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Introduction
Allergic diseases are characterized by several alterations
of the immune system, including a deviated T-cell cytokine
response. An initial T-helper-2 (TH2) – dominated lym-
phocyte response with the production of interleukin-4 (IL-
4) plays an important role in this context, since IL-4 in-
duces the isotype switching to immunoglobulin E (IgE).
By contrast, gamma interferon (IFN-γ) counteracts IL-4
and is produced by T-helper-1 (TH1) cells. However, IFN-

γ may also play an important role in the chronic state of
an allergic inflammatory process [1, 2]. 

Ligands of the nuclear hormone receptor superfamily,
such as 1,25-dihydroxy-vitamin D3 [the active ligand of
the vitamin D receptor (VDR)] and all-trans retinoic acid
[ATRA, the active ligand of the retinoic acid receptor
(RAR)], downregulate IgE production in in vitro as well
as in vivo systems [3, 4, 5]. The retinoid-X receptor is the
heterodimer-binding partner of several nuclear receptors
like the VDR, RAR, and the peroxisome proliferator ac-
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tivated receptors (PPARs) and has been attributed to en-
hanced TH2 development in an in vitro model for lym-
phocyte development [6].

Furthermore, retinoids like ATRA and 13-cis-retinoic
acid have been shown to inhibit IgE production in sever-
al in vitro systems including anti-CD40 and IL-4 stimu-
lated peripheral blood mononuclear cells (PBMCs) [3] but
also in PBMCs from patients with atopic dermatitis [4].
However, in vivo experiments with and without ovalbu-
min (OVA) sensitization have not shown any significant
IgE downregulation or even higher specific IgE responses
after application of a synthetic RAR ligand (CD336/
Am580) [4] or 13-cis-retinoic acid [7]. 

Studies by Buck et al [8] and Blomhoff et al [9] indi-
cated that retinoids are key regulators of cell growth, cy-
tokine production, and differentiation of normal B lym-
phocytes. A specific role of retinoic acids [10] and the
retinoid receptors RAR and RXR (retinoid-X receptor)
[11] indicate important roles of ligands and receptors for
cell activation, normal growth, and apoptosis of B lym-
phocytes.

VA-deficient diets have been shown to ameliorate the
profile of several cytokines influencing IgE secretion [12,
13]. In particular, vitamin A deficiency diminished the an-
tibody-mediated response directed by TH2 cells, although
some aspects of TH1-mediated immunity were also di-
minished. Carman et al [14] provided evidence for a TH2
cell dysfunction in vitamin A-deficient mice, with reduced
IL-4 and IL-5 secretion by TH2 cells. However, the TH2
deficiency in vitamin A-deficient rodents has not been
shown to be entirely due to excessive IFN-γ synthesis,
since neutralizing IFN-γ did not restore TH2 cells [15, 16].
Data derived from human cell cultures, however, have
shown inhibition of IgE production independently from
IFN-γ influence [3], suggesting different pathways of IgE
regulation by retinoids. 

The aim of the present study was to examine whether
VA-enriched or depleted diets may affect the T cell de-
pendent cytokine production in an allergic mouse model.
Therefore different VA diets were applied to OVA-sensi-
tized mice in comparison to non-sensitized mice and IL-
4 and IFN-γ production was measured consecutively in
the different groups.

Materials and Methods

Animals

Female mice (NMRI: Tierzucht Schönwalde, Schön-
walde, Germany) were kept under specific pathogen-free
(spf) conditions at 21 ± 1°C, 55 ± 5% relative humidity,
and 12-hour light/dark cycle with light between 8:00 AM

and 8:00 PM. Food and tap water were provided ad libi-
tum. Due to photosensitivity of the applied retinoic acid,
all mice were kept under dim yellow light. The experi-
ments were approved by the respective ethical authorities
from Land Brandenburg, Germany.

Diets

Three different diets consisted of casein, 12%; sucrose,
10%; wheat starch, 64%; sunflower oil, 5%; mineral mix,
5%; cellulose, 2%; and vitamin mix 2%; with a similar,
vitamin A-free mix for the vitamin A-deficient diet. The
base diet contained 4.5 retinol equivalents/kg diet. The all-
trans retinoic acid-supplemented diet was supplemented
with 0.5% all-trans-retinoic acid (from BASF AG, Lud-
wigshafen, Germany) added to the base diet. Twelve mice
per group were fed with the respective diets for 11 weeks.

OVA sensitization

Six mice of each group were intraperitoneally injected
with 100 µl ovalbumin/aluminum hydroxide suspension
in saline (10 µg ovalbumin adsorbed on 1.5 mg aluminum
hydroxide), or with saline as control [4]. The OVA sensi-
tizations were performed 8, 9, and 10 days after beginning
of the supplementations. Eleven weeks after beginning of
the treatment the mice were sacrificed, the spleen was col-
lected and immediately (maximum of two hours after
death) used for the extraction of SMC (spleen mononu-
clear cells).

