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Abstract

Signaling of all-trans retinoic acid (ATRA) through nuclear retinoid acid (RA) receptors regulates several biological functions
in airway epithelial cells, eosinophils, and immune cells, yet its impact on different in vivo aspects of pulmonary allergic
reaction remains elusive. We compared the effect of a treatment with liposomally encapsulated ATRA (Lipo-ATRA) in a
mouse model of ovalbumin (OVA)-induced T helper (Th) 2-type responses and airway remodeling. Daily intraperitoneal
injections of 10 mg/kg Lipo-ATRA, at the time of each of the 2 systemic sensitizing injections, increased OVA-induced
Immunoglobulin E synthesis, bronchoalveolar lavage (BAL) eosinophilia, and accumulation of IL-5, transforming-growth
factor B1, fibronectin, eotaxin/chemokine (C-C motif) ligand 11 (eotaxin/CCL11) and regulated upon activation, normal T
expressed and secreted chemokine (C-C motif) ligand 5. In contrast, Lipo-ATRA, administered during each of the 4
intranasal OVA challenges, did not affect these variables. Regardless of the treatment regimen, Lipo-ATRA augmented
mucin levels in BAL fluid and reduced lung total collagen content. In vitro incubation of mouse splenocytes or purified
spleen cluster of differentiation (CD) 4-positive T lymphocytes, with ATRA, increased, respectively, OVA- and anti-CD 3
antibody-induced IL-4 and IL-5 production and inhibited IFNy release. These findings demonstrate that, when given during
systemic sensitization, Lipo-ATRA exacerbates allergic immune and inflammatory responses, most likely by promoting

Th2 development. J. Nutr. 137: 2730-2736, 2007.

Introduction

Asthma is a chronic inflammatory disease associated with IgE
synthesis and infiltration of the bronchial wall by inflammatory
cells, particularly T cells and eosinophils (1,2). Airway inflam-
mation is tightly regulated by IL-4 and IL-5, which are primarily
involved in T helper (Th)® 2 switching, in the growth, differen-
tiation, survival, and activation of eosinophils and in IgE
synthesis by B cells (3). Eosinophil attraction and persistence
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to inflammatory sites are also sustained by (C-C motif)-
chemokines, including eotaxin-1/chemokine CC ligand 11
(eotaxin/CCL11) and regulated upon activation and normal T
cell expressed and secreted chemokine CC ligand 5 (RANTES)/
CCL-5 (4,5). These chemokines are synthesized by structural
cells such as the bronchial epithelium (6) and by inflammatory
cells, including eosinophils (4,5). Asthma is also characterized
by airway remodeling, which is defined, among others, by mucus
overproduction and subepithelial fibrosis, with an enhanced syn-
thesis of fibrogenic cytokines, chemokines, and growth factors
and an excessive extracellular matrix deposition in the connec-
tive tissue (1).

Dietary vitamin A is an essential precursor of retinol, which,
in the liver, is either stored as retinyl esters or metabolized by
sequential oxidations into all-trans retinoic acid (ATRA).
Retinol and ATRA are secreted and transported to target cells
associated to retinol-binding protein, lipoproteins, or chylomi-
crons. In target cells, retinol is oxidized to ATRA, which in turn
is reversibly converted to other retinoid acids (RA), 9-cis RA and
13-cis RA (7,8). RA are the biological active metabolites of
vitamin A. They interact with 2 groups of receptors, with 3
subtypes («, B8, and vy) for each: the RA receptors (RAR), which
mainly bind ATRA and 9-cis RA with high affinity, and the
retinoid X receptors (RXR), which bind 9-cis RA but not ATRA
(9). The RAR/RXR form homodimers and/or heterodimers that
bind to cis-acting response elements of retinoid target genes and
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interact with a variety of coactivators and repressors (9). Of
note, ATRA has a very short half-life in liver and tissues, because
it is rapidly catabolized by a specific cytochrome P450, named
CYP26, which is induced by ATRA itself (7).

RA regulate cell growth, differentiation, and matrix forma-
tion in various cell types and play a major role in the
maintenance of a normal epithelial mucociliary phenotype
(10,11). Besides their modulatory activities on airway epithelial
cells, retinoids suppress eosinophil and basophil differentiation
from bone marrow precursors (12), most likely by down-
regulating the expression of IL-5 receptor on their surface (13),
and prevent mitogen-induced proliferation and IL-4-dependent
IgE production from murine splenocytes (14,15). However,
retinoids also promote in vitro Th2 development both directly,
by enhancing transcription of IL-4 by T cells (16,17), and
indirectly, by influencing antigen-presenting cell functions
(18,19). These in vitro effects of retinoids involve their interac-
tion with either RXR or RAR, or both (14-19). A recent study
demonstrated that a selective pan-RXR antagonist given to
antigen-sensitized mice during the immunization phase pre-
vented allergic airway inflammation by biasing the immune
response in a Th1 direction (20). The possibility that retinoids
also control the whole responses (inflammatory and remodeling)
to the allergenic challenge remains to be established.

In this study, we examined the effect of pharmacological
doses of intraperitoneally (i.p.) injected, liposomally encapsu-
lated ATRA (Lipo-ATRA) in a mouse model of ovalbumin
(OVA)-induced asthma manifestations. We used this strategy
because it provides advantages over the ATRA oral formulation,
notably by circumventing ATRA liver catabolism and clearance
(21) and allowing an efficient delivery to target tissues (22,23).
To discriminate between potential regulatory effects on primary
immune responses and on airway inflammation, Lipo-ATRA
was administered either at the time of antigen sensitization or
during intrapulmonary antigen challenges. In addition, the
ability of ATRA to modulate the synthesis of Th1- and Th2-
type cytokines by OVA- and anti-cluster of differentiation (CD)3
antibody (Ab)-stimulated splenocytes and purified spleen CD4+
T lymphocytes was investigated. Finally, because airway remod-
eling is considered one of the major events involved in asthma
severity and chronicity (1), the impact of Lipo-ATRA on
antigen-induced extracellular matrix protein deposition and
transforming growth factor 81 (TGFB1) production in the lung
was determined.

