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Abstract
Antibody production is crucial for a successful vaccine response. Beyond the ability of vitamin A
(VA) and its active metabolite, all-trans-retinoic acid (RA) to restore growth in VA-deficient animals,
supplementation with VA and/or treatment with RA can augment antibody responses in both VA-
deficient and VA-adequate animals. RA alone, and in combination with stimuli that are ligands for
the Toll-like receptor family, can augment the adaptive immune response leading to a heightened
primary antibody response, and a stronger recall response upon restimulation. Mechanisms may
include regulation of cell populations, type 1/type 2 cytokines, and B-cell-related transcription
factors, leading to accelerated B cell maturation.
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1. Introduction
Adaptive immunity is characterized by antigen (Ag) specificity, diversity, and immunologic
memory, and usually results in more effective immune protection than from innate immunity
alone. Understanding the nutritional-hormonal factors that regulate adaptive immune responses
is highly important to human health. It is now well demonstrated that provision of an adequate
intake of vitamin A (VA) to children aged 6 months to 5 years can reduce all-cause mortality
by 23%, measles-related mortality by 50% [1], and diarrhea-related mortality by 23% [2,3].
The World Health Organization supports vitamin A supplementation as an important, cost-
effective strategy to improve child health. For convenience and to reach more children, VA
supplements are often delivered at vaccine clinics [1], and thus concurrent treatment with VA
and vaccines has become a common practice.
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Vitamin A (retinol) is an essential micronutrient required in the diet of all vertebrates [4]. VA
is long been known as a requirement for the maintenance of normally differentiated epithelial
cells, through the regulation of cell turnover, trafficking and mucin production. Thus, it is likely
that some if not most of the clinical benefits attributed to VA supplementation are the result
of its effects on the mucosal and systemic immune systems (see [5] and [6] for reviews of
epidemiological studies). All-trans-retinoic acid (RA), one of two major metabolites of retinol,
is a potent regulator of cell proliferation and differentiation [7], with pleiotropic effects, due
to regulation of gene expression, in essentially all organ systems. The genomic actions of RA
are mediated by its binding to transcription factors of the RA nuclear receptor family RAR
(RARα, β and γ), while 9-cis-RA binds to RXR receptors [7,8]. RA may also have nongenomic
activities through epigenetic mechanisms and via crosstalk with other signaling pathways [9].

2. Could RA be a “fourth signal” in the regulation of the antibody response?
Signals generated by the binding of Ag (signal 1) to its receptors, and costimulatory/accessory
molecules (signal 2) to their respective receptors, are well known to be crucial for the
development of Ab responses. “Danger signals” (signal 3) [10,11], now understood to be
generated mainly by ligands for Toll-like receptors (TLR) [12], include biological agents such
as lipopolysaccharide (LPS), a natural ligand for TLR4, and synthetic compounds such as
polyriboinosinic:polyribocytidylic acid (PIC), a ligand for TLR3 [12], or by cytokines
produced by antigen-presenting cells (APC) or Ag-activated T cells. The small lipophile, RA,
can also have a profound effect on the development, differentiation and immune outcome of
B cells. In combination with stimuli like LPS and PIC, RA has the potential to induce a
heightened primary response as well as a robust memory response [13,14]. RA may also
accelerate the development of B cells, expanding or modifying the mature B-cell pool available
for stimulation [15]. The idea that RA can induce changes that result in a permanent
commitment of immune system cells, or “imprint” them, was expressed by Iwata et al.
regarding gut-homing T cells [16], but may be more generally applicable. The notion of RA
as potentiating a strong and long-lived immune response is consistent with the well established
properties of RA as a powerful agent of cell differentiation [7]. Thus, RA could be an important
“signal 4,” when RA is present at an adequate concentration during the period of initial B-cell
and T-cell stimulation. A signal from RA would be expected to act principally at the nuclear
level, through ligation of RAR-RXR receptors, resulting in the induction or repression of
critical genes that code for intracellular, plasma membrane-associated, or secreted proteins
that, in turn, directly or indirectly modulate the immune response. A fourth signal delivered
by RA could provide a final “imprint” or imprimatur on the cells involved, setting them on a
course of progression towards a stronger, longer acting, or potentially altered response as
compared to that in the absence of RA.

