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Vitamin A and its active metabolite, all-trans retinoic acid (RA),
regulate the antibody response in vivo, although the underlying
mechanisms are not well understood. We have investigated the
regulation by RA of B cell population dynamics and Ig gene
expression in purified splenic mouse B cells stimulated through the
B cell antigen receptor (BCR) and兾or CD38, a BCR coreceptor. After
ligation of the BCR and兾or CD38, B cells became more heterogeneous in size. RA substantially restrained this change, concomitant
with inhibition of cell proliferation. To examine B cell heterogeneity more closely, we categorized stimulated B cells by size
(forward angle light scatter) and determined cell division dynamics, germ-line Ig heavy chain gene transcription and surface IgG1
(sIgG1) expression. Flow cytometric analysis of carboxyfluorescein
diacetate succinimidyl ester-labeled B cells costained for sIgG1
showed that the more proliferative groups of B cells were smaller,
whereas cells expressing more sIgG1 were larger. RA enriched the
latter population, whereas cell division frequency in general and
the number of smaller B cells that had undergone division cycles
were reduced. Although RA significantly inhibited Ig germ-line
transcript levels in the total B cell population, CD19ⴚIgG1ⴙ B cells,
which represent a more differentiated phenotype, were enriched.
Furthermore, pax-5 mRNA was decreased and activation-induced
cytidine deaminase mRNA was increased in RA-treated stimulated
B cells. Thus, RA regulated factors known to be required for Ig class
switch recombination and modulated the population dynamics of
ligation-stimulated B cells, while promoting the progression of a
fraction of B cells into differentiated sIgG-expressing cells.
IgG1 兩 pax-5 兩 activation-induced cytidine deaminase 兩 CD19 兩
costimulation

R

etinoic acid (RA), a natural bioactive metabolite of vitamin
A (1), is well known as a hormone capable of promoting the
differentiation of a wide variety of cell types and as a regulator
of many physiological processes. Vitamin A deficiency in young
children is associated with increased morbidity and mortality,
which is widely attributed to an increased severity of infectious
diseases (2, 3), and vitamin A supplementation has been shown
to reduce mortality and disease severity (4–6). Vitamin A
deficiency is also associated with exacerbation of immunodeficiency (7), reduced or unbalanced numbers of lymphocytes (8),
and dysregulated production of antibodies (9). Animal experiments have demonstrated that an adequate level of vitamin A is
necessary to mount an efficient antibody response (10, 11),
whereas supplementation with vitamin A兾RA can stimulate the
antibody response to vaccination even in normal animals (10, 12,
13). Despite these interesting functional properties of vitamin A
and RA on antibody production, little is known about the
underlying mechanisms, especially related to B lymphocyte
activation and differentiation.
Induction of an effective antibody response requires that
immunocompetent naı̈ve B cells be capable of responding to
multiple signals delivered by antigens binding to the B cell
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antigen receptor (BCR) and by accessory molecules. Although
the BCR is the central component mediating B cell activation
(14–16) and antibody production, other B cell surface molecules,
such as CD38, CD19, and CD40, are known to function as
accessory receptors or costimulators in the activation of B cells
(17–20). These surface molecules integrate the signals provided
by antigen and activated T cells to induce a cascade of responses
involving B cell proliferation, Ig heavy chain gene class switch
recombination (CSR), and Ig gene expression, culminating in
antibody production (19–21).
CD38 is variably expressed in hematopoietic cells and is tightly
controlled during cell development and activation (17, 22, 23).
CD38 is one of the earliest surface markers expressed on B cells.
In murine B cells, CD38 is detectable at the pro-B cell stage,
preceding the expression of surface IgM and IgD (17). CD38 is
also a signaling molecule of the cell surface (24). Cross-linking
of CD38 on mature B cells causes B cell proliferation and
differentiation (25, 26). The extracellular domain of CD38, a
type II membrane-associated glycoprotein, possesses intrinsic
enzymatic activity in NAD⫹ metabolism, which, in ways not fully
understood, is involved in intracellular calcium mobilization (27,
28). Although the short cytoplasmic domain of CD38 lacks
autonomous signaling capability, CD38 may nevertheless promote cell activation through its interaction with other signaltransducing molecules, such as the Ig␣兾Ig␤ components of the
BCR (29). The activation of CD38 lowers the threshold of BCR
activation, indicating a functional interaction of these two molecular clusters (29). It is interesting to note that mice lacking
CD38 (30) and animals lacking adequate vitamin A (31, 32) have
similar defects in antibody production, characterized by a significantly reduced antibody response to T cell-dependent and
type 2 T cell-independent antigens, although the reasons are not
understood at the present time.
Whereas previous studies have shown that B cell proliferation
is reduced by RA (33, 34), RA significantly increased the
antibody response in RA-treated rats and mice (10, 12, 13). To
better understand the effects of RA on B cells, we have focused
on the role of RA in the activation and differentiation of naı̈ve
mature splenic B cells stimulated through the BCR and coreceptor CD38. Whereas RA inhibited cell proliferation and
germ-line (GL) IgG (␥1) and IgM () gene transcription,
inspection of flow cytometry data revealed that the B cell
population became markedly heterogeneous in size after BCR兾
CD38 stimulation, which was substantially restrained in the
presence of RA. Thus, we proceeded to characterize B cell
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division, the expression of IgG1 GL transcript, and B cell surface
markers during cell activation and differentiation in relationship
to B cell size. Our results showed that RA is a potent inhibitor
of B cell proliferation and an inducer of changes in gene
expression that favor the differentiation of a portion of BCR兾
CD38-stimulated B cells into surface IgG1 (sIgG1)-expressing
cells, thus favoring B cell maturation.