Materials and Methods

Mouse immunization and challenge. Male BALB/c mice aged 6 wk
(Centre d’Elevage R. Janvier) were sensitized (23) by 2 i.p. injections,
1 wk apart, of 0.9% NaCl (saline) containing 10 ug OVA (Sigma)
adsorbed in aluminum hydroxide (VWR International). Seven days after
the second immunization, mice were challenged 4 times, at 24-h
intervals, by intranasal (i.n.) instillations of 20 ug OVA in sterile saline
(OVA/OVA mice). Control mice received the same volume of sterile
saline (OVA/saline mice). Mice were fed with RO3-40 diet (Safe)
containing 22% crude protein, 3% crude fat, 4% crude fiber, 5.5% ash,
12,000 Ul/kg vitamin A, 2000 Ul/kg cholecalciferol, 30 mg/kg vitamin E,
and 25 mg/kg copper. Protocols were approved by the International
Review Board at our institution, Inserm.

Assessment of serum levels of retinoids by HPLC. Naive mice
received a single i.p. injection of 1, 10, or 100 mg/kg Lipo-ATRA
containing 10% (wt:wt) ATRA (Antigenics) in 0.2 mL of sterile saline
(23) and they were used 1, 2, or 24 h thereafter (Fig. 1, Protocol 1). In the
next set of experiments, 100 mg/kg Lipo-ATRA was given as a single i.p.
injection 1 h before the first i.p. OVA immunization (Fig. 1, Protocol 2)
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FIGURE 1 The different protocols used to evaluate the circulating
retinoid levels and the effects of RA on asthma manifestations in vivo.

or before the first i.n. OVA challenge (Fig. 1, Protocol 3) and were used
2 h after Lipo-ATRA administration. All experiments were performed
in duplicate. At the selected time points, mice were killed by an i.p.
injection of 2.4 g/kg ethyl-carbamate (Sigma) and blood was collected
(24). We measured concentrations of serum ATRA, 13-cis RA, and 9-cis
RA by HPLC (25) using an Alliance HPLC system with a 2690
separation module and 996 photodiode detector (Waters). The sensitiv-
ities were 0.0075 umol/L for ATRA and 0.0045 umol/L for both 13-cis
RA and 9-cis RA.

Drug treatment to assess retinoid effects on asthma manifesta-
tions. Two protocols of treatment were applied (Fig. 1, On immuniza-
tion and On challenge protocols). In both protocols, we treated mice for
6 consecutive days with 1, 10, or 100 mg-kg~'-d™" Lipo-ATRA in 0.2
mL of sterile saline (23); therefore, the total dose of ATRA administered
per mouse in both protocols was 1.5 mg. In the “on immunization”
protocol, Lipo-ATRA was injected 24 h before, 1 h before, and 24 h after
the 2 immunizations. In the “on challenge” protocol, Lipo-ATRA was
administered 24 h before the first saline or OVA challenge, 1 h before
each of the 4 challenges, and 6 h after the final challenge. Two control
groups consisting of OVA/saline and OVA/OVA mice received i.p. in-
jections of empty liposomes following the same 2 administration regi-
mens described above. At least 2 independent series of experiments with
each regimen were conducted. Twenty-four hours after the final chal-
lenge, mice were euthanatized and blood, bronchoalveolar lavage (BAL),
and saline-washed lungs were collected as previously described (24).

Determination of OVA-specific IgE. The levels of OVA-specific IgE
were measured by specific enzyme immunometric assay (26) using a rat
anti-mouse IgE monoclonal Ab clone R35-72 (Becton Dickinson).
Results were expressed in OD.

Cell counts and distribution in the BAL fluid. Total cell counts were
evaluated using a hemocytometer and mononuclear cells, neutrophils,
and eosinophils were differentially counted (24).

Retinoids and experimental asthma 2731

1002 ‘v'Z 19quIBA0N uo ereblap 10]ewoy Ip ensiaaiun e Bio uonuinu-ul woly papeojumod


http://jn.nutrition.org

JN THE JOURNAL OF NUTRITION

Mediator assessment in the BAL fluid. 1L-4 was measured in the
supernatant of BAL fluid by specific ELISA (24). Recombinant murine
IL-4 (R&D Systems Europe) was used to generate standard curves. IL-5,
IFNYy, eotaxin/CCL11, RANTES/CCLS, and TGEB1 were assayed using
Quantikine Murine kits (R&D Systems).

We assessed fibronectin release by enzyme immunometric assay (27).
Plates were coated with 2 mg/L murine fibronectin (Biogenesis). BAL
samples (100 uL) were incubated with a polyclonal rabbit anti-mouse
cellular fibronectin Ab (1:5,000; Biogenesis) and then transferred to the
fibronectin-coated wells. After washings, excess Ab that did not react
with soluble fibronectin was revealed by sequentially adding a biotinylated
secondary anti-rabbit IgG (1:25,000; Jackson ImmunoResearch) and the
ExtrAvidine peroxidase solution (1:20,000; Sigma). A ready-to-use solu-
tion of 3,3', 5,5’ -tetramethyl-benzidine (Sigma) was then added for 15 min,
the reaction was stopped by adding 20% H,SO4, and the OD was mea-
sured at 450 nm.

