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Summary

While much is known about tolerogenic dendritic cell effects on forkhead
box protein 3 (FoxP3)+ regulatory T cells, virtually nothing is known about
their effects on another arm of immunoregulation that is mediated by a
subpopulation of immunosuppressive B cells. These cells suppress rheuma-
toid arthritis, lupus and inflammatory bowel disease in mice, and functional
defects have been reported in human lupus. We show that co-stimulation-
impaired tolerogenic dendritic cells that prevent and reverse type 1 diabetes
mellitus induce the proliferation of human immunosuppressive B cells in
vitro. We also show that the suppressive properties of these B cells concen-
trate inside the CD19+CD24+ B cell population and more specifically inside
the CD19+CD24+CD38+ regulatory B cell population. We discovered that B
cell conversion into suppressive cells in vitro is partially dependent on
dendritic cell production of retinoic acid and also that CD19+CD24+CD38+ B
regulatory cells express retinoic acid receptors. Taken together, our data
suggest a model whereby part of the immunosuppressive properties of
human tolerogenic dendritic cells could be mediated by retinoic acid which,
in addition to its known role in favouring T cell differentiation to FoxP3+

regulatory T cells, acts to convert B cells into immunosuppressive cells.
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Introduction

Historically, B lymphocytes have been considered primarily
as antibody-producing and secondarily, as antigen-
presenting cells [1,2]. Given their role in producing patho-
genic antibodies, especially in rheumatic diseases and
systemic lupus erythematosus (SLE) [3,4], B lymphocytes
have been targeted for immunomodulation by therapeutic
depletion and other methods [5–8]. The involvement
of B lymphocytes in type 1 diabetes mellitus (T1D)
aetiopathogenesis was shown initially in the non-obese dia-
betic (NOD) mouse strain, where B lymphocyte-deficient
mice or those treated with anti-immunoglobulin (Ig)M
antibodies were protected significantly from disease [9,10].
In T1D, which is a T cell-driven autoimmune disease target-
ing the insulin-producing beta cells of the pancreatic islets
of Langerhans, the pathogenic role of B lymphocytes has
rested so far largely in their ability to act as antigen-
presenting cells [11–16], producers of autoreactive antibod-
ies [17,18] and modulators of the type of T cells that enter

and are active within the pancreatic and islet environment
[19]. B lymphocyte depletion, by anti-CD20 antibodies,
stably prevented and, in some instances, reversed T1DM in
NOD mice [20,21]. These observations motivated a clinical
trial of the human anti-CD20 antibody (Rituximab) to pre-
serve residual beta cell mass in new-onset T1D patients. The
results are suggestive of a mild but statistically significant
maintenance of beta cell function compared to untreated
individuals [22].

Despite the large body of evidence supporting a patho-
genic role for B lymphocytes in autoimmunity, important
and reproducible data have suggested strongly that B lym-
phocytes could also act as immune suppressor cells [23].
These seemingly disparate observations were recently rec-
onciled with the identification of at least two B lymphocyte
populations that are inherently immunosuppressive, whose
frequency and, possibly, activity, may change over time and
during perturbations in peripheral tolerance [23,24]. Thus,
under normal immune homeostasis, immunosuppressive B
lymphocytes, now termed ‘regulatory B cells’ (Bregs), exist to
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maintain normal tolerance as part of an extended network
of tolerogenic cells that include dendritic cells (DC) and
regulatory T cells (Tregs).

Even though a number of cell surface markers character-
ize seemingly different populations of Bregs (reviewed
in [23]), much attention has focused on a rare splenic
B lymphocyte population in mice, whose existence was
confirmed recently in humans [25], that expresses
CD19highCD1dhighCD5+ and can suppress experimental
contact hypersensitivity (CHS) in an antigen-restricted and
interleukin (IL)-10-dependent manner [24,26,27]. In mice,
these cells represent about 1% of total splenic B cells. Adop-
tive transfer of these B lymphocytes in a contact hypersensi-
tivity mouse model effectively reduced inflammation in
recipient mice sensitized with the same, but not with a dif-
ferent, chemical indicating that the suppressive function
was antigen-specific. These cells required IL-10 for their
suppressive effect [24,26,27]. In addition to these IL-10-
producing cells, termed ‘B10’ Bregs, immature B lymphocytes
which are probably transitional B220highCD21+CD23+

in phenotype, have been shown to suppress the adoptive
transfer of T1D into immunodeficient NOD mice with dia-
betogenic immune cells [20]. B lymphocyte receptor-
stimulated B cells from NOD mice delayed T1D in
syngeneic prediabetic recipients, an effect dependent upon
IL-10 [28]. Whether Bregs are deficient in frequency or func-
tion (or both) in T1D or whether purified/expanded Bregs

from peripheral blood could be therapeutic, analogous to
CD4+CD25+ Tregs, remains to be established.

An unexpected outcome of a Phase I clinical trial, where
co-stimulation-impaired, tolerogenic autologous DC were
administered to established T1D patients, was an increased
frequency of B220+CD11c– cells. Although B220 on its own
does not identify any specific immune cell population, as it
is expressed in activated T cells and CD27– B cells [29,30],
this phenomenon provoked a suspicion that B cells could
represent the bulk of these cells. Flow cytometric surface
phenotyping of the B220+CD11c– cells [31] suggested
that they represented a late transitional B cell popula-
tion that shared some cell surface proteins
(CD5+CD10+CD24+CD38intermediate IL-10+) with at least one
population of human Bregs reported and characterized
recently [23,32,33]). We therefore hypothesized that the
ex-vivo generated tolerogenic DC promoted suppressive B
cell activity in part by increasing the frequency of such cells.
In support of this hypothesis were data showing that
CD19+B220+CD11c– IL-10+ cells obtained from freshly
obtained peripheral blood mononuclear cells (PBMC) of
recipients of the tolerogenic DC significantly suppressed the
proliferation of T cells in allogeneic mixed leucocyte reac-
tion cultures in vitro [31]. However, these data did not
establish causality, nor did they offer substantive mechanis-
tic insights into how tolerogenic DC might promote sup-
pressive B cell activity. Herein, we provide novel data which
directly address these questions.

These data suggest that the networks of tolerance against
autoimmunity are not limited to T cells, but include B cells
where a suppressive phenotype can be imprinted and
modulated by tolerogenic DC.

