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First published July 11, 2014; doi:10.1152/ajplung.00132.2014.—a-To-
copherol blocks responses to allergen challenge in allergic adult mice,
but it is not known whether a-tocopherol regulates the development of
allergic disease. Development of allergic disease often occurs early in
life. In clinical studies and animal models, offspring of allergic
mothers have increased responsiveness to allergen challenge. There-
fore, we determined whether a-tocopherol blocked development of
allergic responses in offspring of allergic female mice. Allergic
female mice were supplemented with a-tocopherol starting at mating.
The pups from allergic mothers developed allergic lung responses,
whereas pups from saline-treated mothers did not respond to the
allergen challenge, and a-tocopherol supplementation of allergic fe-
male mice resulted in a dose-dependent reduction in eosinophils in the
pup bronchoalveolar lavage and lungs after allergen challenge. There
was also a reduction in pup lung CD11b™" dendritic cell subsets that
are critical to development of allergic responses, but there was no
change in several CD11b~ dendritic cell subsets. Furthermore, ma-
ternal supplementation with a-tocopherol reduced the number of fetal
liver CD11b™ dendritic cells in utero. In the pups, there was reduced
allergen-induced lung mRNA expression of IL-4, IL-33, TSLP,
CCLI11, and CCL24. Cross-fostering pups at the time of birth dem-
onstrated that a-tocopherol had a regulatory function in utero. In
conclusion, maternal supplementation with a-tocopherol reduced fetal
development of subsets of dendritic cells that are critical for allergic
responses and reduced development of allergic responses in pups from
allergic mothers. These results have implications for supplementation
of allergic mothers with a-tocopherol.

allergic lung inflammation; vitamin E

DEVELOPMENT OF ALLERGIC DISEASE oOriginates as complex envi-
ronmental and genetic interactions that may start early in life
(49), a time when the airways and the immune system are
developing. In reports examining human maternal and paternal
asthma associations with development of allergies in offspring,
most associations are with maternal asthma (46). In animal
studies, offspring from allergic mothers are predisposed to
responses to suboptimal doses of allergens, and this risk is
sustained to 8 wk of age in the mouse (26, 2830, 32, 33, 36,
46). Interestingly, in animal studies, dendritic cells (DCs) from
offspring of allergic mothers transfer the risk for allergies to
naive neonates, indicating a functional change in neonatal DCs
during neonate development in allergic mothers (24). It is
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suggested that risk for allergic disease in humans is associated
with in utero and early exposures to environmental factors (9).

The prevalence of asthma from 1950 to the present has
increased in many countries (10, 27, 76). In humans, the
marked differences in rates of asthma within countries, in
migrating populations, and over relatively short periods of time
support an important role of exposure to the local environment,
such as diet, in asthma inception. It is reported that patients
with asthma or allergy have low levels of the vitamin E isoform
a-tocopherol (38, 39, 63, 64). Therefore, an increase in «-to-
copherol may be necessary, in combination with other regi-
mens, to decrease allergic disease. Studies with vitamin E
report seemingly conflicting outcomes for allergy and other
inflammatory diseases (19, 22, 65, 70, 79). We recently dem-
onstrated that different isoforms of vitamin E have opposing
functional outcomes in lungs in animals and humans (1, 7, 16,
17, 19, 48, 50).

Vitamin E consists of natural isoforms and synthetic racemic
isoforms. The four natural tocopherol isomers are p-a-, D-3-,
D-v-, and D-8-tocopherol. The most abundant isoforms are
a-tocopherol and +y-tocopherol, which differ by one methyl
group. Plants synthesize the natural isoforms from tyrosine and
chlorophyll (34). Mammals consume the plant tocopherols in
food and cooking oils, and mammals do not interconvert the
isoforms. Dietary tocopherols are taken up from the intestine,
transported via the lymph to the blood and then to the liver. In
the liver, a-tocopherol transfer protein (aTTP) preferentially
transfers a-tocopherol to lipoproteins, resulting in 10-fold
higher a-tocopherol than y-tocopherol in tissues (81). Tocoph-
erols in plasma lipoproteins are transferred to cells by plasma
phospholipid transfer protein, scavenger receptors, or the lipo-
protein lipase pathway (21). After uptake, the tocopherols are
found in cell membranes, since they are lipid vitamins. o TTP
is also expressed by trophoblast, fetal endothelium, and amnion
epithelium of the placenta (54). It is reported that basal levels
of a-tocopherol are required for placentation (37, 54).

We have demonstrated in adults that a-tocopherol is anti-
inflammatory and y-tocopherol is proinflammatory (7, 20, 50).
When presensitized allergic adult mice are supplemented with
a-tocopherol and then challenged with antigen, allergic inflam-
mation is decreased 65%, whereas y-tocopherol supplementa-
tion increases allergic inflammation by 175% (7). In light of
opposing functions for tocopherol isoforms, we have reviewed
alternative interpretations of the seemingly conflicting reports
on vitamin E and the vitamin E isoforms in these studies (1, 15,
19, 20). Furthermore, we have demonstrated that, in humans,
a-tocopherol associates with better lung spirometry, and y-to-
copherol associates with lower lung spirometry by age 21 (48),
suggesting that tocopherol isoforms may regulate development
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Table 1. a-Tocopherol-supplemented diets (modified
AIN-93G Purified Rodent Diet with corn oil replacing
soybean oil)

g/kg diet
Casein, high nitrogen 200
L-Cystine 3
Sucrose 100
Cornstarch 397
Dyetrose 132
Corn oil 70
Cellulose 50
Mineral mix no. 210025 35
Vitamin mix no. 210025 10
Choline bitartrate 2.5

D-a-tocopherol 0.5, 0.25, or 0.15

The a-tocopherol-supplemented diet (500 mg/kg diet no. 103296, 250
mg/kg diet no. 103373, or 150 mg/kg diet no. 103372) and the basal control
diet without supplementation (45 mg a-tocopherol/kg diet) (diet no. 101591)
were from Dyets. Corn oil, which was commonly used in rodent diet in the
past, was used in this diet instead of the more recent formulas with soybean oil
to avoid the proinflammatory contribution of high vy-tocopherol in soybean oil
as we have reported (5, 17, 44).

and lung responses to environmental pollutants, allergens, or
infections. It is not known whether development of allergic
disease is regulated by vitamin E. Therefore, we hypothesized
that maternal supplementation with a-tocopherol inhibits al-
lergic responses in the offspring.

