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B lymphocyte differentiation into long-lived plasma cells is the keystone event for the production of long-termprotective antibodies.
CD40-CD154 and CD27-CD70 interactions are involved in human B lymphocyte differentiation into CD38hiCD138+ cells in vivo
as well as in vitro. In this study, we have compared these interactions in their capacity to drive switched-memory B lymphocytes
differentiation intoCD38hiCD138+ plasma cells.The targeted B lymphocytes were isolated fromhuman peripheral blood, expanded
for 19 days, and then submitted to CD70 or CD154 interactions for 14 days. The expanded B lymphocytes were constitutively
expressing CD39, whereas CD31’s expression was noticed only following the in vitro differentiation step (day 5) and was exclusively
present on the CD38hi cell population. Furthermore, the generated CD38hiCD138+ cells showed a higher proportion of CD31+ cells
than the CD38hiCD138− cells. Besides, analyses done with human blood and bone marrow plasma cells showed that in vivo and
de novo generated CD38hiCD138+ cells have a similar CD31 expression profile but are distinct according to their reduced CD39
expression level. Overall, we have evidences that in vitro generated plasma cells are heterogeneous and appear as CD39+ precursors
to the ones present in bone marrow niches.

1. Introduction

T-dependent B cell activation leads to the emergence of
memory B cells (Bmem) as well as plasmablasts [1].The former
are B cells interacting with the antigen during the secondary
immune response while the latter are terminally differen-
tiating B cells. These processes occurring in lymph nodes
involve numerous soluble factors and cellular interactions.
Several soluble factors such as IL-2, IL-4, IL-5, IL-6, IL-21,
IFN-𝛼, and IFN-𝛾 assure the activation and differentiation
process of B cells into memory cells and plasmablasts [2–9].
Furthermore, signalling through STAT3 activation, involving
IL-21 and/or IL-10 or IL-6, is considered as a critical point
for the differentiation of naı̈ve and memory B lymphocytes
as well as plasma cells survival [10–12]. On the other hand,
the CD40-CD154 interaction is known to be at the heart of

B cell activation [13, 14]. In addition, we have shown that a
very low intensity of CD154 interaction combined to a mix
of IL-2, IL-4, and IL-10 can lead CD19+ cells [15] as well
as CD27+IgG+ human B lymphocytes [16] to expand and
differentiate into Ig-secreting cells. Individuals with defective
CD40 fail to form germinal centers and perform isotype
switching, leading to a disorder called theX-linkedhyper IgM
syndrome [17]. Another important cellular interaction occurs
between CD27 and CD70, which are from the TNF and
TNF receptor families, respectively [18]. CD27 is expressed
on memory B cells while CD70 is transiently expressed on
activated B, T as well as dendritic cells [19]. This interaction
is known to play a key role in B cell differentiation [20–
22]. Similarly to the CD40-CD154 interaction, CD70+ näıve
cells can drive CD27+memory B lymphocytes to differentiate
into antibody secreting cells [13]. Sequential interactions
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involving CD40-CD154 and then CD27-CD70 have been
proposed to drive terminal differentiation of B lymphocytes
in germinal centers [23].

Following the germinal center reaction, plasmablasts can
differentiate into either short or long-lived plasma cells,
approximately 7 days following antigen encounter [2]. The
short-lived plasma cells have a high immunoglobulin (Ig)
secretion rate and die from apoptosis after a few days due
to endoplasmic reticulum stress [24, 25]. As for long-lived
plasma cells, they complete their terminal differentiation
in survival niches found notably in the bone marrow, the
spleen, lymphoid tissues, or mucosa associated lymphoid
tissues (MALT) (reviewed in [26]). While these cells secrete
Ig at a slower rate than short-lived plasma cells, they do
so over a longer period of time, ranging from a couple
of years to the life of an individual [27]. This sequence
allows having an important antibody secretion at the peak
of the immune response while keeping a protective antibody
level in the serum several years after antigen encounter
[27]. Although there is no extracellular marker allowing to
distinguish between short-lived and long-lived plasma cells,
they are known to highly express CD38 (CD38hi) and may
or may not express CD138 (CD138+/−) [28]. Bone marrow
plasma cells, which are usually considered to be long lived,
are CD38hiCD138+ [29]. Due to their low concentration in
the peripheral blood (2 cells/𝜇L) [28], in vivo plasma cells
are hard to isolate for further characterization. Several studies
aimed at generating plasma cells in vitro [15, 28, 30–35] to
further understand their biology and regulation.

Given that they are at the heart of the humoral immune
response [27, 36] and that they are also involved in several
autoimmune diseases such as systemic lupus erythema-
tous, monoclonal gammopathy of undetermined significance
(MGUS), multiple myeloma, and macroglobulinemia as well
as high chains diseases [37–41], a precise characterization of
these cells is essential. Furthermore, ameta-analysis grouping
the data provided by independent groups has led a study
on the mRNA expression of surface markers and chemokine
receptors as well as several proteins related tomemory B cells,
plasmablasts, and plasma cells differentiation states [35].This
large study highlighted the exclusive presence of CD31 and
CD39 mRNA in bone marrow plasma cells and plasmablasts,
respectively, allowing differential characterization of those
two cell types.