Mucin levels were measured by a colorimetric assay (28). Plates were
coated with serial dilution of the standard type I-S mucin from bovine
submaxillary glands (Sigma) or BAL samples diluted at 1:100 for OVA/
saline mice or 1:500 for OVA/OVA mice. We then washed, blocked,
rewashed, and incubated plates for 1 h at 37°C with biotinylated jacalin
(Vector Laboratories). Plates were washed again and mucin-jacalin-
biotin complexes were revealed by incubation with ExtrAvidine perox-
idase solution (1:40,000). After a final wash, plates were further
processed as described above.

Sensitivities were of 7.5 ng/L for IL-4, RANTES/CCLS5, and IFNy;
15.6 ng/L for IL-5 and eotaxin/CCL11; 31.2 ng/L for TGFB1; 0.5 mg/L
for fibronectin; and 500 ng/L for mucin.

Total collagen content in the lung tissue. Total soluble collagen
content was determined in homogenates of saline-washed right lung
lobes using the Sircol assay (Biocolor). The sensitivity of the assay was
6 ug.

In vitro experiments with isolated splenocytes and purified spleen
CD4+ T cells. Spleen cells from OVA/OVA untreated mice were
dispersed using a Dounce homogenizer and erythrocytes were lysed using
Mouse Erythrocyte lysing kit (R&D Systems). Whole spleen mononu-
clear cells were isolated by centrifugation in the Mouse NycoPrep
1.077A separation medium (Axis Shield). CD4+ T lymphocytes were
then magnetically enriched using an anti-CD4 monoclonal Ab (clone
L3T4; Miltenyi Biotec) as described (29). Whole spleen mononuclear
cells (0.375 X 10°/200 uL) and CD4+ T lymphocytes (0.2 X 10%/200
uL) were cultured as described (29) with or without 100 mg/L. OVA.
Alternatively, cells were incubated in plates previously coated with 4.5
mg/L of activating anti-CD3 monoclonal Ab (clone 145-2C11; a kind
gift of Pr. Michel Goldman) or with its isotype control, i.e. hamster IgG
(Becton Dickinson). In both types of experiments, cells were treated with
0.01 and 1 wmol/L ATRA or 9-cis RA (both from Sigma) with their
vehicle, i.e. 0.1% dimethylsulfoxide (DMSO) as final concentration or
with the medium alone. These concentrations of RA were selected based
on previous in vitro studies showing their ability to alter T cell functions
(16). After 84 h, plates were centrifuged (80 X g; 5 min, 4°C) and the
supernatants were collected and stored at —80°C until the measurements
of IL-4, IL-5, and IFNy were performed as described above. The cell
pellets were incubated at 37°C in a 5% CO, atmosphere for 4 h with 0.5
g/L of 3,-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
(Sigma) in medium, plates were centrifuged, and supernatants were
replaced by a solution of 0.04 mol/L HCl in isopropanol. After vigorous
stirring, the OD, corresponding to cell number, was 550 nm.

Statistical analysis. We examined the in vivo effects of OVA challenge,
empty liposome injection, and Lipo-ATRA administration on BAL cell
number, cytokine, chemokine, TGFB1, fibronectin, and mucin levels in
BAL fluids and lung collagen content and the in vitro effects of ATRA and
9-cis RA on cytokine production. Log-transformed values were analyzed
using 2-way ANOVA followed by Fisher’s protected least significant dif-
ference test with StatView SE+Graphics program for Macintosh (Abacus
Concepts). P = 0.05 was considered significant. Values are expressed as
means = SEM of the indicated number of mice or cell preparations.
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Results

Serum retinoid concentrations. Assessment of retinoids by
HPLC in Lipo-ATRA powder used to treat mice revealed the
presence of ~82% ATRA, 12% of its stereoisomer 13-cis RA,
and traces of 9-cis RA.

Endogenous ATRA, 13-cis RA, and 9-cis RA were undetect-
able in the serum of naive mice (data not shown). A single i.p.
injection of 100 mg/kg Lipo-ATRA to nonimmunized mice led to
the detection of elevated serum levels of ATRA, 13-cis RA, and
9-cis RA at 1 h (n = 2; Fig. 2A). These levels decreased by
>250% at 2 h and became undetectable at 24 h (Fig. 2A). Dose-
dependent studies performed at 1 h showed a lower concentration
of ATRA following the administration of 10 mg/kg Lipo-ATRA,
whereas the levels of 13-cis RA and 9-cis RA were below the
detection limit of the assay (z = 2). Neither ATRA nor 13-cis RA
or 9-cis RA were detectable 1 h after the i.p. injection of 1 mg/kg
Lipo-ATRA to naive mice (data not shown).

Two hours after a single i.p. injection of 100 mg/kg Lipo-
ATRA, the serum levels of ATRA, 13-cis RA, and 9-cis RA were
similar in naive (Fig. 2A) and OVA-immunized or OVA-
challenged mice (Fig. 2B).

Effect of Lipo-ATRA on OVA-induced specific IgE produc-
tion. OVA/OVA empty liposome-treated mice had higher serum
levels of OVA-specific IgE compared with OVA/saline empty
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FIGURE 2 Serum levels of ATRA, 13-cis RA, and 9-cis RA in
protocol 1 (A) and in protocols 2 and 3 (B) after a single i.p. injection of
100 mg/kg Lipo-ATRA. Values are means of n = 2 mice per group.
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liposome-treated mice (Fig. 3). Treatment with Lipo-ATRA
during challenges did not modify IgE production, whereas
administration at the time of sensitization phase resulted in
higher levels of IgE in OVA/OVA mice (Fig. 3).