In this review we first discuss studies demonstrating the significance of adequate VA and RA
for normal immunity and the ability of RA to augment the Ab response in vivo. We then discuss
research using isolated cells that has begun to reveal pathways and processes that are modulated
in the presence RA, including class switch recombination (CSR), proliferation, cytokine
production, signaling, and B-cell differentiation leading up to the formation of Ab-producing
plasmacytes.

3. Vitamin A status, RA, and Ab titers in vivo
3.1 Vitamin A status as a factor in the in vivo antibody response

Studies published in the late 1980s and early 1990s revealed that Ab responses to Ag classified
either as T-cell dependent (TD) and T-cell independent-type2 (TI-2) are markedly reduced by
VA deficiency (reviewed in [17]). The poor responses could be restored to normal levels
relatively rapidly by treatment with VA, indicating the defect was due to a specific lack of this
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nutrient, while the reversibility also suggested that VA therapy would be useful in VA-deficient
populations. In support of this, Semba et al. [18] showed that Indonesian children with
xerophthalmia who were supplemented with VA produced a stronger anti-tetanus toxoid (TT)
response than children not supplemented with VA. Surprisingly, animal studies designed to
compare the response to different types of Ag in VA-deficient rats showed that the IgM
response to TI-type 1 (LPS as Ag, given at low immunogenic doses with the Ab response
measured as O-saccharide-specific IgM] was not reduced by VA deficiency [19]. Thus, the
defect in Ab production was characterized as a dysregulation, in response to some types of Ag,
rather than a complete inability to form a strong Ab response, and the requirement for VA for
Ab production could therefore be described as conditional, dependent on the antigenic
challenge. Although these results were obtained prior to discovery of the TLR family of
receptors and an understanding of the ligands that activate them, the idea of “danger signals”
had already been proposed [10,11], which suggested that microbial products like LPS might
elicit cytokines or other factors that could have autocrine or paracrine effects on nearby cells.
We therefore considered that coimmunization might effectively stimulate not only production
of LPS-specific IgM, but also enhance the Ab response to a TD and TI-2 Ag, which otherwise
was low in VA-deficient animals. Indeed, coimmunization Pseudomonas aeruginosa LPS
(Pa-LPS) and with either pneumococcal polysaccharide, a TI-2 Ag, or TT, a TD Ag, resulted
not only antibodies to Pa-LPS but a >3-fold stronger primary response to pneumococcal
polysaccharide [19] or TT, both as IgM and IgG [20]. When TT (without LPS) was
administered again to elicit a recall Ab response, the secondary anti-TT IgG response was 6-12
times higher compared to animals that had not been treated with LPS at priming [20]. In these
studies LPS was not acting simply as a general B-cell mitogen because, despite induction of
Ag-specific Ab production, the total plasma Ab concentrations did not rise. These results
showed that the potentiation of Ab production by LPS required its presence at the time of
priming with the TI-2 or TD Ag, and also illustrated augmentation of class-switched memory
response to a TD Ag such as TT. Moreover, similar results were observed in VA-adequate
animals [21], suggesting the possibility that VA or RA combined with other stimuli might be
an effective means to augment antibody responses even in a well-nourished population. With
the great advancement that has taken place in knowledge about the TLR family and its ligands,
these results now can be explained as being the result of a danger signal (signal 3) provided
by LPS through its engagement with TLR4 on APCs, T cells, or B cells during their activation
in response to immunization with TT, that significantly augmented both the primary Ab
response and the formation of memory.

3.2 Interactions of RA and TLR pathway ligands
TLR ligands are now of great interest for their potential as vaccine adjuvants (reviewed in
[22]), including natural compounds like LPS, a ligand for TLR4; synthetic ligands such as
polyriboinosinic:polyribocytidylic acid (PIC), a dsRNA that mimics some of the effects of
retroviruses and a ligand for TLR3; flagellin, a ligand for TLR5; and CpG, a mimetic of
bacterial DNA and a ligand for TLR9 [12]. Several studies, summarized in Table 1, have
demonstrated that RA can synergize with these signals to augment Ab production.