B Cell Isolation. Naive splenic B cells from adult (⬎8 wk) C57BL兾6
mice were purified by negative selection of total spleen cells by using
density beads coupled with antibodies against non-B cells (SpinSep, StemCell Technologies, Vancouver). The purity of the recovered B cells (CD19⫹兾B220⫹兾CD38⫹) was ⬇92%. B cells were also
purified by sorting the splenocytes to collect CD19-positive cells;
the splenocytes were first labeled with CD19-FITC antibody and
then subjected to flow sorting (Coulter Elite ESP flow cytometer,
Beckman Coulter). Isolated B cells were cultured in RPMI medium
1640 supplemented with 10% heat-inactivated FBS, 5 ⫻ 10⫺5 M
2-mercaptoethanol, 100 units兾ml of penicillin, and 100 g兾ml
streptomycin (Life Technologies, Carlsbad, CA), at 37°C in a 5%
CO2 incubator. The RA was diluted with medium and added to
cells at a concentration of 10 nM, similar to its physiological
concentration in plasma (35).
Cell Proliferation Assay. B cells in 96-well plates (2 ⫻ 105 cells per
well) were treated with and without stimuli (anti- and antiCD38) and RA. Cells were cultured for a total of 72 h;
[3H]thymidine (0.2 Ci per well, Amersham Pharmacia Biosciences) was added for the last 4 h after which the cells were
harvested, and the incorporation of [3H]thymidine was determined by liquid scintillation spectrometry.
RNA Isolation and RT-PCR. B cells plated in 12-well plates (5 ⫻ 105

cells per ml) were treated with stimuli and RA under conditions
as described in the figure legends. Total cellular RNA was
isolated at the time of harvesting (RNeasy mini kit, Qiagen,
Valencia, CA). One microgram of total RNA was subjected to
reverse transcription and PCR analysis (Promega). Primers for
GL Ig gene transcription were those reported by Muramatsu et
al. (36). The pax-5 primers were: forward, 5-GGTCAGCCATGGTTGTGTCAG; reverse, 5-CGGCACTGGAGACTCCTGAAT. Activation-induced cytidine deaminase (AID) primers
were: forward, 5-CCGCTCACCTGGTTCACCTCCT; reverse,
5-CCTTCCCAGGCTTTGAAAGTTCTTTCA. The mRNA
for GAPH (37) and 18S ribosomal RNA (forward, 5-AATGGTGCTACCGGTCAT TC; reverse, 5-ACCTCTCT TACCCGCTCTCC) were used as internal controls for RNA integrity
and RT-PCR amplification. During PCR amplification, 0.1 Ci
of [␣-33P]dATP (Amersham Pharmacia) was added to the PCR
mixture to label the PCR product. PCR conditions were optimized as denaturing at 94°C, 1 min, annealing at 62°C for 1 min,
and extension at 72°C for 1 min, using 19 cycles for the
housekeeping genes and 28 cycles for the other genes. After
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Fig. 1. RA inhibits BCR and CD38 ligation-induced B cell proliferation.
Primary murine B cells were cultured in the presence and absence of a
physiological concentration of RA (10 nM) and the stimuli indicated for 72 h.
[3H]thymidine was added to the cells in the last 4 h of culture to label the
proliferating cells, and [3H]thymidine incorporation was determined. (A) Proliferation of B cells stimulated with low doses of anti-. (B) Proliferation of B
cells stimulated with anti-CD38. (C) Proliferation of B cells stimulated with
anti-CD38 and anti- (each 1 g兾ml) in the presence and absence of RA. The
data shown represent the mean ⫾ SE for five independent experiments
conducted in triplicate. *, P ⬍ 0.01.