We report that supplementation of allergic female mice with
a-tocopherol inhibited neonatal development of allergic re-
sponses. In addition, there was a reduction in neonatal cyto-
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kines, chemokines, and lung CD11b™ dendritic cell subsets,
which are critical to development of allergic responses. a-To-
copherol also reduced CD11b™ dendritic cell subsets in the
fetal liver and in vitro in bone marrow differentiated DCs.
These data have important implications for supplementation of
allergic mothers with a-tocopherol to limit development of
allergic disease in offspring.

MATERIALS AND METHODS

Animals. C57BL/6 mice were from Jackson Laboratories (Bar
Harbor, ME). The studies are approved by the Northwestern Univer-
sity Institutional Review Committee for animals.

Tocopherol reagents. D-a-Tocopherol (>98% pure) from Sigma
was sent to Dyets (Bethlehem, PA) to make the diets with 150 mg
a-tocopherol/kg diet (catalog no. 103372), 250 mg a-tocopherol/kg
diet (catalog no. 103373), and 500 mg a-tocopherol/kg diet (catalog
no. 103296) (Table 1). The purity of these tocopherols that were used
to make the diets and the tocopherol concentrations in the diets was
confirmed by HPLC with electrochemical detection as described
below.

Ovalbumin/tocopherol administration and inflammation. C5TBL/6
female mice were maintained on chow diet. The mice were sensitized
by intraperitoneal injection (200 wl) of ovalbumin (OVA) grade V (5
png)/potassium aluminum sulfate (alum, 1 mg) or saline/alum (1 mg)
on days 0 and 7 (26, 28, 46). The mice were exposed to nebulized
saline or 3% (wt/vol) OVA in saline for 15 min on three consecutive
days at 8, 12, and 16 wk of age. At 18 wk old, the female mice were
challenged one time with 3% OVA (26, 28, 46) and then fed basal diet
or diet supplemented with D-a-tocopherol (500 mg a-tocopherol/kg
diet) (Table 1) (42, 52, 71). Basal rather than deficient tocopherol diets
are used because a-tocopherol is necessary for placental development
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(37, 54). The 250 to 500 mg p-a-tocopherol/kg diet doses were chosen
for these studies because it is commonly used to elevate tissue
tocopherols and regulate immune responses in adult rodents (52, 53,
69), and it is 30 times lower than the high maternal tocopherol diet
dose reported to reduce hippocampus function in rodents (8). Ten days
after starting the tocopherol-supplemented diet, females were mated
with normal males. Three-day-old pups were suboptimally sensitized
by treating with only one 50-pl ip injection (rather than two injec-
tions) of 5 wg OVA/1 mg alum (26, 28, 33). At 10, 11, and 12 days
old, the pups were challenged for 15 min with 3% OVA (Fig. 1A4). At
13 days old, the pups were weighed and killed, and tissues were
collected. Serum was collected for analysis of IgE, liver was for
tocopherol analysis, lung lavage was for leukocytes and cytokines,
and lung tissue was for histology, flow cytometry, and qPCR of
mediators of allergic inflammation. Liver was extracted and examined
for tocopherols by high-pressure liquid chromatography with electro-
chemical detection as we previously described (7, 50). Bronchoalveo-
lar lavage (BAL) cells were stained and counted as previously de-
scribed (3). OVA-specific IgE was determined by ELISA as previ-
ously described (13). Lung tissue sections were fixed in cold methanol
for 15 min, rehydrated for 60 min with PBS, and stained with eosin
and methyl green as we previously described (6).

Tocopherol measurement. Diets or livers were weighed and
homogenized in absolute ethanol with 5% ascorbic acid on ice. The

a-TOCOPHEROL REGULATES DEVELOPMENT OF ALLERGIC INFLAMMATION

internal standard tocol is added to each lung to determine recovery.
The homogenate or plasma was extracted with an equal volume of
hexane with 0.37 wt/100 wt butylated hydroxytoluene to prevent
oxidation and increase recovery of tocopherol. The samples were
vortexed and then centrifuged for 10 min at 9,000 g at 4°C. The
hexane layer was dried under nitrogen and stored at —20°C. The
samples were reconstituted in methanol, and then tocopherols
were separated using a reverse-phase C,g3 HPLC column (Hewlett
Packard) and HPLC (Waters) with 99% methanol-1% water as a
mobile phase with detection with an electrochemical detector
(potential 0.7 V) (Waters).

Cytokines, chemokines, and indolamine dioxygenase. Total RNA
was isolated from 50 to 100 mg lung tissue using the QIAGEN
RNeasy Fibrous Tissue Mini Kit. cDNA was prepared using a SuperScript 11
RNase H-Reverse Transcriptase kit (Invitrogen) and analyzed by
PCR on an ABI 7300 Thermal Cycler (Applied Biosystems).
Tagman probes and Tagman Universal Master Mix were used as
directed (Applied Biosystems). CCL24 in the BAL also was
examined by ELISA (Raybiotech).