4. Possible mechanisms for augmentation of Ab responses in vivo
4.1 Altered cellularity

Normal VA status is required for maintaining the integrity of lymphoid organs and the balance
of major lymphocyte populations. A lower proportion of CD4+ T cells and a lower CD4:CD8
T-cell ratio have been noted in studies of children with xerophthalmia [25] as well as in rats
fed a VA-marginal diet [26]. VA deficiency also diminished the number of splenic germinal
centers (GC), total spleen cells, and spleen and thymus mass [27]. Conversely, RA increased
the CD4:CD8 T-cell ratio [14]. The effect of VA on APCs, and particularly dendritic cells
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(DC), has only recently begun to be elucidated, but evidence indicates that exposure to RA is
critical for their functionality. Bone marrow cells cultured in low-VA medium with
granulocyte-macrophage colony stimulating factor exhibited reduced DC differentiation, while
granulocytes increased, while, conversely, repletion with RA significantly induced the
formation of myeloid DC [28]. Furthermore, RA does-dependently increased the tumor
necrosis factor-α-induced expression of major histocompatibility complex class II molecules
and CD86 on immature Langerhans cell-type DC, suggesting enhanced DC maturation, and
RA increased their Ag-presenting capability [29]; these effects were apparently mediated by
both RXR-dependent and RARα/RXR-dependent pathways. Hence, Ab production may also
be regulated by VA and RA through the promotion of DC maturation and functioning [see
references [30], and [31] in this issue].

4.2 Expression of costimulatory molecules
Several studies have suggested that RA could regulate immunity by targeting APCs and
costimulatory molecules [32,33]. RA significantly induced expression of CD11b on murine
spleen cells [14] and cultured human monocytic cells [34]. Moreover, in RA-treated TT-
immunized mice RA upregulated the expression of CD80, mostly on CD11b+ cells, while PIC
mainly increased CD86 on CD11b- cells, suggesting the interesting and unexpected finding
that these costimulatory molecules can be modulated individually [13]. Notably, the ratio of
CD80/CD86 was positively correlated with the ratio of IL-4:IFN-γ [13]. While the differential
regulation of CD80 and CD86 by RA and PIC is not readily explained at this time it has been
suggested that CD80 and CD86 are involved in the generation of Th1 and Th2 responses,
respectively [35]. The early regulation of CD80 and CD86 molecules by RA combined and
PIC, which was apparent within 3 days of priming with TT, might make a significant
contribution to the ability of these treatments to rapidly modulate type 1/type2 cytokines
[13].

4.3 NK cell-NKT cell ratio
RA may also regulate the numbers and functions of natural killer (NK) cells and natural killer
T (NKT cells). Marginal VA deficiency differentially regulated NK and NKT cell populations,
significantly reducing NK-cell numbers and NK-cell-mediated cytotoxicity, while increasing
the number of NKT cells in the blood of middle-aged and old rats [36]. In young adult mice,
RA and PIC differentially regulated NK/NKT-cell populations, observed by 3 days after
treatment and priming with Ag [13]. RA was a positive regulator for NKT cells, whereas PIC
was a positive regulator for NK cells. The ratio of NKT cells to NK cells was positively
correlated with the ratio of IL-4 to IFN-γ mRNA, suggesting that another means by which RA
and PIC treatments may regulate type 1/type 2 cytokines occurs through modulation of NK/
NKT cell populations [13].

4.4 T-cell responses and the balance of T-helper cells
Several studies have shown that VA deficiency, VA supplementation and treatment with RA
alter the balance of Th1/Th2 cell differentiation. VA deficiency was shown to disrupt the
balance of Th1/Th2 response, indicated by increased secretion of IFN-γ [37] and higher levels
of IL-12 mRNA [38], with reduced secretion of IL-5 and IL-10 [37]. Conversely, RA as well
as related synthetic retinoids repressed IFN-γ secretion and the Th1 response, while promoting
IL-5 production and the Th2 response [39]. In a model of lupus nephritis, a single administration
of RA helped to treat the disease partially while reducing the production of Th1 cytokines,
such as IL-2, IL-12 and IFN-γ [40]. The retinoids 9-cis RA and LG69, agonistic ligands of
RXR, inhibited IL-12 production by macrophages [33], while RA synergized with LPS in
macrophage-like RAW 264.7 cells to augment the production of nitric oxide [41], an agent
factor capable of restricting Th1 and promoting Th2 immunity [42]. These and other data
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[32] suggest that VA might influence Th1/Th2 differentiation through the regulation of
cytokine production by APCs as well as T cells.