Materials and methods

Enrichment and purification of human B and T cells

PBMC were obtained from whole blood of healthy adult
volunteers from the Central Blood Bank of Pittsburgh,
according to acceptable standards as mandated by the local
Ethics Boards. Blood was diluted 1:1:1 with sterile
phosphate-buffered saline (PBS) and Ficoll-Paque PLUS
(Stem Cell Technologies, Vancouver, Canada) and then
layered on the bottom of a sterile polypropylene tube. The
blood was then centrifuged at 250 g for 30 min and the
PBMC layer was removed. The PBMC were further washed
in PBS and frozen, used directly in experiments or further
enriched into specific immune cell populations by fluores-
cence activated cell sorter (FACS) or magnet-assisted cell
separation/enrichment. For some experiments, frozen
PBMC were thawed, separated or FACS-sorted into specific
cell populations. Only viable cells (>90% viable as assessed
by the LIVE/DEAD reagent (Invitrogen, Grand Island, NY,
USA) by flow cytometry of an aliquot of the thawed cells)
were considered in experiments using frozen PBMC as a
source of cells.

B cell enrichment

Depending on the experiment and the abundance of B cell
populations required, specific cell subsets were obtained
either by FACS-sorting from freshly collected PBMC or by
FACS-sorting from PBMC enriched into CD19+ cells. We
routinely used the EasySep Human B cell Enrichment
System (Stem Cell Technologies) to enrich CD19+ B cells
from freshly collected or previously frozen PBMC. When
using these enriched CD19+ cells as the source of specific
populations, a series of non-overlapping fluorophore-
conjugated antibodies were added prior to sorting by FACS.
In some experiments, freshly collected PBMC or enriched
CD19+ cells were processed to capture IL-10-secreting cells
using the human IL-10 secretion system (Miltenyi Biotec,
Bergisch Gladbach, Germany) prior to cell sorting by FACS.
Alternatively, where indicated, IL-10-secreting B cells were
enriched directly from FACS-sorted CD19+B220+CD11c–

cells (from freshly collected whole PBMC). The human
Bregs reported by Blair et al. [32], characterized as
CD19+CD24+/intermediate CD27+CD38+/intermediate, were FACS-
sorted from freshly collected PBMC or from PBMC cell cul-
tures following staining with antibodies listed in the figure
legends. We used the LIVE/DEAD cell viability reagent
(Invitrogen) in all flow cytometry and FACS-sorting
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to ensure that only live cells would be considered in the
purification and in the analyses.

T cell enrichment

T cells were enriched routinely over a high-affinity CD3
negative selection column (R&D Systems, Minneapolis,
MN, USA). Freshly obtained PBMC were loaded onto Ig
and anti-Ig-coated beads. B cells bind to anti-Ig-coated
beads by F(ab)-surface Ig interactions. Monocytes bind to
Ig-coated beads via Fc interactions. The resulting column
eluate contains highly enriched T cell populations (rou-
tinely >90% CD3+ enrichment). The T cells were used in
proliferation assays in B cell co-culture as described below.

Generation of human DC in vitro

The methods for generating the two human DC popula-
tions (control and immunosuppressive) have been
described elsewhere [31]. Control DC (cDC), which are
phenotypically immature, were obtained from PBMC pre-
cursors after a 6-day culture in vitro in the presence of
granulocyte–macrophage colony-stimulating factor (GM-
CSF) and IL-4 [31]. Tolerogenic co-stimulation impaired
immunosuppressive DC (iDC) were generated similarly to
cDC; however, the 6-day culture was supplemented with
phosphorothioate-modified anti-sense oligonucleotides
targeting the 5′ end of the CD40, CD80 and CD86 gene
primary transcripts during the culture period [31]. Each of
the anti-sense oligonucleotides were added to the culture at
a final concentration of 3·3 mM. The sequences of each of
the anti-sense oligonucleotides are: CD40: 5′-ACT GGG
CGC CCG AGC GAG GCC TCT GCT GAC-3′; CD80:
5′-TTG CTC ACG TAG AAG ACC CTC CCA GTG ATG-3′;
and CD86: 5′-AAG GAG TAT TTG CGA GCT CCC CGT
ACC TCC-3′ [31]. On day 6 of the cDC and iDC cultures,
the cells were harvested and checked for viability (trypan
blue) and purity (forward- versus side-scatter plots and per-
centage of CD11c+ cells by flow cytometry) prior to further
experimentation.

FACS and flow cytometry

FACS and flow cytometry were performed using a
FACSCalibur or a FACSVantage workstation with Aria or
Diva support (BD Biosciences, San Jose, CA, USA). For flow
cytometry, the specific event acquisition gates were estab-
lished using appropriate isotype antibody controls. Freshly
obtained PBMC (1 × 105–2 × 106) or enriched CD19+ cells
from freshly obtained PBMC were stained with human-
specific antibodies, purchased from BD Biosciences unless
noted otherwise. Antibodies for B cells were CD27 (clone
M-T271), CD38 (clone HIT2), CD19 (clone SJ25C1), CD24
(clone ML5), CD5 (clone UCHT2), B220 (clone RA3-6B2),
CD1d (clone CD1d142) and IL-10 (internal; JES3-19F1).

We used the LIVE/DEAD cell viability reagent (Invitrogen)
in all flow cytometry and FACS sorting to ensure that only
live cells would be considered in the purification and in the
analyses.

When FACS was used to enrich DC or when DC were
characterized by flow cytometry, we used Fc-Block pretreat-
ment (BD Biosciences) prior to antibody staining. We used
clone B-ly6 (BD Biosciences) for CD11c-specific FACS and
flow cytometry.

Detection and enrichment of RA-producing DC

To detect and enrich retinoic acid (RA)-producing DC from
the GM-CSF/IL-4 cultures (cDC or iDC), we used the
Aldefluor reagent (Stem Cell Technologies), a substrate of
aldehyde dehydrogenases (ALDH) which are the rate-
limiting enzymes for RA biosynthesis [34,35]. In the pres-
ence of bioactive enzyme, the substrate is converted into a
fluorescent product and cells with such bioactivity are
readily detectable to facilitate cell sorting or flow cytometry.
Cells were stained with CD11c-specific antibodies and then
co-treated as directed by the manufacturer with Aldefluor.
The CD11c+Aldefluor+ cells were sorted by FACS, or their
frequency was measured by flow cytometry.