Flow cytometry analysis of pup lung, fetal liver, and cultured DCs.
Following BAL of pups, lungs were removed for analysis of dendritic
cell types by flow cytometry. In the fetus, hematopoiesis occurs in the
fetal livers. Gestational day 18 fetal livers were collected for analysis
of fetal liver DCs. Briefly, tissues were minced and suspended in 5 ml
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of RPMI solution containing 1 mg/ml collagenase D (Roche) and 0.2
mg/ml DNase I (Roche) at 37°C with agitation. After 1 h, samples
were filtered through sterile 70-pwm mesh tissue, centrifuged, and
resuspended in 5% FBS-RPMI solution. Red blood cells were lysed in
1X BD PharmLyse Lysing Buffer (BD Biosciences), and the cells
were washed two times in PBS. All centrifugation steps were carried
out at 300 g for 5 min. Three million cells were used per sample for
immunolabeling.

For bone marrow-derived postnatal day 10 pup dendritic cell
cultures, a single cell suspension of bone marrow from 10-day-old
mice was placed in RPMI 1640, glutamine, HEPES, gentamycin
sulfate, penicillin/streptomycin, and 10% heat-inactivated FCS. The
bone marrow cells were treated with the DMSO solvent control
(0.01%) or p-a-tocopherol (80 wM) as we previously described for in
vitro treatment with D-a-tocopherol (7). The cells were stimulated
with 5 ng granulocyte macrophage colony-stimulating factor (GM-
CSF) per milliliter. The culture medium with tocopherol and GM-CSF
was replaced on days 2, 4, and 7. On day 9, the cells were counted,
immunolabeled with the markers described above for DCs, and
examined by flow cytometry.

The cells were stained for live/dead exclusion in 500 wl PBS
containing 0.25 pl of Aqua fluorescent reactive dye (Molecular
Probes, Invitrogen) for 20 min at room temperature in the dark. Next,
FC receptors were blocked by incubating the cells in 50 pl flow
cytometry staining buffer (Biolegend) with 0.75 pl purified rat anti-
mouse CD16/CD32 Mouse BD FC Block (no. 553142; BD Pharmin-
gen) for 10 min at 4°C.

To prepare the antibodies for immunolabeling, for each sample
equivalent, an antibody stock was prepared by adding the following
antibodies to 50 pl of flow cytometry buffer: /) Live/Dead Aqua

Fetal Liver
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fluorescent dye (no. L34957; Molecular Probes, Invitrogen), 0.25
wl/sample; 2) CD45, rat anti-mouse FITC-conjugated, 0.5 mg/ml,
clone 30-F11 (no. 103107; Biolegend), 0.31 wl/sample; 3) CD11b, rat
anti-mouse PE-CF594-conjugated, 0.2 mg/ml, clone M1/70 (no.
562317; BD Biosciences), 0.05 pl/sample; 4) Ly-6C, rat anti-mouse
APC/Cy7-conjugated, 0.2 mg/ml, clone HK1.4 (no. 128025; Bioleg-
end), 0.4 pl/sample; 5) CD11c, Armenian hamster anti-mouse PE/
Cy7-conjugated, 0.2 mg/ml, clone N418 (no. 117317; Biolegend), 0.2
wl/sample; 6) I-A/I-E (MHCII), rat anti-mouse PerCP/CyS5.5-conju-
gated, 0.2 mg/ml, clone M5/114.15.2 (no. 107625; Biolegend), 0.1
wl/sample; 7) CD103, Armenian hamster anti-mouse Brilliant Violet
421-conjugated, clone 2E7 (no. 121421; Biolegend), 0.2 wl/sample; 8)
CD317 (PDCA-1), rat anti-mouse APC-conjugated, 0.2 mg/ml, clone
927 (no. 127015; Biolegend), 0.5 pl/sample; 9) CD80, Armenian
hamster anti-mouse PE-conjugated, 0.2 mg/ml, clone 16-10A1 (no.
104707; Biolegend), 0.5 pl/sample; and /0) CD86, rat anti-mouse
Alexa Fluor 700-conjugated, 0.5 mg/ml, clone GL-1 (no. 105023;
Biolegend), 0.5 pl/sample. Next, 50 pl of the antibody stock were
added to the samples that were treated with FC block. The samples
were incubated for 30 min at 4°C in the dark, and the cells were
washed two times in 1X PBS.

The cells were examined with a BD LSRII flow cytometer (BD
Biosciences). Analysis was performed using FlowJo VX software
(TreeStar). Compensation was done using FlowJo compensation wiz-
ard based on single color control staining of compensation beads
(eBioscience). Nonstained controls were used to assess boundaries of
live and dead populations. Only live, singlet (based on FSC-H vs.
FSC-A gating), hematopoietic (CD45™") cells were used for subse-
quent gating of all populations. Fluorescence Minus One staining
controls were used as negative controls to identify gates for popula-
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tions of interest. The following subpopulations of DCs were analyzed:
1) resident conventional DCs: CD11b*Ly6C ™~ CD11cMe"MHCIIeh,
2) CD11b™" alveolar DCs: CD11b*Ly6C~CD11¢*MHCII; 3) in-
flammatory DCs: CD11b*Ly6C*CD11c"MHCII*; 4) plasmacytoid
DCs (pDCs): CD11b"Ly6C~CDI11c*"PDCA-1"MHCII; 5) resi-
dent CD103* DCs: CD11b Ly6C~CDI11c¢*CD103*MHCII; and
6) CD11b™~ alveolar DCs: CD11b~Ly6C CD11¢*MHCII"/~. The
flow cytometry gating strategy is in Figs. 2 and 3.