The combination of RA with other agents, such as PIC, could potentially alter the balance of
type1/type 2 cytokine production, while stimulating the adaptive immune response in terms of
Ab production. PIC, like dsRNA from retroviruses, activates TLR3-dependent MyD88-
independent signaling, triggering NF-κB activation [43,44], and selectively induces type 1
cytokines, such as IFN-γ and IL-12, while suppressing type 2 cytokines, such as IL-4 and IL-5
[45,46]. PIC also increased the expression of costimulatory molecules, such as CD80 and
CD86, as well as a maturation marker, CD83 in human DC [47]. RA and/or PIC administered
to mice at priming with Ag modulated important immune regulators within a few days of
immunization. By 3 days after priming with TT, RA and PIC differentially regulated mRNA
levels of IFN-γ and IL-4, the signature cytokines of type 1 and type 2 immune responses,
respectively [13]. PIC alone significantly induced IFN-γ mRNA, while RA was a positive,
albeit modest, regulator for IL-4 but a negative regulator for IFN-γ (Table 2 and [13]). In
combination, RA and PIC promoted a higher and more balanced type1/type 2 response, than
either alone. Later, 10-12 days after priming, it was evident that RA and/or PIC robustly
promoted the primary anti-TT IgG response, as mice treated with RA combined with PIC
produced Ab levels that were up to 80-fold higher, while also differentially regulated anti-TT
IgG isotypes. Whereas RA combined with PIC synergistically enhanced anti-TT IgG1, this
combination attenuated anti-TT IgG2a, as compared to PIC alone. Therefore, RA combined
with PIC not only potently stimulated total anti-TT IgG production, but also kept the balance
of IgG1/ IgG2a antibodies similar to that in control mice.

Concomitantly, type 1/type 2 cytokine production was significantly regulated by RA and PIC.
While PIC was expected to induce type 1 cytokines, it significantly induced both type 1 and
type 2 cytokines as well as Th1/Th2-related genes. The enhancement of type 2 cytokines by
PIC may be due to its ability to induce IFN-β [48], which has been shown to reduce type 1
cytokines (e.g., IL-12) but increase type 2/regulatory cytokines (e.g., IL-10), as observed in
treatment of multiple sclerosis [49]. Thus, PIC was a relatively indiscriminant but potent
inducer of immune responses, with very broad inducing effects on both type 1 and type 2
immunity, which correlated well with the increased production of all anti-TT IgG isotypes.
Oppositely, RA inhibited type 1 cytokines, confirming previous reports [39,50], and inhibited
Th1-related genes (t-Bet, IRF-1) [13]. Interestingly, this inhibition by RA occurred in the
presence of PIC and was strongly correlated with attenuation of the IgG2a response, suggesting
that RA abolished part of PIC-induced IgG2a production by suppressing type 1 cytokine
expression. Although RA did not significantly induce type 2 cytokines, it consistently
suppressed type 1 cytokines and therefore skewed the balance in the type 2 direction [13].
Nevertheless, RA combined with PIC manipulated type 1/ type 2 cytokine expression, which
in turn contributed to the enhancement of anti-TT Ab response and directed Ig isotype switching
towards a nearly normal balance. Although RA and PIC were administered only at the time of
priming, they synergistically increased both the primary and the secondary Ab responses. Thus,
a requirement for RA at the time of Ag presentation and initial cell stimulation proved critical
and sufficient for the long-term augmentation of the humoral Ab response.

Besides these results for IgG production, the activation of gut-associated DC and T-cells,
leading to IgA production, is also augmented by RA; these topics are reviewed by [31] and
[51] in this series.

4.5. Augmentation of the TD antibody response in vivo in a neonatal model
Neonates represent a particular challenge regarding Ab production. Neonates are highly
susceptible to infectious diseases and, in general, respond poorly to conventional vaccines
[52]. Moreover, infants and young children are most susceptible to developing VA deficiency
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due to the low reserves of VA that are present at birth [53]. The high susceptibility of infants
and neonates to infections, and their generally weaker response to vaccination as compared to
older children and adults, is mostly attributed to the relative immaturity of the immune system
[52,54,55].