Stimulation of lymphocytes

Lymphocytes were harvested from the spleen by gently
pressing the tissue through a fine Falcon® nylon mesh sieve
(100 µm) (BD, PharMingen, San Diego, CA, USA) and
washing the cell suspension with phosphate-buffered
saline (PBS) without Ca2+/ Mg2+. The lymphocytes were
counted and 1×106 to 5×106 cells were stained with fluo-
rochrome-labeled monoclonal antibodies (mAb). The cell
suspensions were mixed with 100 µL labeled mAb and
buffer (10% bovine serum albumin in PBS) in a 1:200 di-
lution. A double-color staining using fluorescein isothio-
cyanate (FITC) and phycoerythrin (PE) was performed us-
ing the following mAb combinations: FITC-conjugated
rat IgG2a with PE-conjugated rat IgG2a; FITC-conjugated
rat anti-mouse CD8a(Ly-2) with PE-conjugated rat anti-
mouse CD4(L3T4); and FITC-conjugated rat anti-mouse
CD3 molecular complex with PE-conjugated rat anti-
mouse CD45R/B220. All mAbs were purchased from BD
PharMingen (San Diego CA, USA). After incubation (20
minutes at 4°C in darkness), the cells were washed. The
supernatant was removed and the pellet resuspended with
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500 µL 2% paraformaldehyde-solution in PBS purchased
from Sigma, Munich, Germany. The fixed cells were kept
at 4°C until cytometric analyses.

Flow cytometry

The cells were acquired and analyzed using a fluores-
cence-activated cell sorter with Cell Quest 3.3 software
(FACSort, Becton Dickinson, San Jose, CA, USA). A gate
was set to record 50 000 events using side (SSC) and for-
ward (FSC) light scatter parameters that allowed the iden-
tification of the morphological cell populations. The lym-
phocytes were gated again and analyzed using FL1/FSC
and FL2/FSC parameters. The FL1/FSC dot plot ex-
pressed FITC and the FL2/FSC expressed PE. For each
staining the appropriate isotype control was done to eval-
uate nonspecific staining.

Cytokine measurements

106 splenocytes were cultured unstimulated or stimulated
[20 ng/mL PMA (phorbol myristate acetate)/10–7M iono-
mycin] for 24 hours. Supernatants were collected and kept
frozen (–80°C) until further analysis. For detection of the
cytokines (IL-4/ IFN-γ) enzyme-linked immunosorbent
assays (ELISA) from R&D (Wiesbaden, Germany) were
used according to the manufacturer’s guidelines. 

Statistics

Standard deviations have been calculated with MS-Excel
using Student’s t-test; a value of p < 0.05 indicates statis-
tical significance.

Results

ATRA supplementation results in decreased
lymphocyte subpopulations

Initially we determined lymphocyte counts in the spleen
from mice receiving the different diets. Stimulation with
OVA had no effects on percentages of lymphocyte sub-
populations (CD8+, CD4+, and CD45R/B220+) extract-
ed from the spleen. By contrast, the different diets exhib-
ited considerable effects on the numbers of lymphocyte
subpopulations. Mainly the ATRA-supplemented diet
group showed a decrease of CD8+ (1.8 ± 0.5%), CD4+
(9.1 ± 3.0%), and CD45R/B220+ (11.9 ± 2.8%) lympho-
cyte subpopulations in comparison to base diet (3.2 ± 0.9%
CD8+; 12.2 ± 2.7% CD4+; 14.6 ± 4.2% CD45R/B220).
By contrast, the VA-deficient diet had a lowering effect on
lymphocyte counts with reduced amounts of CD8+ and

CD45R/B220+ lymphocytes and higher amounts of CD4+
lymphocytes in non-OVA-sensitized mice. No effects on
the amounts of lymphocyte subpopulations after OVA
stimulation (3.1 ± 0.9% CD8+; 12.1 ± 1.6% CD4+; 13.5
± 20% CD45R/B220+) were observed (Fig. 1).

A VA-deficient diet induced an enhanced
IFN-γ response

To examine the IFN-γ responses in mice with different di-
ets with and without OVA-sensitization, splenic mononu-

Figure 1: Lymphocyte numbers; CD8+ (top figure), CD4+
(middle figure) and CD45R/B220+ (bottom figure) lymphocytes
from total extracted SMC in non- and OVA-sensitized mice af-
ter application of three different diets: Vitamin A-deficient diet
(A-DEF), regular vitamin A diet (A-REG), and regular vitamin
A diet with all-trans-retinoic acid supplementation (RA+ REG).
N – non-stimulated and S – stimulated with OVA. In each group
the number of mice were n = 6.
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clear cells (SMCs) were extracted and stimulated with
PMA/ionomycin. The IFN-γ response of SMC signifi-
cantly increased after OVA-sensitization in all treatment
groups. The highest IFN-γ responses were determined in
the vitamin A-deficient group (7.89 ± 3.09 ng/mL) and
considerably lower concentrations in the base diet (4.45
± 2.55 ng/mL) and ATRA-supplemented group (3.96 ±
3.34 ng/mL). Very low to undetectable IFN-γ concentra-
tions were determined in non-sensitized mice (0 ng/mL
base diet-fed group; 0.01 ± 0.03 ng/mL ATRA-supple-
mented group). Only the vitamin A-deficient mice showed
low IFN-γ responses (1.26 ± 2.32 ng/mL), as shown in
Figure 2.