Our team has recently reported the development of a
culture system allowing large-scale expansion of switched-
memory B lymphocytes [42]. Herein, we compare the
capacity of CD40-CD154 and CD27-CD70 interactions to
induce the differentiation of these expanded cells in vitro
and characterize the generated plasma cells using two sur-
face markers: CD31 and CD39. We have found that both
interactions had the same capacity to induce plasma cell
generation even though the CD27-CD70 interaction led to
a faster differentiation. We have also found that these in
vitro generated CD38hiCD138+ cells were different from bone
marrow or peripheral blood plasma cells based on their CD39
expression. Our study suggests that such in vitro plasma cells

are precursors of those found in the bone marrow and thus
precursors of long-lived plasma cells.

2. Material and Methods

2.1. Human Mononuclear Cells and Memory B Lymphocytes.
This study has been approved by Héma-Québec’s Research
Ethics Committee. Regular platelet donors who agreed to
participate in this study have all signed an informed con-
sent statement. Peripheral blood mononuclear cells (PBM-
NCs) were recovered from leukoreduction chambers by
centrifugation on Ficoll-Paque and stored frozen as previ-
ously described [43]. CD19+ B lymphocytes were isolated
from PBMNCs by negative selection using the EasySep B
Cell Enrichment kit following manufacturer’s instructions
(StemCell Technologies, Vancouver, BC, Canada). Switched-
memory B cells, representing IgG+, IgA+, and IgE+ cells, were
further isolated using an EasySep custom cocktail, which
removes most IgD+ and IgM+ cells (Stem Cell Technolo-
gies). This two-step negative selection provided untouched
switched-memory B lymphocytes with a purity level exceed-
ing 95% as determined by flow cytometry analyses [42].

2.2. Bone Marrow Mononuclear Cells. Bone marrow mono-
nuclear cells were obtained from Lonza (Walkerville, Mary-
land, USA). Prior to assays, the cells were thawed and
incubated overnight in IMDM medium supplemented with
10% ultra-low IgG fetal bovine serum (FBS) (Invitrogen, Life
Technologies, Burlington, ON, Canada).

2.3. CD154+ and CD70+ Adherent Cell Lines. L4.5 and 3H7
cells are genetically modified L929 cell lines (CCL-1, Amer-
ican Type Culture Collection, Manassas, VA) expressing
CD154 [44] or CD70 [45], respectively. L4.5 cells express-
ing about 21,000 CD154 molecules per cell and 3H7 cells
expressing about 25000 CD70 molecules per cell [15] were
cultured in IMDM medium supplemented with 5% FBS.
For B lymphocytes cocultures, L4.5 and 3H7 cells were
irradiated with 7500 rad using a GammaCell 1000 Elite 137Cs-
𝛾-irradiator (Nordion International, Kanata, Canada).

2.4. Culture of Human Switched-Memory B Lymphocytes. All
cultures were done in IMDM supplemented with 10% ultra-
low IgG FBS containing 10 𝜇g/mL insulin, 5.5𝜇g/mL trans-
ferrin, and 6.7 ng/mL sodium selenite (all from Invitrogen).
Purified switched-memory B lymphocytes were submitted to
a three-step culture protocol. Firstly, the cells were seeded at
3 × 10

5 cells/mL in 6-well Primaria plates (BD Biosciences,
Mississauga, ON, Canada) with 1.8×105 𝛾-irradiated CD154+
L4.5 cells corresponding to about 5 B cells for 1 L4.5
cell [15, 44]. This ratio is referred in the study as the
high interaction level. The medium was supplemented with
5 ng/mL IL-2 (≥50U/mL), 40 ng/mL IL-10 (≥20U/mL) (both
from PeproTech, Rocky Hill, NJ, USA), and 3.5 ng/mL IL-4
(≥100U/mL) (R&D Systems, Minneapolis, MN, USA) [42].
When indicated, an expanded-memory-B-cell bank at day
19 was cryopreserved and thawed when needed for further
differentiation assays. Secondly, thawed expanded cells were
cultured using a lower CD154 : CD40 (or CD70 : CD27) ratio
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corresponding to one L4.5 (CD154+) or 3H7 (CD70+) cell
per 20 B cells (1 : 20 ratio). This ratio is referred in the
study as the low interaction level. To initiate differentiation,
a transition step was performed by adding 12.5 ng/mL IL-6
(≥125U/mL, Peprotech) to the IL-2, IL-4, and IL-10 mixture.
The third phase started 4 to 5 days later. The 1 : 20 ratio
was maintained and the medium was only supplemented
with IL-6 (12.5 ng/mL) and IL-10 (40 ng/mL) until the end
of the cultures. Refer to the supplementary material (see
Figure S1 in the Supplementary Material available online
at http://dx.doi.org/10.1155/2014/635108) for the experimental
model schematic. When indicated, B lymphocytes were
washed between the transition and the differentiation phases
to remove residual cytokines. In addition, a combination of
L4.5 cells and 3H7 cells was used in equal part to constitute
a high and low ratio. Of note, L4.5 [44] and 3H7 [20] cell
lines are genetically modified L929 cell line. Consequently,
the L929mock cell line was used as a negative control during
the differentiation phase. Cultures were fed by adding fresh
medium every 2-3 days and 𝛾-irradiated L4.5 or 3H7 cells
were renewed every 4-5 days, maintaining the low level
of CD40-CD154 interaction. Cell counts and viability were
evaluated in triplicates by Trypan Blue exclusion using a
hemocytometer.