Based on observing augmented Ab responses in adult mice treated with the combination of
RA and PIC, it was hypothesized that the anti-tetanus Ab response of neonatal mice could be
enhanced by this combination [14]. Early-life treatments of neonatal mice with RA and/ or PIC
were well tolerated, resulting in no reduction in growth rate. TT-specific lymphocyte
proliferation and type 1/ type 2 cytokine production were significantly augmented [14]. In
addition, RA and PIC modulated the maturation and/ or differentiation of neonatal B cells, NK
and NKT cells, and APCs. Whereas RA alone increased neonatal anti-TT Ab response, it
selectively increased anti-TT IgG1 and IL-5, resulting in a skewed type 2 response, similar to
that observed for IL-4 in adult mice [13]. PIC elevated neonatal anti-TT IgG as well as all IgG
isotypes (IgG1, IgG2a, IgG2b). While PIC alone increased the production of TT-specific IFN-
γ; it failed to benefit the memory response to TT. The combination of RA and PIC induced a
significantly higher level of IFN-γ compared to that in the control group, and resulted in a
significantly higher recall anti-TT Ab response when the neonates were reimmunized at 6
weeks of age [14]. Moreover, RA and PIC in combination increased both TT-elicited IFN-γ
and IL-5 production by spleen cells ex vivo, suggesting that RA and PIC combined effectively
promoted both type 1 and type 2 responses in neonatal mice [14].

Lymphoid organ cellularity, known to be a factor in the low Ab response of neonates, was
significantly altered by RA alone or RA combined with PIC. While the B-cell population
(B220+ cells) was only slightly reduced in neonatal spleen, neonatal B cells expressed much
less CD19 [14], a 95-kDa transmembrane protein known to be as an essential downstream
element of B-cell receptor (BCR) signaling required for B-cell maturation, TD Ag-specific Ab
responses, and GC formation [56,57]. Notably, RA and RA combined with PIC, but not PIC
alone, up-regulated the percentage and number of CD19+ cells. Treatment of neonatal mice
with RA, or RA and PIC in combination, also increased the ratio of CD4 to CD8 T-cells, the
percentage of NK cells, and number of NK and NKT cells, while the combination of RA and
PIC significantly increased CD11b+CD80+ cells [14]. The defective Ag-presenting ability of
neonatal APCs has been strongly associated with the absence of costimulatory molecules, such
as CD80 and CD86 [55]. Hence, the up-regulation of CD80 on macrophages suggests that RA
and/or PIC may enhance the Ag-presenting capacity of neonatal macrophages, thereby
contributing to augmentation of anti-TT lymphocyte responses and Ab production.

Because the lack or immaturity of type 1 responses is thought to be a major contributor to the
increased susceptibility of neonates to intracellular pathogens [52], a selective induction of
type 2 immunity by RA could be disadvantageous for the development of type 1 responses and
cell-mediated immunity in neonates. But compared with either RA or PIC alone, the
combination of RA and PIC was more potent in augmenting both primary and secondary anti-
TT IgG responses as well as all IgG isotypes [14]. Moreover, the balance of anti-TT IgG1/
IgG2a was maintained close to that of vehicle-treated neonates. Furthermore, the combination
of RA and PIC significantly increased the production of TT-specific IFN-γ and IL-5, thereby
effectively promoting both type 1 and type 2 cytokine responses. Overall, treatment with RA
in combination with PIC at the neonatal stage was more effective than either of these agents
alone in promoting anti-TT Ab production in infancy, resulting in stimulation of both type 1
and type 2 cytokines, and in a heightened recall response to Ag at the young adult stage. These
results suggest that this nutritional-immunological intervention could act as a powerful
adjuvant for neonatal vaccination.
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5. In vitro studies of B cell activation leading to Ab production
While in vivo models, as discussed above, present an integrated picture, in vitro studies are
useful for dissecting the mechanisms involved in B cell proliferation and differentiation in well
defined systems (see also [58] in this series). As illustrated in Fig. 1, stimulation of mature B
cells by cross-linking of the BCR, mimicking the Ag binding event (signal 1), results in a
marked increase in B cell proliferation, represented by increased DNA synthesis and cell
division rate [59]. Additionally, significant B cell proliferation is induced by ligation of
accessory molecules (signal 2). One such molecules is CD40, a transmembrane protein on the
B-cell surface that is activated by the binding of CD40L (CD154) expressed on activated T
cells [60]. Another molecule is CD38, a surface-bound protein that functions as an accessory
receptor of the BCR, as an ectoenzyme involved in pyridine nucleotide (NAD) metabolism,
and as a signal-transducing molecule [61], which, in addition, is inducible by RA in a number
of types of cells [62,63]. Moreover, several cytokines such as IL-4, IL-5, IL-21, and
transforming growth factor-β play important roles in the regulation of B-cell proliferation and
plasmacyte differentiation [64-67].

