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ABSTRACT

Mesenchymal or stromal stem cells (MSC) interact with cells of the immune system in multiple

ways. Modulation of the immune system by MSC is believed to be a therapeutic option for

autoimmune disease and transplant rejection. In recent years, B cells have moved into the

focus of the attention as targets for the treatment of immune disorders. Current B-cell targeting

treatment is based on the indiscriminate depletion of B cells. The aim of this study was to

examine whether human adipose tissue-derived MSC (ASC) interact with B cells to affect their

proliferation, differentiation, and immune function. ASC supported the survival of quiescent B

cells predominantly via contact-dependent mechanisms. Coculture of B cells with activated T

helper cells led to proliferation and differentiation of B cells into CD19
1

CD27
high

CD38
high

antibody-producing plasmablasts. ASC inhibited the proliferation of B cells and this effect was

dependent on the presence of T cells. In contrast, ASC directly targeted B-cell differentiation,

independently of T cells. In the presence of ASC, plasmablast formation was reduced and IL-10-

producing CD19
1

CD24
high

CD38
high

B cells, known as regulatory B cells, were induced. These

results demonstrate that ASC affect B cell biology in vitro, suggesting that they can be a tool

for the modulation of the B-cell response in immune disease. STEM CELLS 2015;33:880–891

INTRODUCTION

B cells are targets for the treatment of multiple
autoimmune disorders [1] and the induction of
graft survival [2, 3] as they are key players in
the adaptive immune response. B cells are
potent antigen presenting cells (APCs), can pro-
duce both pro- and anti-inflammatory cyto-
kines, and have the capacity to differentiate
into immunoglobulin-producing plasma cells [4,
5]. The surface immunoglobulin on B cells
serves as the B-cell receptor (BCR) for antigen,
and upon activation the B cell interacts with its
cognate CD41 helper T cell via interaction
between the major histocompatibility complex
class II and the T-cell receptor. In addition, piv-
otal costimulation is provided through binding
of CD40 to CD40 ligand on the T cell. This
results in enhanced B-cell proliferation and dif-
ferentiation into immunoglobulin-secreting plas-
mablasts and plasma cells and the formation of
memory B cells. Elevated levels of these B-cell
subsets in the circulation are associated with
poor graft outcome [6–8] and increased sever-
ity of autoimmune diseases [9].

B-cell targeting therapies are mainly based
on the depletion of B cells by depleting anti-
bodies, such as rituximab, which targets B cells
via cell surface CD20. This treatment leads to
long-lasting depletion of peripheral B cells
[10]. There are, however, disadvantages to
such treatment, as rituximab, for instance, has
no effect on plasma cells, which do not
express CD20. Moreover, indiscriminate deple-
tion of CD20 expressing cells also affects tol-
erogenic CD20-expressing B cell subsets.
Complete depletion of the B-cell compartment
therefore comes with side effects, such as vul-
nerability for infections. Hence, there is a need
for more refined modulation of B-cell activity
in immune-mediated diseases.

Mesenchymal stem or stromal cells (MSC)
have potent immunomodulatory properties
and target the proliferation and differentiation
of a variety of immune cells [11]. In particular,
the effect of MSC on effector and regulatory T
cells has been widely studied [12]. MSC inhibit
the proliferation of T cells via a plethora of
mechanisms, including indoleamine 2,3-dioxy-
genase (IDO) activity [13], secretion of
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prostaglandin E2, TGF-b, and several other factors [14] and
induce T cells to adopt a regulatory function [15, 16]. In addi-
tion, MSC suppress natural killer cell cytotoxic activity [17],
inhibit dendritic cell maturation [18], and stimulate macro-
phage differentiation to regulatory macrophages with anti-
inflammatory function [19, 20].

There is evidence for interaction between MSC and B
cells, although the available data are inconclusive from a
mechanistic point of view [21]. MSC have been shown to
inhibit the differentiation of B cells stimulated by T cell-
dependent and independent antigens [22–24]. It is elusive
whether the regulation of B cells by MSC is mediated via
direct effects on B cells or whether MSC regulate B cells via T
cells as intermediates. Furthermore, there is evidence that
murine MSC induce B cells with cell surface markers associ-
ated with regulatory functions [25], and recently it has been
shown that MSC induce CD51 B cells with regulatory function
in a clinical trial for graft versus host disease [26]. Insight into
the functional interaction between human MSC and B cells is
important for exploring the potential of MSC for refined mod-
ulation of B-cell functions.

