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Abstract

Objective: Few mucosal vaccines are available for human use, none of which are recombinant proteins or
subunits of pathogens, owing to the lack of potent and safe mucosal adjuvants. Given the crucial role of retinoic acid
(RA) in favouring dendritic cell differentiation, imprinting a mucosal homing capacity on T and B cells, as well as its
potential to promote the differentiation of IgA-producing plasma cells, we evaluated the capacity of RA to improve
mucosal vaccinations.

Study design: BALB/c mice were treated for eight days with RA or its vehicle and then intranasally immunized
with tetanus toxoid (TT) with or without CT and boosted three times. Alternatively, mice treated with RA or its
vehicle, were exposed to intranasal delivery of TT alone and boosted systemically with TT and Alum. Serum and
mucosal Ag-specific antibody responses were examined 2 weeks and 8 months after the priming.

Results: Treatment with RA synergises with the adjuvant capacity of CT to enhance both systemic and mucosal
TT-specific antibody responses. The combination of mucosal priming with Ag alone, followed by a boost with
systemic adjuvant was also evaluated. Mice treated with RA showed a higher titer of mucosal IgA compared to
untreated mice, after intranasal priming with TT followed by a systemic boost with TT plus Alum. After eight months,
higher IgG TT-specific antibodies in the serum and a higher frequency of TT-specific IgG and IgA secreting cells
were detected in the bone marrow of mice treated with RA as compared to untreated mice. Higher percentages of
proliferating CD4 and CD8 T cells upon TT stimulation were found in the spleens, in the mesenteric lymph nodes
and in the colonic lamina propria of mice treated with RA.

Conclusion: This approach induces mucosal immunity in the absence of mucosal adjuvants and improves the
effectiveness of mucosally-delivered vaccine.

Keywords: Mucosal immunity; Retinoic acid; Cholera toxin; IgA;
Mucosal immunization; Systemic immunization; Adjuvant; Mucosal
adjuvant

Introduction
Majority of pathogenic viruses, bacteria and parasites as well as

environmental allergens invades or enters the host through mucosal
surfaces. The mucosal immune system has evolved to prevent
colonization and invasion by harmful pathogens, therefore,
stimulation of mucosal defences is very important for controlling
infection and preventing diseases [1]. The development of mucosal
vaccines targeted to induce protective immunity against a broad range
of pathogens that can be acquired through mucosal or non-mucosal
routes could have positive public health benefits. Mucosal
immunization has been demonstrated to efficiently elicit humoral and
cellular responses both locally and systemically, as observed in animal
models and in humans [2,3]. Among the mucosal routes, the nasal
route of immunization is very efficient at inducing humoral and
cellular immune responses [4-7]. The nasal-associated lymphoid tissue
(NALT) present in rodents, is an important inductive tissue for the
generation of mucosal immunity to inhaled antigens and is capable of

disseminating effector cells at distant sites [8,9]. It has been largely
proved that the nasal route is effective in inducing memory immune
responses both systemically and locally, i.e., in the respiratory, genital,
and intestinal tracts [10-13]. Limitations to the use of the nasal route
are generally related to the choice of adequate mucosal adjuvants and
delivery systems whose potency needs to be carefully balanced with
their potential toxicity [14,15]. Different adjuvants and delivery
systems have been proposed for the development of effective nasal
vaccines [1,16], however to date a potent and safe mucosal adjuvant
suitable for human use is still missing. Therefore, novel approaches to
elicit mucosal immune responses are highly needed.

Retinoic Acid (RA) is an essential micronutrient with
immunomodulatory capacity able to regulate tolerance and immunity
at mucosal surfaces [17,18]. It has been reported that it directly
controls CD4+ T cell immunity and differentiation towards Th1/Th17
polarization [18-20] and controls the homeostasis of DC at central
lymphoid and mucosal tissues [21,22]. Given its crucial role in
imprinting a mucosal homing capacity on T and B cells, and in
inducing IgA-producing plasma cells [23-26], RA could improve
mucosal vaccination protocols. Here, we show that treatment with RA
synergises with the mucosal adjuvant Cholera Toxin (CT) enhancing
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both the systemic and mucosal tetanus specific antibody responses and
that by combining intranasal delivery of Ag followed by systemic
immunization with Alum, durable systemic and mucosal immune
responses were induced.