5.1 RA and early B cell development
The regulatory effect of RA on B cells starts at the beginning of B cell development.
Experiments in C57BL/6 mice showed that RA substantially increased the number of total
CD19+ B cells in bone marrow and spleen, while lymphoid progenitors were reduced [15]. In
vitro experiments confirmed that the increase of CD19+ cells was accompanied by a shortening
of the B cell maturation time, and that the reduced overall yield of B lymphoid progenitors is
due to the accelerated maturation of B cells, rather than to a reduction in progenitor proliferation
[15]. Associated with the increased number of CD19+ B cells, expression of the transcription
factor Pax-5 increased (section 6.5). This agrees with the findings by others that Pax-5 plays
a critical role in promoting early B cell development and expansion [68].

5.2 RA and proliferation of mature B cells
Several groups have reported that RA is a strong suppressor of mature B cell proliferation,
induced by a variety of stimuli. A reduced rate of cell proliferation does not seem surprising
from the viewpoint that RA often slows cell growth, especially of transformed cells [7], but it
is somewhat surprising for normal B cells which, after activation by Ag, must undergo clonal
expansion and differentiation in the course of becoming plasma cells, and it is especially
surprising given the in vivo evidence that RA augments Ab responses, including Ab titers
[13,14,21] and the number of Ab-secreting cells [13]. Moreover, the reduced rate of
proliferation in RA-treated B cells contrasts to the increase in proliferation and cell survival in
RA-treated T lymphocytes [69]. The growth inhibitory effect of RA on B cells appears to be
mediated through the up-regulation of p27(Kip1), a cyclin inhibitory protein, resulting in arrest
of B cells in G0/G1 phase of the cell cycle [70,71]. In a human tonsillar B cell model, RA
decreased anti-CD40 and IL-4-induced B cell proliferation [63]. At the same time, RA
increased B cell surface expression of CD38, indicative of B cell differentiation towards the
plasma cell phenotype (CD38+/CD20-/IgD-) [63]. These findings agree with experiments in
mouse splenic B cells stimulated through the BCR, and/or with anti-CD38, in which RA
inhibited B cell proliferation, while at the same time it increased the pool of B-cells expressing
IgG1 [72]. These results suggest that although B cell proliferation is a required step for a
sufficient immune response, further differentiation to the Ab-producing stage may require the
cessation of proliferation, which is promoted by RA.

Nonetheless, not all B cell proliferation is inhibited by RA. Studies of B cells isolated from
human peripheral blood and characterized as CD27+ (naïve phenotype) and CD27 negative
(memory phenotype) showed that the memory B-cell pool, when stimulated with CpG, a TLR9
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ligand, and treated with RA were driven to a higher level of proliferation and were induced to
secrete 3-fold more Ig than cells treated with CpG alone [24] (see also [58] in this issue).

5.3 RA and the regulation of germline heavy chain gene transcription and Ig isotype
switching

Ig isotype switching is in general a T-cell driven process, regulated by cytokines produced by
T-helper cells [73]. Whereas RA alone did not affect Ig heavy chain isotype switching, it
enhanced LPS-induced IgA production by splenic B cells when combined with IL-5 [74].
Furthermore, RA strongly inhibited IL-4-dependent Sμ-Sγ1 switch rearrangement necessary
for CSR and IgG1 production [74,75]. Although RA inhibited the response of B cells to BCR
ligation and/or to CD38 ligation-triggered γ1-germ line transcript (GLT) expression, it
increased the percentage of B cells that expressed surface (s)IgG1, implying differential
regulation of proliferation and GLT, versus class switching and productive expression of IgG1
[72]. Whereas the process of chromosomal remodeling and GLT formation is known as a
prerequisite event prior to CSR and somatic hypermutation [76] (see also Fig. 1), data from
RA-treated B cells suggests that, quantitatively, the level of GLT transcripts that are formed
do not necessarily correlate with, or predict, the level of sIgG that will be expressed a few days
later. Indeed, the addition of a physiological concentration of RA (10 nM) at the time of
stimulation decreased γ1-GLT levels within 1.5 h hours of stimulation, while the same RA-
treated cultures expressed more sIgG 5 days later [72,77]. The marked reduction of germline
transcript levels by RA may go along with the decreased proliferation rate of the B cells, which
facilitates B cells to move forward for differentiation.

