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Cao L, Wang J, Zhu Y, Tseu I, Post M. Maternal endotoxin
exposure attenuates allergic airway disease in infant rats. Am J Physiol
Lung Cell Mol Physiol 298: L670-L677, 2010. First published Jan-
uary 29, 2010; doi:10.1152/ajplung.00399.2009.—Prenatal exposures
to immunogenic stimuli, such as bacterial LPS, have shown to
influence the neonatal immune system and lung function. However,
no detailed analysis of the immunomodulatory effects of LPS on
postnatal T helper cell differentiation has been performed. Using a rat
model, we investigated the effect of prenatal LPS exposure on
postnatal T cell differentiation and experimental allergic airway dis-
ease. Pregnant rats were injected with LPS on day 20 and 2/ (term =
22 days). Some of the offspring were sensitized and challenged with
ovalbumin. Positive control animals were placebo exposed to saline
instead of LPS, whereas negative controls were sensitized with saline.
Expression of T cell-related transcription factors and cytokines was
quantified in the lung, and airway hyperresponsiveness was measured.
Prenatal LPS exposure induced a T helper 1 (T1) immune milieu in
the offspring of rats [i.e., increased T-bet and Ty 1 cytokine expression
while expression of Ty2-associated transcription factors (GATA3 and
STAT6) and cytokines was decreased]. Prenatal LPS exposure did not
trigger Tu17 cell differentiation in the offspring. Furthermore, prena-
tal LPS exposure reduced ovalbumin-induced (Ty2-mediated) airway
inflammation, eosinophilia, and airway responsiveness. Thus, in utero
exposure to endotoxin promotes a Tyl immune environment, which
suppresses the development of allergic airway disease later in life.

asthma; lipopolysaccharide; pulmonary inflammation; ovalbumin; air-
way hyperresponsiveness

ALLERGIC AIRWAYS DISEASE USUALLY starts early in life (39). The
early occurrence of asthma suggests that prenatal influences are
of importance (12, 25). In utero exposures to environmental
stimuli have shown to influence the prenatal and neonatal
immune system (3). Epidemiological and clinical studies have
provided compelling evidence for a link between the relative
lack of infectious diseases and the increase in allergic disorders
(7, 30). Based on these findings, it is theorized that children in
rural environments are somewhat protected from the develop-
ment of atopic disease and asthma, and this protection may be
a result of early exposure to immunogenic stimuli including
allergens and endotoxin (42, 44). Allergic airway disease is
associated with an exaggerated T helper 2 cell (Ty2)-mediated
immune response to environmental stimuli (17, 41). Bacterial
infections downregulate the allergen-induced Ty2 response
because they elicit a Til-based immunity. In addition, bacte-
rial pathogens and fungi can trigger another Ty lineage,
namely Tul7 cells (35). Several transcription factors play a
pivotal role in Ty cell differentiation. Both the signal trans-
ducer and activator of transcription 6 (STAT6) and GATA
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binding protein 3 (GATA3) play a crucial role in the selective
Tu2 response of activated naive T helper cells to allergic
stimuli (26, 38). STAT1, STAT4, and the transcription factor
T-bet (T-box expressed in T cells) are required for the gener-
ation of interferon(IFN)y-producing Tnl cells (47, 48),
whereas Ty 17 cell lineage commitment involves the retinoic
acid-related orphan receptor (ROR)yt (9, 14). The prenatal
immune system is predisposed to T2 cell activation (2), but
postnatal maturation of the immune response, driven by con-
tact with an antigen, may take several different directions
depending on the stimulus (22, 23). In utero events can also
affect early life immune responses. Maternal smoking in preg-
nancy impairs neonatal cytokine responses (33, 34) and in-
creases the risk of recurrent wheezing (29). Recently, we found
that systemic maternal exposure to endotoxin results in a
prolonged pulmonary inflammation in newborn rats (8).
Whether systemic maternal infections also affect allergic air-
way disease in the offspring is unclear. Some epidemiological
studies have revealed that prenatal exposure to endotoxin may
be protective (15, 16), although chorioamnionitis may increase
the risk of recurrent wheezing in combination with preterm
birth (28). Here we tested whether a systemic maternal expo-
sure to endotoxin attenuates experimental (OVA-induced) al-
lergic airway disease in infant rats by promoting Tyl differ-
entiation.

METHODS

Animals. Timed pregnant Wistar rats (Charles River, Oakville,
Quebec, Canada) were maintained on an ovalbumin (OVA)-free diet.
Approval for the study was obtained from the Animal Care Review
Committee of the Hospital for Sick Children Research Institute. All
animal procedures were conducted according the guidelines of the
Canadian Council for Animal Care.

Maternal LPS exposure. Timed pregnant Wistar rats were ran-
domly assigned to two different treatment strategies consisting of an
intraperitoneal (ip) injection on fetal days 20 and 27 (term = 22 days)
of either 2.5 mg/kg body wt of LPS from Escherichia coli serotype
026:B6 (Sigma-Aldrich, St. Louis, MO) or the same volume of saline.
We have previously reported that this was the optimal of LPS to
trigger a systemic maternal inflammation without inducing premature
delivery or increasing the number of stillborns (8). On day 22 of
pregnancy (term), pregnant rats from each group were killed by ether
overdose, and lungs of offspring were recovered and processed for
analysis [labeled as postnatal days (PN) O lungs]. Other pregnant rats
were allowed to deliver, and lungs were collected and processed at
PN2, 6, 10, and 14.