amplification, the PCR products were separated on polyacrylamide gel and quantified by a liquid scintillation counter to
determine the relative gene expression level (37).
Flow Cytometric Analysis. To determine the level of cell surface

markers B220, CD38, CD19, and IgG1, B cells were washed twice
with PBS at the time of harvesting and stained with fluorochromeconjugated antibodies. The proportion of positive-stained cells was
measured by flow cytometry, using isotype-matched control antibody for background subtraction. Compensation was performed to
ensure the positive staining in double-staining experiments, and
data were analyzed by FLOWJO software (Tree Star, Ashland, OR).
B cells were also sorted by flow cytometry according to their
size character. Stimulated B cells at day 5 were harvested and
resuspended in medium at a concentration of 1 ⫻ 107 cells per
ml. About 0.5–1 ml of the cells were sorted according to the
forward angle light scatter (FALS); the cutoff was set at 300 units
on the FALS scale. About 2 ⫻ 106 cells were collected in each
group (upper and bottom), which were further subjected to RNA
isolation and RT-PCR analysis.
Determination of Cell Division and sIgG1 Expression. Fluorescent
labeling of B cells with CFSE was performed as described (38).
PNAS 兩 October 4, 2005 兩 vol. 102 兩 no. 40 兩 14143

IMMUNOLOGY

Materials and Methods
Reagents. All-trans RA (Sigma) was prepared as a concentrated
stock in ethanol and diluted right before applying to cells.
Antibodies used for B cell stimulation were anti–mouse IgM
F(ab⬘)2 fragment (115-006-075, Jackson ImmunoResearch) and
anti-CD38 (clone NIMR-5, Southern Biotechnology Associates). Antibodies used for surface staining were anti-mouse
B220-phycoerythrin (PE), CD19-PE, CD19-FITC, and IgG1peridinin chlorophyll protein (PerCP) (BD Biosciences), antiCD38-FITC (Santa Cruz Biotechnology), and Alexa Fluo 488conjugated goat anti-IgG1 (Molecular Probes). Respective
isotype controls (BD Biosciences) were also used. Carboxyfluorescein diacetate succinimidyl ester (CFSE) was from Molecular
Probes.

Fig. 2. RA regulates GL  and ␥1 mRNA levels induced by BCR and CD38
ligation. B cells were cultured as described in Fig. 1 for different times. Cellular
total RNA was extracted and subjected to RT-PCR analysis. (A) Representative
33P-labeled PCR product showing the level of expression of  and ␥1 GL mRNA
after 48 h of culture. GAPDH mRNA is shown as an internal control of the assay.
(B) IgG1 GL transcript level in cells cultured for 48 h. Data were obtained by
counting 33P-labeled PCR products and are presented as the mean ⫾ SE from
n ⫽ 4 independent experiments. (C) The ratio of GL transcript levels [cells
cultured with RA (10 nM) compared with control without RA] in B cells
stimulated with anti- plus anti-CD38 (1 g兾ml of each). *, P ⬍ 0.05, compared
with day 1.

Briefly, isolated splenic B cells were suspended at a density of
2 ⫻ 107 cells per ml in PBS, and CFSE was added to a final
concentration of 10 nM. After 30-min incubation at 37°C,
unbound CFSE was quenched by the addition of 10 ml of
medium containing 10% FBS, and the cells were washed twice
with medium to remove noninternalized dye. Cells were then
plated at 2 ⫻ 105 cells per well in 96-well plates and treated with
stimuli. At the time of harvesting, cells were stained with
fluorochrome-conjugated antibody specific for IgG1. Flow cytometry analysis was performed to determine the cell distribution according to the side and forward scatter scale and the
fluorescent labeling (CFSE and IgG1). The dilution of CSFE,
indicative of cell division, was determined by using time-0 cells
to set the gate for undivided cells.
Statistics. Student’s t test was used for statistic analysis, and P ⬍
0.05 was considered a significant difference.

Results
RA Inhibits BCR and CD38 Ligation-Induced Proliferation in Total B
Cells. Initially, B cells were treated with increasing concentra-

tions of agonistic antibodies to the BCR (anti-) or CD38
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Fig. 3. Regulation by RA of B cell distribution and cell division (CFSE dilution)
elicited by BCR and CD38 ligation. Isolated B cells were labeled with CFSE and
cultured for 5 days with and without stimuli (anti- or anti-CD38, each 1
g兾ml) and RA (10 nM). Cells were harvested on day 5 and analyzed for CFSE
intensity by flow cytometry. (A) FALS versus side scatter plots were used to
analyze the data. A representative panel of graphs of the distribution of B cells
after treatment is shown. Three arbitrary gates (U, upper; M, middle; B,
bottom) were made to divide the cell population according to the forward
scatter. (B) Flow cytometric histograms of CFSE dilution in control and stimulated B cells with and without RA; the percentage of cells that had undergone dilution is indicated above the bars.