2.5. Flow Cytometry Analysis. FITC-conjugated anti-CD31,
PE-conjugated anti-CD38, and PCP-efluor 710-conjugated
anti-CD39 were all from eBioscience (San Diego, CA,
USA). Cells were also stained with PE-Cy7-conjugated anti-
CD19 (BD Pharmingen, Mississauga, ON, Canada), PCP-
Cy5.5-conjugated anti-CD38, V500-conjugated anti-CD45,
alexa fluor 488-conjugated anti-CD20, APC-conjugated
anti-CD27 (BD Biosciences), krome orange conjugated-
CD45 (Immunotech, Mississauga, ON, Canada), alexa efluor
647 or PE-conjugated anti-CD138 (BA38) (AbD Serotec,
Raleigh, NC, USA), APC-conjugated anti-CD39, and PE-
Cy7-conjugated anti-CD38 (Biolegend, SanDiego, CA,USA).
Dead cells were discarded using Pacific Blue and Sytox Blue
staining (Molecular Probes, Life Technologies, Burlington,
ON, Canada) or 7-aminoactinomycin D (BD Biosciences).
Cells stained with Pacific Blue were fixed with 2% formalde-
hyde. Data acquisition was done immediately or 18 to 20
hours after staining with a CyFlow ML flow cytometer and
the FlowMax 3.0 software (Partec, Münster, Germany) by
gating on 10 000 to 300 000 events. Data was subsequently
analyzed with FCS Express 4 software (De Novo Software,
Los Angeles, CA, USA). For all analyses, cells were selected
based on a SSC/FSC plot after which live cells were selected
for further analyses of bone marrow or blood mononuclear
cells as well as cultured cells according to CD45 expression.
Quadrants were determined using fluorescence minus one
(FMO) controls.

2.6. Fluorescence Microscopy. Differentiated cells morphol-
ogy was visualized by fluorescence microscopy. Nuclei were
stained with DAPI (Sigma Aldrich, ON, Canada) and F-actin
was labeled with phalloidin 594 (Molecular Probes, Life

technologies). Briefly, cells were concentrated on microscope
slides using the Cytospin 4 Cytocentrifuge (Thermo Sci-
entific, Rockford, Illinois, USA) and spin at 500 rpm for
5 minutes. They were fixed with 2% paraformaldehyde, at
room temperature, for 30 minutes, after which they were
incubated during 20 minutes with a 2% BSA-0.01% saponin
solution. Actin labeling was done by incubating the cells
with a 1 : 40 phalloidin solution for an hour. They were then
washed twice with a 0.1% NP-40 solution and incubated with
a 100 ng/mL DAPI solution and mounted with Prolong Gold
antifade reagent (Invitrogen, Life Technologies) and a cover
slip. Images were captured using a Nikon Eclipse TE 2000-
S microscope (Nikon, Mississauga, ON, Canada) with 100x
plan immersion oil objective and TsView 7 software (Xintu
Photonics Co., Ltd, Fuzhou, China).They were merged using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

2.7. Determination of Ig Concentrations. For the determina-
tion of IgG and IgM secretion rates, cells were harvested
at indicated days, washed with PBS-glucose, and seeded at
1-2 × 106 cells/mL in IMDMmedium supplemented with 10%
FBS. Supernatants were collected after 6 hours and IgG and
IgM concentrations were determined by ELISA as previously
described [46]. In addition at indicated days, IgA and IgG
contents were also determined by ELISA directly in the
supernatants. IgA, IgE, and IgG subclasses and IgM levels
were quantified on days 5 and 14 in culture supernatants using
the Bio-Plex Pro Human Isotyping kit (Bio-Rad, Hercules,
CA, USA). The assay was carried out in a flat-bottom
Immulon-II plate and the plate was washed by hand on a 96-
well magnet. The rest of the assay was performed following
the manufacturer’s instructions and the plate was read on a
Luminex IS 100 Instrument (Luminex, Austin, Texas, USA).