In the body, MSC are widely distributed and can be found
at sites where they encounter B cells, such as the bone mar-
row, lymph nodes, and tonsils [27]. At these sites, MSC may
interact with B cells to modulate initial or ongoing immune
responses. Currently, culture-expanded MSC are under investi-
gation for cellular immune therapy and have been tested in
clinical trials for graft versus host disease [28], allograft rejec-
tion [29], and autoimmune diseases [30]. Upon administra-
tion, culture-expanded MSC may interact with B cells present
at their homing site. In addition, administration of MSC is
accompanied with systemic increases in a range of pro-inflam-
matory and anti-inflammatory cytokines, which may affect B
cells at distant sites [31].

In this study, interactions between human adipose tissue-
derived MSC (ASC) and human tonsil-derived B cells were
examined. ASC promoted quiescent B-cell survival and modu-
lated activated T-cell-mediated B-cell proliferation and differ-
entiation into antibody-producing and regulatory B-cell
subsets. The results of this study demonstrate that ASC play a
regulatory role on B-cell function by targeting B cells directly,
as well as indirectly via T cells.

MATERIALS AND METHODS

Isolation and Culture of Subcutaneous ASC

Subcutaneous adipose tissue from healthy donors that
became available as a waste product during the kidney dona-
tion procedure was collected after obtaining written informed
consent as approved by the Medical Ethical Committee of the
Erasmus University Medical Centre Rotterdam (protocol no.
MEC-2006-190). The tissue was collected in minimum essential
medium-a (MEM-a) (Sigma Aldrich, St. Louis, MO, https://www.
sigmaaldrich.com) supplemented with penicillin (100 IU/ml),
streptomycin (100 mg/ml) (1% P/S; Lonza, Verviers, Belgium,
http://www.lonza.com/), and 2 mM L-glutamine (Lonza) and
stored at 4�C for 3–16 hours. ASC were isolated as described
previously [32]. Cultures were kept at 37�C, 5% CO2, and 95%
humidity and refreshed twice weekly with MEM-a with 1% P/S,
and 15% fetal bovine serum (FBS; Lonza). At 90% confluence,

adherent cells were removed from culture flasks by incubation
in 0.05% trypsin-EDTA (Life Technologies, Bleiswijk, The Nether-
lands, https://www.lifetechnologies.com/nl/en/home.html) at
37�C and cells were used for experiments described below or
frozen at 2150�C until further use. ASC were used for experi-
ments between passages 2 and 5 and their phenotypic markers
and osteogenic and adipogenic potential were tested as
described before [33]. ASC from 20 donors were used in the
experiments in combination with the B cells and T cells from
tonsils from three different donors.

Isolation of B and T Cells from Tonsils

Tonsils were obtained after routine tonsillectomy (Sophia
Children’s Hospital, Erasmus MC, Rotterdam) and after written
informed consent was given by the parents. The use of these
tonsils for research purposes was approved by the Medical
Ethical Committee of the Erasmus University Medical Center
(protocol no. MEC-2013-093). All samples and data were
analyzed anonymously. Tonsils from three different donors
were used in the experiments to minimize variation at the
B-cell level. Tonsils were processed to obtain a single-cell
suspension. Mononuclear cells, isolated using density cen-
trifugation, were stored at 2150�C until use. Upon thaw-
ing, quiescent B cells were isolated by negative selection
using anti-CD43-magnetic beads (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany, http://www.miltenyibiotec.
com/en/) [34].

CD41 T cells were isolated by positive selection using
anti-CD4-magnetic beads (Miltenyi Biotec) on the autoMACS
(Miltenyi Biotec). Purity was determined by flow cytometry
(FACS Canto II). Typically, cell suspensions consisted of >98%
pure CD41 T cells or CD191 B cells.

Stimulation and Cell Subset Characterization

B cells were cultured in Iscove’s Modified Dulbecco’s Medium
(Lonza) with CD41 T cells stimulated with phorbol 12-myristate
13-acetate and ionomycin (PMA/iono; 50 ng/1 mg/ml, Sigma
Aldrich) or with a stimulation cocktail to mimic antigen and T
cell help: 10 mg/ml F(ab)2 anti-IgM (Jackson, ImmunoResearch
laboratories, Inc., West Grove. PA. www.jieurope.com), 103 IU
IL-2 (Proleukin, Prometheus laboratories, Inc. San Diego, CA,
http://prometheuslabs.com/), and 5 mg/ml anti-CD40 agonistic
monoclonal antibody (Bioceros, Utrecht, The Netherlands,
http://www.bioceros.com/home) for 10 days in a 96-well plate.
Cells were collected and processed for flow cytometric analysis
(FACS Canto II, Diva Software, BD Biosciences, San Jose, CA.
https://www.bdbiosciences.com/), and supernatants were
stored at 280�C for immunoglobulin and cytokine determina-
tion. The antibodies used for flow cytometry phenotyping
were: CD19-V500 (clone HIB19), CD27-PE-Cy7 (clone 0323),
CD38-PE (clone HB7), Via Probe for viability, CD4-PacBlue (clone
RPA-T4), CD90-APC (all from BD biosciences), and CD24-APC
(clone SN3 A5-2H1D) (eBioscience, San Diego, CA, http://eu.
ebioscience.com/). The immunophenotype of the B-cell subsets
that were analyzed is defined in Table 1.