Proliferation of B cell populations in the presence of
DC in vitro

Freshly isolated PBMC (1 × 105–2 × 105), enriched CD19+

cells or specific B cell populations purified from freshly col-
lected PBMC by FACS were placed into culture with or
without an equal number of cDC, iDC or vehicle control in
RPMI-1640 with 10% fetal bovine serum (FBS), supple-
mented with 2 mM L-glutamine, 1 mM sodium pyruvate,
1× MEM-NEAA, 55 mM 2-mercaptoethanol and 100 μg/ml
gentamicin (all purchased from Gibco-Invitrogen,
Carlsbad, CA, USA). Proliferation of B cell populations was
measured by flow cytometry [36–38] using a commercial
5-bromo-2-deoxyuridine (BrdU)+-containing kit (BrdU
Flow Kit; BD Biosciences) in combination with antibodies
to characterize the proliferating cells (antibodies as listed
earlier). BrdU was added to individual wells on the final
day of culture to a final concentration of 1 mM. We used
the LIVE/DEAD cell viability reagent (Invitrogen) in all
flow cytometry and FACS-sorting to ensure that only live
cells would be considered in the purification and in the
analyses. Where shown, absolute cell numbers were calcu-
lated by multiplying the frequency of the specific cell popu-
lation inside the live total cell gate in the flow cytometry by
the total number of cells in the culture well [determined by
Coulter counter measurement (Z1 instrument, Beckman
Coulter, CA, USA)].

In-vitro mixed leucocyte suppression assay

CD19+CD24+ cells, CD19+CD24+CD38+ B cells and
CD19+CD24–CD38– cells FACS-purified directly from
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freshly procured PBMC or from 48–72 h cDC/iDC : CD19+

B cell co-cultures were added to allogeneic irradiated PBMC
and syngeneic T cells in vitro for standard mixed leucocyte
T cell proliferation assays (mixed leucocyte cultures: MLC)
in RPMI-1640 with 10% FBS, supplemented with 2 mM
L-glutamine, 1 mM sodium pyruvate, 1× MEM-NEAA,
55 mM 2-mercaptoethanol and 100 μg/ml gentamicin
(all purchased from Gibco-Invitrogen). Equal numbers
(1 × 105–2 × 105 cells) of irradiated allogeneic PBMC were
added to equal numbers of CD3+ T cells (T cells and B cells
were from the same individual). B cell populations were
added at a 1:10 ratio (to T cells). T cell proliferation was
measured after 5 days by BrdU flow cytometry [36–38]. We
used the LIVE/DEAD cell viability reagent (Invitrogen) to
ensure that the measurements considered live cells. Where
shown, cell numbers were calculated by multiplying the
frequency of the specific cell population inside the live
total cell gate in the flow cytometry by the total number of
cells in the culture well determined by Coulter counter
measurement.

Gene expression analysis

Two × 106 FACS-sorted CD19+CD24+CD38+ B cells from
freshly collected PBMC of healthy adults were prepared
for real-time, semi-quantitative reverse transcription–
polymerase chain reaction (RT–PCR) to detect the steady
state expression or RA receptors. Total RNA was isolated
using the RNEasy mRNA Isolation System (Qiagen, Valen-
cia, CA, USA). cDNA was synthesiszed using the
SuperScript III System (Invitrogen) and then real-time PCR
was conducted with the iQ SYBR Green Mix (Bio-Rad, Her-
cules, CA, USA) in an iCycler. Relative steady-state mRNA
levels were calculated based on the 2Δ-ΔCt method after cor-
rection for beta actin gene expression levels.

The primer sequences used were identical to those used
by Ballow et al. [39], as follows: RAR-α1 forward 5′-
AGGCGCTCTGACCACTCTCCA-3′, reverse 5′-CCCA
CTTCAAAGCACTTCTG-3′; RAR-α2 forward 5′-ATG
TACGAGAGTGTGGAAGTCGGG-3′, reverse 5′-CCCAC
TTCAAAGCACTTCTG-3′; RAR-β2 forward 5′-TGGATGT
TCTGTCAGTGAGTCCT-3′, reverse 5′-CCCACTTCAA
AGCACTTCTG-3′; RAR-γ1 forward 5′-GCCACCAAT
AAGGAGCGACTC-3′, reverse 5′-CCCACTTCAAAG
CACTTCTG-3′; and RAR-γ2 forward 5′-GCGATG
TACGACTGTATGGAAACG-3′, reverse 5′ CCCACTT
CAAAGCACTTCTG-3′.

Treatment of B cells and DC : B cell co-cultures with
RA or selective pan-RAR antagonist ER50891 in vitro

Purified, lipopolysaccharide (LPS)-free all-trans RA (RA;
Sigma Aldrich, St Louis, MO, USA) was added to 2 × 106

freshly-collected, cultured PBMC from normal human
adult donors at 20 nM final concentration in 24-well plates.

Cells were incubated in RPMI-1640 with 10% FBS, supple-
mented with 2 mM L-glutamine, 1 mM sodium pyruvate,
1× MEM-NEAA, 55 mM 2-mercaptoethanol and 100 μg/ml
gentamicin (all purchased from Gibco-Invitrogen) at 37
degrees for 24–72 h, depending on the particular experi-
ment. The cells were then washed extensively and
CD19+CD24+CD38+ B cell frequency was measured by flow
cytometry. Similarly, 2 × 106 CD19+ B cells were added to
equal numbers of iDC in the presence or absence of the
pan-RAR selective antagonist ER50891 (Tocris Biosciences,
Minneapolis, MN, USA) at a final concentration of 1 μM
for 72 h. The B cells and/or DC were subsequently isolated
by magnet assistance for further analysis.

Statistical analysis of the data

Statistically relevant differences among means (Student’s
t-test, analysis of variance: anova) and medians (paired
Wilcoxon’s test) were ascertained using GraphPad Prism
version 4 software (GraphPad, La Jolla, CA, USA). In all sta-
tistical analyses, a P-value < 0·05 was considered to repre-
sent statistically significant differences.

Results

The immunosuppressive subpopulation in the
DC-sensitive CD19+B220+CD11c– IL-10+ B cells consists
of CD19+CD24+ B cells and, in particular, suppressive
CD19+CD24+CD27+CD38+ B cells

We have shown previously that T1D patients treated with
cDC or iDC exhibit an increase in the frequency of
B220+CD11c– cells in the peripheral blood [31].