Statistics. Data were analyzed by a one-way ANOVA followed by
Tukey’s or Dunnett’s multiple-comparisons test (SigmaStat; Jandel
Scientific, San Ramon, CA). Presented are the means + SE.

RESULTS

p-a-Tocopherol supplementation of allergic female mice
inhibits allergic inflammation in neonates. It was determined
whether D-a-tocopherol supplementation of mothers during
pregnancy/lactation inhibits development of allergic inflamma-
tion in their pups. In these studies, allergic responses were
induced in 6-wk-old adult female mice by sensitization with
OVA/alum at weeks 0 and I and challenge with OV A or saline
three times a week during weeks 4, 8, 12, and 18 as in the
timeline in Fig. 1A. Next, the females were supplemented with
D-a-tocopherol at the time of mating (Fig. 1A4). The mothers
were given a standard basal diet (45 mg D-a-tocopherol/kg
diet) or supplemented with 150, 250, or 500 mg p-a-tocoph-
erol/kg diets (Table 1). A basal p-a-tocopherol diet was used as

a-TOCOPHEROL REGULATES DEVELOPMENT OF ALLERGIC INFLAMMATION

the control diet instead of a p-a-tocopherol-deficient diet be-
cause D-a-tocopherol is required for placenta development (37,
54). All pups from the mothers were challenged with a subop-
timal regimen of OVA as previously described (46); the pups
received one, instead of two, sensitizations with OVA-alum
and then received three challenges with aerosolized OVA (Fig.
1A). The pups received tocopherol in utero and during lactation
because it is reported that there is a contribution in utero and
during nursing for the development of allergic responses in the
offspring of allergic mothers (46). Compared with OVA-
challenged pups from nonallergic saline-treated mothers, the
OVA-treated pups from allergic mothers with basal diet had a
significant increase in percent eosinophils in the BAL (Fig.
1B), an increase in total number of BAL eosinophils and
monocytes (Fig. 1C), and an increase in the low numbers of
BAL lymphocytes and neutrophils (Fig. 1C); this is consistent
with previous reports (46). In contrast, a-tocopherol supple-
mentation of the allergic mothers resulted in a dose-dependent
inhibition of allergic inflammation in the OV A-stimulated pups
from allergic mothers (Fig. 1, B and C). The 150 mg a-tocoph-
erol/kg diet partially inhibited the percent eosinophils in the
BAL, whereas the 250 and 500 mg «-tocopherol/kg diet had
the greatest inhibition of the percent eosinophils in the BAL
(Fig. 1B). Therefore, all subsequent studies were performed
using the 250 or 500 mg a-tocopherol/kg diets. a-Tocopherol
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Fig. 4. Maternal supplementation with D-a-tocopherol inhibited eosinophil inflammation in lung tissue of pups from allergic mothers. A: tissues were from mice
in Fig. 1. Representative micrographs of perivascular regions in pup lung tissue stained with eosin and methyl green. Images were obtained with a X20 objective
on an Olympus Microscope. Arrows on the images indicate some of the eosin-labeled perivascular eosinophils. Also shown is an enlarged image of the pup lung
that was from OV A-treated mothers with basal diet. B: mouse body weight. C: OVA-specific serum IgE as determined by ELISA. n = 8-10 Mice/group.
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supplementation of allergic female mice also reduced eosino-
phils in the lung tissue of OVA-challenged pups (Fig. 4A).
There was no effect of treatments on pup weight (Fig. 4B), pup
numbers, or pup gender distribution (data not shown). OVA-
treated pups from allergic mothers had increased serum IgE,
but serum IgE was not different among the D-a-tocopherol
treatment groups (Fig. 4C). Because inflammation is regulated
by Th2 cytokines and chemokines, we analyzed expression of
several cytokines and chemokines involved in allergic inflam-
mation. D-a-Tocopherol supplementation of allergic female
mothers inhibited OVA-induced pup lung mRNA expression
of IL-4, IL-33, CCL11, and CCL24 (Fig. 5, A-D) and protein
expression of CCL24 (Fig. 5E). Therefore, p-a-tocopherol
supplementation of allergic mothers inhibited allergic inflam-
mation and cytokine/chemokine mediators of allergic inflam-
mation in OV A-challenged pups from these allergic mothers.
p-a-Tocopherol supplementation of the allergic mothers
during pregnancy was sufficient for inhibition of allergic in-
flammation in cross-fostered offspring. In Fig. 1, p-a-tocoph-
erol supplementation was provided during pregnancy and lac-
tation. To determine whether the maternal D-a-tocopherol
supplementation during pregnancy or lactation was sufficient
for inhibition of the allergic inflammation in the offspring, the
neonates were cross-fostered on day I of birth as in the
timeline in Fig. 6A. There was a contribution of the allergic
mom during pregnancy and during lactation to the develop-
ment of pup inflammation (Fig. 6, B—E, column 3 compared
with columns 5 and 6) as previously described (44). Interest-
ingly, cross-fostering pups from allergic mothers with 250 mg
D-a-tocopherol/kg diet to allergic mothers with basal diet
indicated that p-a-tocopherol supplementation of the allergic
mother during pregnancy was sufficient to inhibit the develop-
ment of the allergic response in the neonates (Fig. 6, B-E,
column 7 compared with column 3). In addition, p-a-tocoph-
erol supplementation during lactation reduced the allergic re-
sponses in the neonates (Fig. 6, B—E, column 8 compared with
column 3). Pups from nonallergic female mice with basal diet,
cross-fostered to allergic female mice with basal diet or 250 mg
D-a-tocopherol/kg diet, did not develop allergic responses (Fig.
6, B—E, columns 5 and 9 compared with column 3). With basal
diet, pups from allergic mothers cross-fostered to another
allergic mother developed allergic responses (Fig. 6F).
p-a-Tocopherol supplementation during a second preg-
nancy of allergic female mice inhibited development of allergic
responses in the second litter of pups. It was hypothesized that
allergic moms that had a litter of allergic pups could be
supplemented with p-a-tocopherol at the time of the second
mating to inhibit development of allergic responses in subse-
quent litters of pups. Starting at the time of the second mating
(timeline in Fig. 7A), the mothers, which were provided basal
diet in the first mating, were provided in the second mating
basal diet or switched to a diet supplemented with 500 mg
D-a-tocopherol/kg diet. The offspring from allergic mothers that
were supplemented with b-a-tocopherol at the time of the second
mating had a >90% inhibition of BAL eosinophils in the OVA-
challenged pups (Fig. 7B). Moreover, in OV A-challenged pups
from allergic mothers, b-a-tocopherol reduced whole lung mRNA
expression of several mediators of allergic inflammation: the
cytokines IL-4, IL-33, and TSLP and the chemokines CCL11 and
CCL24 (Fig. 8). At the time of collection, p-a-tocopherol had no
effect on the cytokine TNF-a, the anti-inflammatory cytokine
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2 (CCL24). E: BAL supernatant was examined for CCL24 by ELISA (Ray-
biotech). n = 8—10 Animals/group. *P < 0.05 compared with the correspond-
ing saline control.