Materials and Methods

Media and reagents
RPMI 1640 supplemented with 2 mM L-glutamine, 1% (v/v)

nonessential amino acids, 1% (v/v) pyruvate, 55 μM 2-
mercaptoethanol 100 U/ml penicillin, 100 µg/ml streptomycin (Gibco,
USA), and 10% FCS (Hyclone Laboratories, USA), was used as
complete medium in all cultures. Anti-CD3 (clone 145-2C11)
monoclonal antibody (mAb) was purchased from BD Pharmingen,
San Diego CA, (USA). All trans Retinoic acid (RA) (R-2625) and
sesame oil from Sigma-Aldrich, St. Louis, MO, Tetanus toxoid was
kindly provided from Novartis (Italy), CT (#100B) was purchased
from List (USA) and Alum AH ALHYDrogel 2% was purchased by
InvivoGen (vac-alu).

Immunization schedules. Female BALB/c mice aged 6 to 8 weeks
were obtained from Harlan Nossan, Italy and maintained in our
animal facilities for the duration of the experiments. All animal
procedures were in accordance with institutional guidelines. Groups
(four or five) of mice were treated for eight days with RA (20 μg/dose/
day) by subcutaneous injection at the base of the tale in 100 μl of
volume or its vehicle (sesame oil) and then intranasally immunized
four times, at weekly intervals (days 0, 7, 14 and 21), with 1 µg of
Tetanus Toxoid (TT) in the presence or in the absence of CT (0.5 µg/
dose). Groups of untreated mice immunized with TT alone or TT in
presence of CT were included as control. For intranasal immunization,
mice were lightly anesthetized by intraperitoneal injection of ketamine
hydrocloride (Ketavet, Gellini Pharmaceutics, 50 mg/Kg of weight)
and xylazine (Rompun, Bayer, 3 mg/Kg of weight). A volume of 15 to
20 µl (i.e., 7.5-10 µl per nostril) of a sterile phosphate-buffered saline
(PBS) solution containing Ag, with or without adjuvant, was then
administered. In the next experiments, groups of mice treated or
untreated with RA for eight days, were intranasally immunized twice
(at day 8 and 15) with TT alone and systemically boosted at day 22
with TT (1 µg/dose) in combination with Alum (100 µl via intra-
peritoneal (i.p.) injection. Serum samples and mucosal fluids from
vaginal washes were collected 2 weeks after the boost and 8 months
after the intranasal priming. Serum samples were obtained from blood
collected from the retro-orbital plexus of anaesthetized mice and
serum was stored at –20°C until assayed. Vaginal washes were
obtained by using 150 µl of PBS, introducing 50 µl at the time into the
vaginal tract of mice using a Gilson pipette.

Analysis of antibody isotypes
All samples were tested by a standard enzyme-linked

immunoabsorbant assay (ELISA). We coated 96-well plates (Greiner
bio-one, Germany) with 0.5 µg/well of TT overnight at 4°C. After
washing with PBS 0.05% (v/v) Tween 20 (UCS Diagnostics, Italy) and
blocking for 2 h with 200 µl of PBS containing 1% (v/v) bovine serum
albumin (Sigma Aldrich, USA), serial dilutions of sera and secretions
from individual mice were added to duplicate wells and incubated for
2 h at room temperature. The plates were then washed and biotin-
conjugated goat anti-mouse IgG (Sigma Aldrich, USA) or biotin-
conjugated goat anti-mouse IgA (Sigma Aldrich, USA) diluted 1:1000
in PBS-Tween 20 was then added to the wells for 2 h at room

temperature. The plates were washed before addition of horse radish
peroxidase HRP-conjugated streptavidin (Dako, Italy) diluted 1:2000
in PBS-Tween for 30 minutes at room temperature. Finally, after
washing with PBS-Tween, the Ag–antibody reaction was measured by
using the 3.3, 5.5 -tetramethylbenzidine substrate (Kirkegaard & Perry
Laboratories, USA). The colour reaction was terminated after 5 to 10
minutes with 50 µl of 0.2 M H2SO4. Endpoint titers were determined
as thereciprocal of the highest dilution giving an absorbance of more
than 0.3 units (for IgG) and 0.2 units (for IgA) than the negative
controls.