Postnatal OVA exposure. After maternal saline or LPS treatment,
randomly picked rat pups were sensitized at PN1 and PN7 with OVA
(ip injections of 50 g OVA; Sigma) mixed with 20 pg Alum (Pierce,
Rockford, IL) (S+O and L+0O groups). The rats were then challenged
every day starting on day 14 until day 21 (20 mg/ml OV A aerosolized
for 30 min). Alum (ip) and prenatal LPS plus alum sensitization were
administered to other rat pups as negative controls (S+A and L+A
groups). At 24 h following the final exposure (day 21), the airway
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response to inhaled MCh was assessed, and tissue and bronchoalveo-
lar lavage (BAL) samples were collected from each rat (n = 8/group)
for assessment of airway inflammation.

Quantitative RT-PCR. Lung tissue was homogenized in TRIzol
(Invitrogen Canada, Burlington, ON, Canada), and total RNA was
extracted according to the manufacturer’s protocol. Total RNA was
treated with DNase I (Invitrogen Canada) at 37°C to remove residual
genomic DNA. Total RNA was reverse transcribed using SuperScript
II reverse transcriptase (Invitrogen Canada) and random hexamers
(Applied Biosystems, Foster City, CA). The resulting templates were
quantified by real-time PCR (ABI Prism 7900) using SYBRGREEN
in conjunction with rat gene-specific primer sets for IL-2, IL-4, IL-5,
IL-12a/b, IL-13, IFNvy, GATA-3, STAT4 and 6, RORvyt, FoxP3, and
T-bet (Qiagen, Mississauga, Canada). For relative quantification, PCR
signals were compared among groups after normalization using 18S
as internal reference. Fold change was calculated according to Livak
and Schmittgen (31).

Cytokine measurement in lung tissue. Lungs were homogenized in
RIPA lysis buffer (PBS containing 0.05% sodium azide, 2 mM
phenylmethylsulfonyl fluoride, and 1 pg/ml aprotinin, leupeptin, and
pepstatin A). Homogenates were centrifuged (60 min at 23,000 g), and
supernatant was collected and stored at —80°C. Total protein content
was measured according to Bradford (6). Cytokines were measured in
the tissue lysates using multiplex immunoassays for Luminex tech-
nology from Linco Research (St. Charles, MO) as previously de-
scribed (8).

Western blotting. Fifty micrograms of total whole lung protein was
separated by 10% SDS-PAGE and blotted onto nitrocellulose mem-
brane. The membranes were then incubated in blocking solution (5%
dry milk in PBS containing 0.05% Tween 20) and subsequently
exposed overnight to either mouse monoclonal anti-GATA3 (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA), anti-STAT6 (1:500;
Santa Cruz Biotechnology), or anti-phospho-STAT6 (1:200; Santa
Cruz Biotechnology) antibodies. The next day, the membrane was
washed and incubated with anti-mouse peroxidase-conjugated IgG
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(1:1,000; EMD Chemical, Gibbstown, NY). Protein bands were visu-
alized using an enhanced chemiluminescence detection kit (Amer-
sham, Piscataway, NJ). Band densities were quantified using Scion
Image software (version 1.6; National Institutes of Health, Bethesda,
MD). Equal protein loading was confirmed by (-actin immunoblot-
ting of same membrane.

Inflammatory cells in BAL. BAL using PBS was performed through
a catheter inserted into the trachea by a tracheotomy as recently
described (43) and adapted for newborn rat pups. Total cell number
was determined using a cell counter (Beckman). To differentiate
inflammatory cell types, cytospin smears were prepared and stained
with Kwik-Diff Stain (Thermo Shandon, Pittsburgh, PA). At least 400
cells from each smear were counted under a light microscope. The
proportion of each cell population was expressed as a percentage of
total cells, and this ratio together with the total cell count was used to
calculate the number of each cell type.

Histology. Whole lungs were infused in situ with 4% (wt/vol)
paraformaldehyde (PFA) in PBS with a constant pressure of 20
cmH-O to have equalized filling pressure over the whole lung. Under
these constant pressure conditions, the cannula was removed and the
trachea immediately ligated. The lungs were excised and immersed in
4% PFA in PBS overnight, dehydrated, and embedded in paraffin.
Lung sections were stained with hematoxylin and eosin or stained for
either eosinophils using Giemsa (Sigma, Steinheim, Germany) or
mucus using periodic acid-Schiff (Sigma-Aldrich).