Flow cytometry of these cells [31] suggested that
they represented a late transitional B cell population
that shared some cell surface proteins (CD5+CD10+

CD24+CD38intermediate) with at least one population of human
Bregs recently reported and characterized [23,32,33]). Thus,
we hypothesized that the increase in the frequency of
B220+CD11c– cells in DC recipients was a consequence of,
and reflected an increase in, the number of constituent sup-
pressive immunoregulatory B cell populations that express
B220 on the surface, even though B220 on its own does not
define B cells [29,30]. We discovered subsequently that a
population of CD19+B220+CD11c– IL-10+ cells accounted
for an average of 48% of the B220+CD11c– cells (V. D. C., B.
P. and N. G., unpublished data) and, more importantly, that
the CD19+B220+CD11c– IL-10+ population was immuno-
suppressive in vitro [31].

To date, two human B cell populations with immunosup-
pressive ability in vitro have been characterized, mainly
by cell surface markers [23,25,26,32,40]. Although both
populations produce IL-10, their surface phenotypes are
different. ‘B10’ Bregs express the CD1d and CD5 markers
[25,26], whereas the other suppressive cells are character-
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ized specifically as CD19+CD24+/intermediateCD38+/intermediate

[23,32,40]. We first asked if the suppressive properties of
the CD19+B220+CD11c– IL-10+ B cells shown in [31] were
concentrated in either or both of the currently character-
ized Bregs (CD19+CD1d+CD5+ or CD19+CD24+CD27+CD38+

B cells [23,25,26,32,40]), or if other novel CD19+ cell popu-
lations inside the parental CD19+B220+CD11c– IL-10+ cell
population possessed suppressive ability. Using flow
cytometry (Supplementary Fig. S1 shows the approach), we
determined that CD19+CD24+CD27+CD38+ cells accounted
for 19·85% (median) of FACS-sorted CD11c–B220+CD19+

IL-10+ cells from freshly acquired PBMC (Fig. 1a; n = 6
healthy unrelated adult individuals). We did not detect any
B10 Bregs (CD19+CD1d+CD5+ IL-10+ cells) [25] inside the
CD11c–B220+CD19+ IL-10+ population (not shown).

CD19+ cells enriched from freshly collected PBMC were
then FACS-sorted into three B cell populations: (i) CD11c–

CD19+CD24+, (ii) CD11c–CD19+CD24+CD27–CD38– and
(iii) CD11c–CD19+CD24+CD27+CD38+ cells (sorting
approach shown in Supplementary Fig. S2a and purity of
the sorted cells shown in Supplementary Fig. S2b,c). Unlike
the CD11c–CD19+CD24+CD27+CD38+ cells, the CD11c–

CD19+CD24+CD27–CD38– cells were unable to suppress T
cell proliferation in allogeneic MLC (Fig. 1b,c). Unexpect-
edly, FACS-sorted CD11c–CD19+CD24+ cells exhibited
statistically similar suppressive ability as the CD19+

CD24+CD27+CD38+ B cells (Fig. 1b,c). In all instances, the
lower T cell frequency (Fig. 1c) in the MLC was due to
decreased proliferation and absolute numbers of live CD3+

T cells (Fig. 1c,d) and not to an increase in the numbers of
dead cells (including T cells) or changes in B cell frequency
(Supplementary Figs S3 and S4).

Human iDC increase the frequency of suppressive
CD19+CD24+CD38+ B cells in vitro

We hypothesized that iDC could directly affect the fre-
quency of the suppressive CD19+CD24+CD27+CD38+ B cells
and that a potentially significant increase in their number
could account for the increased frequency of B220+CD11c–

cells in the PBMC of iDC recipients [31]. To test this, freshly
collected PBMC from healthy adults were enriched into
CD19+ cells. Of these cells, 2 × 106 were then cultured in
the presence of an equal number of autologous cDC, iDC
(generated from the same PBMC) or PBS vehicle for 3 days.
The frequency of CD19+CD24+CD38+ cells in those
co-cultures was then measured by flow cytometry. Figure 2a
shows that, in the presence of iDC, the frequency of
CD19+CD24+CD38+ B cells was increased significantly. Fur-
thermore, the frequency of CD27+ cells inside the
CD19+CD24+CD38+ population was increased substantially.
This increase in frequency was due specifically to an
increase in the proliferation of CD19+CD24+CD38+ cells,
especially the CD27+ subpopulation (measured as the fre-
quency and absolute number of BrdU+ cells; Fig. 2a,b).

Interestingly, exposure of the CD19+ B cells to the iDC
increased significantly the numbers of viable cells in general
(Fig. 2a, P2 peak in the LIVE/DEAD histogram at the top).
When comparing the segregation of the individual cell
surface markers used to identify the B cells, the only dis-
cernible difference is in the generation of two peaks repre-
senting the CD19+ population in the presence of cDC or
iDC (Fig. 2c). There are no other significant differences in
the segregation of the other markers used (CD24, CD27,
CD38; Fig. 2c). Specificity of the antibodies and non-
specific antibody binding was controlled by the appropriate
isotypes (Supplementary Fig. S5).

Human cDC and iDC express the rate-limiting enzyme
for RA biosynthesis and produce RA in vitro

Gene chip-based expression analysis of the autologous DC
used in the Phase I trial [31] revealed that the rate-limiting
enzyme for RA biosynthesis, ALDH1A2, was expressed in
cDC and iDC generated from PBMC of normal adults (data
not shown). To confirm the gene chip data and to demon-
strate that cDC and iDC produce RA, we employed a
reagent (Aldefluor) that reacts with RA-producing cells to
identify and measure the frequency of RA-producing cells
by flow cytometry.

In Fig. 3a we show that cDC and iDC generated in vitro
from the PBMC of two genetically discordant healthy
adults react with Aldefluor. iDC are more reactive with
Aldefluor compared to cDC on a per-cell basis [based on
mean fluorescence intensity (MFI) measurements]. Fur-
thermore, the frequency of iDC that are Aldefluor+CD11c+

is higher than cDC that are Aldefluor+CD11c+ in DC gener-
ated from the PBMC of six unrelated healthy adults (sum-
marized in the graph in Fig. 3b). To ensure that Aldefluor
positivity was concentrated specifically inside the CD11c+

population, we repeated the flow cytometry by first gating
CD11c+ cells and then measuring the frequency and MFI of
Aldefluor+ cells inside the CD11c+ cell gate (Supplementary
Fig. S6). This analysis confirmed our findings shown in
Fig. 3a,b. Taken together, these data suggest that the
increased Aldefluor reactivity in iDC compared to the cDC,
even though both populations produce RA, is a conse-
quence of more RA production by iDC compared to cDC
on a per cell basis (MFI of Aldefluor in cDC versus iDC in
Supplementary Fig. S6).