Evaluation of antibody secreting cells (ASC). Cells were obtained
from bone marrow by syringe insertion into one end of the bone and
flushing with RPMI medium. Single cell suspensions from bone
marrow were transferred on tubes containing complete medium RPMI
1640, containing 10% fetal bovine serum (FBS) (Euroclone, Life
Sciences Division, Milan, Italy), 100 units/ml of penicillin–
streptomycin–glutamine (Gibco Invitrogen, Paisley, UK), non-
essential aminoacids (Gibco), sodium pyruvate 1mM (Euroclone),
HEPES buffer solution 25 mM (Euroclone) 50 µM 2-mercaptoethanol
(Sigma Chemicals, Co., St. Louis, MO, USA). BM cells derived from
mice of the same group were pooled and assayed for frequencies of
specific antibody secreting cells (ASC) by the ELISPOT assay. Briefly,
2×105 cells/well were incubated over night at 37°C in PVDF 96-well
plates (Millipore) previously coated with TT (20 µg/ml). Plates were
then extensively washed and wells were developed by stepwise
incubations with HRP-conjugated goat antibodies to mouse IgG and
IgA (Sigma Chemicals, Co., St. Louis, MO, USA) followed by amino
ethyl-carbazole chromogenic substrate (Sigma Chemicals, Co., St.
Louis, MO, USA). Spots were enumerated using an automated reader
(A.EL.VIS, Hannover, Germany).

Isolation and culture of murine colonic lamina propria
mononuclear cells

Colonic lamina propria mononuclear cells (LPMC) were isolated
from freshly obtained colonic tissues using a modification of the
technique described by Van der Heijden and Stok [27]. The colonic
tissues were initially washed in HBSS-calcium-magnesium free
(HyClone Europe, Cramlington, U.K.), cut into 0.5-cm pieces, and
incubated in HBSS containing 0.75 mmol/L EDTA and 1 mmol/L
DTT (Sigma) at 37°C for 15 min for two cycles. The tissue was then
digested further in RPMI 1640 (HyClone) containing 400 U/ml
collagenase D and 0.01 mg/ml DNase I (Boehringer Mannheim,
Indianapolis, IN) in a shaking incubator at 37°C. The LPMC released
from the tissue were then re-suspended in 100% Percoll, layered under
a 40% Percoll gradient (Pharmacia Biotech), and then subjected to
centrifugation to obtain the lymphocyte enriched population at the
40-100% Percoll interface.

Proliferation assays. Spleens and lymph nodes were removed from
the mice and single cell suspensions obtained by passing organs
through a 100 μm-pore-size nylon cell strainer (BD, USA). Single cell
suspensions from two mice per group were pooled together. After lysis
of erythrocytes, cells (107/ml) were washed in PBS 1% (v/v) FCS and
incubated with 2.5 μM of carboxyfluorescein succinimidyl ester
(CFSE, Molecular probes, Eugene, USA) for 10 min at 37°C. The
reaction was quenched by the addition of ten volumes of cold RPMI
10% (v/v) FCS and incubating for 5 min at 4°C. Cells (3×106/ml for
spleens and mesenteric lymph nodes and the approximately 1×106

cells from the colonic lamina propria digestion) were washed three
times with RPMI 10% (v/v) FCS cultured at 105/well in 96 well plate,
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stimulated with TT (1 μg/ml) or anti-CD3 mAbs (0.1 μg/ml). After 5
days, cells were stained with anti-CD4-PE (clone GK1.5), anti-CD8-PE
(clone 57-6.7) and anti-B220-PECy5 (clone RA3-6B2) mAbs and
acquired on a FACSCaliburTM instrument running CellQuest
software and analysed by Flowjo software.