Lung function measurements. The enhanced pause (Penh) was
assessed at baseline and after increasing doses of aerosolized MCh
using whole body barometric plethysmography (WBP) as described
(13, 45, 53). Briefly, PN21 rat pups were placed in plethysmograph
chambers that contain built-in individually connected pneumotacho-
graphs (Buxco, Sharon, CT). The pups were ventilated by a regulated
bias airblow (1 I/min preconditioned to body temperature and humid-
ity) through the plethysmograph and exposed to nebulized saline or
MCh for 2 min. Data are recorded every 3 min at baseline and after
stimulation with each concentration of MCh. Transducer signals are
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conditioned, digitized, processed in real time, and computer recorded
(Biosystem XA software, Buxco Electronics). Airway resistance was
expressed as Penh = (expiratory time/40% of relaxation time —1) X
peak expiratory flow/peak inspiratory flow X 0.67. In preliminary
experiments, we measured airway resistance using a rodent ventilator
(SciReq flexiVent, Montreal, PQ) in S+0- and S+ A-treated animals
to validate the WBP Penh values. The decreased resistance (R,) in the
S+0O vs. S+A groups confirmed the airway hyperresponsiveness
suggested by WBP.

Statistical analysis. Data are presented as means = SD. Student’s
t-test or one-way ANOVA followed by post hoc Student-Newman-
Keuls tests were used. Statistical analysis was performed with the
JMP statistical software, and significance was accepted at P < 0.05.

RESULTS

Maternal LPS exposure promotes Tyl cytokine expression
in postnatal lungs. Maternal exposure to LPS significantly
decreased lung mRNA levels of Ty2 cytokines (IL-4, IL-5,
IL-13), whereas Tyl cytokine (IL-2 and IFNy) mRNAs were
increased at PNO, 2, 6, 10, and 14 (Fig. 1). IL-12 message
levels were not altered in lungs of maternal LPS-exposed pups,
whereas Tyl7 cytokine (IL-17F and IL-21) mRNAs were
undetectable (not shown). IL-4 and IL-13, but not IL-5, protein
levels were significantly decreased in the lungs of prenatal
LPS-exposed animals compared with saline controls at PNO, 2,
and 14 (Fig. 2). IL-2 and IFN proteins were increased in lungs
of prenatal LPS-exposed pups compared with saline controls at
PNO, 2 and 14 (Fig. 2).

Transcription factors for T cell differentiation are modu-
lated by maternal LPS. T cell differentiation is regulated by the
transcription factors including STAT4 and T-bet (Tyl),
STAT6 and GATA3 (Tu2), and RORyt (Tu17). In line with
maternal LPS stimulating Tyl cell differentiation, qRT-PCR
and Western blotting showed reduced expression of both T2
transcription factors STAT6 and GATA3 in maternal LPS-
exposed neonatal lung tissues (Figs. 3 and 4). In contrast, gene
expression of T-bet, a Tyl transcription factor, was signifi-
cantly increased in lungs of maternal LPS-exposed rat pups
compared with saline-exposed (control) animals. No pulmo-
nary STAT4 mRNA expression was detected in any of the
groups, whereas message levels of RORyt, a Ty17 transcrip-
tion factor, were not altered by prenatal LPS exposure (not
shown).

Maternal LPS reduces Ty2 cytokine expression in lungs of
OVA-sensitized rat pups. OVA sensitization and challenge
(S+0 group) significantly increased in mRNA expression of
Ty2 transcription factors (STAT6 and GATAS3) and cytokines
(IL-4, IL-5, and IL-13) in lung of PN21 pups compared with
S+A control group (Figs. 5 and 6). Rat pups that had been
exposed to maternal LPS exhibited hardly any increase in
pulmonary mRNA expression of Ty2 transcription factors and
cytokines after OVA priming and challenge (L+O group vs.
L+A and S+A groups). OVA sensitization and challenge did
not change the pulmonary expression of T-bet and Tyl cyto-
kines (IL-2, IFNvy) at PN21 (Figs. 5 and 6). However, T-bet
expression was increased in maternal LPS-exposed animals at
PN21 independently of alum or OVA treatment (Fig. 6). No
significant change was noted in pulmonary IL-2 expression
following OVA exposure in LPS-exposed animals (Fig. 5).
However, IFNy mRNA levels were significantly increased
after OV A sensitization and challenge (L+0O). Alum treatment
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Fig. 2. Maternal endotoxin exposure decreases Ty2 and increases Tul cyto-
kines in neonatal rat lungs. IL-4, IL-5, IL-13, IL-2, and IFNvy protein were
quantified in tissue lysates by multiplex immunoassays and corrected for total
protein. Data are means = SD, n = 6 animals per control (gray bar) and LPS
(black bar) group. *P > 0.05 vs. control (saline-treated) group.

(L+A) of maternal LPS-exposed pups did also increase IFNvy
expression at PN21 (Fig. 5).

Inflammatory cells. The total number of inflammatory cells
was significantly greater in BAL fluid of S+O and L+0O
groups vs. S+A and L+A groups (Table 1). The majority of
inflammatory cells in BAL fluid of all four groups were
lymphocytes and alveolar macrophages. Only a few polymor-
phonuclear cells (PMNs) were detected. BAL fluid of both
S+0 and L+O groups contained significantly more lympho-
cytes and eosinophils compared with their control (S+A and
L+A, respectively) groups (Table 1). However, airway eosin-
ophilia was significantly reduced in rat pups that had been
exposed to maternal LPS compared with saline-exposed con-
trol animals (Table 1 and Supplemental Fig. E1A. Supplemen-
tal data for this article is available online at the AJP-Lung web
site.). Histological staining of lung tissue confirmed these
findings (Supplemental Fig. E1B). We also assessed the thick-
ness of the bronchial wall and mucus in the bronchus. How-
ever, no obvious differences of thickness of the bronchial wall
and mucus formation within the bronchus were observed
among groups (not shown).
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Fig. 3. Maternal endotoxin exposure increases T-bet and reduces GATA-3 and
STAT6 mRNA expression in neonatal rat lungs. T-bet, GATA-3, and STAT6
mRNA expression was quantified by real-time PCR. Data are means * SD,
n = 6 animals per control (set at 1) and LPS (gray bar) group. *P > 0.05 vs.
control (saline-treated) group.