For intracellular staining, 12 hours before recovering the
cells from the coculture, the protein transport inhibitor mon-
ensin (GolgiStop, BD Biosciences) was added to the wells (0.1
ml/105 cells/well). Cells were incubated with 20 mM EDTA,
washed, and stained for surface markers with CD19-V500,
CD27-PE-Cy7, and Via Probe. Cells were then permeabilized
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using a Fixation/Permeabilization kit (eBioscience) and stained
intracellularly with anti-IL-10-PE (clone JES3–9D7) (BD Phar-
mingen). Flow cytometric analysis was performed using the
BD FACSCanto II flow cytometer and BD FACSDiva software
(both BD Biosciences). Fluorescence minus one controls were
used to set accurate gates for the intracellular staining.

Apoptosis Analysis

B-cell apoptosis was analyzed using a PE Annexin V Apoptosis
Detection Kit (BD Pharmingen). In brief, cells were recovered
from the cultures and washed twice with cold PBS and resus-
pended in binding buffer. Cells (105) were transferred to a
new tube and labeled with Annexin V and 7AAD for 15
minutes and analyzed by flow cytometry.

Blocking Experiments

To assess the involvement of factors released by ASC on B-cell
survival, we used the IL-6R blocking therapeutic antibody Toci-
lizumab [35] (125 mg/ml, RoActemra, Hoffmann-La Roche,
Basel, Switzerland, http://www.actemra.com/) at a dose that
is proven to fully block membrane-bound and soluble IL-6R.
We also used the prostaglandin inhibitor indomethacin
(10 mM, Fluka Biochemika, Italy), BAFFR-Fc chimera, which
blocks BAFF (1 mg/ml, R&D Systems, Minneapolis, MN. http://
www.rndsystems.com), and TACI-Fc chimera, which blocks
both BAFF and APRIL (1 mg/ml Enzo Life Sciences, Lausen,
Switzerland, http://www.enzolifesciences.com/). These concen-
trations are known to neutralize recombinant BAFF and/or
APRIL up to 100 ng/ml [36].

Transwell Cultures

To study contact-dependent interactions between ASC and B
cells, ASC were seeded in 12-well plates separated from B cells
by 0.4 mm pore membranes (Greiner Bio-one, Alphen aan den
Rijn, The Netherlands. http://www.greinerbioone.com). After
10 days of coculture, B cells were collected and processed for
further analysis.

Proliferation Assay

B and T cells were labeled with carboxyfluorescein succini-
midyl ester (Life Technologies, Bleiswijk, The Netherlands.
http://www.lifetechnologies.com) before coculture with ASC
and/or stimulation. At day 10, the cells were recovered and
washed before analyzing the number of divisions using fluo-
rescence dilution assessed by flow cytometry. The percentage
of cells per generation was analyzed using FlowJo Software
7.7 (Treestar, Ashland, OR, http://www.flowjo.com/).

Immunoglobulin G ELISA

Reduced-surface 96-well plates (Corning Costar, Amsterdam,
The Netherlands. http://www.corning.com/) were coated with
goat anti-human Ig (IgM1 IgG1 IgA, H1 L) (Southern Bio-
tech, Birmingham, AL, www.southernbiotech.com) overnight.
Diluted supernatants and standard (Sigma-Aldrich) were
added to the plates and incubated for 90 minutes. Goat anti-
human IgG-HRP (My Biosource, San Diego, CA) was used as a
conjugate and 3,30,5,50-tetramethylbenzidine (KPL, Gaithers-
burg, MD, www.kpl.com) as a chromogenic substrate. Absorb-
ance was read at 595 nm using a Wallac Victor2 1420
multilabel plate reader (Perkin Elmer, Waltham, MA. http://
www.perkinelmer.com).