Results

Treatment with RA enhances systemic and mucosal tetanus-
specific antibody responses

To evaluate the capacity of RA to improve mucosal vaccination,
groups of BALB/c mice were first treated for eight days with RA (20
μg/dose/day) by subcutaneous injection or its vehicle (sesame oil) and
then intranasally immunized with TT (1 μg/dose) in the presence or
absence of 0.5 μg/dose of CT and boosted three times. Groups of
untreated mice immunized with TT alone or TT in presence of CT
were included as controls. Serum Ag-specific antibody responses were
examined one week after the fourth immunization and the anti-TT
IgG levels were higher in mice treated with RA as compared to mice
treated with the vehicle (p=0.027, number of mice=5) (Figure 1A).
Anti-TT specific IgA antibodies were also detected after four
immunizations in the vaginal washes of mice and the levels were
significantly higher in mice treated with RA as compared to mice
treated with the vehicle (p=0.018, number of mice=5) (Figure 1B). No
differences were observed in IgG or IgA levels between untreated mice
and mice treated with vehicle alone (Figure 1). Of note, in this set of
experiments, we observed an increase of TT-specific IgA responses
after intranasal administration of the Ag alone in the absence of CT in
RA treated as compared to vehicle-treated or untreated mice (p=0.009,
number of mice=5). Therefore, we asked weather it could be possible
to further amplify mucosal immune response using a combination of
mucosal priming with Ag alone, followed by a boost with systemic
adjuvant in mice treated with RA. Groups of BALB/c mice treated for
a week with RA (20 μg/dose/day) or its vehicle (sesame oil) were
exposed twice, a week a part, to intranasal delivery of TT alone and
boosted systemically (i.p) with TT and Alum. After 2 weeks serum and
mucosal Ag-specific antibody responses were examined (Figure 2).
The levels of serum TT-specific IgG was amplified after the boost in all
groups and even if the titer appears higher in mice treated with RA no
significantly differences were found between the groups (p=0.085,
number of mice=8) (Figure 3A). However, higher anti-TT specific IgA
antibodies titer was detected in the vaginal washes of mice treated with
RA as compared to mice untreated or treated with the vehicle
(p=0.0002, number of mice=8) (Figure 3B). These data suggest that
increased mucosal immune responses can be induced in mice treated
with RA by delivering Ag alone intranasally and boosting with a
systemic adjuvant.

Persistence of systemic IgG response and higher IgG and IgA
antibody secreting cells in the bone marrow of mice treated with RA in
order to evaluate the persistence of Ag-specific antibodies in mice
treated for eight days with RA (20 μg/dose/day) or its vehicle, exposed
to intranasal delivery of TT alone and boosted systemically (i.p) with
TT and Alum, serum and mucosal anti-TT IgG and IgA antibodies
were analysed 8 months after the intranasal priming. As shown in
Figure 3C, TT-specific IgG decreased after the systemic boost, but they
were still present up to 8 months and the titer was significantly higher
in mice treated with RA as compared with control groups (p=0.02,
number of mice=4). At this time point the IgA titer decreased in all
groups of mice (Figure 3D), but still differences were observed

between RA treated versus untreated mice (107 ± 52 vs. 38 ± 13).
However, to verify whether either IgG or IgA long living plasma cells
were induced following immunization, the presence of TT-specific
antibody secreting cells (ASC) was analysed in bone marrows of mice
after 8 months by ELISPOT assay. As shown in Figure 4, higher
number of anti-TT IgG ASC was found in bone marrow of mice
treated with RA as compared to vehicle treated mice (420 ± 28 and 180
± 28 ASC/1×106 cells, respectively, p<0.05) Figure 5A. In addition,
anti-TT IgA ASC were detected in bone marrow of immunized mice
treated with RA as compared to control mice (90 ± 14 and 5 ± 7 ASC/
1×106 cells, respectively, p<0.05) (Figure 4B). These data suggest that
in presence of RA treatment the response induced by a combination of
mucosal priming with Ag followed by a boost with systemic adjuvant,
in the absence of a mucosal adjuvant, is sustained and durable.