Maternal LPS attenuates OVA-induced postnatal airway
hyperresponsiveness. Independently of maternal treatment, no
differences in Penh values at any dose of aerosolized MCh
were found in nonchallenged PN21 rat pups (not shown). Alum
priming alone (S+A and L+ A groups) also did not affect Penh
values (Fig. 7). In contrast, Penh values were significantly
increased in response to MCh in OV A-sensitized rat pups from
saline-injected mothers (S+O group). Maternal LPS expo-
sure significantly reduced the Penh values in OVA-sensi-
tized and -challenged rat pups (L+O group).

DISCUSSION

Epidemiological studies have suggested that prenatal farm
exposure is protective against allergic airway diseases (15, 16).
Experimental studies have shown that systemic maternal (4)
and neonatal (51) LPS exposure before allergen (OVA) sensi-
tization has strong immunomodulatory effects in mice, specif-
ically with respect of reducing OVA-specific IgE, airway
inflammation, and eosinophilia. However, preexposure to sys-
temic LPS did not reduce airway hyperresponsiveness in these
studies (4, 21, 51). Aerosolized LPS exposure also failed to
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induce airway unresponsiveness to allergen sensitization in
infant mice (20). A combination of prenatal initiated and
sustained postnatal aerosolized LPS exposure of infant mice is
required to suppress later OVA-induced airway inflammation
and hyperresponsiveness (19). In contrast, we observed that
systemic maternal exposure to LPS alone is sufficient to induce
a Tyl immune milieu in the offspring of rats and to reduce
OVA-induced airway inflammation, eosinophilia, and airway
hyperresponsiveness (AHR). Our findings support the concept
that in utero exposure to bacterial endotoxins protects against
allergic disease later in life.
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Fig. 4. GATA-3, STAT6, and p-STAT6 protein content is decreased in
neonatal lungs of antenatal endotoxin-exposed animals. GATA-3, STAT6, and
p-STAT6 were quantified in tissue lysates by Western blotting followed by
densitometric analysis. B-actin immunoblotting was used to correct for protein
loading differences. Data are means = SD, n = 6 animals per control (gray
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Fig. 5. Maternal endotoxin exposure attenuates
increases in Ty2 cytokine mRNA expression in
OVA-sensitized and -challenged neonatal rat
lungs. IL-4, IL-5, IL-13, IL-2, and IFNy
mRNA expression was quantified by real-time
PCR. Data are means = SD, n = 6 animals per
control (S+A, set at 1), S+0O, L+0, and L+A
group. *P > 0.05 vs. control (S+A) group. S+A,
prenatal saline + alum sensitization and aerosol-
ized saline challenge; S+O, prenatal saline +
OVA sensitization and aerosolized OVA chal-
lenge; L+A, prenatal LPS + alum sensitization
and aerosolized saline challenge; L+O, prenatal
LPS + OVA sensitization and aerosolized OVA
challenge.
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Recently, we showed that maternal LPS administration in-
creased the levels of IL-6, CXCL2, IL-13, and TNF« in the
placenta and fetal placental membranes at term (8). In addition,
we showed that maternal LPS exposure caused a mild, but
transient, pulmonary inflammation after birth and a temporary
delay in alveolar development (8). Here we show that maternal
LPS exposure alone did not alter the baseline Penh values in
offspring compared with saline-exposed control pups, imply-
ing that AHR was not affected by the postnatal proinflamma-
tory milieu triggered by LPS. We observed that prenatal
exposure to endotoxin induced a predominant Tyl cytokine
milieu, in agreement with previous studies with mice (19). T
cell responses are typically primed in utero and subsequently
reshaped during postnatal allergen exposure via immune devi-
ation, leading to the eventual emergence of stable allergen-
specific T cell memory. In general, the fetal compartment is
characterized by a predominant Ty2 cytokine milieu (5, 41).
The T2 immune responses are preserved during the neonatal
period and are perpetuated in those who develop allergic
airways disease (1, 22, 23). Our study shows that maternal LPS
suppressed T2 development during prenatal and early post-
natal life, but the exact mechanism through which maternal
LPS modulates T cell immunity is not fully understood. Pre-
natal LPS did not change IL-10 expression in rat pups (8),
indicating that IL-10, a well-known suppressor of T cell-
mediated immune responses, is not involved. It is thought that
LPS activates Toll-like receptors (TLRs) such as TLR4 present
on dendritic cells and macrophages, which results in NF-kB
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translocation and induction of IL-12, thereby stimulating Tyl
cytokine production (37). However, we did not observe any
change in pulmonary IL-12 expression upon prenatal LPS
administration. It is also possible that maternal LPS stimulates
the hypothalamic-pituitary-adrenal axis and elevates cortisol
levels in the fetus, which may affect Ty cell differentiation
(50). However, maternal stress has mainly been associated with
an increased risk of allergic Ty2-mediated disease (11).