Measurement of Cytokine Secretion

Supernatants from the cocultures kept at 280�C were thawed
and used for measurement of cytokine levels. IL-10, IL-6, and
IFN-c were quantified in the supernatant using a Milliplex kit
(Merck Millipore, Amsterdam, The Netherlands. http://www.
merckmillipore.com) according to manufacturer’s instructions.
Briefly, 25 ml of cell culture supernatant was assayed in dupli-
cate. Human cytokine standards were provided by the kit
and a standard curve was prepared from 10,000 pg/ml to
3.2 pg/ml. Samples and standards mixed with antibody-coated
magnetic beads were incubated overnight in a 96-well plate
at 4�C under continuous agitation. Plates were washed and
incubated with detection antibodies for 1 hour. Finally, plates
were washed and incubated with streptavidin-phycoerythrin
for 30 minutes. Mean fluorescence was analyzed on a Lumi-
nex and cytokine concentrations calculated with Luminex
software.

RNA Expression Quantification

ASC were seeded in six-well plates at a density of 1 3 105

per well in the presence of 1 3 106 B cells with or without a
stimulation cocktail to mimic T-cell help (10 mg/ml F(ab)2 anti-
IgM, 103 IU IL-2, and 5 mg/ml agonistic anti-CD40). After 10
days, B cells were recovered, pelleted in phosphate buffered
saline (PBS)- Diethylpyrocarbonate, and snap frozen. RNA was
isolated and 500 ng was used for cDNA synthesis as described
previously [37]. Gene expression was determined by real-time
RT-PCR using universal PCR master mix (Life Technologies) and
an Assay-on-demand for IL-10 (Hs00174086.m1) (Applied Bio-
systems, Foster City, CA, http://www.appliedbiosystems.com)
and analyzed on an ABI PRISM 7700 sequence detector
(Applied Biosystems). Data are expressed as relative copy
number of the PCR products with respect to the housekeep-
ing gene GAPDH. Relative copy number was calculated using
the formula 2(402 Ct value).

Fluorescence-Activated Cell Sorting and Functional

Characterization of B-Cell Subsets

Stimulated B cells cocultured with ASC at a ratio of 5:1 for 10
days were recovered from the plates, washed with PBS1 1%
FBS, and labeled with CD19-V500, CD38-Pacific Blue (clone
HIT2), Via Probe for viability and CD24-APC (eBioscience). B-
cell subsets were isolated by FACSAria-II (Becton Dickinson).
Viable (7AAD2) CD191 B cells were separated in three sub-
sets: CD38high CD24high, CD38Int CD24Int, and CD382 CD24high.

Isolated subsets were kept overnight at 37�C with 5 mg/ml
anti-CD40 agonistic monoclonal antibody (Bioceros). The next
day, 50 ng/1 mg/ml PMA/Iono and 0.1 ml/105 cells of Golgi
Plug (BD Biosciences) were added for 5 hours. Cells were then
labeled with CD19-V500, CD38-Pacific Blue, Via Probe for viabil-
ity, and CD24-APC (eBioscience) and IL-10-PE (BD Pharmingen).
Flow cytometric analysis was performed using the BD FACS-
Canto II flow cytometer and BD FACSDiva software.

Statistical Analysis

Data represent mean6 SD. Statistical analyses were per-
formed by means of paired t tests using GraphPad Prism 5
software (GraphPad Software, San Diego, CA, http://www.
graphpad.com/). A two-tailed p-value< 0.05 was considered
statistically significant.
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Figure 1. ASC support B-cell survival. (A): The gating strategy to analyze the B-cell subsets was based on the viability marker Via probe
and CD19 to obtain live B cells, which were then gated for CD27 and CD38 to obtain na€ıve, memory, and plasmablast subsets. (B): The
starting population was mostly composed of na€ıve B cells (<70%). After 10 days in culture, B cells showed poor survival unless they were
cocultured with ASC (ratio B cells to ASC 5:1). In the presence of ASC, B-cell survival improved, while the B-cell subset composition did
not change and B cells did not proliferate. (C): ASC promote B-cell survival by significantly inhibiting apoptosis of unstimulated B cells. The
right panel shows a representative Annexin V/7AAD fluorescence-activated cell sorting plot of the apoptosis analysis. (D): Different blockers
were tested to identify or exclude pathways involved in B-cell survival. IL6R blocker (Tocil), prostaglandin inhibitor (Indo), BAFF, and TACI
decoy receptors (APRIL) were added to ASC-B-cell cocultures. None of the blockers reduced ASC-mediated survival of B cells. When ASC
were physically separated from B cells by a 0.4 mm transwell membrane (TW) B-cell survival dropped threefold. Means6 SD shown.
Abbreviations: ASC, adipose tissue-derived mesenchymal or stromal stem cells; CFSE, carboxyfluorescein succinimidyl ester.
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RESULTS

