the optimized EBV
transformation method at 2.4% (0.4%—11%). Nevertheless,
the viability of EBV-transformed B cells in the presence of
feeder cells was still poor.

By comparing the EBV transformation efficiencies in
distinct subsets of B cells, we found that lower EBV
transformation efficiency in memory B cells was paralleled
with the reduced rate of their proliferation compared with
naive B cells [19]. The rapid proliferation of B cells in the
CD40L system may be responsible for the increase in EBV
transformation efficiency. EBV-induced transformation was
usually termed EBV immortalization. However, EBV
transformed B cells are actually mortal especially in the
early stage manifested by normal diploid karyotype and
low telomerase activity [7]. Besides, EBV transformation
efficiencies varied greatly with the PBMCs isolated from
different viability  and
transformation efficiency would greatly be reduced when
PBMCs or B cells were revived from —150 °C stocks
compared with freshly isolated ones. In conclusion, the

donors.  Moreover, the

immortalization efficiency of human primary B cells was at
around 7.8%,
immortalized human B cell libraries for the isolation of

which made it possible to generate

HIV-1-specific B cells. An immortalized human naive B
cell library with BCR repertoire diversity at about 6x10°
has been generated from healthy donors.
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