(anti-CD38) in the presence and absence of RA, and cell
proliferative activity was measured. Ligation of the BCR or the
costimulating receptor CD38 markedly induced B cell proliferation in a dose-dependent manner, and the presence of a
physiological concentration of RA (10 nM) significantly inhibited stimulation-induced B cell proliferation (Fig. 1 A and B).
The combination of anti- and anti-CD38 produced a more than
additive increase in B cell proliferation, which again was greatly
dampened by RA (Fig. 1C). These results suggest that although
CD38 is known to share the BCR signaling pathway (17, 29), it
may also have distinct pathways, all of which are affected by RA.
To confirm that the results presented above for density
bead-purified B cells (⬇92% CD19兾B220兾CD38-positive cells)
are truly representative of B cells, the same experiments were
performed after sorting spleen cells to obtain only the CD19⫹ (B
cell) population. RA produced a comparable inhibition of
proliferation in the sorted B cells (data not shown) as in
bead-purified B cells. Thus, RA inhibited BCR兾CD38-induced
B cell proliferation, similar to the inhibition reported in other B
cell models (33, 34).
RA Regulates the Level of GL mRNA Induced by BCR and CD38 Ligation.

Ig gene transcription is an essential event before Ig class
switching (39), and thus an early hallmark of B cell activation兾
differentiation. Because RA markedly reduced B cell proliferative activity, we performed the following experiment to examine whether RA also regulates the expression of GL Ig
transcripts. Splenic B cells were cultured for up to 5 days in the
presence and absence of RA and anti- or anti-CD38 antibodies.
IgM ( gene) and IgG (␥1) GL transcripts were chosen to
Chen and Ross
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evaluate the regulatory effect of stimuli and RA. B cell stimulation increased the levels of both  and ␥1 GL transcripts;
however, the GL transcript levels were markedly reduced by RA
as shown in Fig. 2 A and B for the 48-h data. RA inhibited
stimulation-induced IgG1 GL transcript expression throughout
the 5-day experiment; by day 5, the level in RA-treated cells was
⬍20% of that in stimulated B cells cultured without RA
(Fig. 2C).
RA Reduces B Cell Division Rate as Indicated by CFSE Dilution. It has
been reported that B cell antibody production and class switching depend on cell division (38, 40, 41). To examine whether RA,
shown above to reduce DNA synthesis and GL Ig mRNA
expression, affects the cell division cycle, CFSE staining was
used to trace the activity of dividing cells. CFSE-labeled B cells
were cultured for 5 days in the presence and absence of stimuli,
with and without RA, and the cells were then costained with
PerCP-conjugated anti-IgG1 upon harvesting and subjected to
flow cytometric analysis.
As analyzed by FALS and side scatter (Fig. 3A), B cells, which
were relatively homogeneous before stimulation, became markedly heterogeneous after culture with stimuli. Some cells were
small in size (low forward scatter), whereas another group of
cells distributed in a relatively broad field along the middle part
of the forward scatter–side scatter scales, and a cluster of cells
formed at the top of the forward scatter scale. Hence, we initially
divided the B cells into three putative populations, designated
bottom, middle, and upper groups. Stimulation with anti- or
anti-CD38 increased the percentage of B cells within the bottom
group. RA had no effect on unstimulated cells; however, the shift
in cell distribution that was induced by anti- or anti-CD38 was
restrained in the presence of RA.
To assess the cell division status, cells that had undergone
CFSE dilution, which represented the cells that had passed
through at least one division cycle, were quantified. As shown in
Fig. 3B, stimulation of the BCR or CD38 increased the population of B cells with CFSE dilution, indicative of having
undergone cell division, as compared with the unstimulated
Chen and Ross