Human CD19+CD24+CD38+ Bregs express RA receptors

That cDC and iDC produced RA (Fig. 3a) and the evidence
that RA is part of a mechanism that determines the genera-
tion of Tregs and possibly Bregs in the periphery [41–47], com-
pelled us to propose that Breg biology might be regulated
by RA. This would crucially depend upon Bregs express-
ing receptors for RA. As the frequency of the
CD19+CD24+CD38+ Bregs is rare in freshly collected PBMC,
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Fig. 1. Frequency and suppressive character in vitro of CD19+CD24+ B cells from freshly collected peripheral blood mononuclear cells (PBMC) from

normal healthy humans. (a) The graph summarizes the median and the range of the % CD19+CD24+CD27+CD38+ B cells [human regulatory B cell

(hBreg) constituent] in CD19+B220+CD11c– IL-10+ cells in freshly obtained PBMC of six normal healthy adults. (b) CD19+CD24+ B cells are

suppressive in allogeneic mixed lymphocyte reaction (MLR) in vitro. The graph summarizes the proliferation of T cells in co-cultures consisting of

column-enriched PBMC-derived T cells, PBMC-derived flow-sorted CD19+CD24+CD27–CD38– B cells, flow-sorted CD19+CD24+CD38+ B cells,

flow-sorted CD19+CD24–CD38– B cells and allogeneic irradiated human PBMC. The suppressive ability of the CD19+CD24+ B cells (represented by

the 5th bar from the left of the graph) is compared to that of the characterized CD19+CD24+CD38+ Bregs (represented by the 6th bar from the left).

The bars in the graph shows the mean 5-bromo-2-deoxyuridine (BrdU)+ cells as a percentage of total viable cells in quintiplicate co-cultures. The

error bars show the standard error of the mean (s.e.m.). Statistically relevant differences are shown in the graph as analysed using two-way analysis

of variance (anova). These data are representative of six independently conducted experiments on separate occasions. T: T cells alone; P: irradiated

allogeneic PBMC; B: CD19+CD24+ cells alone. (c) The bars in the graph shows the absolute numbers of viable CD3+ T cells in co-cultures established

as described in (b). The error bars show the s.e.m. of quintiplicate co-cultures. Statistically relevant differences are shown in the graph as analysed

using two-way anova. These data are representative of three independently conducted experiments on separate occasions. (d) The bars in the graph

show the absolute numbers of proliferating (BrdU+) live CD3+ T cells in co-cultures established as described in (b). The error bars show the s.e.m. of

quintiplicate co-cultures. Statistically relevant differences are shown in the graph as analysed using two-way anova. These data are representative of

three independently conducted experiments on separate occasions.
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Fig. 2. The frequency and absolute cell numbers of suppressive B cells is increased in co-culture with control DC (cDC) and immunosuppressive

DC (iDC) in vitro. (a) Flow cytometry was conducted as shown. The frequency of human suppressive B cells (CD19+CD24+CD38+CD27+/–)

measured after a 2-day co-culture of thawed normal human donor peripheral blood mononuclear cells (PBMC) with autologous cDC or iDC

generated from the same PBMC donor. The quadrant plots at the top of the figure show the frequency of CD19+CD11c– cells as a percentage of

total viable cells in culture. The quadrant plots in the lower middle of the figure show the CD24+CD38+/intermediate cell frequency as a percentage of

CD19+CD11c– cells. The quadrant plots and histograms at the bottom serve to distinguish whether the differences in the frequencies of the B cells

analysed in the preceding quadrants are due to changes in the expression of single surface molecules (CD27) or to proliferative/differentiation events

[5-bromo-2-deoxyuridine (BrdU)+] in response to provision of the DC in the co-culture. These data are representative of the outcome of triplicate

co-cultures on at least two independent occasions using PBMC from two unrelated healthy adults. The events coloured green represent the

CD38+CD24+ cells inside the CD19+CD11c– parental population. The events in yellow represent the BrdU+ cells and the events in light blue represent

the CD27+ cells. (b) A graphical summary of the frequency (upper graphs) and the absolute number (lower graphs) of CD19+CD24+CD38+CD11c–

B cells detected in 2- day co-cultures of freshly collected PBMC and control DC (cDC) or immunosuppressive DC (iDC). The graphs at the top

summarize the frequency of proliferative (BrdU) cells as a percentage of CD19+CD24+CD38+CD11c– B cells (top left) and as a percentage of

CD27+CD19+CD24+CD38+CD11c– B cells (top right). The graphs at the bottom summarize the absolute cell numbers of CD19+CD24+CD38+CD11c–

B cells (bottom left) and of CD27+CD19+CD24+CD38+CD11c– B cells (bottom right). The bars in the graphs show the mean of triplicate co-cultures

and the error bars the standard error of the mean (s.e.m.). In all three graphs, the differences among the means were stastitically significant, as

shown above each graph [two-way analysis of variance (anova)]. (c) Other than the acquisition of a biphasic CD19+ expression pattern, the

segregation of surface proteins on the co-cultured cells was not significantly different among control, cDC and iDC conditions after 2 days. The data

are representative of at least four independent co-cultures of thawed PBMC with cDC, iDC or media control.
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protein-based quantitation of RA receptor isoforms less
abundant than the major alpha isoform is challenging (e.g.
Western blotting). We chose instead to measure steady-state
mRNA to determine RA receptor expression and to then
compare the relative expression levels of the isoforms using
real-time semiquantitative RT–PCR. We established that

only RAR alpha 1 and alpha 2 were amplifiable by RT–PCR
from total RNA of purified CD19+CD24+CD38+ Bregs

(Fig. 3c). Following subsequent RT–quantitative PCR
(qPCR) amplifications, when setting the absolute expres-
sion levels of RAR alpha 1 to a value of 1, it became appar-
ent that RAR alpha 2, even as it is expressed when compared
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to RAR alpha 1, is expressed at significantly lower relative
levels (Fig. 3c). RAR beta and gamma were undetectable in
all attempts to reverse-transcribe and then amplify from
total RNA.