ASC Support B-Cell Survival

ASC showed the immunophenotype defined by the Interna-
tional Society for Cellular Therapy [38]. The cells obtained
from human tonsils after CD43 depletion by magnetic cell
sorting were >98% quiescent B cells, depleted of activated B
cells, B1 cells, and plasma cells, as described previously [34,
39]. The cells were analyzed by flow cytometry and B-cell sub-
sets were defined according to the gating strategy depicted in
Figure 1A [40]. The B cells obtained were mainly na€ıve B cells
and memory B cells with less than 1% plasmablasts (for an
overview of ASC and B-cell subset immunophenotypes refer
Table 1). B cells did not survive culturing for 10 days without
supplemental stimulation. However, coculture with ASC sup-
ported B-cell survival (Fig. 1B). ASC kept B cells in a nonprolif-
erating state and did not change the proportions of na€ıve B
cells, memory B cells, and plasmablasts (Fig. 1B) indicating
that ASC do not preferentially increase the survival of a spe-
cific B-cell subset.

ASC promoted the survival of B cells by hampering apo-
ptotic cell death (Fig. 1C). To further investigate the role of
ASC in the survival of unstimulated B cells, blockers were
added to some of the main factors that are secreted by ASC
and that are believed to be involved in B-cell survival, which
include IL-6, PGE-2, BAFF, and APRIL [41–44]. The IL-6 receptor
blocker tocilizumab, the PGE-2 production inhibitor indometh-
acin, the decoy receptors BAFFR-Fc and TACI-Fc (BAFF and
APRIL blocking) did not reduce B-cell survival. Conversely,
when B cells were separated from ASC by a transwell system
that allowed passage of soluble factors, there was a reduction
in B-cell survival from 15.9% (62.8) to 4.1% (61.6) (Fig. 1D).
These results indicate that the effect of ASC on B-cell survival
is at least partially cell contact dependent.

ASC Inhibit Differentiation and Proliferation of B Cells

Stimulated by CD4
1

T Helper Cells

To examine the effect of ASC on T cell-mediated B-cell prolif-
eration and differentiation, B cells were cocultured for 10
days with PMA/ionomycin stimulated CD41 T helper cells at a
ratio of 5:1 (Fig. 2). In the presence of ASC, the differentiation
of B cells into plasmablasts (CD191CD27highCD38high) was
strongly decreased from 4.76% to 0.054%. The reduction of B-
cell differentiation into antibody-producing cells by ASC was
corroborated by reduced levels of IgG in the cell culture
supernatant (Fig. 2A). In the same setting, B as well as T-cell
proliferation was reduced by ASC (Fig. 2B). These observations
raised the question whether the effect of ASC on B-cell differ-
entiation and proliferation was mediated via a direct interac-

tion between ASC and B cells or whether these effects were
a result of the effects of ASC on T cells.

ASC Have a Direct Effect on B-Cell Differentiation But

Not Proliferation

To examine whether ASC directly targeted B cells, B cells
were stimulated in the absence of T cells with an antibody/
cytokine cocktail to mimic antigen and T-cell help. This was
achieved by crosslinking of the BCR via low-dose anti-IgM,
provision of costimulation by a CD40 agonist [45], and cyto-
kine support for proliferation by IL-2 [46]. This stimulation
cocktail led to plasmablast formation and IgG production
(Fig. 3A). ASC inhibited B-cell differentiation into plasmablasts
in this setting, indicating that ASC act directly on B cells to
inhibit differentiation into plasmablasts. This effect was
observed at ratios of 1:5 and 1:25. IgG production was more
effectively reduced at 1:5 ratio. Similarly to what we observed
under unstimulated conditions, ASC support survival, and
reduce apoptosis of B cells under T cell-like cocktail stimula-
tion (Fig. 3B).

Activation with anti-IgM, CD40 agonist, and IL-2 also led
to B-cell proliferation. B-cell proliferation was not affected by
ASC at ratios 1:5 or 1:25 (Fig. 3C), indicating that the inhibi-
tion of B-cell proliferation by ASC previously observed was
mediated via T cells.

The antiproliferative effect of ASC on T cells depends on
activation of ASC by IFN-c [47]. To study whether the inhibi-
tion of B-cell proliferation by ASC was dependent on IFN-c
secretion by T cells, IFN-c levels in the supernatants of cocul-
tures of ASC and B cells with or without activated T cells
were analyzed. IFN-c was only detected in the presence of
T cells (Fig. 3D), suggesting that IFN-c secretion by T cells is
responsible for activation of the antiproliferative capacity of
ASC.