We found that maternal LPS exposure reduced pulmonary
STAT6 and GATA3 mRNA expression as well as STAT6
phosphorylation in the offspring later in life. Both transcription
factors have been shown to be critical for differentiation of
naive Ty cells into Ty2 cells (36). Their importance in asthma
has been derived primarily from genetically engineered mice.
Deficiency in STAT6 and GATA3 protein or activity has been
shown to prevent Ty2 cell development, eosinophilia, and
hyperresponsiveness in allergen-sensitized and challenged
mice (54). GATA3 expression is found to be increased in
human asthmatic airways, and this increase correlates with T2
cytokine expression and AHR (32). In contrast to our rat
findings, prenatal plus postnatal LPS exposure did not change
GATA3 mRNA expression in allergen-sensitized and chal-
lenged infant mice (19). Prenatal plus postnatal LPS exposure
did, however, stimulate pulmonary T-bet mRNA expression in
infant mice (19). Similarly, T-bet gene expression was in-
creased in the offspring later in life in our rat model of systemic
maternal infection. T-bet is a key regulator of Tyl develop-
ment and function. Mice that lack T-bet fail to develop Tyl
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Fig. 6. Maternal endotoxin exposure abolishes increases in GATA-3 and STAT6
mRNA expression in OVA-sensitized and -challenged neonatal rat lungs. T-bet
and GATA-3 and STAT6 mRNA expression was quantified by real-time PCR.
Data are means = SD, n = 6 animals per control (S+A, setat 1), S+0O, L+0, and
L+A group. *P > 0.05 vs. control (S+A) group. S+A, prenatal saline + alum
sensitization and aerosolized saline challenge; S+O, prenatal saline + OVA
sensitization and aerosolized OVA challenge; L+A, prenatal LPS + alum sensi-
tization and aerosolized saline challenge; L+O, prenatal LPS + OVA sensitiza-
tion and aerosolized OVA challenge.

cells and exhibit airway eosinophilia, AHR, and airway remod-
eling in the absence of allergen sensitization and inhaled
challenge (18). In addition, fewer activated T helper cells
expressing T-bet are found in airways of human asthmatic
patients compared with control subjects (18). It is generally

Table 1. Inflammatory cells in bronchoalveolar lavage fluid
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Fig. 7. Maternal endotoxin exposure reduces airway hyperresponsiveness in
OVA-sensitized and -challenged neonatal rats. Penh was assessed at baseline and
after increasing doses of aerosolized MCh using whole body barometric plethys-
mography. Data are means = SD, n = 8 animals in each group. S+A, prenatal
saline + alum sensitization and aerosolized saline challenge; S+O, prenatal saline +
OVA sensitization and aerosolized OVA challenge; L+A, prenatal LPS + alum
sensitization and aerosolized saline challenge; L+O, prenatal LPS + OVA sensitiza-
tion and aerosolized OVA challenge.

thought Tyl cell development is initiated by STATI1, which
induces T-bet (40). Subsequent expression of IL-12 receptor
allows for further Ty differentiation by IL-12, which activates
STAT4 and upregulates the expression of T-bet (40). As
mentioned earlier, we found no evidence that systemic mater-
nal LPS altered pulmonary IL-12 signaling (no changes IL-12
and IL-12R expression) in the offspring. Moreover, we were
not able to detect any STAT4 expression. Our earliest time
point of measurement was at birth, and it is possible that the
naive Ty cell response of the fetus to systemic maternal LPS
occurred primarily during the first 24—48 h after LPS admin-
istration. In addition, parenchymal cells of the lung may not
contribute to Ty cell differentiation, and we should have
analyzed prenatal LPS effects on fetal spleen T cells. However,
a recent report showed that the development of allergic pul-
monary inflammation requires the activation of STAT6 not
only in Ty cells, but also in the parenchymal cells of the lung
(55). Our observation of opposite T-bet (increased) and
GATA-3 (decreased) expression upon prenatal LPS exposure
supports the idea that T-bet may negatively regulate GATA-3
expression (49). Although IL-6 is upregulated by prenatal LPS,

Treatment Total Cell (10 cells/ml) 9oMacrophages %Lymphocytes %Eosinophils %PMNs
S+0 0.11 = 0.02* 57.73 29.81% 12.11%F 0.35
L+0O 0.12 = 0.03* 63.25 30.95* 5.42% 0.38
S+A 0.08 £ 0.01 89.82 10.64 0.31 0.23
L+A 0.09 = 0.02 88 11.46 0.23 0.31

Means = SD, n = 6 pups/group. *P < 0.05 vs. S+A and L+A, P < 0.05 vs. L+0O. PMNs, polymorphonuclear granulocytes; S+ A, prenatal saline + alum
sensitization and aerosolized saline challenge; S+O, prenatal saline + OVA sensitization and aerosolized OVA challenge; L+A, prenatal LPS + alum
sensitization and aerosolized saline challenge; L+O, prenatal LPS + OVA sensitization and aerosolized OVA challenge.
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no change in pulmonary RORvyt expression was noted (52).
Together with the observation of absence of IL-17F and IL-21
cytokine expression, prenatal LPS exposure does not trigger
Tul7 cell differentiation in the offspring.