2.8. Statistical Analyses. The appropriate post hoc tests used
are described in the results section.

3. Results

3.1. Determination of the Best Cytokine-Environment for B
Cell Differentiation. The combination of IL-2, IL-4, and IL-
10 along with high CD40-CD154 interaction has been proven
to stimulate long-term memory B cell expansion in vitro
[42]. Based on the fact that a lower CD40-CD154 interaction
leads to B cell differentiation [15], we have compared the
IL-2, IL-4, and IL-10 cytokine combination to that of IL-
6 and IL-10 in promoting in vitro differentiation at a low
CD40-CD154 interaction.This comparison was based on the
capacity of either combination to induce immunoglobulin
secretion and emergence of CD38+ or CD38hiCD138+ cells.
Cells were expanded for 19 days in amedium containing IL-2,
IL-4, and IL-10 [16, 42] followed by a 4-day-long transition
phase and a 18-day differentiation phase with IL-2-4-10 or IL-
6-10 combinations. As shown in Figure 1(a), the passage to the
differentiation environment in both conditions slowed cell
expansion (Figure 1(a)) and allowed to maintain cell viability
above 80% (Figure 1(b)). Being an important feature of B cell
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Figure 1: In vitro plasma cell generation and cytokine microenvironment. B lymphocytes were expanded for 19 days with IL-2, IL-4, and
IL-10 at high interaction level with CD154.The same interleukin combination was used for the differentiation phase (filled symbols and bars)
or the cells were cultured from day 19 with a combination of IL-6 and IL-10 (empty symbols and bars). The transition and differentiation
phases lasted a total of 18 days with a low CD154 interaction. The results shown are the mean of 6 independent experiments. (a) Cell
expansion, (b) cell viability, (c) IgG secretion rate in the differentiation environment, from D19 to D38, (d) IgG, A, andM secretion on day 33
supernatants, and (e) IgG subclasses secretion on day 33 supernatants. A significant difference was noticed in IgG1 secretion among the two
interleukins combinations. Statistical analyses were done using the Bonferroni 𝑡-test and the 𝑃 value was <0.05 (f) CD38 and CD38+CD138+
cells frequency. The IL-6-10 combination generated a larger CD38+ cell population on day 33, confirmed by a paired 𝑡-test, 𝑃 value = 0.0188.
All errors bars stand for SD and can be smaller than symbols.
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differentiation, immunoglobulins secretion was measured in
both conditions. IgG secretion rate reached up to 11±2 𝜇g/106
cells/h with the IL-2-4-10 combination and 13 ± 2 𝜇g/106
cells/h with the IL-6-10 combination on day 33 (Figure 1(c)).
Differentiated cells also showed an important IgA secretion
in supernatants, reaching 43 ± 12 𝜇g/mL for the IL-2-4-10
combination and 48±19 𝜇g/mL for the IL-6-10 combination,
while having as expected a negligible IgM secretion in both
conditions (Figure 1(d)).Onday 38, cells culturedwith the IL-
6-10 combination had an IgG

1
secretion of 203 ± 157 𝜇g/mL,

which was almost twofold higher than the 106 ± 65 𝜇g/mL
measured for the IL-2-4-10 condition (Bonferroni 𝑡-test 𝑃 <
0.05) (Figure 1(e)). As for phenotypic cell differentiation, we
noticed amore important CD38+ cell population with the IL-
6-10 combination, reaching up to 51±7% of all CD45+CD19+
cells by day 33. Both interleukins combinations led to the
emergence of CD38+CD138+ plasma cells, 23 ± 4% for IL-2-
4-10, and 38 ± 4% for IL-6-10 (Figure 1(f)). Overall, the IL-
6-10 combination enhanced IgG

1
secretion and generated a

higher frequency of CD38+ cells indicating that this cytokine
combination was more favorable to the in vitro generation of
plasma cells.

Besides, we have also evaluated the capacity of IL-6,
IL-21, and IFN-𝛼, used alone, in pairs or combined, in an
attempt to improve differentiation of switched-memory B
lymphocytes into plasma cells. None of these soluble factors
enhanced plasma cell maturation or viability more than the
combination of IL-6 and IL-10 (data not shown).

3.2. CD27-CD70 Interaction Leads to a Faster Differentiation.
To verify whether CD40-CD154 and CD27-CD70 interac-
tions were similarly competent for in vitro differentiation of
switched-memory B lymphocytes, we used a cryopreserved
expanded-memory B lymphocytes bank. In all following
experiments, the day 0 (D0) is the first day the thawed
cells were put in culture to induce their differentiation. For
the differentiation phase in the presence of IL-6 and IL-10,
adherent cell lines expressing CD70 (3H7) or CD154 (L4.5)
were used to generate a low level of interaction stimulation
(Figures 2 and 3).

The level of proliferation was thus compared for both
stimulation and a negative control was performed using
the cell line L929mock at a ratio of 1 for 20 B lymphocytes.
During the transition from day 0 to day 4, the switched-
memory B lymphocytes were able to expand, by 2-fold to 3-
fold in all conditions (Figure 2(a)). However, the L929mock

cells were unable to sustain viability of the B cells, which
was decreasing rapidly from day 4 (60% ± 4%) to day 8
(32% ± 2%) (Figure 2(b)). The B lymphocytes submitted to
CD154 or CD70 low level of interaction stopped proliferating
on day 8 while their viability was maintained until day 11
at 73 ± 2% and 73 ± 3%, respectively (Figures 2(a) and
2(b)). In addition, flow cytometry analyses using 7-AAD
showed that at that time point, the viability of CD154 and
CD70 stimulated cells was about 82 ± 2% and 84 ± 3% in
these two conditions, respectively. Moreover, monitoring of
cell division using CellVue Jade assay allowed us to notice
an important decrease of cell division when cells where

put in the in vitro differentiation environment compared
to the cells in the expansion phase. Between days 8 and 11
in the differentiation phase (including the transition), we
observed an absence of cell division while 3 to 4 divisions
were observed in conditions with a high level of interaction
of CD27-CD70 or CD40-CD154 (data not shown).