Cloning and analysis of the promoters of the germline transcripts revealed an IL-4 responsive
region in murine C γ1 and ε genes, which mediated a strong positive response upon IL-4
stimulation [78]. A detailed study uncovered a specific NF-kB/Rel binding site and STAT6
binding site, which mediated the regulatory effects of anti-CD40 and IL-4 respectively to
stimulate germline transcription and CSR of the murine γ1 gene [79,80]. Furthermore, it was
found that NF-IL4, C/EBP family of transcription factors, and NF-kB/p50 complex were also
critical for the germline C-ε gene expression [81]. While these studies did not investigate RA,
it is known that RA often inhibits NF-KB [32]. It is interesting to note that RA significantly
suppressed germline transcript expression induced by several different stimuli [72,77],
suggesting that RA acts on a common pathway.

5.4 RA in the regulation of AID expression
AID is an essential factor for both CSR and somatic hypermutation [82]. AID is thus considered
as the Ab diversification enzyme that is crucial for higher organisms to produce a highly
specific and potent Ab response. AID expression is induced in mouse splenic B cells activated
to undergo class switching in culture, and also in GC B cells in vivo, where B cells undergo
somatic hypermutation and probably CSR [83]. The stage-specific expression of AID is
controlled transcriptionally and is regulated at least partially by binding of E-protein and Pax5
transcription factors to the promoter region of the AID gene [84,85]. RA significantly increased
AID expression in murine splenic B cells stimulated with a combination of anti-μ, anti-CD40
and IL-4 [77]. Moreover, AID expression occurred nearly exclusively in a B-cell population
that is also characterized as the locus of GLT expression, and as having undergone fewer
division cycles as indicated by reduced 3H-thymidine incorporation and less dilution of the
intracellular vital dye carboxyfluorescein succinimidyl diester. Increased AID expression may
be one mechanism by which RA promotes B cell differentiation [77].

5.5 Transcription factors in the regulation of B cell proliferation and differentiation
Along the route of B cell development to plasma cells, many cell signaling events occur which
are coordinated together to decide the fate of the cell. Two main groups of factors have been
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classified based on their activity in promoting B cell proliferation versus plasma cell
differentiation, the Pax-5/Bcl-6 group, and the Blimp-1/Xbp-1 group (Fig. 1). Pax-5 is known
as a transcription factor that determines B cell lineage differentiation, maintains B cell identity
and increases B cell expansion [86]. While Pax-5 is exclusively expressed in the B lineage
from the pro-B to the mature B cell stage, its expression is suppressed in plasma cells. Over-
expression of Pax-5 can increase the level of AID expression, suggesting a role for Pax-5 in
early B cell activation [85]. Bcl-6 is a repressor of transcription that is expressed when B cells
are activated [87]. Bcl-6 is abundant in GC B-cells and is required for GC formation, affinity
maturation, and CSR [88]. By maintaining adequate levels of Bcl-6, Pax-5 can suppress the
plasma cells differentiation [89]. Conversely, Blimp-1 is a transcription factor whose
expression is suppressed in early B cell differentiation by several transcription factors such as
Pax5 and Bcl-6 [90]. However, Blimp-1 is induced in Ag-stimulated B cells and is required
for Ag-dependent terminal differentiation of small groups of cells, such as marginal zone B
cells, follicular B cells, and GC B-cells into Ig-secreting plasmablasts and mature plasma cells
[91]. Blimp-1 works together with XBP-1, a transcription factor that promotes Ig secretion by
coordinating various cellular changes that are needed for the secretory phenotype of plasma
cells [92], thereby controlling efficient antibody production. Adequate expression of Pax-5/
Bcl-6 and suppression of Blimp-1 level at the early stage of B cell activation ensure efficient
B cell proliferation, while the proper shutting off of Pax-5/Bcl-6 and turning on of Blimp-1
expression promote XBP-1 activity that guarantee adequate terminal plasma cell
differentiation.