Effect of Lipo-ATRA on OVA-induced changes in BAL cell
composition. OVA-OVA mice treated with empty liposomes,
either during challenge or immunization, showed substantially
greater numbers of BAL total cells, macrophages, and eosino-
phils compared with OVA/saline empty liposome-treated mice
(Table 1). Lipo-ATRA administered at the time of each OVA
challenge reduced the number of macrophages without modify-
ing that of total BAL cells and of eosinophils (Table 1). In
contrast, the administration of Lipo-ATRA during the sensiti-
zation phase augmented OVA-induced total cell, alveolar
macrophages, and eosinophil accumulation in the BAL fluid
(Table 1). The number of BAL neutrophils did not vary in the
different study groups (Table 1).

Effect of Lipo-ATRA on OVA-induced cytokine and chemo-
kine release in the BAL fluid. OVA/OVA mice treated with
empty liposomes, either at the time of OVA challenge or during
the immunization phase, had higher concentrations of IL-4 and
IL-5 in their BAL fluid than OVA/saline empty liposome- or
Lipo-ATRA-treated mice (Fig. 4A,B). The levels of eotaxin/
CCL11 and RANTES/CCLS were very low, near the detection
limit of the assays (Fig. 4C,D). Lipo-ATRA administered at the
time of challenges did not alter IL-4, IL-5, eotaxin/CCL11, and
RANTES/CCLS5 release (Fig. 4). In addition, Lipo-ATRA
upregulated IL-5, eotaxin/CCL11, and RANTES/CCLS release
in the BAL fluid of OVA/OVA mice, without altering the levels of
IL-4 (Fig. 4). BAL levels of IFNvy were below the threshold of the
sensitivity of the assay in all groups of mice (data not shown).

Effect of Lipo-ATRA on OVA-induced features of lung
remodeling. Significantly higher amounts of fibronectin,
TGFB1, and mucin in the BAL fluid and greater collagen
amounts in lung homogenates were found in OVA/OVA com-
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FIGURE 3 Effect of Lipo-ATRA (100 mg-kg '-d™") on serum IgE
levels. Values are means = SEM, n = 4 OVA/saline mice or n = 6
OVA/OVA mice. 2P < 0.05; °P < 0.01.

TABLE 1 Effect of Lipo-ATRA on BAL cell composition in mice'
Cell type Empty liposomes Lipo-ATRA
On challenge protocol nx 10%1 BAL
Total cells

OVA/saline 20 =03 16 =02

OVA/QVA 18.4 + 32 16.4 = 2.7*
Macrophages

OVA/saline 19+03 15+02

OVA/QVA 47 12 24 +0.3*
Eosinophils

0VA/saline 0.02 = 0.00 0.02 = 0.01

OVA/QVA 136 + 2.2* 139 + 26
Neutrophils

0VA/saline 0.0 =00 06 =06

OVA/QVA 02 +01* 02 +02*
On immunization protocol

0VA/saline 1.1 £ 01 16 =04

OVA/QVA 106 + 1.6% 342 + 53°
Macrophages

OVA/saline 08 =02 14 =03

OVA/QVA 2.7 *+ 06% 6.1 + 1.3%
Eosinophils

0VA/saline 00 =00 00=00

OVA/QVA 78 = 1.0* 278 = 4.1°
Neutrophils

OVA/saline 03 =03 0.1 =01

OVA/QVA 02 +01* 02 £0.1*

" Values are means = SEM, n = 5. *Different from OVA/saline, P < 0.002. @ Different
from empty liposomes, P < 0.001.

pared with OVA/saline mice treated with empty liposomes either
at the time of antigen challenge or of immunization (Fig. 5). BAL
fibronectin and TGFB1 levels were not modulated upon admin-
istration of Lipo-ATRA during OVA challenges (Fig. 5A,B). In
contrast, these parameters were augmented in mice treated with
Lipo-ATRA during the sensitization phase (Fig. 5A,B). Irre-
spective of the protocol of administration, Lipo-ATRA increased
the levels of mucin in the BAL fluid (Fig. 5C) and reduced total
collagen content in lung homogenates (Fig. 5D).

Effect of lower doses of Lipo-ATRA administered during
the immunization phase. The i.p. injection of 10 mg-kg™'-.d ™!
Lipo-ATRA to OVA/OVA mice during the immunization phase
augmented the levels of OVA-specific IgE (OD mean *+ SEM of
5.3 +£1.9,n=35; P =0.029), the number of eosinophils (11.4 =
1.9 x 10%L BAL, n = 5; P < 0.05), and the concentrations of
IL-5 in BAL fluids (225 * 54 ng/L, n = 5; P < 0.05). At
1 mgkg '-d”', Lipo-ATRA did not alter OVA-induced IgE
production, BAL eosinophilia, and IL-5 levels (data not shown).