Finally, CD154 interaction slightly increased IgG secre-
tion compared to CD70 interaction (Figure 2(c)). However
IgA secretion was quite similar between the two condi-
tions. The frequency of CD38+ and CD38+CD138+ cells
was also similar in both conditions. In those cultures, the
differentiation in the presence of CD154 and CD70 resulted,
respectively, in a frequency of 65±7%and 43±7%CD27+ cells
inside the CD138+ population. In regard to CD20 expression,
only 2, 9 ± 0, 7% and 2, 6 ± 0, 6% of cells were positive to
this marker at the end of the differentiation phase (data not
shown).

We then compared the differentiation of B lymphocytes
during a 14-day period in the presence of IL-6-10 combina-
tion. Figures 3(a), 3(b), and 3(c) show the evolution of the
expression of CD38 and CD138 on cultured cells in both
conditions. At D0, nearly half the cells were expressing CD38
and the proportion of CD38hi cells was of 17 ± 4%. Five days
after the cells were placed in a differentiation environment
with either CD70 or CD154 cellular interactions, a higher
proportion of CD38hi cells was generated with the CD70
interaction (53 ± 7%) than with the CD154 interaction
(35 ± 6%) (𝑃 = 0.0260, 𝑛 = 6; Mann-Whitney). By day
14, the proportion of differentiated cells in both conditions
reached 50%. Increased frequency of CD138+ cells, whichwas
however not significant (Bonferroni multiple comparison
test, 𝑃 = 0.0564), was also noted on days 5 and 14 in the
presence of CD70, 28% ± 7%, and 36% ± 12% respectively,
compared to 19% ± 7% and 27% ± 13% with the CD154
interaction. Additionally, both interactions led to a significant
increase in the proportion of CD38hi and CD138+ generated
cells when compared to the initial profiles, namely, at the
end of the expansion phase (Figures 3(b) and 3(c)). During
this 14-day differentiation phase, the total expansion was
negligible, that is, less than 2-fold in both conditions, and the
viability was around 80% on day 5 and decreased gradually to
approximately 50% on day 14 (data not shown).

Immunofluorescence labeling confirmed the plasma cell-
like morphology of the generated cells (Figure 3(d)). The
staining highlighted the elliptical cell shape, shown through
actin labeling in red and the very large cytoplasm with a
decentered nucleus, which are typical plasma cell features.
These observations weremade on cells generated with CD154
or CD70 cellular interactions.

3.3. Important Immunoglobulin Secretion by In Vitro Differ-
entiated B Cells. To further compare the B cells generated
by each interaction, immunoglobulins concentration was
determined in culture supernatants on days 5 (Figure 4(a))
and 14 (Figure 4(b)). As shown, five days into the differen-
tiation environment led to equivalent IgA and IgG secretion
from cells in both interaction settings. IgG

1
was as expected,
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Figure 2: Proliferation and viability following low CD70 and CD154 interaction. B lymphocytes were monitored following their stimulation
with CD70 and CD154 as well as for their response to the mock L929 cell line using a low ratio (1 : 20) for all support cells. (a) Proliferation
and (b) viability were measured on days 4, 8, and 11.The time laps between days 0 and 4 are the transition phase and differentiation phase was
started on day 4 and lasted until day 11. (c) Secretion of IgG and IgA was measured by ELISA assay with the pooled supernatant harvested
on days 6, 8, and 11. (d) At the end of the differentiation phase (day 11), B lymphocytes were analyzed using flow cytometry to evaluate the
frequency of CD38+ cells and CD38+CD138+ cells. These results are representative of 5 independent experiments. All errors bars stand for
SD and can be smaller than symbols.

according to human serum level, the most secreted IgG sub-
class with a concentration of 51 ± 10 𝜇g/mL following CD70
interaction and 59 ± 17 𝜇g/mL following CD154 interaction.
IgA was secreted at a very high level, with 244 ± 137 𝜇g/mL
following CD70 interaction and 211 ± 112 𝜇g/mL following
CD154 interaction. However in contrast to IgG

1
, IgA secre-

tion was highly variable among samples, ranging from 36 to
915 𝜇g/mL for CD70 interaction on day 5. IgG

1
concentration

was maintained for cells cultured with CD154 until day 14
(51 ± 10 𝜇g/mL), while cells cultured with CD70 showed a
decreased secretion of that immunoglobulin subclass (29 ±
4 𝜇g/mL). Moreover, IgG3 secretion with CD154 interaction

(17 ± 4 𝜇g/mL) was also twofold higher than with the CD70
interaction (7 ± 2 𝜇g/mL). Based on the high viability and
absence of proliferation during the transition phase (D0 to
D5), a normalization according to cell concentrations on
day 5 was done in order to compare secretion levels on day
14 (Figure 4(c)). Overall, all immunoglobulin secretion rates
were equivalent in both conditions indicating similar dif-
ferentiation status of generated plasmablasts and/or plasma
cells.