AHR is a common feature of allergic asthma in human and
rodent models. AHR is a result of a combination of increased
contractility of the airway smooth muscle due to increased muscle
mass and/or alterations in muscle function, increased airway wall
thickness, reduced airway caliber, and increased mucus secre-
tion in airways (10). However, AHR in our neonatal rats after
sensitization and airway challenge with OVA was not associ-
ated with an increase in bronchial wall thickness. A recent
study demonstrated that neonatal BCG vaccination had a long-
term effect on inhibiting allergen-induced AHR in mice (46).
Similarly, we observed that a systemic maternal (LPS) infec-
tion provided long-term protection against allergen-induced
AHR in postnatal rats. Prenatal LPS had no influence on the
expression of Foxp3 (not shown), a key regulatory gene for the
development of regulatory T cells (24), making mucosal tol-
erance unlikely. Compared with adult rodent models (24, 27),
we needed higher dosages of OVA for sensitization and chal-
lenge to induce AHR in neonatal rats. Also, the thickness of the
bronchial wall, the eosinophilia, as well as mucus secretion in
the airways after OVA sensitization and challenge, was not as
profound as seen in adult mice and rat. Why neonatal rat pups
are more resistant to experimental allergic airway disease
remains to be investigated.

ACKNOWLEDGMENTS

M. Post is the holder of a Canadian Research Chair in Fetal, Neonatal, and
Maternal Health.

GRANTS

This work was supported by an operating grant (MOP-86472) from the
Canadian Institutes of Health Research and infrastructure grants (CCURE,
CSCCD) from the Canadian Foundation for Innovation.

DISCLOSURES

No conflicts of interest are declared by the author(s).

REFERENCES

1. Adkins B. Heterogeneity in the CD4 T cell compartment and the vari-
ability of neonatal immune responsiveness. Curr Immunol Rev 3: 151—
159, 2007.

2. Adkins B, Bu Y, Guevara P. Murine neonatal CD4+ lymph node cells
are highly deficient in the development of antigen-specific Th1 function in
adoptive adult hosts. J Immunol 169: 4998-5004, 2002.

3. Amoudruz P, Holmlund U, Malmstrom V, Trollmo C, Bremme K,
Scheynius A, Sverremark-Ekstrom E. Neonatal immune responses to
microbial stimuli: is there an influence of maternal allergy? J Allergy Clin
Immunol 115: 1304-1310, 2005.

4. Blumer N, Herz U, Wegmann M, Renz H. Prenatal lipopolysaccharide-
exposure prevents allergic sensitization and airway inflammation, but not
airway responsiveness in a murine model of experimental asthma. Clin
Exp Allergy 35: 397-402, 2005.

5. Bowman LM, Holt PG. Selective enhancement of systemic Thl immu-
nity in immunologically immature rats with an orally administered bacte-
rial extract. Infect Immun 69: 3719-3727, 2001.

6. Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72: 248254, 1976.

7. Braun-Fahrlander C, Gassner M, Grize L, Neu U, Sennhauser FH,
Varonier HS, Vuille JC, Wuthrich B. Prevalence of hay fever and
allergic sensitization in farmer’s children and their peers living in the same
rural community. SCARPOL Team Swiss Study on Childhood Allergy

10.

11.

12.

13.

14.

16.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

PRENATAL LPS PREVENTS ALLERGIC AIRWAY DISEASE

and Respiratory Symptoms with Respect to Air Pollution. Clin Exp
Allergy 29: 28-34, 1999.

. Cao L, Wang J, Tseu I, Luo D, Post M. Maternal exposure to endotoxin

delays alveolarization during postnatal rat lung development. Am J Physiol
Lung Cell Mol Physiol 296: L726-L737, 2009.

. Chen Z, Laurence A, O’Shea JJ. Signal transduction pathways and

transcriptional regulation in the control of Th17 differentiation. Semin
Immunol 19: 400-408, 2007.

Cockeroft DW, Davis BE. Mechanisms of airway hyperresponsiveness. J
Allergy Clin Immunol 118: 551-559; quiz 560-551, 2006.

Cookson H, Granell R, Joinson C, Ben-Shlomo Y, Henderson AJ.
Mothers’ anxiety during pregnancy is associated with asthma in their
children. J Allergy Clin Immunol 123: 847-853, e811, 2009.

Devereux G, Barker RN, Seaton A. Antenatal determinants of neonatal
immune responses to allergens. Clin Exp Allergy 32: 43-50, 2002.

Dohi M, Tsukamoto S, Nagahori T, Shinagawa K, Saitoh K, Tanaka
Y, Kobayashi S, Tanaka R, To Y, Yamamoto K. Noninvasive system
for evaluating the allergen-specific airway response in a murine model of
asthma. Lab Invest 79: 1559-1571, 1999.

Dong C. TH17 cells in development: an updated view of their molecular
identity and genetic programming. Nat Rev Immunol 8: 337-348, 2008.