control cells, in which there was very little CFSE dilution. RA
significantly reduced the stimuli-induced CFSE dilution, indicating that RA inhibited the division of stimulated B cells. As we
noticed a cell number reduction in RA-treated samples after the
5-day treatment, staining of annexin V was performed to assess
potential apoptosis. However, no apparent apoptosis was found
(data not shown).
To analyze the data in a more detailed way, we further divided
the cells into six sectors according to the forward scatter scale
(increments of 200 scale units of forward scatter for sectors I to
V, with the rest of the cells at the top of the scale designated as
sector VI, illustrated in Fig. 4A). It was interesting to note that
the cells having undergone the most division cycles were located
mainly in sectors I and II (Fig. 4B, showing data for anti-stimulated cells). The dividing B cells comprised ⬇71% and 29%
of the cells in those sectors, respectively. The larger B cells had
undergone less CFSE dilution (sector III ⬍ II ⬍ I, as illustrated),
indicative of less cell proliferation兾division. In all sectors of cell
size, RA markedly reduced the fraction of B cells that had
divided. The data for all six sectors are summarized in Fig. 4 C
and D, which combines the cell population with CFSE-diluted
cells in each sector. The inhibitory effect of RA on cell division
was observed in each sector, with the greatest inhibition on cells
with the greatest CSFE dilution (cells in sectors I and II). When
the B cells were categorized into quintiles of cell number along
the forward scale, instead of by forward scale values, the results
showed a similar trend with the greatest reduction in CFSE
dilution in RA-treated cells in the lowest two quintiles of forward
scatter. Thus, these analyses showed that the stimulation of B
cells by ligation of the BCR and surface CD38 alters the cell size
distribution and cell division activity in the B cell population. RA
restrains the alterations induced by BCR兾CD38 stimulation,
modulating B cell dynamics.
RA Positively Regulates the Number of Activation-Induced sIgG1Expressing Cells. To determine the cell differentiation status of

the activated and RA-treated B cells, sIgG1 expression was
assessed. Ligation of the BCR or CD38 increased the percentage
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Fig. 4. B cell division (CFSE dilution) induced by BCR and CD38 ligation is reduced by RA. B cells were labeled with CFSE and cultured for 5 days with and without
stimuli (anti- or anti-CD38, 1 g兾ml) and RA. Cells were harvested on day 5 and analyzed by flow cytometry for CFSE dilution. (A) A representative graph showing
the way the B cell population was divided into six sectors according to forward scatter (every 200 scale units, with the cells clustered at the top as sector VI). (B)
The inhibitory effect of RA on anti--induced B cell CFSE dilution, illustrated for sectors I, II, and III as shown in A. (C and D). Charts summarizing studies in which
CFSE dilution in each sector of A was determined for B cells stimulated by ligation of the BCR (C) and CD38 (D), with and without RA. *, P ⬍ 0.05.

Fig. 5. B cell sIgG1 expression induced by BCR and CD38 ligation is increased by RA. B cells were cultured for 5 days as described in Fig. 4. At the end of culture,
cells were stained with a PerCP-labeled anti-IgG1 antibody and subjected to flow cytometric analysis. (A) Graphs showing the percentage of sIgG1-positive cells
after BCR and CD38 ligation (1 g兾ml), with and without RA (10 nM). (B) Graphs showing that the majority of IgG1-positive cells were located in sectors III, IV,
and V, and RA increased the percentage of IgG1-positive cells in each sector. Anti- was used as stimulus in the experiment shown. The dashed line illustrates
the isotype control. (C and D) Charts summarizing the data for each sector and treatment. *, P ⬍ 0.05.

of cells expressing sIgG1. Interestingly, RA further increased the
proportion of sIgG1-positive cells (Fig. 5A). By analyzing the
data for each of the six sectors of cell size described above, it was
revealed that, in contrast to cells that had undergone CFSE
dilution, the IgG1-positive cells were distributed mainly in the
upper sectors, such as sectors III, IV, V, and VI (shown in Fig.
5B), and that RA enriched the number of sIgG1-positive cells in
each sector (Fig. 5 B–D). In addition, RA increased the mean
fluorescence intensity of sIgG1 by ⬇20% (data not shown).
Combining the data on cell distribution, CFSE dilution, and
sIgG1 expression shows that the smaller B cells located in sectors
I and II were more active in proliferation, as CFSE was more
diluted in those cells, whereas the larger B cells distributed in
sectors III, IV, V, and VI had undergone less CFSE dilution and
a higher proportion of these cells express sIgG1. Stimulation of
B cells by ligation of BCR or CD38 resulted in enhancement of
both cell proliferation兾division rate and sIgG1 expression. However, the addition of RA to B cells reduced the cell proliferation
induced by those stimuli while, concomitantly, it enhanced the
expression of sIgG1. These data provided evidence that RA
differentially regulates B cell functions, which may depend on
the B cell activation stage. Although RA had a restraining effect
on B cell proliferation, it favored the differentiation of B cells.

contained more of the sIgG1-positive cells. RA reduced IgG1
GL transcripts in both of these groups, in agreement with the
data in Fig. 2 showing that RA inhibited the GL transcript
expression in total B cell population.