The pattern of IgG secretion was also determined by
a standard ELISPOT assay (see Supplementary Material,
Figure S2) for B lymphocytes submitted to CD70 or CD154
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Figure 3: Generation of plasma cells from switched-memory B lymphocytes. Monitoring of plasma cell generation in the differentiation
phase was done by flow cytometry and all analyses were done on viable cell populations. The results are presented as the mean ± S.E.M. of
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was used and no significant difference was observed. (d) Generated plasma cells morphology at D14 shown by fluorescence microscopy (100x
immersion oil objective). Blue: nucleus; red: actin. Representative cells are shown.
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Figure 4: In vitro generated plasma cells secrete high level of IgA and IgG. Immunoglobulin secretion in supernatants was measured by the
Bio-Plex human isotyping kit. The cumulated Ig concentration was determined on (a) day 5 (D5) after the transition phase and (b) day 14
(D14) at the end of differentiation. (c) Relative secretion was determined on D14 by normalizing immunoglobulin concentrations with total
cell count on day 5, corresponding to the plateau in proliferation. The results are presented as the mean ± S.E.M. of 6 independent samples.
No differences were observed between CD70 and CD154 conditions.
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Figure 5: High frequency of CD39+ cells among the expanded B lymphocyte population. Viable cells were analyzed for CD31 and CD39
expression before their transfer into differentiation conditions (D0). (a) Profiles of total viable cells according to CD38 and CD138 (left)
and to CD31 and CD39 (right) are shown. The CD38hiCD138+/− cells represented 22 ± 3% of the cell population in the presence of CD154
interaction (b) and 25±6% in the presence of CD70 (c).They represented 14±2% of the population when being in the simultaneous presence
of both interactions (d). These cells were further analyzed for their expression of CD31 and CD39 according to their expression of CD138 as
indicated in (b, c, and d). These results are representative of 11 and 10 independent experiments for the stimulation with L4.5 cells (b) or 3H7
cells (c), respectively. The results in (d) are representative of three independent experiments.

in differentiation conditions and was compared to that of
plasma cells present in bone marrow samples. Differentiating
B lymphocytes showed a heterogeneous IgG secretion pattern
composed of small and large spots, suggesting the presence
of different subtype of terminally differentiated IgG secreting
cells.

3.4. CD31 and CD39 Expression on Expanded B Cells. To
further characterize the emergent CD38hi cells, we analyzed
their phenotypes according to CD31 and CD39 expression
before their transfer into the differentiation conditions. As
shown previously (Figure 3(a)), about half (52 ± 5%, 𝑛 = 8)
of the expanded cells were positive for CD38 expression and
less than 10% were CD138+ (6 ± 3%, 𝑛 = 8) at D0. Moreover,
22 ± 3% of the expanded cells highly expressed CD38 and
up to 95 ± 4% of them were CD39+ with a MFI of 592 ± 63
(Figure 5(a)).This result was observed independently of their
CD138 expression. At this step, only a small proportion of
cells were CD31+ (9 ± 3%). By the end of the differentiation
phase, this cell population reached 35 ± 2% following CD154
interaction and 44 ± 7% following the CD70 interaction.
Furthermore, analyses done on purified B cells before they
were expanded showed that 85 ± 3% (𝑛 = 3) were positive

for CD39 expression (MFI = 238 ± 15) (data not shown).
Therefore, the frequency of CD39+ cells remained constant
during in vitro cell expansion (data not shown).

3.5. Distinct Plasma Cell Populations In Vitro. We then
investigated how CD39 and CD31 evolved on differentiated
CD38hiCD138+/− cells after 11 or 14 days in an in vitro
differentiation environment. As observed for expanded B
cells (Figure 5(b)), more than 90% of generated plasma cells
were positive for CD39, regardless of the interaction with
CD70 or CD154 (Figure 6(a) and Table 1). Moreover, culture
conditions did not seem to influence the frequency of CD31+
cells as CD70 and CD154 interactions led to the emergence
of, respectively, 76 ± 2% and 74 ± 3% CD31+ cells among
the CD38hiCD138+ cells (Figure 6(c) and Table 1). However,
a smaller proportion of the CD38hiCD138− cells expressed
CD31. Following the CD70 or CD154 interactions, only 37 ±
7% and 25 ± 7%, respectively, expressed CD31.This difference
was also observed through the CD31 mean fluorescence
intensity (MFI) thatwasmuchhigher forCD38hiCD138+ cells
(MFI 568± 108) than for CD38hiCD138− cells (180± 19) when
submitted to CD70 interactions. Overall, four populations
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Figure 6: CD31 as an in vivo and in vitro generated plasma cell marker. Analyses were done on cells submitted to 14 days in differentiation
conditions. (a) D14 viable CD38hi cells were analyzed based on their CD31 and CD39 expression. Plots are representative of 10 independent
experiments for the CD70 interaction and 13 for the CD154 interaction. (b) Bone marrow and peripheral blood plasma cells (viable
CD45+CD38hi). Plots are representative of 10 and 14 independent experiments for bone marrows and for peripheral blood, respectively. (c)
Comparison of CD31 andCD39 expression and frequency on generated (CD70 andCD154) and in vivo (PB and BM) plasma cells. CD138− (−)
and CD138+ (+) plasma cells expression profiles were compared using the Unpaired 𝑡- or the Mann-Whitney test (∗indicating a significant
difference with 𝑃 values < 0.03). The expression profile of CD138− (−) cells from different origins was compared (∗∗indicating significant
differences with 𝑃 values < 0.02) as well as CD138+ (+) plasma cells (∗∗∗indicating significant differences with 𝑃 values < 0.006) using the
Kruskal-Wallis test.
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Table 1: CD31+ and CD39+ cell frequencies within plasma cells in vitro and in vivo.