Inhibition of B-Cell Differentiation by ASC Is Independ-

ent of IL-6

IL-6 plays a diverse role in the immunomodulatory effect of
ASC and is one of the most abundantly secreted factors by
ASC [48]. The ASC secreted high levels of IL-6 under control
conditions (5749.146 1545.6 pg/ml), which further increased
upon coculture with activated B cells (B cells1 Stimuli1ASC:
8118.86 70.5) or B cells activated by T cells (B cells1 acti-
vated T cells1ASC: 8136.86 443.8) (Fig. 3E). To assess
whether IL-6 played a role in the inhibition of plasmablast for-
mation by ASC, the IL-6R blocker tocilizumab was added to
the cocultures. Blocking engagement of the IL-6R receptor did
not abolish the effect of ASC on plasmablast formation (Fig.
3F), indicating that the reduction of B cell differentiation by
ASC is IL-6 independent.

Table 1. Immunophenotypes of B-cell subsets and mesenchymal or stromal stem cells

Cell population Phenotype Reference

Naive B cells CD191CD272CD382/Int [39]
Memory B cells CD191CD271CD382/Int [39]
Plasmablasts CD191CD27highCD38high [39]
Transitional B cells CD191CD272CD38highCD24high [41]
Regulatory B cells CD191CD272CD38highCD24highIL101 [41]
Mesenchymal stem cells CD452CD901CD731CD1051HLA-IintHLA-II2CD802CD862 [37]

This table summarizes the phenotype and markers used to characterize the cells and subsets used in the study.
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ASC Increase the Percentage of CD19
1

CD27
2

CD38
high

B Cells

When B cells were stimulated with a cocktail to mimic T-cell-
help (anti-IgM1 anti-CD401 IL-2) and cocultured with ASC
there was an increase in the percentage CD272 B cells and a
concomitant trend in a reduced percentage of CD271 B cells
(Fig. 4A). The increase in CD272 B cells was due to an increase

in the percentage of CD191CD272CD38high B cells, among
which we encounter B cells with regulatory capacity (Fig. 4B).

ASC Induce Regulatory B Cells

Recently a population of B cells with regulatory function was
described based on the surface expression of CD24 and CD38
and IL-10-producing capacity (CD191CD24highCD38highIL-101)

Figure 2. ASC inhibit B-cell differentiation and proliferation induced by activated T helper cells. (A): B cells cocultured with PMA/ionomycin
activated T cells (ratio B cells to T cells 5:1) were induced to differentiate into CD38highCD27high plasmablasts. The presence of ASC reduced
B-cell differentiation. The top row shows representative plots and the bottom row the percentage of plasmablasts obtained in four different
experiments and the corresponding IgG concentrations in the culture supernatants. The production of IgG correlated with the plasmablast per-
centages. (B): Proliferation was assessed through carboxyfluorescein succinimidyl ester label dilution by B cells (top row) and T cells (bottom
row). Representative overlay plots are shown on the right and proliferation analysis of four different experiments shown in the graphs on the
left. G0 represents the percentage of nonproliferated cells, G1 represent cells in the first cell division, and so forth. Red lines represent the pro-
liferation of B and T cells in the coculture and the blue lines show the proliferation of the same cells in the presence of ASC. Abbreviations: ASC,
adipose tissue-derived mesenchymal or stromal stem cells; CFSE, carboxyfluorescein succinimidyl ester; PMA, phorbol 12-myristate 13-acetate.
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Figure 3. ASC have a direct effect on the inhibition of B-cell differentiation but not proliferation. (A): B cells stimulated with anti-
IgM1 agonist anti-CD401 IL-2 (Stimuli) to mimic T-cell help are induced to differentiate into plasmablasts. The presence of ASC limited
B-cell differentiation. The top row shows representative plots and the bottom row the percentage of plasmablasts obtained in six differ-
ent experiments and the accompanying IgG concentrations. The production of IgG correlated with the plasmablast percentages. (B):
Apoptosis of B cells was assessed by Annexin V 7AAD staining. ASC at a ratio of 1:5 significantly reduced stimulated B cells apoptosis.
Representative plots are shown. (C): Proliferation was assessed by carboxyfluorescein succinimidyl ester label dilution on B cells (top
row). Representative overlay plots are shown on the right and proliferation analysis of four different experiments shown in the graphs
of the left. G0 represents the percentage of nonproliferated cells, G1 represent the first cell division, and so forth. The red line repre-
sents the proliferation of B cells in the absence of ASC and the blue line shows the proliferation in the presence of ASC. (D): IFN-c
secretion was analyzed in the supernatants of the coculture of B cells1 activated T cells or B cells stimulated with anti-IgM1 agonist
anti-CD401 IL-2 (B1) in the presence or the absence of ASC. IFN-c was only secreted in the wells that contained activated T cells. (E):
ASC secreted high levels of IL-6 in the supernatants. Coculture with stimulated B cells and B1 activated T cells did not significantly
change IL-6 levels. (F): Blocking of IL-6 binding to its receptor with tocilizumab had no effect on the reduction of differentiation of B
cells into plasmablasts by ASC, neither in the presence of activated T cells nor upon anti-IgM1 agonist anti-CD401 IL-2 stimulation
(Stimuli). Abbreviations: ASC, adipose tissue-derived mesenchymal or stromal stem cells; CFSE, carboxyfluorescein succinimidyl ester;
PMA, phorbol 12-myristate 13-acetate.
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Figure 3. Continued.