IgG1 GL Transcript Level Is Higher in the B Cell Population Expressing
sIgG1. To determine whether IgG1 GL transcription also differs

in the B cell subsets, a cell sorting experiment was performed. B
cells stimulated with anti- plus anti-CD38 in the presence and
absence of RA were cultured for 5 days and then sorted into two
populations according to their position on the forward scatter
scale: the bottom gate represented the smaller cells (mainly in
the previous sectors I and II as described in Figs. 4 and 5), and
the upper gate comprised the rest of the cells (sectors III, IV, V,
and VI). After sorting, RNA was isolated, and the IgG1 GL
transcript level was quantified in each group. Cells in the upper
group (larger B cells previously shown to have gone through
fewer division cycles) expressed more IgG1 GL transcripts
compared with cells in the bottom group (Fig. 6), which was
consistent with the sIgG1 staining showing that the upper sectors
14146 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0505018102

Fig. 6. RA regulates IgG1 GL mRNA expression in B cells sorted into smaller
and larger-sized cell populations. B cells were cultured for 5 days with anti-
plus anti-CD38 (1 g兾ml each) in the presence and absence of RA (10 nM). Cells
were then sorted into two populations [B, bottom gate (similar to sectors I and
II), and U, upper gate (similar to sectors III, IV, V, and VI in Figs. 4 and 5, based
on FALS)]. Cellular RNA was isolated from these cells and RT-PCR was performed to determine the level of GL IgG1 mRNA (␥1 gene transcription). The
expression pattern of the GL ␥1 transcript in each treatment is shown by a
representative gel of PCR products and 18S RNA as control. The chart summarizes the expression pattern of ␥1 transcript in each gate for the treatments
shown. **, the significant difference between groups with and without RA; *,
the difference between bottom and upper groups, P ⬍ 0.05.
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sIgG1 Expression on CD19-Negative B Cells Is Enriched by RA. CD19
is a B cell marker whose expression is reduced in the course of
B cell differentiation (42); thus we reasoned that the level of
CD19 and sIgG1 may be regulated differentially in BCR and
CD38 ligation-activated B cells. We therefore performed a flow
cytometric analysis on B cells with CD19 and sIgG1 costaining
to determine the cell activation兾differentiation status after
BCR-CD38 stimulation in the presence and absence of RA. On
the day of purification, ⬇90% of the enriched B cell population
was CD19-positive, and the percentage of CD19-positive cells
declined steadily during in vitro culture and was further reduced
in stimulated cells (Fig. 7A; see also Fig. 9, which is published as
supporting information on the PNAS web site). Oppositely, only
⬇20–30% of naı̈ve B cells were positive for sIgG1 (most are
CD19-positive), whereas the proportion of cells expressing
sIgG1 started to increase 1 day after stimulation and reached a
high level on day 3 (Figs. 7B and 9). On day 5, most of the
IgG1-positive cells were CD19-negative. Although RA itself had
no significant effect on CD19 expression (Fig. 7A) and did not
immediately alter the proportion of sIgG1-positive B cells,
significantly more B cells were sIgG1-positive after 3 days in the
RA-treated cultures. Additionally, when RA was added to
stimulated cells on day 3 of culture instead of day 0, it similarly
enhanced the proportion of stimulation-induced sIgG1⫹CD19⫺
cells on day 5 (data not shown).
RA Regulates pax-5 and AID in BCR兾CD38-Stimulated B Cells. B cell

activation and differentiation, which is manifested by cell proliferation, expression of GL transcripts, CSR, and Ig production,
is tightly regulated by the interaction of transcription factors (39,
43, 44). Pax-5 encodes the B cell-specific activator protein,
BSAP, that plays an important role in B cell development and
early activation (45); its expression is known to be extinguished
during B cell differentiation, before plasma cell formation (44,
46). On the other hand, the expression of the AID is indispensable for CSR and somatic hypermutation (47). Because RA
greatly decreased B cell proliferation and differentially regulated
Chen and Ross

Fig. 8. Regulation of pax-5 and AID gene expression during the activation of
B cells in the presence of RA. B cells were cultured for different times, as shown,
and then total RNA was subjected to RT-PCR analysis to assess pax-5 and AID
mRNA levels. (A) Pax-5 expression in anti- and anti-CD38-stimulated B cells.
(Inset) A gel showing the expression pattern of pax-5 on days 1 and 3 in the
presence and absence of treatment. S represents stimulation with anti- and
anti-CD38 (1 g兾ml for each). S⫹RA represents stimulation plus RA (10 nM).
The chart illustrates pax-5 gene expression (cpm) in BCR and CD38 ligationactivated B cells during the 5-day experiment. (B) AID mRNA in B cells stimulated by anti- or anti-CD38, with and without RA, for 48 h. The chart
summarizes n ⫽ 3 independent experiments. Stimulation represents anti-
plus anti-CD38 (1 g兾ml for each). Data are presented as the ratio of AID
mRNA in RA-treated cells compared with cells without RA. *, P ⬍ 0.05.