Phenotype of CD38hi CD138+/− cells3

Cell origin1 Subsets2 CD39 CD31

CD138 (%) MFI (%) MFI (%)

CD70 neg 23 ± 3 515 ± 127 81 ± 6 180 ± 19 29 ± 7
+ 21 ± 4 687 ± 78 91 ± 2 568 ± 108 77 ± 2

CD154 neg 26 ± 3 512 ± 100 81 ± 6 140 ± 23 25 ± 7
+ 18 ± 2 694 ± 69 91 ± 2 526 ± 72 74 ± 3

Blood neg 0.16 ± 0.02 44 ± 14 34 ± 5 310 ± 44 81 ± 5
+ 0.15 ± 0.03 59 ± 11 34 ± 5 1547 ± 223 93 ± 2

Bone marrow neg 2.17 ± 0.28 9 ± 0.3 34 ± 2 67 ± 7 43 ± 2
+ 0.41 ± 0.08 52 ± 2.8 54 ± 2 194 ± 12 80 ± 3

1B lymphocytes following in vitro differentiation in the presence of CD70 (𝑛 = 10) or CD154 (𝑛 = 13) for 11 and 14 days or mononuclear cells isolated from
peripheral blood (𝑛 = 14) and bone marrow samples (𝑛 = 10).
2The frequency of CD38hi cells was further analyzed in relation to the expression of CD138.
3CD31 and CD39 frequency and MFI were determined on CD38hiCD138− (neg) and CD38hiCD138+ (+) as indicated.

of CD38hiCD39+ were observed in vitro following CD70 or
CD154 interactions, namely, CD138+CD31+, CD138+CD31−,
CD138−CD31+, and CD138−CD31− cells.

3.6. CD31 and CD39 Expression on Bone Marrow and Periph-
eral Blood Plasma Cells. The frequency of CD38hiCD138−

andCD38hiCD138+ was evaluated in 14 peripheral blood (PB)
samples and ten bone marrow (BM) samples (Table 1). In
PB, about 0.3% of CD38hi cells were detected, which can be
separated into equal frequency of CD138− and CD138+ cells
as reported elsewhere [28]. In BM, we observed about 2% of
CD38hi among the mononuclear cells [47], which included
about 25% of CD138+ cells. The phenotype of PB and BM
CD38hi plasma cells was then evaluated according to CD31
and CD39 (Figure 6(b) and Table 1). PB plasma cells were
predominantly CD31+, with 81 ± 5% of CD138− cells and
93 ± 2% of CD138+ cells. Furthermore, CD31 expression
was fivefold higher on CD138+ plasma cells (MFI = 1547 ±
223) versus CD138− plasma cells (MFI = 310 ± 44). In the
blood, CD39+ cells frequency within the CD38hiCD138+/−
population was lower (34 ± 5%) than their in vitro generated
counterpart. BM plasma cells showed a significant difference
of CD39+ cells frequency, with 33 ± 2% of CD38hiCD138−

and 55±2% of CD38hiCD138+ cells. Besides, the proportions
of CD31+ cells were, respectively, of 43 ± 2% and 80 ± 3%
among those plasma cell subsets. Though the proportions of
CD39+ and CD31+ plasma cells were similar in the PB and
BM, the expression level of CD31 was eight times higher on
PB CD138+ plasma cells compared to the same population in
the BM (MFI: 194 ± 12).

Overall, there was no significant difference in the propor-
tion of CD31+CD138+ plasma cells found in vivo and in vitro.
There was however a striking difference in CD39 expression.
Indeed, the expression level of this surface marker was more
than 10 times higher on vitro generated CD138+ plasma cells
than PB and BM plasma cells.

4. Discussion

In this study, we have shown that CD27-CD70 and CD40-
CD154 interactions can both induce switched-memory B
lymphocytes differentiation into CD38hiCD138+/− plasma
cells. We also demonstrated that such in vitro generated
plasma cells were heterogeneous according to their CD31
and CD39 expression profiles. We observed that the final
frequency of generatedCD38hiCD138± cells was equivalent in
both conditions after 14 days. However, we also found that the
CD70 interaction led to a much faster differentiation in the
first 5 days. The functional potential of the newly generated
plasma cells with both interactions was assessed and found to
be similar with IgA and IgG

1
secretion as high as 200𝜇g/mL

and 60 𝜇g/mL, respectively. Further characterization of the
in vitro generated CD38hiCD138+/− plasma cells also showed
that CD39 was present on more than 80% of these cells
while CD31 was present on about a quarter of the CD138−
and on approximately 75% of the CD138+ population with a
significantly higher frequency as well as level of expression on
the latter plasma cell subset.