RA treatment of CD19+ B cells in vitro increases the
frequency of CD19+CD24+CD38+ Bregs

Considering that cDC and iDC produced RA and that
CD19+CD24+CD38+ Bregs expressed RAR alpha, we asked if
RA could be responsible, at least in part, for the prolifera-
tion of the CD19+CD24+CD38+ Bregs when CD19+ B cells
were cultured with DC (Fig. 2). In Fig. 4a and the summary
graph (Fig. 4b) we show the frequency of CD19+

CD24highCD38high (cells represented inside the P15 gate of
the FACS quadrant plots) in freshly collected PBMC from
two of six healthy adult individuals after 3 days of culture in
the presence/absence of RA. Even though there is significant
variability in the frequency of these cells in freshly collected
PBMC among the six healthy, unrelated adult individuals
(Fig. 4c), when RA was added to CD19+ cells enriched
from the PBMC of all individuals, the frequency of
CD19+CD24+CD38+ cells was increased significantly after 3
days (Fig. 4c). This increase, however, was not due to prolif-
eration, as the frequency and numbers of viable BrdU+ cells
that are represented in the CD19+CD24+CD38+ population
were not statistically different among control and
RA-treated cultures of CD19+ cells from two individuals
(data not shown).

iDC fail to promote increased CD19+CD24+CD38+ B
cell frequency in the presence of an RAR antagonist
in vitro

In order to determine whether the iDC-induced prolifera-
tion of CD19+CD24+CD38+ B cells was due exclusively to
RA, or if additional mechanisms are involved we
co-cultured 2 × 105 iDC in the presence of an equal number

of syngeneic CD19+ B cells enriched from thawed, viable
PBMC in the presence or absence of 1 mM of ER-50891, a
pan-RAR selective antagonist [48] for 72 h. In Fig. 4d we
demonstrate that the frequency of CD19+CD24+CD38+ Bregs

is significantly lower in iDC co-cultures in the presence of
the RAR inhibitor. The inhibitor did not alter viability, as
the % of live cells were statistically indistinguishable
between inhibitor and control-treated cultures (data not
shown).

Discussion

We have shown that administration into humans of
autologous DC generated ex vivo under conditions pro-
moting and stabilizing a tolerogenic state is safe and
without any detectable side effects [31]. In the same study,
we also discovered that administration of autologous DC
with tolerogenic ability generated under ‘conventional’
GM-CSF/IL-4 conditions resulted in an increased fre-
quency of B220+CD11c– cells, preferentially in iDC recipi-
ents. We also demonstrated the suppressive ability of B
cells whose frequency increased in the DC recipients. The
surface phenotype of these B cells, however, as assessed by
flow cytometry, suggested that they were heterogeneous in
character and thus could consist, in principle, of more
than one suppressive subpopulation. How tolerogenic DC
could mobilize one or more populations of Bregs is the
question we have begun to address.

Herein, we demonstrate that the tolerogenic DC used
in our Phase I trial, when co-cultured with freshly
obtained PBMC, induce an increase in frequency of
CD19+CD24+CD38+ B cells in vitro, which are suppressive in
allogeneic MLC. By virtue of their surface phenotype these
cells are most probably identical, if not related to the Bregs

reported by Mauri and colleagues [32,40]. The increase in
their frequency appears to be due to proliferation of exist-
ing CD19+CD24+CD38+ Bregs as well as conversion of CD19+

B cells in PBMC into CD19+CD24+CD38+ Bregs. We also

Fig. 3. Human control dendritic cells (cDC) and immunosuppressive DC (iDC) produce rheumatoid arthritis (RA). (a) cDC and iDC area

Aldefluor-reactive. cDC and iDC generated from peripheral blood mononuclear cells (PBMC) from two unrelated healthy adult individuals were

stained with Aldefluor and CD11c-specific antibodies. Shown are representative flow cytometric profiles. At the bottom are the values of percentage

of CD11c+Aldefluor+ cells and the geometric mean fluorescence intensity (MFI), corresponding to the frequency of CD11c+Aldefluor+ cells at the

end of the cDC/iDC generation process and the mean Aldefluor reactivity on a per cell basis, respectively. These data are representative of four

independently established cDC/iDC cultures from PBMC of six unrelated, healthy adult individuals. The events coloured red indicate the CD11c+

cells and those coloured blue the Aldefluor-reactive cells. (b) A graphic representation of the frequency of CD11c+Aldefluor+ cDC and iDC generated

from PBMC of six unrelated, healthy adult individuals. The data are shown as % Aldefluor+CD11c+ cells of the total cultured cells generated in vitro.

The median percentage of CD11c+Aldefluor+ cells between cDC and iDC cultures is statistically significant (P < 0·05) by Mann–Whitney U-test. (c)

Steady-state retinoic acid receptors (RAR) alpha 1 and alpha 2 mRNA is readily detectable in flow-sorted human regulatory B cells (Bregs). Total RNA

was harvested from 2 × 106 flow-sorted CD19+CD24+CD38+ B cells from freshly collected PBMC of healthy adults, reverse-transcribed and the cDNA

was then amplified in semi-quantitative polymerase chain reaction (PCR using RAR isoform-specific primers. Only the alpha 1 and alpha 2 isoforms

were amplifiable in cDNA. The gel shows two consistently amplifiable PCR products representing RAR alpha 1 and alpha 2 and the graph on the

right shows the relative steady-state mRNA levels of the two detectable transcripts as a fold expression/under-expression compared to the alpha 1

isoform. The bars represent the means of mRNA from cells of triplicate flow sorts and the error bars the standard error of the mean (s.e.m.). The

differences in relative expression levels are statistically significant (P < 0·05, Student’s t-test).
◀
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show that suppression of T cells in allogeneic MLC in vitro
is conferred by the CD19+CD24+ constituent of the
B220+CD11c– population from freshly obtained PBMC and
more specifically by the known CD19+CD24+CD38+ Bregs.
In the process of identifying mechanisms of how the
tolerogenic DC could promote suppressive B cell activity,
we have discovered that CD19+CD24+CD38+ Bregs express
retinoic acid (RA) receptors. We demonstrate further that
the generation of CD19+CD24+CD38+ Bregs from CD19+ B
cells in the presence of tolerogenic DC in vitro is most prob-
ably dependent, at least in part, on DC-produced RA.