Figure 4. ASC increase the percentage of na€ıve B cells. (A): ASC affect the balance between CD272 and CD271 B cells by increasing
the percentage of CD272 B cells. (B): This increase was mainly associated with an increase in the CD38high subpopulation. Representa-
tive plots of the effect of ASC on CD38 expression on CD272 B cells are shown. Abbreviation: ASC, adipose tissue-derived mesenchymal
or stromal stem cells.
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[49, 50]. We used these markers to study the potential induc-
tion of regulatory B cells by ASC (Fig. 5A).

B cells stimulated by the cocktail demonstrated around
0.6%6 0.3% of regulatory B cells while in the presence of
ASC this percentage was increased to 10.5%6 1.5% (Fig. 5A).
The main characteristic of regulatory B cells is the expression

of IL-10, which is assumed to be responsible for their regula-
tory function. We studied IL-10 secretion by B cells by analyz-
ing coculture supernatants ASC did not secrete IL-10 and
stimulated B cells produced very low levels of IL-10 (Fig. 5B).
However, in the presence of ASC, IL-10 levels were signifi-
cantly increased. The increased levels of IL-10 were associated

Figure 5. ASC induce regulatory B-cell formation. (A): ASC induce CD191CD38highCD24high B cells, a phenotype consistent with regula-
tory B-cell function. (B): The increase in CD191CD38highCD24high B cells in the presence of ASC was correlated with increased levels of
IL-10 in coculture supernatants and with IL-10 gene expression in B cells. (C): The percentage of IL-10-producing CD191 cells was
increased by ASC. Representative plots show the increased IL-10 intracellular staining in B cells after coculture with ASC. (D): The upreg-
ulation of IL-101CD191 cells by ASC was already evident after 3 days of coculture and remained at equivalent levels until day 10 (left
graph). The IL-6R blocker Tocilizumab did not abrogate regulatory B-cell formation by ASC (right graph). (E): The production of IL-10 was
mainly observed among the CD24high CD38high sorted cells. While there are IL-10-producing B cells in the CD24Int CD38Int, they are
almost inexistent in the CD24high CD382 fraction. The right panel shows FMO as a gating control and representative plots of the sorted
fractions. Abbreviations: ASC, adipose tissue-derived mesenchymal or stromal stem cells; FMO, fluorescence minus one.
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with increased IL-10 mRNA levels in B cells cocultured with
ASC (Fig. 5B).

To demonstrate IL-10 protein production in B cells upon
coculture with ASC, intracellular staining for IL-10 was per-
formed (Fig. 5C). The percentage of IL-10-producing B cells
increased from 3.4% under control conditions to 15.7% in the
presence of ASC. The upregulation of IL-10-producing B cells
was already detectable after 3 days of coculture and was
maintained up to day 10 (Fig. 5D).

Finally, we investigated whether we could isolate the IL-
10-producing B cells with potential therapeutic application
based on their cell surface phenotype. We analyzed the
capacity of sorted regulatory B cells to produce IL-10 in com-
parison with other B-cell fractions: CD191 CD24Int CD38Int

(primarily mature B cells) and CD191 CD24high CD382 (primar-
ily mature memory B cells) [49] after a 5 hours restimulation
with PMA/Iono. The number of IL-10-producing cells was sig-
nificantly higher in the CD191 CD24high CD38high regulatory
B-cell subset than in the other subsets (Fig. 5E). This shows
that we can induce regulatory B cells by ASC and purify them
by fluorescence-activated cell sorting.

DISCUSSION

This article addressed how ASC affect proliferation, differentia-
tion, and function of B cells. We found that ASC exert an indirect
effect on B-cell proliferation through immunomodulation of T
cells and a direct effect on B cells by inhibiting plasmablast dif-
ferentiation and induction of IL-10-producing regulatory B cells.

ASC supported the survival of B cells partially in a
contact-dependent manner, which is in line with the observa-
tions of others [23] who described a cell cycle arrest of B cells
when cocultured with ASC. Thus, in the absence of antigen
stimulation, ASC maintain B cells in a quiescent state and
keep B-cell subset composition unchanged. This effect associ-
ates well with the stromal origin of ASC, where they maintain
tissue and immune homeostasis [51].