The selected in vitro differentiation environment was
based on low levels of CD70 and CD154 interactions com-
bined to IL-6 and IL-10. These conditions were found to
be the most effective for commitment to differentiation
with concomitant negligible proliferation. It has been largely
reported that IL-6 and IL-10 were excellent to drive B cell dif-
ferentiation drivers [5, 48]. Moreover, in accordance with the
reported in vivo process in germinal centers, the switch from
expansion to differentiation led to a reduced cell expansion
rate in our culture system [1].The fast differentiation induced
by the CD70 interaction between day 0 and 5 can illustrate
the rapid in vivo differentiation of memory B lymphocytes
following antigen encounter, when CD27+ B cells interact
with CD70+ T cells [23, 49], following proliferation signalling
through the CD40-CD154 interaction [23]. Interestingly,
the low level of CD40-CD154 interaction seems to have a
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delayed but similar role during long-term culture.The culture
system developed in this study simulates the germinal center
reaction during a secondary immune response and could be
used for the production of large amounts of plasma cells
in vitro. For instance, we have previously established that
memory B cells can be expanded to 2000-fold in 20 days
[42]. We show here that their transition into differentiation
provides after 5–7 days at least 50% of CD138+ cells with a
viability of 80%. Consequently, we could generate, starting
with 1 × 106 memory cells, nearly 800 × 106 cells committed
to terminal differentiation into plasma cells.

Furthermore, IgG secretion rate in this system can reach
up to 13 𝜇g/106 cells/h with the CD154 interaction (Figure 1),
which is higher than several in vitro models developed
to date [15, 30–33]. Taken together, we can conclude that
the observed effects of those two interactions are due to
the molecular pathway of the expressed surface molecule
(CD70 on 3H7 cells and CD154 on L4.5 cells) during cellular
interaction and not related to the cocultured cell line since
L929mock, which was used to construct 3H7 and L4.5 cell
lines [20, 44] did not allow B lymphocyte differentiation
(Figure 2(b)). Furthermore, their use in our culture system
actually highly hindered cell viability.

This model enables us to circumvent the plasma cells
rarity in circulation or in the bone marrow; thus we stud-
ied two extracellular markers CD31 and CD39 in order
to discriminate between plasmablasts and plasma cells, as
proposed by De Vos and coll. [35]. CD31 is an adhesion
molecule that participates in cellular interactions [50, 51]
and is a ligand for CD38 [52]. Their interaction has been
associated with the microenvironment of leukemia cells [53–
55] and high CD31 density has been associated to B cell
chronic lymphocytic leukemia [56].On the other hand, CD39
is an integral membrane protein, whose main role is to
metabolize extracellular ATP and ADP into AMP [57]. The
CD31+CD39+/− profile is expected for terminally differenti-
ated B lymphocytes from peripheral blood as well as bone
marrowplasma cell [29, 35, 58].Our results show a prevalence
of CD31+ cells (74% to 77%) among the CD38hiCD138+
population, and a lower expression (25% to 29%) within the
CD38hiCD138− in vitro generated plasma cells population.
However, the expression of CD39 indicates that the in vitro
generated PCs are one step preceding fully differentiated
PCs and can be lost in response to migratory stimuli or the
modifications of theirmicroenvironment. Our finding that in
vitro generated PCswere characterized by a higher CD31+ cell
population amongCD138+ plasma cells indicates that we pro-
duced amature plasma cell population [28, 33, 59].Moreover,
increased expression of CD31 on plasma cells correlates with
the mRNA expression profile in plasmablasts and plasma
cells [35]. The investigation of CD31 and CD39 expression
can be a useful tool for plasma cell characterization and
may allow uncovering subsets with specific roles during an
immune response as recently reported [60, 61]. Furthermore,
the coexpression of CD31 and its ligand CD38, on plasma
cells [62] suggests a role for this interaction in the plasma
cell survival niche as already proposed for leukemia cells
[52, 55].

In conclusion, we have developed a culture system using
either CD70 or CD154 interactions enabling the in vitro cul-
ture of CD31+CD38hiCD39+CD138+ cells which have similar
phenotype to bone marrow CD138+ cells. The large amounts
of plasma cells that can be generatedwith this system can now
be exploited to produce differentiated B cells from patients or
vaccinated volunteers, enabling the further characterization
of memory B cells specific to a known antigen. Moreover,
ex vivo production of plasma cells could also, as proposed
elsewhere [28], be used for their protective role during
stem cell transplantations in immunocompromised patients.
The cells generated in the system described herein could
thus become a new source of passive immunity during the
period of vulnerability to opportunistic infections before the
complete restoration of the patients’ immune system.
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