In humans, Bregs were first identified mainly as CD5+B1a
cells, CD21+CD23– marginal zone cells or CD1d+

CD21+CD23+ T2-marginal zone precursor B cells [33].
Mauri and colleagues narrowed down the core phenotype
of at least one Breg population to CD19+CD24+/intermediate

CD38+/intermediate which produces IL-10 [23,32]. Even though
IL-10 production appears to define all suppressive B cells
identified thus far, including the B220+CD19+CD11c– popu-
lation we reported [31], IL-10-producing B cells are
not necessarily regulatory [49]. In fact, IL-10 expression
may be transient as Bregs seem to transition through an
IL-10-expressing phase to finally rest as immunoglobulin-
secreting cells that might not rely on IL-10 for suppressive
ability [50]. In our clinical trial [31], we discovered that the
suppressive B cell population whose frequency was
increased in cDC and iDC recipients did not rely on IL-10
for suppression in vitro [31]. Those reported B cells repre-
sent a heterogeneous population. Herein, we confirm

that the bulk of suppressive activity inside those B cells
is concentrated inside the already characterized
CD19+CD24+CD38+ B cell population [32] which consti-
tutes about 20% of the CD19+B220+CD11c– IL-10+ popula-
tion, on average, in a small sample of normal individuals.
We also discovered that CD19+CD24+ cells are as suppres-
sive as the Bregs reported by Mauri and colleagues [32,40].
These cells could represent either a novel and distinct sup-
pressive cell type, a less-differentiated population from
which the CD19+CD24+/intermediateCD38+/intermediate B cells
emerge under currently unknown conditions, or a pheno-
typically metastable population that modulates between
CD27+/CD38+ and CD27–/CD38– states without any func-
tional difference. Whether the increase in frequency of
the suppressive CD19+B220+CD11c– IL-10+ B cells in
tolerogenic DC recipients as reported in [31] represents an
effect of DC on B cells to induce the differentiation of sup-
pressor precursors to become CD19+CD24+ suppressive
cells, or to specifically induce the proliferation of pre-
existing suppressive CD19+CD24+ cells with a plasticity in
CD27 and CD38 expression, is currently unknown. Never-
theless, in view of our data, if RA is one of the mediators of
DC effects on the generation of Bregs, both proliferation of
existing Bregs and differentiation of precursors could be
operational.

DC generated from PBMC progenitors in the presence
of GM-CSF/IL-4 are known to be tolerogenic [51,52] and
produce RA [53]. Mechanistically, evidence suggests
that RA alone, as well as DC producing RA, maintain

Fig. 4. Peripheral blood mononuclear cells (PBMC) exposure to rheumatoid arthritis (RA) in vitro results in increased frequency of

CD19+CD24+CD38+regulatory B cells (Bregs). (a) Freshly collected PBMC from unrelated healthy adults were treated with all-trans RA (RA) or

phosphate-buffered saline (PBS) (control) for a period of 3 days followed by flow cytometric determination of CD19+CD24+/highcd38+/highBregs. The

two panels (left and right side; top and bottom) show representative flow cytometric data of triplicate cultures of control and RA-treated freshly

collected PBMC. Shown are the flow cytometric data from single cultures of two unrelated healthy individuals. Quadrant Q2-11 represents a

parental CD24+CD38+ population of CD19+ cells. The highly suppressive Bregs cluster inside the P15 region. The values shown represent the

frequency of CD24+CD38+ cells as a percentage of total CD19+ cells and the values inside the parentheses (*) represent the frequency of

CD24+CD38+ cells as a percentage of total cells in culture. The frequency of Bregs inside P15 is summarized in the graphs in (b). The events coloured

blue indicate the CD24+CD38+ cells, those in purple the cd38high population, those in green the cd24low and those in yellow the cd24high cells. The

indication ‘–RA’ and ‘+RA’ in each of the panels is used to distinguish the data from cultures treated with (+) or without (–) retinoic acid. The

panels on the left (top and bottom) represent the outcome in cells from individual 1 and the panels on the right (top and bottom) represent the

outcomes in cells from individual 2. The top panels (left and right) represent the outcome in untreated cells and the bottom panels (left and right)

represent the outcome in RA-treated cells. (b) Graphic summary of effects of RA on the frequency of CD19+CD24highCD38high B cells in PBMC from

the two individuals shown in (a). The bars show the mean CD24highCD38high cell frequency [cells inside the P15 fluorescence activated cell sorter

(FACS) gate shown in (a)] as a percentage of CD19+ cells from freshly collected PBMC treated with phosphate-buffered saline (PBS) (control) or

all-trans RA after 3 days as described in the Methods. The error bars represent the standard error of the mean (s.e.m.) of triplicate wells. The

differences between the means in each of the graphs is statistically significant (*P < 0·01, Student’s t-test). These data are representative of three

independent experiments with triplicate cultures. (c) The graph summarizes the medians and the range in the frequency of CD24+CD38+Bregs as a

percentage of CD19+ cells in culture in control or RA-exposed PBMC cultures from six unrelated healthy individuals. When comparing the medians

in a paired Wilcoxon test, the differences in Breg frequency between control and RA-exposed cultures is statistically significant (P < 0·05). (d)

Co-culture of immunosuppressive DC (iDC) with CD19+ B cells from thawed syngeneic PBMC in the presence of a retinoic acid receptor (RAR)

antagonist interferes with the expansion of CD19+CD24+CD38+ B cells in vitro. The bars represent the frequency of CD19+CD24+CD38+ B cells as a

percentage of the total cells co-cultures of CD19+CD24+CD38+B cells with iDC or media alone. The presence of the RAR antagonist is indicated

according to the bar design shown in the legend at the top right. The bars represent the mean and the error bars the standard error of the mean

(s.e.m.) of quintiplicate cultures. Two-way analysis of variance (anova) identified statistically significant differences in Breg frequency among the

cultures and the P-values are shown in the graph. This experiment was conducted on two separate occasions.
◀
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the balance of T cells in favour of immunosuppressive
forkhead box protein 3 (FoxP3)+ Tregs at the expense of
proinflammatory T helper 17 (Th17) T cells [54,55].
RA-producing DC are also therapeutic in animal models of
inflammatory bowel disease, largely by stabilizing in vivo
the frequency of FoxP3+ Tregs. Less is known about the
effects of RA on B cells, although studies suggest that it is
important in the maturation of IgA-producing B cells [47].
Exposure of PBMC to RA in vitro yields an increase in the
frequency of CD19+CD24+CD38+ B cells. Thus, we propose
that RA is one direct mediator of iDC action to promote the
expansion of Bregs, largely through proliferation, although
the effect of RA addition to CD19+ B cells does not result in
an expansion of Bregs as large as when the B cells are cultured
with iDC. We believe therefore that RA is one, but not the
only, mediator of DC action on Bregs and/or their precursors.