Figure 1: Serum IgG (A) and vaginal IgA (B) responses to TT (1 µg/
dose) in BALB/c mice treated or untreated for 8 days with RA (20
μg/dose/day) or its vehicle (sesame oil), intranasally immunized
with TT (1 µg/dose) in the presence or in the absence of CT (0.5 µg/
dose) four times. Results are expressed as the IgG or IgA geometric
mean titer (GMT). The anti-TT IgG titer was determined in sera
and the anti-TT specific IgA in vaginal washes collected one week
after fourth immunization. Bars indicate the SEM and stars (*)
indicate that the differences between the group treated with RA and
the groups treated with RA-vehicle or untreated mice are
significant.

Numbers indicate the percentage of proliferating cells, which
diluted CFSE upon TT or αCD3 stimulation among the CD4+, CD8+

or B220+ gated-population. Hystograms (C) show the percentage of
the proliferative capacity upon TT stimulation in the spleens (leftt)
and in the mesenteric lymph nodes (right). Bars indicate the SEM of
three independent experiments and stars (*) indicate that the
differences between the group treated with RA and its vehicle are
significant (p<0.05).
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Figure 2: Immunization schedule of BALB/c mice treated or
untreated for 8 days with RA (20 μg/dose/day) or its vehicle
(sesame oil), intranasally immunized with TT (1 μg/dose) and
sistemically (i.p.) boosted with Ag in presence of Alum.

Figure 3: Longitudinal analysis of serum IgG (A-C) and vaginal IgA
(B-D) responses to TT (1 µg/dose) in BALB/c mice treated or
untreated for 8 days with RA (20 μg/dose/day) or its vehicle
(sesame oil), intranasally immunized with TT (1 µg/dose) and
sistemically (i.p.) boosted with Ag in presence of Alum. Results are
expressed as the IgG or IgA geometric mean titer (GMT). The anti-
TT IgG titer was determined in sera and the anti-TT specific IgA in
vaginal washes collected two weeks after the systemic
immunization and two weeks and 8 months after mucosal priming.
Bars indicate the SEM and stars (*) indicate that the differences
between the group treated with RA and the groups treated with its
vehicle or untreated mice are significant.

Analysis of T cell response
To determine the capacity of T lymphocytes to proliferate upon Ag

stimulation, 8 months after the intranasal priming, spleen and
mesenteric lymph nodes, which are draining lymph nodes of mucosal
tissues, were processed and cells utilized in proliferation assay. Both
the proliferative capacity upon Ag re-stimulation of CD4+ and CD8+ T
cells were analysed by labeling splenocytes and lymph node derived
cells with CFSE. The percentage of proliferating cells was calculated
within the CD4+ or CD8+ gated populations. Cells stimulated with

anti-CD3 mAb were included as positive control and showed a
marked proliferative response (ranging between 80% and 100% of T
cell proliferation, Figure 5). As shown in Figure 4, mice treated with
RA showed a higher proliferation of CD4+ and CD8+ T cells upon TT
stimulation as compared to mice treated with vehicle in both spleen
and in mucosal draining lymph nodes (p<0.05). A higher percentage
of proliferating B220+ cells was also observed in the districts analysed.

Figure 4: Antigen-specific long living plasma cells in the bone
marrows of BALB/c mice treated or untreated for 8 days with RA
(20 μg/dose/day) or its vehicle (sesame oil), intranasally immunized
with TT (1 µg/dose) and sistemically (i.p.) boosted with Ag in
presence of Alum after 8 months. Tetanus-specific IgG (A) and IgA
(B) antibody secreting cells (ASC) were analysed by ELISPOT
assay. Bars indicate the SEM of three independent experiments and
stars (*) indicate that the differences between the group treated
with RA and its vehicle are significant (p<0.05).