Effect of ATRA on whole splenocytes and purified spleen
CD4+ T lymphocyte activation. OVA-stimulated DMSO-
treated splenocytes and anti-CD3-stimulated DMSO-treated
CD4+ T cells produced higher amounts of IL-4, IL-5, and IFNy
than medium- or hamster IgG-stimulated DMSO-treated cells
(Table 2). Adding 1 umol/L ATRA (Table 2) or 9-cis RA (data
not shown) to OVA-stimulated splenocytes augmented the levels
of IL-4 and reduced those of IFNy without modifying IL-5
release. Under the same conditions, ATRA (Table 2) or 9-cis RA
(data not shown) increased both IL-4 and IL-5 production and
decreased IFNy release in anti-CD3-stimulated CD4+ T cells.
At 0.01 pmol/L, RA did not alter OVA-induced cytokine
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FIGURE 4 Effect of Lipo-ATRA (100 mg-kg™"-d™") on IL-4 (A4), IL-5
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mice. 2P < 0.05; °P < 0.01, © P< 0.001.

production, whereas they significantly reduced IFNvy release
from anti-CD3-stimulated CD4+ T-cells (Table 2). Retinoids
did not modulate cytokine levels in medium-stimulated cells
(data not shown). Finally, DMSO- or medium-treated cells
released similar amounts of cytokines either spontaneously or in
response to OVA or anti-CD3 Ab (Table 2).
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FIGURE 5 Effectof Lipo-ATRA (100 mg'kg’1-d’1) on fibronectin (A),
TGFB1 (B), and mucin (C) release in BAL fluids and on lung collagen
accumulation (D). Values are means = SEM, n= 4 OVA/saline mice or
n =6 OVA/OVA mice. P < 0.05; PP < 0.01; °P < 0.001.
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At the concentration used, RA did not alter proliferation of
activated splenocytes and CD4+ T lymphocytes (data not
shown).

Discussion

To determine whether retinoids would alter the onset of allergic
asthma, we examined the effectiveness of liposome-encapsulated
ATRA in an in vivo mouse model characterized by antigen-
specific IgE production, BAL eosinophilia, Th2-type cytokine,
and eosinophilotactic chemokine synthesis and features of
airway remodeling.

Using a treatment regimen previously described in mice (23),
we demonstrated that, depending on its timing of administra-
tion, supraphysiological doses of Lipo-ATRA either exacerbated
or altered minimally OVA-induced asthma manifestations. The
quasi-absence of effects of Lipo-ATRA in the on challenge
protocol is unlikely to be the consequence of OVA i.n.
administration on ATRA clearance, because challenge did not
alter the levels of circulating ATRA. These results extend those
recently reported showing that the administration of a retinoid
receptor antagonist during the sensitization phase downregu-
lated antigen-induced allergic airway inflammation (20). The
similarities of results between these 2 studies suggest that high
doses of Lipo-ATRA are required to achieve physiological
concentrations of ATRA at the level of target cells. Indeed,
despite ATRA encapsulation into liposomes, a strategy known to
limit its clearance, ATRA concentrations rapidly decreased in
serum, most probably as a result of its catabolism in the liver and
other tissues.

We also noticed that Lipo-ATRA powder used to treat mice
contained its natural stereoisomers, 13-cis RA and 9-cis RA,
indicating that the effects presently reported result most likely
from the activation of both RAR and RXR.

When given at the time of the 2 immunizing injections, Lipo-
ATRA upregulated OVA-induced Th2-type responses, including
peripheral IgE synthesis, eosinophilia in BAL fluid, and the
associated production of IL-S. In contrast, Lipo-ATRA did not
modify IgE levels, BAL eosinophilia, and IL-5 release when
administered during the 4 i.n. OVA challenges. Using in vitro-
cultured splenocytes, we showed that ATRA and 9-cis RA
augmented OVA-induced IL-4, but not IL-5, production and
decreased the levels of the Thl-type cytokine, IFNy. Because
RA-mediated inhibition of IFNvy synthesis may result from a
direct effect on the antigen-presenting cells contained in the
whole spleen cell populations, experiments were conducted
using anti-CD3-stimulated CD4+ T cells. Under these condi-
tions, RA reduced IFNy production, increased IL-4 synthesis,
and, contrary to the data obtained with OVA-stimulated
splenocytes, augmented the levels of IL-5. The similarities of
IL-4 and IFNvy and the discrepancy of IL-5 production by
mononuclear splenocytes and purified CD4+ lymphocytes
suggest that retinoids alter Th2 responses by modulating the
activation of both antigen-presenting cells and T cells. These
results corroborate a previous finding showing that retinoids
enhance the synthesis of Th2 cytokines and decrease the
production of Th1 mediators directly by activating naive ThO
cells and indirectly by preventing the release of Th1-promoting
factors, such as IL-12, by antigen-presenting cells (30). Together,
the in vitro and in vivo results showing a shift of RA-treated
mononuclear cells toward Th2 phenotype and an upregulation
of allergic responses obtained in mice treated with Lipo-ATRA
at the time of the 2 systemic sensitizing injections corroborate
previous reports demonstrating that in vivo vitamin A dietary
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TABLE 2 Effect of ATRA on cytokine release from splenocytes and CD4+ T cells of mice'

Cell type Stimulus Treatment IL-4 IL-5 IFNy
ng/L

Splenacytes Medium Medium 16 =7 88 + 22 1M1=x3
Splenocytes Medium DMSO 1811 91 + 61 15+6
Splenacytes OVA Medium 727 = 1112 3972 + 432° 1157 = 104°
Splenocytes OVA DMSO 767 = 146° 4050 + 571° 1203 = 175°
Splenocytes OVA ATRA (0.01 wmol/L) 942 + 166° 3712 * 5697 1191 + 203°
Splenocytes OVA ATRA (1 wmol/L) 997 + 183%P 3840 = 615° 1032 = 15230
CD4+ Tecells lgG Medium 48 + 9 56 + 21 23x7
CD4+ Tecells lgG DMSO 59 + 16 63 = 37 28=*9
CD4+ Tecells Anti-CD3 Medium 2080 + 318° 11,107 + 2124° 2189 + 341°
CD4+ Tecells Anti-CD3 DMSO 2160 + 619° 10,907 = 3323° 2277 + 542°
CD4+ Tecells Anti-CD3 ATRA (0.01 wmol/L) 2500 = 512° 12,155 = 3004° 1323 + 353°¢
CD4+ Tcells Anti-CD3 ATRA (1 wmol/L) 2790 + 529%¢ 15,248 + 4157°¢ 1355 + 430°¢