The accelerated development of RA-treated CD19+ B cells was associated with a reduction of
Pax-5 expression [15]. In cultured murine splenic B cells stimulated with anti-μ and anti-CD38,
RA markedly reduced Pax-5 expression, while at same time RA increased AID and Blimp-1
expression [72]. Among the heterogeneous population of stimulated mouse splenic B cells,
RA enriched a B cell subset which was less proliferative, expressed AID and Blimp-1, and had
higher level of sIgG1 and CD138 expression, further suggesting that RA plays role in
promoting plasma cell differentiation [77]. These findings agree with the theory that some of
the characteristics of B cells are division-linked. Overall, B cells in the early phase of their
proliferating life are more responsible for the expansion of the B cell pool, which is inhibited
by RA, while B cells that have already passed several division cycles and are ready to leave
the proliferating pool and proceed to more differentiation stage are promoted by RA via the
regulation of transcription factors (Fig. 1).

5.6 RA in the regulation of IgE expression
Oppositely to the augmenting effect on RA on the production of IgG and IgA, RA has been
reported to inhibit CD40 and interleukin-4-mediated IgE production in vitro [93]. IgE synthesis
was markedly inhibited by RA [93]. Mechanistic studies showed that RA decreases IgE
production by regulating the epsilon (ε) GLT expression. These data indicate the importance
of B cells in type I allergy and suggest a potential therapeutic role of RA in the treatment of
allergy [94,95].

6. Concluding summary and future challenges
The evidence to date outlines a consistent picture in which physiological concentrations of RA
act as part of the regulatory mechanism that controls the development of B cells, and promotes
their differentiation in response to various stimuli. These results raise the possibility that RA,
as an “imprinting factor,” or signal 4, when combined with either known stimuli, such as TLR
ligands, or novel stimuli, in the presence of Ag and accessory molecules, could be very effective
in augmenting Ab production, and thus could improve vaccine responses in vivo. Several lines
of evidence suggest that RA shifts the balance of certain populations of lymphocytes, including
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Th1, Th2 and regulatory T cells, NK and NKT cells, and Ag-activated B cells. For B cells, the
presence of a physiological concentration of RA at the time of Ag stimulation consistently
expanded a population of B cells exhibiting reduced cell proliferation, larger size, enrichment
of AID, and, later in the differentiation program, higher expression of surface CD138 and sIg
[72,77]. Future challenges include examining the role of RA in APC activation, the role of RA
in GC formation and B-memory cell formation in vivo, and in better understanding the
mechanisms by which RA modulates B-cell transcription factors and enzymes, like Pax5 and
AID, that are likely to be critical determinants of the Ab response in vivo.
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Figure 1.
Model of B cell activation by TD and TI/type2 Ag, showing processes in B-cell maturation
and differentiation that have been shown to be positively (blue triangles) and negatively (red
inverted triangles) by RA. Additional abbreviations: SHM, somatic hypermutation.
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Table 2
Differential effects of RA and PIC on T-helper cell factors and Ab production in adult mice 1

Factor/indicator Direction of change
by RA

Direction of change by
PIC

P value for PIC

Th1/type 1-related:
 IL-2 ---- Increase **
 IL-12 Decrease **2 Increase **
 IL-12Rβ2 Decrease * Increase *
 t-bet Decrease * Increase
 IFN-γ Decrease ** Increase **
Th2/type 2-related:
 GATA-3 Increase *
 IL-4 Increase **
 IL-10 Increase **
 Bcl-2 Increase *
Indicators of Th2 to Th1 balance:
IL-4:IFNγ ratio Increase **
IL-10:IL12 ratio Increase * Increase *
Antibody concentrations (in response to TT
immunization)
 IgM Increase **
 IgG total Increase **
  IgG1 Increase ** Increase **
  IgG2a Increase **
  IgG2b Increase **
Ratio IgG1 to sum of isotypes Increase **
Ratio IgG2b to sum of isotypes Decrease **

1
From [13] and unpublished results (Y. Ma and A.C. Ross)

2
P < 0.05;

**
P<0.01.
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