CCL24

pg CCL24 / ml pup BAL

IL-10, Thl cytokines (IL-2 and IFNv), or MHCII in the whole
lung of OVA-challenged pups from allergic mothers (Fig. 8).
p-a-Tocopherol inhibition of IL-4, IL-33, and TSLP is consistent
with a-tocopherol regulation of development of allergic inflam-
mation.

Because it is reported that DCs from pups of allergic moms
but not control mothers transfer the risk for allergic responses
to nonallergic pups (24) and because during allergic inflam-
mation in adults lung dendritic cell expression of indolamine
dioxygenase (IDO) promotes Th2 responses (83), we deter-
mined whether p-a-tocopherol supplementation regulated lung
IDO expression. The OVA-challenged pups from allergic
mothers from the studies in Fig. 7 had elevated whole lung
expression of IDO compared with OV A-challenged pups from
saline-treated mothers (Fig. 8). Interestingly, pD-a-tocopherol
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reduced lung tissue expression of IDO in pups from allergic
mothers and saline mothers (Fig. 8). These data indicate that
OVA challenge induced IDO expression and/or recruitment of
cells expressing IDO and that this was inhibited by the p-o-
tocopherol-supplemented diet. Thus, p-a-tocopherol supple-
mentation of mothers during a second litter blocked allergic
inflammation and several cytokines, chemokines, and IDO that
regulated allergic inflammation.

p-a-Tocopherol supplementation of allergic female mice
reduces numbers of CD11b™ dendritic cell subsets in the fetal
liver and in neonates. It is reported that DCs but not macro-
phages are critical for the development of the allergic re-

sponses in the pups from allergic mothers (24). Therefore, we
determined whether p-a-tocopherol regulates the development
of DCs in postnatal day 13 neonates and gestational day 18
fetuses from allergic mothers (Fig. 9A). It was also determined
whether D-a-tocopherol-supplemented diets increased liver
D-a-tocopherol concentrations in mothers and pups because, in
the liver, p-a-tocopherol is loaded onto lipoproteins that then
enter circulation for delivery to peripheral tissues. The p-a-
tocopherol-supplemented diet significantly increased liver p-o-
tocopherol in the saline-treated mothers threefold compared
with basal diet controls (Fig. 9B). The OVA treatment reduced
the p-a-tocopherol tissue concentrations in the p-a-tocopherol-
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Fig. 7. p-a-Tocopherol supplementation inhibited allergic inflammation in pups from allergic mothers that previously had basal diets and litters of allergic pups.
A: schematic of timeline for 500 mg a-tocopherol/kg diet and OVA treatment of mothers and pups. B: saline or OVA-treated moms were on basal diet and had
alitter of allergic pups (data in Fig. 1). Next, a group of these moms were switched at time of mating to 500 mg/kg diet for the second litter of pups. Lung lavage
cells from pups were cytospun, and leukocytes were counted by standard morphological criteria. n = 12 Mice/group. *P < 0.05 compared with other groups

for each cell type.

supplemented mothers (Fig. 9B), which is consistent with
reduced a-tocopherol levels in asthmatics (38, 39, 63, 64).
Maternal p-a-tocopherol supplementation increased pup liver
p-a-tocopherol 2.5-fold (Fig. 9C) and blocked allergic re-
sponses in the lung (Fig. 9D). These livers had <0.003 g
vy-tocopherol/g liver tissue for all groups (data not shown).

It was determined whether p-a-tocopherol regulates pup
lung DCs. The cells of the postnatal day 13 neonate lungs or
gestational day 18 fetal livers for the offspring outlined in Fig.
9A were dissociated and immunolabeled for cell membrane
markers of lung dendritic cell subsets as previously described
for the mouse lung (58). The flow cytometry analysis scheme
for pup lung DCs is described in Fig. 2. There were CD11b™"
and CD11b~ dendritic cell subsets in the neonatal lungs, but
p-a-tocopherol supplementation only altered the CD11b* den-
dritic cell subsets so these two dendritic cell lineages are
described here. Briefly, the following CD11b™ dendritic cell
subsets were present in the postnatal day 13 OV A-challenged
neonate lungs (Fig. 10A): resident DCs, monocyte-derived DCs
(mDCs), and alveolar DCs. The following CD11b™~ cell sub-
sets were present in the postnatal day 13, OVA-challenged
neonate lungs (Fig. 10A): pDCs, resident CD103™ DCs, alve-
olar DCs, and alveolar macrophages. In the postnatal day 13