Regarding the effect of ASC on activated B cells, some con-
troversy exists on the effect of ASC on B-cell proliferation and
differentiation (reviewed in [21]). The varying results obtained
in different studies may be explained by different stimulation

methods and by the B-cell source used. This study focused on
T-cell-dependent B-cell responses, which play a major role in
the progression of some autoimmune diseases and in organ
transplant rejection. As a source of B cells, CD432 untouched
B cells were isolated from tonsils. The use of CD432 B cells
from tonsils has the advantage that large numbers of quiescent
B cells can be isolated, which improves the reproducibility of
results and offers potential for uniform stimulation.

ASC were only able to inhibit B-cell proliferation in the
presence of T cells. It is known that inflammatory cytokines,
in particular IFN-c, are required to induce the antiproliferative
effect of ASC on T cells [52]. IFN-c increases the expression of
IDO and the inhibitory/coinhibitory molecule PD-L1 on ASC,
which reduces the capacity of T cells to proliferate. Our results
suggest that the requirement for activation of ASC also applies
to the inhibition of B-cell proliferation. In the absence of acti-
vated T cells, IFN-c levels are low and ASC may not receive suf-
ficient stimulus to induce an antiproliferative effects on B cells.
These results suggest that ASC act in a feedback loop on B-cell
proliferation. We propose that the activation of T cells leads to
IFN-c and other inflammatory cytokine production, which in
turn will activate ASC to dampen the proliferative response of
both T and B cells (Fig. 6).

In contrast, ASC exerted direct effects on B cells by ham-
pering the differentiation of B cells into antibody secreting
cells. The presence of T cells was not required for the inhibi-
tion of B-cell differentiation into plasmablasts, as the effect
was also observed when B cells were stimulated with a cock-
tail of antibodies (low dose anti-IgM, CD40 agonist) and cyto-
kines (IL-2) to mimic antigen and T-cell help. Previously it was
shown that MSC reduced antibody production in vivo in oval-
bumin immunized mice [53]. In this model, CCL2 and CCL7
secreted by MSC were responsible for the reduction in immu-
noglobulin production. Similar results were found for
lipopolysaccharide-activated B-cell differentiation and immu-
noglobulin production [22]. The fact that ASC inhibit immuno-
globulin production independent of T cells suggests that ASC
are capable of downregulating ongoing or chronic humoral
responses when T-cell help is no longer required for building
up the immune response.

While ASC on one hand reduced plasmablast formation,
on the other hand they promoted development of

Figure 6. Model of the interactions between adipose tissue-derived MSC (ASC), B cells, and T cells. ASC have an inhibitory effect on
plasmablast differentiation and a stimulatory effect on regulatory B-cell formation, independently of T cells. The inhibition of B-cell
proliferation is mediated via T cells. Abbreviation: MSC, mesenchymal or stromal stem cells.
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CD191CD24highCD38high IL-10 secreting B cells (Fig. 6). These
cells resemble a transitional B-cell phenotype and have regu-
latory properties by the secretion of IL-10 [50]. Moreover,
they are associated with the control of autoimmune and
inflammatory diseases [54]. The induction of regulatory B cells
by ASC is interesting from a therapeutic point of view and
recently it has been published that CD51 IL-10 secreting B
cells are expanded in patients with refractory graft versus
host disease after MSC treatment [26]. CD51 IL-10-producing
B cells have been shown to be included in the
CD191CD24highCD38high subset [49] and exert a regulatory
function on activated T cells. Expansion of regulatory B cells
has been suggested to be an approach for the treatment of
autoimmune disease [50]. In vivo induction of regulatory B
cells by administration of ASC is an alternative way to achieve
this. Regulatory B cells may represent one of the drivers of
the immunomodulatory effect seen after administration of
ASC. Recent evidence suggests that ASC have a short lifetime
after administration [55], and the induction of regulatory B
cells by ASC may be a mechanism that prolongs the immuno-
modulatory effects of ASC, even after they are no longer pres-
ent in the recipient.

CONCLUSIONS

In summary, this work demonstrates that ASC have the
capacity to modulate the B-cell response to antigen by regu-
lating B-cell differentiation. Our work indicates that ASC
induce the formation of B cells with regulatory properties,
whereas they limit the formation of plasma cells with
antibody-producing properties. ASC may represent a therapeu-
tic option for the treatment of B cell-mediated disorders and

humoral rejection of organ transplants or alternatively they
can be a tool for in vitro generation of regulatory B cells.
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