" Values are means + SEM, n = 10-12. ?Different from medium-incubated DMSO-treated cells, P < 0.05. PDifferent from OVA-stimulated
DMSO-treated cells, P < 0.05. °Different from hamster IgG-stimulated DMSO-treated cells, P < 0.05. “Different from anti-CD3 Ab-

stimulated DMSO-treated cells, P < 0.05.

supplementation biased the immune response in a Th2 direction,
whereas its deficiency shifted this response toward a Thil
phenotype (18,31-33). Supporting these observations, in vivo
retinoid treatment improved experimental allergic encephalo-
myelitis, a Th1-mediated disease in which IL-4 administration
delays the onset and reduces the severity (34,35).

The ability of Lipo-ATRA to exacerbate Th2-type responses
when given during the immunization phase was accompanied by
increased BAL levels of eotaxin/CCL11 and RANTES/CCLS, 2
chemokines that sustain eosinophil homing and accumulation in
the airways (4). Of interest, eotaxin/CCL11 and RANTES/
CCLS are produced mainly by the airway epithelium in response
to several stimuli, including IL-4 (6,36). However, the finding
that Lipo-ATRA is effective on eotaxin/CCL11 and RANTES/
CCLS production only when it is administered at the time of
sensitization suggests that, in our model, retinoids influence
airway epithelial cell activation, indirectly, through upregulation
of Th2-type responses.

To determine the impact of Lipo-ATRA on airway remod-
eling, we next examined TGFp1, fibronectin, and mucin release
in the BAL fluid and collagen deposit in the lung tissue. We
found that Lipo-ATRA administration at the time of the
immunization phase, but not during intrapulmonary antigen
challenges, upregulated OVA-induced TGFB1 and fibronectin
generation in the BAL fluid. These results also demonstrated that
TGFB1 and fibronectin release, on one hand, and BAL eosin-
ophilia, on the other hand, were similarly modulated by Lipo-
ATRA and substantiate previous in vivo observations showing
that eosinophils control TGFB1 and fibronectin production in
the lung (37-42). It is thus likely that increased TGFB1 and
fibronectin production in OVA/OVA Lipo-ATRA-treated mice is
the consequence of the upregulation of Th2 responses and the
subsequent accumulation and activation of eosinophils in the
lungs. Regardless of the treatment regimen, Lipo-ATRA down-
regulated OVA-induced total soluble collagen accumulation in
the lung, suggesting that this phenomenon is independent from
the extent of Th2-type responses. In a recent study, ATRA was
able to prevent collagen biosynthesis in the mouse lung during
bleomycin- and radiation-induced pulmonary fibrosis (43). This
effect resulted from a selective inhibition of fibroblast activation,
ATRA being ineffective against bronchial epithelial and endo-
thelial cells, 2 other important sources of extracellular matrix
proteins in the airways (43). Collectively, these results suggest

that Lipo-ATRA may reduce OVA-induced total lung collagen
accumulation by inhibiting directly the activation of mesenchy-
mal cells.

Finally, mucus cell metaplasia has been associated with
airway eosinophilia in some (38-40) but not all (40) studies and
previous reports have established the central role played by IL-4
in this process (44). Here, we provide evidence that OVA-
induced mucin release in BAL fluid was similarly augmented by
Lipo-ATRA, irrespective of the administration regimen and
despite dissimilar modulation of IL-4 release. These findings
suggest that these events may be dissociated and that the
increased mucus production results from the well-known ability
of retinoids to promote epithelial cells differentiation toward a
mucociliary phenotype (10,11).

In conclusion, this study demonstrates that the administra-
tion of Lipo-ATRA to OVA-immunized mice at the time of
antigen sensitization exacerbates IgE synthesis and allergic
airway inflammation, whereas it did not substantially alter
these responses when given at the time of intrapulmonary OVA
challenges. In vitro, RA augmented the synthesis of Th2-type
cytokines and reduced the production of IFNy from antigen- or
anti-CD3-activated splenocytes and spleen CD4+ T lympho-
cytes, suggesting that Lipo-ATRA aggravates in vivo allergic
responses most likely by increasing early Th2 differentiation.
Regardless of its administration regimen, Lipo-ATRA reduces
lung collagen deposition while it increases mucin production,
indicating that Th2-type inflammation, on one hand, and certain
features of airway remodeling, on the other hand, are parallel yet
independent events in this model. These observations also
suggest that the in vivo regulatory properties of retinoids extend
to cell types other than immune cells, most likely fibroblasts and
airway epithelial cells.

Together, the current results corroborate the hypothesis that
targeting retinoid receptors potently modulates Th2-type
asthma manifestations in mice. Whether or not diet-derived
retinoids are also involved in the development of asthma in
humans requires further investigation.

Acknowledgments

We thank Pr. France Mentré and Dr. Corinne Vincent (Inserm
U738, Centre Hospitalier Universitaire Bichat-Claude Bernard)
for help in performing statistical analysis.

Retinoids and experimental asthma 2735

1002 ‘v'Z 19quIBA0N uo ereblap 10]ewoy Ip ensiaaiun e Bio uonuinu-ul woly papeojumod


http://jn.nutrition.org

JN THE JOURNAL OF NUTRITION

Literature Cited

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bousquet J, Jeffery P, Busse WW, Johnson M, Vignola AM. Asthma.
From bronchoconstriction to airways Inflammation and remodeling.
Am ] Respir Crit Care Med. 2000;161:1720-45.