. Douwes J, Cheng S, Travier N, Cohet C, Niesink A, McKenzie J,

Cunningham C, Le Gros G, von Mutius E, Pearce N. Farm exposure in
utero may protect against asthma, hay fever and eczema. Eur Respir J 32:
603-611, 2008.

Ege MJ, Bieli C, Frei R, van Strien RT, Riedler J, Ublagger E,
Schram-Bijkerk D, Brunekreef B, van Hage M, Scheynius A, Persha-
gen G, Benz MR, Lauener R, von Mutius E, Braun-Fahrlander C.
Prenatal farm exposure is related to the expression of receptors of the
innate immunity and to atopic sensitization in school-age children. J
Allergy Clin Immunol 117: 817-823, 2006.

. El Biaze M, Boniface S, Koscher V, Mamessier E, Dupuy P, Milhe F,

Ramadour M, Vervloet D, Magnan A. T cell activation, from atopy to
asthma: more a paradox than a paradigm. Allergy 58: 844-853, 2003.

. Finotto S, Neurath MF, Glickman JN, Qin S, Lehr HA, Green FH,

Ackerman K, Haley K, Galle PR, Szabo SJ, Drazen JM, De Sanctis
GT, Glimcher LH. Development of spontaneous airway changes consis-
tent with human asthma in mice lacking T-bet. Science 295: 336-338,
2002.

Gerhold K, Avagyan A, Seib C, Frei R, Steinle J, Ahrens B, Dittrich
AM, Blumchen K, Lauener R, Hamelmann E. Prenatal initiation of
endotoxin airway exposure prevents subsequent allergen-induced sensiti-
zation and airway inflammation in mice. J Allergy Clin Immunol 118:
666-673, 2006.

Gerhold K, Bluemchen K, Franke A, Stock P, Hamelmann E. Expo-
sure to endotoxin and allergen in early life and its effect on allergen
sensitization in mice. J Allergy Clin Immunol 112: 389-396, 2003.
Gerhold K, Blumchen K, Bock A, Seib C, Stock P, Kallinich T,
Lohning M, Wahn U, Hamelmann E. Endotoxins prevent murine IgE
production, T(H)2 immune responses, and development of airway eosin-
ophilia but not airway hyperreactivity. J Allergy Clin Immunol 110:
110-116, 2002.

Hoffjan S, Nicolae D, Ostrovnaya I, Roberg K, Evans M, Mirel DB,
Steiner L, Walker K, Shult P, Gangnon RE, Gern JE, Martinez FD,
Lemanske RF, Ober C. Gene-environment interaction effects on the
development of immune responses in the 1st year of life. Am J Hum Genet
76: 696704, 2005.

Holt PG, Jones CA. The development of the immune system during
pregnancy and early life. Allergy 55: 688—697, 2000.

Isenberg-Feig H, Justice JP, Keane-Myers A. Animal models of allergic
asthma. Curr Allergy Asthma Rep 3: 70-78, 2003.

Jones CA, Holloway JA, Warner JO. Does atopic disease start in foetal
life? Allergy 55: 2-10, 2000.

Kaplan MH, Grusby MJ. Regulation of T helper cell differentiation by
STAT molecules. J Leukoc Biol 64: 2-5, 1998.

Kips JC, Anderson GP, Fredberg JJ, Herz U, Inman MD, Jordana M,
Kemeny DM, Lotvall J, Pauwels RA, Plopper CG, Schmidt D, Sterk
PJ, Van Oosterhout AJ, Vargaftig BB, Chung KF. Murine models of
asthma. Eur Respir J 22: 374-382, 2003.

Kumar R, Yu Y, Story RE, Pongracic JA, Gupta R, Pearson C, Ortiz
K, Bauchner HC, Wang X. Prematurity, chorioamnionitis, and the
development of recurrent wheezing: a prospective birth cohort study. J
Allergy Clin Immunol 121: 878884, 876, 2008.

AJP-Lung Cell Mol Physiol « VOL 298 « MAY 2010 - www.ajplung.org

0T0Z ‘T2 IMdy uo Bio ABojoisAyd-6unidfe wouy papeojumoq



http://ajplung.physiology.org

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

PRENATAL LPS PREVENTS ALLERGIC AIRWAY DISEASE

Lannero E, Wickman M, Pershagen G, Nordvall L. Maternal smoking
during pregnancy increases the risk of recurrent wheezing during the first
years of life (BAMSE). Respir Res 7: 3, 2006.

Liu AH, Leung DY. Renaissance of the hygiene hypothesis. J Allergy
Clin Immunol 117: 1063-1066, 2006.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2[-Delta Delta C(T)] Method.
Methods 25: 402—408, 2001.

Nakamura Y, Ghaffar O, Olivenstein R, Taha RA, Soussi-Gounni A,
Zhang DH, Ray A, Hamid Q. Gene expression of the GATA-3 tran-
scription factor is increased in atopic asthma. J Allergy Clin Immunol 103:
215-222, 1999.

Noakes PS, Hale J, Thomas R, Lane C, Devadason SG, Prescott SL.
Maternal smoking is associated with impaired neonatal toll-like-receptor-
mediated immune responses. Eur Respir J 28: 721-729, 2006.