The findings of Maseda et al. [50] suggest further that
B10 Bregs emerge from a transitional and/or memory popu-
lation consequent to antigen exposure and B cell receptor
(BCR) activation and that the BCR repertoire is polyclonal.
Furthermore, those data show that B10 Bregs come to rest as
Ig-producing cells. This finding is intriguing, and raises the
possibility that T1D-related autoantibodies may not be a
consequence of only a series of proinflammatory islet-
directed B cell-mediated pathogenic events, but they could
also be a consequence of an immunosuppressive counter-
regulation involving Bregs which, as demonstrated by Maseda
et al., produce Ig.

Very recently, Volchenkov and colleagues discovered that
immature DC, generated in the presence of dexamethasone
and 1α,25-dihydroxyvitamin D3, gave concomitant rise to
Treg and Breg frequency in vitro [56]. These findings
strengthen our conclusion that immunosuppressive DC act
through regulatory T cells and Bregs [57]. It is tempting to
speculate that tripartite DC : Breg : Treg communication
occurs in vivo in regulating tolerance. B cells can interact
with FoxP3+ Tregs; B cells facilitate early accumulation of
FoxP3+ Tregs in the central nervous system of mice with
experimental autoimmune encephalomyelitis (EAE). In two
important studies, the authors demonstrated that IL-10
producing Bregs were necessary to restore Tregs and to
promote recovery from EAE independently of IL-10, but
through glucocorticoid-induced TNF receptor (GITR)
ligand [58] and B7 signalling [59]. Adoptive transfer
of LPS-activated B cells expressing a glutamic acid
decarboxylase (GAD)–IgG fusion protein into NOD dia-
betic mice was shown to stimulate a rapid increase in
CD4+CD25+ Treg numbers [60]. Furthermore, protection
from diabetes by splenocytes from diabetes-free, B cell-
administered NOD mice was contingent on the presence of
CD4+CD25+ T cells [61]. Also, CD40L-activated B cells have
been shown recently to generate CD4+ and CD8+ Tregs from
naive precursors [62,63] and a novel Breg population was
shown to differentiate T cells into a regulatory IL-10+CD4+

population that account partially for an improvement in

lupus [64]. In NOD mice, iDC administration increased the
frequency of CD4+CD25+ T cells [65], and when the kinetics
of Treg and Breg frequencies were compared, there appeared
to be a concomitant co-regulation in response to iDC in
vivo (N. G., unpublished observations). Whether the two
regulatory cell populations respond independently or in an
interactive manner to iDC, or physiologically to endog-
enous tolerogenic DC, is currently unknown. Another ques-
tion that is germane is whether Bregs sensitive to tolerogenic
DC are antigen-specific or polyclonal. This aspect of
tolerogenic DC action is currently under study.

These findings, along with the very recently reported dis-
covery of a method to expand Bregs in vitro [66], also usher
in a potential new therapeutic approach to T1D immuno-
therapy that involves Bregs and molecules which stabilize
their suppressive ability, including RA.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s website:

Fig. S1. Flow cytometry approach used to measure and flow
sort the B cell populations described in the manuscript
either from freshly collected peripheral blood mononuclear
cells (PBMC) or from CD19+ cells enriched from PBMC by
magnetic column assistance. The forward-/side-scatter plots
represent the starting cell populations prior to flow sorting
into more pure populations. The ending populations are
highlighted in magenta colour.
Fig. S2. (a) The method used to fluorescence activated cell
sorter (FACS) CD19+ B cells from either freshly acquired or
thawed peripheral blood mononuclear cells (PBMC) into
the different B cell populations used in suppression assays
and in dendritic cell (DC) co-cultures or in experiments
assessing the role of rheumatoid arthritis (RA) is shown at
the top. Below the solid line, we show typical controls used
to establish the gates in order to acquire specific and pure
cell populations. (b) Flow cytometric analysis of the purity
of FACS-sorted CD19+CD24+CD27+CD38+ B cells from
CD19+ cells enriched from freshly collected or thawed
PBMC. The inset at the top left shows the forward-/side-
scatter profiles of the FACS-sorted CD19+CD24+

CD27+CD38+ B cells and the quadrant plots show the
purity. (c) Flow cytometric analysis of the purity of FACS-
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sorted CD19+CD24+CD27–CD38– B cells from CD19+ cells
enriched from freshly collected or thawed PBMC. The inset
at the top left shows the forward-/side-scatter profiles of the
FACS-sorted CD19+CD24+CD27–CD38– B cells and the
quadrant plots show the purity.
Fig. S3. The graph summarizes the absolute numbers of
5-bromo-2-deoxyuridine (BrdU)+CD19+ cells in the mixed
leucocyte culture (MLC) regulatory B cell (Breg) suppression
assays represented by Fig. 1b. The bars represent the mean
BrdU+CD19+ absolute cell numbers and the standard error
of the mean represent quintiplicate cultures. The differences
in cell numbers among the different co-cultures are not sta-
tistically significant (two-way analysis of variance).
Fig. S4. A representative flow cytometric analysis that
underlies the data shown in Fig. 1c,d is shown. The

magenta-coloured values represent the frequency of the
specific cell populations as a percentage of the parental flow
cytometric gate.
Fig. S5. The isotype controls used to establish the acquisi-
tion gates for the flow cytometric analysis of the co-cultures
described in Fig. 2a are shown.
Fig. S6. Confirmation that Aldefluor+ cells reside inside the
CD11c+ cell population in control dendritic cells (cDC)
and immunosuppressive DC (iDC) generated from periph-
eral blood mononuclear cells (PBMC) of two unrelated
healthy adult individuals. The magenta coloured values
represent the frequency of Aldefluor+ cells inside the
CD11c+ gate. Aldefluor mea fluorescence intensity (MFI)
is shown in magenta colour at the bottom of the specific
histograms.
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