the levels of GL transcript and sIgG1 expression, we were
interested in understanding whether RA also alters the expression of pax-5 and AID genes, which are associated with and兾or
determinants of B cell activation兾differentiation. As shown in
Fig. 8A, pax-5 was expressed constitutively in naı̈ve B cells. Pax-5
mRNA gradually declined when cells were cultured in vitro with
BCR兾CD38 stimulation, and RA further reduced the level of
pax-5 expression. In contrast, AID expression was low in naı̈ve
B cells, induced after BCR or CD38 ligation, and further
up-regulated by RA (Fig. 8B). From these results we infer that
the reduction of pax-5兾BSAP expression, together with an
increase in stimuli-induced AID, in BCR兾CD38-stimulated RAtreated cells could be a major mechanism contributing to the
changes in B cell dynamics and enrichment of sIgG1 induced by
RA. These data suggest a unique molecular mechanism by which
RA can favor B cell differentiation兾maturation after BCR and
CD38 ligation.
Discussion
The regulatory effect of RA on B cells is rather complex and
closely depends on the manner of B cell stimulation and the
cytokine milieu. RA inhibited anti- and IL-4-induced human
peripheral blood B cell proliferation and cytokine (IL-6 and
TNF-␣) production (48) and was inhibitory for the growth of
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IMMUNOLOGY

Fig. 7. CD19 and sIgG1 expression during BCR and CD38 ligation-induced B
cell activation. B cells were cultured for 5 days in the presence and absence of
anti- plus anti-CD38 (1 g兾ml each) and RA (10 nM). At the time of harvesting
each day, surface CD19 and sIgG1 were detected by anti-CD19-PE and antiIgG1-Alexa 488 antibodies, respectively, and analyzed by flow cytometry. (A)
The percentage of CD19⫹ cells during culture and after stimulation. Con,
control; S⫾RA, stimuli in the presence and absence of RA (which did not
differ). (B) The percentage of sIgG1⫹兾CD19⫺ cells. *, the difference between
S and S⫹RA; **, the difference between S and Con. P ⬍ 0.05.

several tumorigenic B cells (33, 49). RA also inhibited IL-4induced IgE and IgG1 production in LPS-stimulated murine B
cells, whereas under the same conditions RA enhanced IL-5induced IgA production (50). We have shown in our model of
freshly isolated, normal naı̈ve murine B cells that RA is inhibitory for B cell proliferation兾division induced by surface BCR
and CD38 ligation (Fig. 1). Although the stimulatory effect of
anti-BCR and anti-CD38 on B cell proliferation is more than
additive, suggesting that more than one pathway could be
involved, RA markedly reduced the effect of either stimulus
alone and both stimuli in combination. RA also significantly
reduced stimulation-induced B cell division as demonstrated by
monitoring the dilution of CFSE, indicative of cell division, over
the 5 days of culture (Figs. 3 and 4). It was reported that RA
could induce human B cell arrest in the late G1 phase of the cell
cycle by repressing the expression of cyclin E and cyclin A (34),
which may explain the reduction of B cell proliferative activity
and CFSE dilution in the presence of RA. The results we and
others have observed in B cells are also consistent with our
previous observation in the monocytic cell line, THP-1, in which
RA inhibited THP-1 cell proliferation by inducing cell cycle
arrest and concurrently promoted the cell differentiation and
functional maturation of the THP-1 monocytes to macrophagelike phagocytic cells (51).
It is well accepted that activated B cells undergo cell proliferation and Ig heavy chain rearrangement and that Ig production
is related to B cell division cycles under the stimulation of T
cell-dependent signals, such as those delivered by CD40 ligation
and cytokines, especially IL-4 (38). Our isolated B cell model
clearly demonstrates that activated B cells rapidly become
heterogeneous during in vitro culture. Cells existed in two, and
likely more, distinct activation兾differentiation stages. Although
some B cells were more proliferative, other subset(s) of B cells
expressed higher levels of GL transcripts and sIgG1, suggesting
that B cell proliferation and sIg expression are not necessarily
always parallel to each other, and that the expression of sIgG1
in BCR- and CD38-ligated B cells does not require extensive cell
proliferation. Whereas RA significantly inhibited the proliferation of the stimuli-activated B cells, it increased the number of
sIgG1-positive cells, and the surface density of sIgG1, in our
model. Furthermore, although RA reduced the level of stimulation-induced GL transcripts, it enriched the subset of B cells
that had the higher level of ␥1 GL transcript and greater sIgG1
intensity (Figs. 5 and 6). All of these lines of evidence support
the hypothesis that RA favors the differentiation of B cells. It is
also noteworthy that CD19, a B cell surface marker whose
expression declines as B cells undergo activation and differentiation (42), was markedly decreased on B cells 1 day after
BCR兾CD38 stimulation. Although RA has no obvious effect on
CD19 expression (Figs. 7A and 9), the expression of sIgG1 was
increased in RA-treated stimulated cells by day 3 (Fig. 7B). A
similar enhancement was observed whether RA was added on
day 0 (with initial stimulation) or day 3 (data not shown),
suggesting that the effect of RA on sIgG1 expression depends on
the functional readiness of the B cells. The ability of RA to
increase sIgG1 is superimposed only in stimulated, competent B
cells at certain differentiation phase(s). Other investigators have
provided evidence that the activation兾differentiation of stimulated B and T cells is stochastically determined (40, 52). The cell
fate and strength of the response solely depend on the type,
concentration, and duration of the stimuli. RA does not appear