To assess whether CD4+ and CD8+ T lymphocytes capable to
respond to the Ag stimulation, were able to colonize the mucosal
compartments, cells isolated from the colonic lamina propria of
immunized mice treated with RA or its vehicle were labelled with
CFSE and stimulated with TT for 3 days. Cells stimulated with anti-
CD3 mAb were included as positive control and showed a marked
proliferative response Figure 6. The percentage of proliferating cells
was calculated within the CD4+ or CD8+ gated populations and as
shown in Figure 6, only cells from mice treated with RA showed CD4
and CD8 proliferation after in vitro re-stimulation with TT, suggesting
a mucosal colonization of T lymphocytes specific for the Ag, following
RA treatment (i.p.) boosted with Ag in presence of Alum. After 8
months cells collected from the colonic lamina propria were cultured
in vitro in the presence or in the absence of TT (1 µg/ml) (B-C, G-H)
or anti-CD3 (0.1µg/ml) (D-E, I-L) for 5 days and the response was
evaluated by CFSE assay. To evaluate CD4+ and CD8+ T cell
proliferation, cells were labelled with CFSE, cultured in vitro as
described, stained with fluorocrome conjugated anti-CD4 and anti-
CD8 mAb and analyzed by flow cytometry. The percentage of
proliferating cells was calculated among the CD4+, CD8+ gated
population. Numbers indicate the percentage of cells which diluted
CFSE upon stimulation.

Discussion
An effective and safe mucosal adjuvant to be used in combination

with recombinant proteins or subunits of pathogens, is still missing.
We evaluated the capacity of vitamin A metabolites (RA) to improve
mucosal vaccinations. First, we found that treatment with RA
enhanced systemic and mucosal Ag-specific antibody responses
elicited by intranasal administration of TT and the experimental
mucosal adjuvant CT. Thereafter, by using a combination of mucosal
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priming with Ag, followed by a boost with systemic adjuvant, we
found increased and durable systemic and mucosal immune responses
in mice treated with RA. The advantage of this vaccine strategy would
be to induce mucosal immunization avoiding the use of mucosal
adjuvants, which are not yet available. Indeed, besides CT and the
Escherichia coli heat-labile enterotoxin (LT) and they derivatives, few
substances have proven to be as effective as mucosal adjuvants in
experimental animal model [1,28,29]. Because of the toxicity of CT
and LT and the reported side effects after intranasal administration of
LT, their clinical use is unlikely [14-15,30]. Here, by delivering
intranasally the Ag alone followed by a systemic boost with Ag plus
Alum, we observed a titer of IgA in the vaginal compartment
comparable to that elicited by using full immunization schedule with
CT. Alum is largely used as systemic adjuvant, however, it induces
poor mucosal immunization [31,32], therefore the approach described
here, could be useful to redirect the immune responses to mucosal
compartments. The possible advantages of this vaccination procedure
would be that systemic adjuvants currently used could be employed to
induce mucosal immune responses.

Figure 5: Proliferating CD4+, CD8+ and B220+ cells upon TT
stimulation from BALB/c mice treated or untreated with RA (20
μg/dose/day) or its vehicle (sesame oil), intranasally immunized
with TT (1 µg/dose) and sistemically (i.p.) boosted with TT and
Alum. After 8 months cells collected from spleens (A) and
mesenteric lymph nodes (B) were cultured in vitro in the presence
or in the absence of TT (1µg/ml) or anti-CD3 (αCD3) mAb for 5
days and the proliferating cells were detected by CFSE assay. Cells
were labelled with CFSE, cultured in vitro as described, stained with
fluorocrome conjugated anti-CD4, anti-CD8 or anti-B220 mAb
and analyzed by flow cytometry.