OVA-challenged pups, maternal supplementation with p-a-
tocopherol significantly reduced the lung tissue number of
CD11¢*CD11b™" subsets of DCs, including resident conven-
tional DCs, mDCs, and CD11b* alveolar DCs (Fig. 10B). In
contrast to the CD11¢*CD11b* DCs, p-a-tocopherol supple-
mentation of the mothers did not alter the pup lung
CDI11c*CD11b~ subsets of cells, including pDCs, resident
CD103" DCs, CD11b~ alveolar DCs, and alveolar macro-
phages (Fig. 10C). Pups from allergic mothers had reduced
numbers of CD11¢"CD11b~ alveolar DCs compared with
pups from nonallergic mothers, but there was no effect of
maternal D-a-tocopherol supplementation (Fig. 10C). For
CD11c*CDI11b* DCs and CD11c¢c*CD11b~ DCs, the mean
fluorescence intensity for MHCII, CD80, and CD86 was not
different among the groups (data not shown).

The fetal liver dendritic cell subsets were determined on
gestational day 18 (Fig. 9A) because mouse fetal livers begin
developing liver hematopoiesis about gestational day 16 and
pups are born on gestational day 21. The fetal liver cells were
immunolabeled for cell surface markers of DCs (Fig. 104). The
flow cytometry analysis scheme for fetal liver DCs is in Fig. 3.
The following CD11¢"CD11b™ dendritic cell subsets were
present in the gestational day 18 fetal livers (Fig. 11A): mDCs
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Fig. 8. Expression of cytokines, chemokines, indolamine dioxygenase (IDO),
and MHCII by lungs from pups. Lung tissue from the pups in Fig. 7 was
collected 24 h after the last challenge, placed in RNAlater, and then examined
by qPCR. **P < 0.05 compared with all other groups. *P < 0.05 compared
with the saline/basal diet group.

and resident DCs. The following CD11¢*CD11b ™ cell subsets
were present in the gestational day 18 fetal livers (Fig. 11A):
Ly6c*CD103 "PDCATMHCII" cells and Ly6c CD103"%
PDCA*MHCII™ cells. Interestingly, p-a-tocopherol supple-
mentation of allergic mothers reduced the number of
CD11c*CD11b* DCs in gestational day 18 fetal livers, in-
cluding those of the phenotype of mDCs (Fig. 11B) and
phenotype of resident DCs (Fig. 11C). The CD11¢"CD11b~
subsets were not altered by maternal supplementation of pD-a-
tocopherol (data not shown).

To determine whether p-a-tocopherol can directly regulate
differentiation of DCs, we determined whether supplementa-
tion in vitro with p-a-tocopherol blocked development of bone
marrow-derived CD11b™* DCs. For these studies, bone marrow
from 10-day-old neonates from mothers with basal diet was
incubated with GM-CSF for 8 days in vitro in the presence of
D-a-tocopherol or the solvent control DMSO. p-a-Tocopherol
reduced the number of CD45% CD11b*CD11* DCs and the
number of cells with resident DC phenotype (CD45"CD11b™"
CD11c*Ly6c”MHCII™ DCs) (Fig. 12) without affecting the
percent of viable cells in the culture (data not shown). In
summary, D-a-tocopherol reduced the number of CD11b™
CDl11c* DCs in vitro, in the fetal liver and in the neonate.

a-TOCOPHEROL REGULATES DEVELOPMENT OF ALLERGIC INFLAMMATION

DISCUSSION

In this report, the development of allergic inflammation in
pups from allergic mothers was inhibited by supplementation
of the mother with p-a-tocopherol during pregnancy and lac-
tation. In the pups, there was a reduction in mediators of
allergic inflammation, including IL-4, 1L-33, TSLP, CCLI11,
and CCL24. In addition, after allergic mothers had a first litter
of pups that responded to antigen challenge, D-a-tocopherol
supplementation of these mothers during the second pregnancy
prevented development of allergic inflammation in the second
litter of pups that were challenged with antigen. The studies
with cross-fostering at birth demonstrated that administration
of p-a-tocopherol during pregnancy or during lactation was
sufficient to inhibit development of allergic inflammation in the
pups. D-a-Tocopherol did not affect body weight or lung
weight, which is consistent with previous reports for p-a-
tocopherol (7, 50, 52). p-a-Tocopherol supplementation of the
mothers inhibited generation of CD11¢*CD11b™ DCs in the
fetal liver and in antigen-challenged pup lungs. p-a-Tocopherol
has, at least, a direct effect on dendritic cell development because
p-a-tocopherol inhibited generation of CD11c*CDI11b* bone
marrow-derived DCs in vitro. In contrast, b-a-tocopherol did
not alter CD11¢"CD11b~ DCs in vivo or in vitro, indicating
specificity for p-a-tocopherol regulation of dendritic cell dif-
ferentiation to CD11¢"CD11b" DCs. There was no effect of
D-a-tocopherol on the level of expression of MHCII, CD80, or
CD86 by DCs. This is the first report that maternal p-o-
tocopherol supplementation of allergic mothers reduces devel-
opment of allergic responses in offspring and regulates num-
bers of select dendritic cell subsets. These results have impor-
tant implications for vitamin E regulation of the development
of allergic disease in future generations.