Cohn L, Elias JA, Chupp GL. Asthma: mechanisms of disease
persistence and progression. Annu Rev Immunol. 2004;22:789-815.
O’Byrne PM, Inman MD, Adelroth E. Reassessing the Th2 cytokine
basis of asthma. Trends Pharmacol Sci. 2004;25:244-8.

Mattes J, Foster PS. Regulation of eosinophil migration and Th2 cell function
by IL-5 and eotaxin. Curr Drug Targets Inflamm Allergy. 2003;2:169-74.
Zimmermann N, Hershey GK, Foster PS, Rothenberg ME. Chemokines
in asthma: cooperative interaction between chemokines and IL-13.
J Allergy Clin Immunol. 2003;111:227-42.

Lilly CM, Nakamura H, Kesselman H, Nagler-Anderson C, Asano K,
Garcia-Zepeda EA, Rothenberg ME, Drazen JM, Luster AD. Expres-
sion of eotaxin by human lung epithelial cells: induction by cytokines
and inhibition by glucocorticoids. J Clin Invest. 1997;99:1767-73.
Cifelli CJ, Ross AC. Chronic vitamin A status and acute repletion with
retinyl palmitate are determinants of the distribution and catabolism of
all-trans-retinoic acid in rats. ] Nutr. 2007;137:63-70.

Cifelli CJ, Ross AC. All-trans-retinoic acid distribution and metabolism
in vitamin A-marginal rats. Am J Physiol Gastrointest Liver Physiol.
2006;291:G195-202.

Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schiitz G, Umesono
K, Blumberg B, Kastner P, Mark M, et al. The nuclear receptor
superfamily: the second decade. Cell. 1995;83:835-9.

Biesalski HK. The significance of vitamin A for the development and
function of the lung. Forum Nutr. 2003;56:37-40.

Maden M, Hind M. Retinoic acid in alveolar development, maintenance
and regeneration. Philos Trans R Soc Lond B Biol Sci. 2004;359:799-808.
Denburg JA, Sehmi R, Upham J, Wood L, Gavreau G, O’Byrne P.
Regulation of IL-5 and IL-5 receptor expression in the bone marrow of
allergic asthmatics. Int Arch Allergy Immunol. 1999;118:101-3.
Denburg JA, Sehmi R, Upham ]. Regulation of IL-5 receptor on
eosinophil progenitors in allergic inflammation: role of retinoic acid. Int
Arch Allergy Immunol. 2001;124:246-8.

Goettsch W, Hatori Y, Sharma RP. Adjuvant activity of all-trans-retinoic
acid in C57Bl/6 mice. Int ] Immunopharmacol. 1992;14:143-50.
Tokuyama H, Tokuyama Y, Nakanishi K. Retinoids inhibit IL-4-
dependent IgE and IgG1 production by LPS-stimulated splenic B cells.
Cell Immunol. 1995;162:153-8.

Stephensen CB, Rasooly R, Jiang X, Ceddia MA, Weaver CT,
Chandraratna RA, Bucy RP. Vitamin A enhances in vitro Th2 develop-
ment via retinoid X receptor pathway. ] Immunol. 2002;168:4495-503.
Iwata M, Eshima Y, Kagechika H. Retinoic acids exert direct effects on
T cells to suppress Th1 development and enhance Th2 development via
retinoic acid receptors. Int Immunol. 2003;15:1017-25.

Hoag KA, Nashold FE, Goverman J, Hayes CE. Retinoic acid enhances
the T helper 2 cell development that is essential for robust antibody
responses through its action on antigen-presenting cells. J Nutr. 2002;
132:3736-9.

Cantorna MT, Nashold FE, Hayes CE. Vitamin A deficiency results in a
priming environment conducive for Thl cell development. Eur ]
Immunol. 1995;25:1673-9.

Grenningloh R, Gho A, di Lucia P, Klaus M, Bollag W, Ho IC, Sinigaglia
F, Panina-Bordignon P. Inhibition of the retinoid X receptor (RXR)
blocks T helper 2 differentiation and prevents allergic lung inflamma-
tion. J Immunol. 2006;176:5161-6.

Mehta K, Sadeghi T, McQueen T, Lopez-Berenstein G. Liposome
encapsulation circumvents the hepatic clearance mechanisms of all-
trans retinoic acid. Leuk Res. 1994;18:587-96.

Estey EH, Giles F], Kantarjian H, O’Brien S, Cortes ], Freireich EJ,
Lopez-Berestein G, Keating M. Molecular remissions induced by
liposomal-encapsulated all-trans retinoic acid in newly diagnosed acute
promyelocytic leukemia. Blood. 1999;94:2230-5.

Westervelt P, Pollock JL, Oldfather KM, Walter MJ, Ma MK, Williams
A, DiPersio JE, Ley TJ. Adaptive immunity cooperates with liposomal
all-trans-retinoic acid (ATRA) to facilitate long-term molecular remis-
sion in mice with acute promyelocytic leukemia. Proc Natl Acad Sci
USA. 2002;99:9468-73.

Proust B, Ruffié C, Lefort ], Vargaftig BB. Bronchopulmonary hyper-
reactivity and lung eosinophil sequestration but not their migration to

2736 Maret et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

the alveolar compartment are independent of interleukin-5 in allergic
mice. Eur Cytokine Netw. 2002;13:340-9.