Retinoic acid is an important factor for promoting mucosal
immunity, due to its capability to directly induce the mucosal homing
receptors α4β7 and CCR9 on both T and B cells [23-26]. These studies
support the hypothesis that RA promotes mucosal immunity by
controlling the trafficking of responding cells. Indeed, we found
proliferating CD4+ and CD8+ T cells upon Ag stimulation in the
colonic lamina propria of vaccinated mice treated with RA. These
findings are consistent with other studies showing that RA given at the

time of vaccination has the capacity to increase the accumulation of
memory cells in the gut mucosa [32,33]. We hypothesize that by
administrating RA to mice during vaccination, Ag-specific T cells
expressing mucosal homing receptors were generated, these cells in
turn migrated to mucosal tissues, this could explain the presence of
CD4 and CD8 that were activated by Ag restimulation. Furthermore,
RA signalling on B cells results in the induction of IgA via
enhancement of class switching to IgA [24,34-36].

Figure 6: Percentage of proliferating CD4+ and CD8+ T cells from
the colonic lamina propria of BALB/c mice treated for 8 days with
RA (20 μg/dose/day) (A-E) or its vehicle (sesame oil) (F-L),
intranasally immunized with TT (1 µg/dose) and systemically.

This is in agreement with our finding that an increased titer of IgA
was found in the vaginal washes of immunized mice. However, while
we found persistent high levels of IgA secreting cells in the bone
marrow of mice immunized in presence of RA as compared to
untreated mice, we observed a decrease of IgA titers in vaginal washes
of the same mice after 8 months. This could be explained by a different
assay used to detect the capacity to produce IgA. Indeed, whereas in
the bone marrow we measured the presence of antibody secreting cells
by Elispot upon in vitro Ag re-stimulation, in the vaginal washes we
measured the IgA titre by ELISA in the absence of Ag re-stimulation.
Both evaluations were performed after 8 months, when probably the
memory cells were quiescent. More studies will be done to address
whether the presence of bone marrow IgA ASC correlates with
mucosal immune response following in vivo Ag re-stimulation.
Furthermore, RA has been described to have a more general role in
promoting both humoral and cellular immunity at mucosal and
peripheral sites [25,37]. Indeed, impaired T cell activation and
differentiation occurs in mucosal as well as in peripheral tissues in the
absence of RA-mediated signalling [18-20,25,38,39]. Furthermore, it is
essential in controlling splenic and mucosal dendritic cell homeostasis
and differentiation [21,40]. All these functions give some explanation
for the profound immune deficiencies associated with increased
susceptibility to infections and poor vaccine responses observed in
vitamin A deficiencies [40-42]. On the other hand, according with a
multifactorial role played by RA on regulating systemic and mucosal
immune responses we could explain the effect of RA treatment in
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maintaining longer and sustained systemic and mucosal responses to
vaccine immunization. Indeed, we show that a persistence of systemic
IgG response and higher IgG and IgA antibody secreting cells in the
bone marrow of mice treated with RA. However, additional studies are
needed to fully understand the mechanisms underlining vitamin A
metabolism and signalling in controlling the differentiation and the
regulation of immune responses.

The effect of vitamin A supplementation on vaccine efficacy has
been evaluated in different studies and has generated disparate results
[43] according to the type of vaccine and the target populations
[44,45]. However, given the expanded knowledge of RA in regulating
immunity it will be important to further understand the role of RA in
clinical settings. Here, mice were treated for eight days with RA prior
to vaccination in order to create the right environment, which could
address cells towards the mucosal compartments. We are aware that is
not practical for use in human vaccines as it is, however it could be
developed into more practical application, in particular due to its
hydrophobic composition, RA could be delivered in lyposome-like
particles, which could incorporate also the vaccine, this approach is
currently under investigation.

Conclusion
Our work shows that RA supplementation is able to potentiate

mucosal and systemic vaccine induced immune responses as well as
can contribute to elicit mucosal immunity in the absence of mucosal
adjuvants or improve the effectiveness of mucosally-delivered vaccine.
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