Increased IL-4 response in VA-deficient
mice

IL-4 was detectable after PMA/ionomycin stimulation in
non-sensitized as well as in OVA-sensitized mice. The
highest concentrations of IL-4 were determined in the VA-
deficient non-OVA-sensitized mice (176 ± 92 pg/mL). In
contrast to the data of IFN-γ, no further increase of IL-4
concentrations after OVA-stimulation was detected (102 ±
83 pg/mL). No significant differences of IL-4 production
were determined in OVA-sensitized mice depending on
the type of diet. However, a significant increase of IL-4
production was observed in non-sensitized VA-deficient
(102 ± 83 pg/mL) or ATRA-supplemented mice (153 ± 93
pg/mL) in comparison to the base diet-fed mice (96 ± 52
pg/mL) (Fig. 2).

Figure 2: IFN-γ (top figure) and
IL-4 (bottom figure) production
after stimulation with PMA/
ionomycin of SMC from non-
and OVA-stimulated mice after
application of three different
diets: Vitamin A-deficient diet
(A-DEF), regular vitamin A diet
(A-REG) and regular vitamin A
diet with all-trans-retinoic acid
supplementation (RA+REG). N –
non-stimulated and S – stimulat-
ed with OVA. Significances were
determined using Students t-test.
In each group the number of
mice were n = 6.
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Discussion
In the present study we demonstrate a statistically signif-
icant modulation of the cytokine response (IL-4 and IFN-
γ) using a murine in vivo model receiving VA-deficient
and ATRA-supplemented diets. However, we do not find
a statistically significant alteration of lymphocyte sub-
populations after OVA-sensitization (CD4+, CD8+, and
CD45R/B220+). These data are in correspondence with
previously published studies where VA-deficient diets
lead to an abnormal IFN-γ secretion and an imbalance of
TH1/TH2 function [15, 16]. Novel is the finding of a high
IL-4 response in vitamin A-deficient fed, non-OVA-sen-
sitized mice and the increase of IFN-γ production by SMC
in vitamin A-deficient fed, OVA-sensitized mice, clearly
pointing out an immunomodulatory role of retinoids dur-
ing an allergic immune response. 

In previous studies a clear connection between IgE se-
cretion and retinoid application has been shown [3, 4, 13].
In contrast to the in vitro experiments, during in vivo ap-
plication of ATRA or a synthetic retinoid (CD336/
Am580), the OVA-specific IgG but also total IgE were up-
regulated. In the present study we elucidate possible rea-
sons for these previous findings since VA-deficient or
ATRA-supplemented diets resulted in a modulation of the
TH1-derived IFN-γ and the TH-2 derived IL-4 response
in vivo. IFN-γ production was upregulated during OVA-
sensitization and further enhanced by retinoids in the di-
et, whereas IL-4 production was modulated by a retinoid-
enriched diet in non-sensitized mice only.

The cell-specific mechanisms that are involved for the
IFN-γ or IL-4 response by retinoids were not determined
in the present study. IFN-γ and IL-4 are not the only T cell-
specific cytokines and the effects of retinoids through the
diet may also be mediated by different pathways including
other cell types like monocytes or B cells [3, 4]. Retinoids
have additionally been shown to be isotype-specific mod-
ulators towards an IL-4 dependent immunoglobulin re-
sponse, like IgG1 and IgE production [17]. These effects
have been associated mainly with attenuation of IL-4 pro-
duction [18] or an upregulation of IFN-γ secretion during
vitamin A deficiency [6, 14, 16, 19]. 

Retinoids are also known to be involved in the regula-
tion of differentiation pathways [20] and apoptotic
processes [21] mediated by RARs. Inhibitory effects are
mainly mediated via the RARα [22] and stimulation of
apoptosis via the RARγ receptors [23]. A decrease of
CD4+ and CD8+ cells after a supplementary diet with
ATRA suggests an influence of retinoic acid on T cell de-
velopment and/or survival. Pathways via retinoid recep-
tors in T lymphocytes have been described by dietary vi-
tamin A [24] and the presence of these receptors may be
associated with the induction of apoptosis. 

Increased IL-4 secretion in non-sensitized vitamin A-
deficient fed mice is a novel and highly important finding
of this study. The fact that retinoids inhibit IL-4-depen-
dent IgE and IgG1 production in lipopolysaccharide
(LPS)-stimulated murine splenic B cells has been report-
ed by Tokuyama et al [18]. 

Taken together, our data show that retinoid supple-
mentation or VA deficiency in the diet have the potential
to modulate the cytokine responses in vivo, namely IL-4
and IFN-γ production by splenic lymphocytes. Since these
cytokines are involved in the development and induction
of an allergic immune response, we conclude that modu-
lation of the amount of retinoids in the diet may play an
important role in the induction and course of atopic dis-
eases via alteration of TH1-TH2 cytokine production.
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