Periquet B, Lambert W, Garcia J, Lecomte G, De Leenheer AP, Mazieres
B, Thouvenot JP, Arlet J. Increased concentrations of endogenous 13-
cis- and all-trans-retinoic acids in diffuse idiopathic skeletal hyperos-
tosis, as demonstrated by HPLC. Clin Chim Acta. 1991;203:57-65.
Hansen G, Yeung VP, Berry G, Umetsu DT, DeKruyff RH. Vaccination
with heat-killed Listeria as adjuvant reverses established allergen-
induced airway hyperreactivity and inflammation: role of CD8+ T cells
and IL-18. J Immunol. 2000;164:223-30.

Trifilieff A, El-Hasim A, Corteling R, Owen CE. Abrogation of lung
inflammation in sensitized Stat6-deficient mice is dependent on the
allergen inhalation procedure. Br J Pharmacol. 2000;130:1581-8.

Lee SH, Kiss A, Xu J, Qian Y, Bashoura L, Kheradmand F, Corry DB.
Airway glycoprotein secretion parallels production and predicts airway
obstruction in pulmonary allergy. ] Allergy Clin Immunol. 2004;113:72-8.
Zuany-Amorim C, Creminon C, Nevers MC, Nahori M-A, Vargaftig
BB, Pretolani M. Modulation by IL-10 of antigen-induced IL-$
generation, and CD4+ T lymphocyte and eosinophil infiltration into
the mouse peritoneal cavity. ] Immunol. 1996;157:377-84.

Kang BY, Chung SW, Kim SH, Kang SN, Choe YK, Kim TS. Retinoid-
mediated inhibition of interleukin-12 production in mouse macrophages
suppresses Th1 cytokine profile in CD4(+) T cells. Br ] Pharmacol. 2000;
130:581-6.

Nikawa T, Ikemoto M, Kano M, Tokuoka K, Hirasaka K, Uehara S,
Takatsu K, Rokutan K, Kishi K. Impaired vitamin A-mediated mucosal
IgA response in IL-5 receptor-knockout mice. Biochem Biophys Res
Commun. 2001;285:546-9.

Cui D, Moldoveanu Z, Stephensen CB. High-level dietary vitamin A
enhances T-helper type 2 cytokine production and secretory immuno-
globulin A response to influenza A virus infection in BALB/c mice. J
Nutr. 2000;130:1132-9.

Cantorna MT, Nashold FE, Hayes CE. In vitamin A deficiency multiple
mechanisms establish a regulatory T helper cell imbalance with excess
Th1 and insufficient Th2 function. J Immunol. 1994;152:1515-22.
Racke MK, Burnett D, Pak SH, Albert PS, Cannella B, Raine CS,
McFarlin DE, Scott DE. Retinoid treatment of experimental allergic
encephalomyelitis. IL-4 production correlates with improved disease
course. ] Immunol. 1995;154:450-8.

Shaw MK, Lorens JB, Dhawan A, DalCanto R, Tse HY, Tran AB,
Bonpane C, Eswaran SL, Brocke S, et al. Local delivery of interleukin 4
by retrovirus-transduced T lymphocytes ameliorates experimental
autoimmune encephalomyelitis. ] Exp Med. 1997;185:1711-4.
Stellato C, Beck LA, Gorgone GA, Proud D, Schall TJ, Ono SJ,
Lichtenstein LM, Schleimer RP. Expression of the chemokine RANTES
by a human bronchial epithelial cell line: modulation by cytokines and
glucocorticoids. J Immunol. 1995;155:410-8.

Komai M, Tanaka H, Masuda T, Nagao K, Ishizaki M, Sawada M,
Nagai H. Role of Th2 responses in the development of allergen-induced
airway remodelling in a murine model of allergic asthma. Br |
Pharmacol. 2003;138:912-20.

Cho JY, Miller M, Baek KJ, Han JW, Nayar ], Lee SY, McElwain K,
McElwain S, Friedman S, et al. Inhibition of airway remodeling in IL-5-
deficient mice. J Clin Invest. 2004;113:551-60.

Lee JJ, Dimina D, Macias MP, Ochkur SI, McGarry MP, O’Neill KR,
Protheroe C, Pero R, Nguyen T, et al. Defining a link with asthma in
mice congenitally deficient in eosinophils. Science. 2004;305:1773-6.
Tanaka H, Komai M, Nagao K, Ishizaki M, Kajiwara D, Takatsu K,
Delespesse G, Nagai H. Role of interleukin-5 and eosinophils in allergen-
induced airway remodeling in mice. Am J Respir Cell Mol Biol. 2004;31:62-8.
Trifilieff A, Fujitani Y, Coyle AJ, Kopf M, Bertrand C. IL-5 deficiency
abolishes aspects of airway remodelling in a murine model of lung
inflammation. Clin Exp Allergy. 2001;31:934-42.

Humbles AA, Lloyd CM, McMillan SJ, Friend DS, Xanthou G,
McKenna EE, Ghiran S, Gerard NP, Yu C, et al. A critical role for
eosinophils in allergic airway remodeling. Science. 2004;305:1776-9.
Tabata C, Kadokawa Y, Tabata R, Takahashi M, Okoshi K, Sakai Y,
Mishima M, Kubo H. All-trans-retinoic acid prevents radiation- or
bleomycin-induced pulmonary fibrosis. Am ] Respir Crit Care Med.
2006;174:1352-60.

Cohn L, Homer R], MacLeod H, Mohrs M, Brombacher F, Bottomly K.
Th2-induced airway mucus production is dependent on IL-4Ralpha, but
not on eosinophils. ] Immunol. 1999;162:6178-83.

1002 ‘v'Z 19quIBA0N uo ereblap 10]ewoy Ip ensiaaiun e Bio uonuinu-ul woly papeojumod


http://jn.nutrition.org