The prevalence of allergic diseases has dramatically in-
creased in the last 40 years (27, 73, 76), suggesting that there
are changes in environmental factors. Allergic diseases origi-
nate as complex environmental and genetic interactions that
may start early in life (49), a time when the airways and the
immune system are developing. It is suggested that in utero and
early exposures to environmental factors are critical for risk of
allergic disease (9). In reports examining human maternal and
paternal asthma associations with development of allergies in
offspring, most associations are with maternal asthma (46). In
animal studies, allergen challenge of the mother predisposes
the offspring to responses to suboptimal doses of allergens and,
as in humans (46), the offspring’s responses are not specific to
the allergen that the mother had been exposed (26, 28 -30, 32,
33, 36). The sensitization to allergens and allergic responses
are dependent on DCs, which produce regulatory cytokines
(72, 80). Interestingly, DCs, but not macrophages, from off-
spring of allergic mothers transfer the risk for allergies to naive
neonates, indicating a functional change in neonatal DCs
during development (24). Maternal exposure to environmental
factors, including high-fat diets, can alter neonatal hematopoi-
etic or metabolic function (14, 25, 35, 47, 55, 61, 75, 82). In
our studies, maternal supplementation with D-a-tocopherol
inhibited development of CD11¢*CD11b™ DCs in the fetus
and in neonates.

Dietary tocopherols are taken up from the intestine (62) and
transported through the lymph to the blood and then to the
liver. In the liver, a-tocopherol is preferentially transferred,
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over other tocopherol isoforms, to lipoproteins by the liver
oTTP (11, 45, 59, 68, 81). «TTP is also expressed by tropho-
blast, fetal endothelium, and amnion epithelium of the placenta
(54). oTTP transfers a-tocopherol to low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) particles that then
enter the blood (23). LDL or HDL with tocopherols are taken
up by cells by plasma phospholipid transfer protein, scavenger
receptors, or the lipoprotein lipase pathway (21). It is reported
that basal levels of a-tocopherol are required for placentation
(37, 54). In our studies, maternal supplementation with p-a-
tocopherol raised the maternal liver a-tocopherol level 3-fold
and the pup liver a-tocopherol 2.5-fold, consistent with the
fold tocopherol changes in human and mouse tissues after
supplementation (2, 7, 19, 20, 50, 51). This increase in mater-
nal p-a-tocopherol inhibited allergic responses in neonates and
inhibited development of CD11¢*CD11b" dendritic cell sub-
sets in utero and in the neonate.

The numbers of neonatal lung dendritic cell subsets in our
studies were consistent with other reports of proportions of

DCs in lungs of neonatal mice and adult mice. Reports indicate
that, for neonatal mice, there are about 1 X 10°
CD11c*MHCII" cells/pup lung in 4- to 11-day-old neonates
(85), and there are about 5 X 10* pDCs/pup lung in 15-day-old
neonates (4). Consistent with this, in our studies in which there
were 20 X 10° lung cells/10-day-old C57BL/6 pup lung (data
not shown), there were 2 X 10° CD11c™ cells/pup lung and
2 X 10* pDCs/pup lung. In addition, the proportions of several
dendritic cell subsets in pups in our studies were similar to
reports of adult lungs. Briefly, the ratio of pDC/cDC is reported
as about 0.2-0.3 in the OVA-challenged adult mouse lung
(41). In the 10-day-old pups in our studies, the lung pDC-to-
¢DC ratio was also 0.3 in the lungs of OVA-challenged pups
from allergic mothers with basal tocopherol diet. Interestingly,
with D-a-tocopherol supplementation of allergic mothers, there
was a decrease in numbers of pup lung cDC, resulting in an
increase in the pDC-to-cDC ratio to 0.53. Also in adult mice,
about 8% of lung CD11c™ cells are pDCs (60) and 9% of lung
CD11c¢™ DCs are CD103™ (57). Likewise, in the 10-day-old
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Fig. 10. p-a-Tocopherol supplementation of allergic female mice reduced the numbers of CD11¢*CD11b* DCs in the pup lung. The lung tissues were from

the pups described in Fig. 9A. A: chart of lung CD11c™ subsets analyzed in the

pup lungs. B: CD11c*CD11b™ subsets of DCs in the pup lung. The relative

expression level (mean fluorescence intensity) for MHCII, CD80, and CD86 was not different among the groups (data not show). *P < 0.05 compared with the
saline, basal diet group or compared with the group indicated for alveolar DCs. **P < 0.05 compared with pups from mothers with basal diets. C:
CDI11c*CDI11b~ dendritic cell subsets in the pup lung. *P < 0.05 compared with groups with saline-treated mothers. mDC, monocyte-derived DCs; pDC,

plasmacytoid DCs.

C57BL/6 pup lungs in our study, 8% of lung CD11c™ cells
were pDCs and 9.7% of CD11c* DCs were CD103™. Thus,
proportions of DCs in the neonatal mouse lungs in our studies
were similar to the few reports for the neonatal mouse lung and
to reports for the adult mouse lung.

In our studies, maternal D-a-tocopherol supplementation
decreased the number of pup lung CD11b™ dendritic cell
subsets but not the number of pup lung CD11b™~ dendritic cell
subsets. This specificity of a-tocopherol regulation of the
CD11b" dendritic cell subsets suggests that tocopherols may
regulate signals for dendritic cell differentiation of this DC
subset or regulate signals for expression of CD11b. The gen-
eration of CD11b* DCs is regulated by signals and several
transcription factors that bind the CD11b promoter (74). Some

signals that regulate expression of CD11b on DCs include
GM-CSF (86), ERKS (78), aldehyde dehydrogenase (86), and
retinoic acid (5, 40, 66, 67, 86). The CD11b promoter has
binding sites for the transcription factors Spl, Vavl/PU.1, ets,
AP-2, and RAR (12, 31). Whether a-tocopherol regulates
GM-CSF signals or regulates transcription factors that activate
the CDI1b promoter in DCs is not known and is under
investigation.