to exert an ‘‘all or none’’ effect on B cell processes, but rather to
exert multiple effects at different stages that influence cell
dynamics, which result an increase in the number of B cells that
reach a more differentiated state.
B cell proliferation and differentiation are regulated in concert
by groups of transcription factors. For example, B cell-specific
activator protein (BSAP), encoded by the pax-5 gene, is a B
cell-specific transcription factor only expressed in pro-B, pre-B, and
mature B cells, but not in plasma cells. It is a key factor in the control
of B cell expansion (45), development, and proliferation (53), but
down-regulation and extinction of pax-5兾BSAP is necessary for
activated B cells to differentiate into Ig-producing plasma cells (44,
46, 54, 55). Here, we have shown that whereas pax-5 was constitutively expressed in mature B cells, the level of pax-5 mRNA declined
during culture and stimulation, similar to CD19 for which it is a
regulatory factor (44, 46). Pax-5 mRNA was further reduced in the
presence of RA (Fig. 8). The reduction in pax-5 expression could
be a key event in the promotion of sIgG1 expression by RA, as it
was observed early in the activation-differentiation process and led
to nearly complete extinction of pax-5 gene expression by day 4. We
also determined the expression level of AID because it is a required
protein in CSR. AID mRNA was increased by RA in stimulated B
cells, indicative of a positive effect of RA on the regulation of CSR
and consistent with increased sIgG1 expression as demonstrated in
Fig. 5.
Expression of GL Ig gene transcripts is known as a prerequisite
signal for the Ig class switching that leads to antibody production
(39). However, the function and regulation of this process is not well
understood, and it is not yet clear whether the magnitude of GL
transcription is of regulatory significance. In our study, GL Ig␥1
mRNA and sIgG1 expression were differentially regulated by RA.
Whereas the level of  and ␥1 GL transcripts was substantially
reduced by RA at 24 h and later times (Fig. 2), sIgG1 expression was
elevated by day 3 of stimulation, remained high during the detection
time (to day 5), and was further increased in the presence of RA
(Figs. 5 and 7). On the surface, these results seem disparate, and at
present we cannot explain the opposing effects of RA on the levels
of ␥1 GL transcript level and sIgG1 expression. However, the results
might be reconciled if the level of GL transcription in BCR兾CD38stimulated B cells is adequate to initiate DNA rearrangement and
class switching, whether or not RA is added, and if GL transcription
(once activated) must be down-regulated for B cell differentiation
to proceed, which may be promoted by RA. Regardless of the
mechanism, the data caution against using GL transcript levels as
a surrogate for mature IgG gene expression, as they may be
regulated differentially.
In summary, our experiments provide evidence that RA regulates the dynamics of BCR兾CD38-stimulated B cell activation兾
differentiation in both early and later stages of cell activation. In the
early phases of B cell activation RA functioned to restrain cell
proliferation and reduce division frequency, GL transcript levels,
and pax-5 gene expression. In the intermediate and later stages of
differentiation, RA increased AID expression and enriched the
population of B cells that express sIgG1. Overall, RA promoted
stimulation-induced B cell progression to a more differentiated
state, consistent with its ability to promote antibody production and
isotype switching after immunization in vivo.
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