Noakes PS, Holt PG, Prescott SL. Maternal smoking in pregnancy alters
neonatal cytokine responses. Allergy 58: 1053-1058, 2003.

Ouyang W, Kolls JK, Zheng Y. The biological functions of T helper 17
cell effector cytokines in inflammation. Immunity 28: 454-467, 2008.
Ouyang W, Ranganath SH, Weindel K, Bhattacharya D, Murphy TL,
Sha WC, Murphy KM. Inhibition of Thl development mediated by
GATA-3 through an IL-4-independent mechanism. Immunity 9: 745-755,
1998.

Palsson-McDermott EM, O’Neill LA. Signal transduction by the lipo-
polysaccharide receptor, Toll-like receptor-4. Immunology 113: 153-162,
2004.

Ray A, Cohn L. Th2 cells and GATA-3 in asthma: new insights into the
regulation of airway inflammation. J Clin Invest 104: 985-993, 1999.
Rhodes HL, Thomas P, Sporik R, Holgate ST, Cogswell JJ. A birth
cohort study of subjects at risk of atopy: twenty-two-year follow-up of
wheeze and atopic status. Am J Respir Crit Care Med 165: 176—180, 2002.
Robinson DS, Lloyd CM. Asthma: T-bet—a master controller? Curr Biol
12: R322-R324, 2002.

Romagnani S. The role of lymphocytes in allergic disease. J Allergy Clin
Immunol 105: 399-408, 2000.

Roponen M, Hyvarinen A, Hirvonen MR, Keski-Nisula L, Pekkanen
J. Change in IFN-gamma-producing capacity in early life and exposure to
environmental microbes. J Allergy Clin Immunol 116: 1048-1052, 2005.
Roth-Kleiner M, Ridsdale R, Cao L, Kuliszewski M, Tseu I, McKerlie
C, Post M. Lipopolysaccharide exposure modifies high tidal volume
ventilation-induced proinflammatory mediator expression in newborn rat
lungs. Pediatr Res 61: 191-196, 2007.

Schaub B, Lauener R, von Mutius E. The many faces of the hygiene
hypothesis. J Allergy Clin Immunol 117: 969-977; quiz 978, 2006.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

L677

Schwarze J, Hamelmann E, Gelfand EW. Barometric whole body
plethysmography in mice. J Appl Physiol 98: 1955-1957; author reply
1956-1957, 2005.

Shen H, Huang H, Wang J, Ye S, Li W, Wang K, Zhang G, Wang P.
Neonatal vaccination with Bacillus Calmette-Guerin elicits long-term
protection in mouse-allergic responses. Allergy 63: 555-563, 2008.
Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH.
A novel transcription factor, T-bet, directs Thl lineage commitment. Cell
100: 655-669, 2000.

Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, Sleckman BP,
Glimcher LH. Distinct effects of T-bet in TH1 lineage commitment and
IFN-gamma production in CD4 and CD8 T cells. Science 295: 338-342,
2002.

Usui T, Preiss JC, Kanno Y, Yao ZJ, Bream JH, O’Shea JJ, Strober
W. T-bet regulates Thl responses through essential effects on GATA-3
function rather than on IFNG gene acetylation and transcription. J Exp
Med 203: 755-766, 2006.

von Hertzen LC. Maternal stress and T-cell differentiation of the devel-
oping immune system: possible implications for the development of
asthma and atopy. J Allergy Clin Immunol 109: 923-928, 2002.

Wang Y, McCusker C. Neonatal exposure with LPS and/or allergen
prevents experimental allergic airways disease: development of tolerance
using environmental antigens. J Allergy Clin Immunol 118: 143-151,
2006.

Yang XO, Pappu BP, Nurieva R, Akimzhanov A, Kang HS, Chung Y,
Ma L, Shah B, Panopoulos AD, Schluns KS, Watowich SS, Tian Q,
Jetten AM, Dong C. T helper 17 lineage differentiation is programmed by
orphan nuclear receptors ROR alpha and ROR gamma. Immunity 28:
29-39, 2008.

Zeldin DC, Wohlford-Lenane C, Chulada P, Bradbury JA, Scarbor-
ough PE, Roggli V, Langenbach R, Schwartz DA. Airway inflammation
and responsiveness in prostaglandin H synthase-deficient mice exposed to
bacterial lipopolysaccharide. Am J Respir Cell Mol Biol 25: 457-465,
2001.

Zhang DH, Yang L, Cohn L, Parkyn L, Homer R, Ray P, Ray A.
Inhibition of allergic inflammation in a murine model of asthma by
expression of a dominant-negative mutant of GATA-3. Immunity 11:
473482, 1999.

Zimmermann N, Mishra A, King NE, Fulkerson PC, Doepker MP,
Nikolaidis NM, Kindinger LE, Moulton EA, Aronow BJ, Rothenberg
ME. Transcript signatures in experimental asthma: identification of
STATG6-dependent and -independent pathways. J Immunol 172: 1815—
1824, 2004.

AJP-Lung Cell Mol Physiol « VOL 298 « MAY 2010 - www.ajplung.org

0T0Z ‘T2 IMdy uo Bio ABojoisAyd-6unidfe wouy papeojumoq



http://ajplung.physiology.org