In DCs, signaling through protein kinase C and NF-kB
induces IDO expression (56). The IDO pathway can function
to inhibit Th1 responses (84), whereas IDO has an opposing
role in which it increases Th2 immune responses (84). Con-
sistent with this, IDO-deficient adult mice have fewer mature
DCs in draining lymph nodes, reduced OV A-induced inflam-
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Fig. 11. p-a-Tocopherol supplementation of allergic female mice reduced the numbers of CD11c*CD11b™ DCs in the fetal liver. The fetal liver tissues were
from the pups described in Fig. 9A. A: chart of dendritic cell subsets detected in the GD18 fetal liver. B: CD11c*CDI11b" mDCs, CD80" CD11c¢*CDI11b"
mDCs, and CD86" CD11¢*CD11b* mDCs in the fetal liver and mean fluorescence intensity of CD80 and CD86 on these fetal liver DCs. *P < 0.05 compared

with groups with basal diet. C: CD11¢*CD11b

resident DCs, CD80*CD11c"

CD11b™ resident DCs, and CD86*CD11c"CDI11b™ resident DCs in the fetal

liver and mean fluorescence intensity of CD80 and CD86 on these fetal liver DCs. *P < 0.05 compared with the other groups or compared with the groups

indicated. MFI, mean fluorescence intensity.

mation, and lower airway hyperresponsiveness (83). It is
reported that, in patients, serum IDO is increased during
seasonal allergen exposure and that IDO expression is
induced by the high-affinity receptor for IgE, FceRI (77). It
is also reported that, during pregnancy, IDO promotes
tolerance toward the fetus (43). In our studies, pups from
allergic mothers had elevated OVA-induced lung IDO ex-
pression, and this was reduced by maternal p-a-tocopherol
supplementation without affecting the number of pups or
gender distribution. Thus the OVA challenge induced lung
IDO expression and/or recruitment of cells expressing IDO
in the pup lung, and this was inhibited by maternal supple-
mentation with p-a-tocopherol.

Reports conflict as to whether tocopherols modulate inflam-
mation. Most clinical studies on vitamin E include mixed

forms of natural and synthetic tocopherols from supplementa-
tion or diet. We recently demonstrated in adult mice that
v-tocopherol increases allergic responses and that a-tocopherol
inhibits allergic responses (7, 19). We also recently reported in
a study with 4,500 individuals that a-tocopherol associates
positively with adult human lung spirometry [forced expiratory
volume in 1 s (FEV1)] and y-tocopherol associates negatively
with human lung spirometry (FEV1), with high levels of
vy-tocopherol associating with up to 300 ml lower FEV1 (48).
The opposing regulatory effects of these two tocopherol iso-
forms have implications on interpretation of clinical studies
with mixed tocopherols, and we have written reviews discuss-
ing these implications (1, 15, 17, 19, 20). In addition, «-to-
copherol levels are low in asthmatics (38, 39, 63, 64) and
consistent with this, in our studies, OVA challenge reduced
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Fig. 12. p-a-Tocopherol inhibited the generation of bone marrow-derived
CDI11c*CD11b™ DCs in vitro. Bone marrow from PNDI10 pups was cultured
for 10 days with GM-CSF in the presence of 0.01% DMSO (solvent control)
or 80 wM D-a-tocopherol (as we previously described for in vitro cell loading
with D-a-tocopherol) (7). A: no. of CD45"CD11c*CDI11b* cells. B: no. of
cells with resident dendritic cell phenotype (CD45*CDI11b*CDllc*
Ly6c™MHCII ™). There was no difference in the %live cells between the two
groups. There were no cells from the culture with the monocyte-derived
phenotype (CD45*CD11c*CDI11b*Ly6c™, MHCII high) (data not shown).
n = 5-6 from a representative experiment of two experiments. *P < 0.05
compared with the DMSO-treated control.

mother a-tocopherol tissue concentrations (Fig. 9B). There-
fore, because a-tocopherol levels are low in asthmatics (38, 39,
63, 64) and because a-tocopherol can reduce inflammation, an
increase in a-tocopherol in the presence of low y-tocopherol
may be beneficial in limiting development of allergic disease in
offspring. Maternal exposure to other environmental factors,
including high-fat diets, can alter neonatal hematopoietic or
metabolic function (14, 25, 35, 47, 55, 61, 75, 82). Our studies
indicate that p-a-tocopherol inhibits the generation of allergic
disease upon exposure to allergen and reduces hematopoiesis
of CD11¢*CD11b* DCs but not CD11¢*CDI11b~ dendritic
cell subsets. Maternal a-tocopherol supplementation did not
completely reduce the dendritic cell subsets expressing CD11b
and thus this may maintain CD11¢"CD11b™ dendritic cell
immunity that would be critical for nonallergic immune de-
fense.

In summary, we identified novel regulatory functions for
D-a-tocopherol. Maternal supplementation with p-a-tocoph-
erol decreased allergic responses in offspring from allergic
mothers and decreased development of CD11¢"CD11b™ den-
dritic cell types in utero and in antigen-challenged neonate
lungs. Moreover, there was specificity of regulation of DCs by
D-a-tocopherol because b-a-tocopherol reduced the number of
CD11c*CD11b™" butnot CD11¢*CD11b™~ dendritic cell types.
These studies of D-a-tocopherol regulation of inflammation
provide a basis toward designing drugs, supplements, and diets
that more effectively modulate these pathways in allergic
disease. Information from our studies will have significant
impact on interpretation of vitamin E clinical studies, on the
design of future clinical studies with vitamin E, and on our
understanding of vitamin E regulation of dendritic cell function
during allergic inflammation. Moreover, these studies may
have significant implications for dietary impact on risk for
allergic disease in future generations.
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