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Role of Breast Milk in a Mouse Model of Maternal
Transmission of Asthma Susceptibility’

Adriana S. Leme,* Cedric Hubeau,* Yuhong Xiang,* Alejandra Goldman,” Kaoru Hamada,*
Yasue Suzaki,” and Lester Kobzik?>*

Epidemiologic data suggest a link between nursing by asthmatic mothers and increased risk of allergy in babies. We sought to
experimentally test the potential contribution of breast milk mediator(s) in a mouse model of maternal transmission of asthma risk
by evaluating the effect of adoptive nursing on asthma susceptibility in the offspring. We measured airway hyperresponsiveness
(AHR) and allergic airway inflammation (AI) after an intentionally suboptimal OVA Ag sensitization, tested the allergen inde-
pendence of the maternal effect by using a second allergen, casein, for sensitization of the baby mice, and tested the potential role
of cytokines by measuring their levels in breast milk. Offspring of asthmatic, but not normal, mothers showed AHR and Al,
indicating a maternal transfer of asthma risk. After adoptive nursing, both groups (litters born to asthmatic mothers and nursed
by normal mothers, and normal babies nursed by asthmatic mothers) showed AHR (enhanced pause after methacholine aerosol,
50 mg/ml, 3.7 = 0.7, 4.2 = 0.5, respectively, vs 1.1 = 0.1 normal controls, n = 25, p < 0.01) and Al, seen as eosinophilia on histology
and bronchoalveolar lavage (40.7 *= 4.5%, 28.7 = 3.7%, vs 1.0 = 0.5% normals, n = 25, p < 0.01) after OVA sensitization. Similar
results using casein allergen were observed. Multiplex assays for cytokines (IFN-vy, IL-2, IL-4, IL-5, TNF-«, and IL-13) in breast
milk were negative. Breast milk is sufficient, but not necessary, to mediate allergen-independent maternal transmission of asthma

risk to offspring. The Journal of Immunology, 2006, 176: 762-769.

usceptibility to asthma may be increased by factors present

in early life (1-3). As reviewed by Busse and Rosenwasser

(4), several findings support the concept of the maternal-
mediated skewing of fetal and early neonatal immunity toward
Th2 responses. The evidence includes the requirement of increased
Th2 and decreased Thl cytokines for a successful pregnancy (5).
The synthesis of Th2 cytokines at the placental interface (6) and
the observation of increased production of Th2 cytokines by fetal
or neonatal T cells (7, 8) also support this view.

Epidemiologic data suggest that maternal, more than paternal,
asthma is a significant risk factor for the development of asthma
and atopy in children (9, 10). Breast milk is one potential way in
which a mother may contribute to asthma susceptibility transmis-
sion to the child. In general, it has beneficial effects on neonatal
nutrition and immunity (11, 12). However, epidemiologic studies
of breastfeeding have provided conflicting results about whether it
is protective (13—15) or a risk factor (16—18) for the development
of asthma and atopy in children.

A remarkable finding is that the risk of asthma of children born
to asthmatic mothers increases with breastfeeding (19). Specifi-
cally, the rate of active asthma in atopic children of asthmatic
mothers that never breastfed, of mothers that breastfed for <4 mo,
or of mothers that breastfed for >4 mo was found to be 9, 24, and
46%, respectively. In contrast, the rate in children of normal moth-
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ers was ~12% for all three categories of nursing status. Never-
theless, the effect of breastfeeding on the asthma susceptibility
transmission remains controversial, possibly because of individual
variations in the composition of the breast milk (20-22). Given
this variability, it is possible that the milk of asthmatic mothers
differs from that of nonasthmatic mothers, resulting in distinct ef-
fects of breastfeeding on offspring susceptibility. In fact, Bottcher
et al. (21) found higher concentrations of IL-4 in colostrum from
allergic than nonallergic mothers, and similar trends for IL-5 and
IL-13.

We have developed a mouse model of maternal transmission of
asthma risk using female mice sensitized as neonates and exposed
repeatedly to aerosolized Ag, OVA (23). Their offspring showed
increased susceptibility to OVA after an intentionally suboptimal
sensitization with this allergen (a single i.p. injection) followed by
aerosolized allergen challenge, a protocol which failed to induce
allergic responses in babies born to normal mothers. The increased
susceptibility was manifested as allergen-induced airway hyperre-
sponsiveness (AHR),? pulmonary allergic inflammation (AI), and
serum OVA-specific IgE, which are features that recall human
asthma. It was also shown in this model that the maternal effect is
allergen independent: offspring of mother mice sensitized with
OVA have increased susceptibility also to a second, unrelated al-
lergen, casein (Cs). This finding suggests that the maternal effect is
not mediated by specific Abs or Ags transferred from the mother
to the offspring, leaving cytokines and immune cells as potential
mediators.

In the present investigation, we sought to experimentally test the
potential contribution of breast milk mediator(s) to maternal trans-
mission of asthma risk. For this purpose, we 1) evaluated the effect
of adoptive nursing on asthma susceptibility in the offspring by

3 Abbreviations used in this paper: AHR, airway hyperresponsiveness; Al, allergic
inflammation; Cs, casein; Penh, enhanced pause; BAL, bronchoalveolar lavage; CBA,
cytometric bead array; AsMo, asthmatic mother; AsBa, asthmatic baby; NoMo, nor-
mal mother; NoBa, normal baby.

0022-1767/06/$02.00



The Journal of Immunology

measuring AHR and Al after intentionally suboptimal OVA sen-
sitization; 2) tested the allergen independence characteristic of the
maternal effect by using a second allergen, Cs, for the suboptimal
sensitization of the baby mice; and 3) tested the potential role of
breast milk cytokines as mediators of the maternal effect. This was
accomplished by measuring cytokine levels directly in breast milk
samples and indirectly in milk-rich stomach contents, and by quan-
tifying cytokine mRNA expression in breast tissue of nursing
mother mice.

Materials and Methods

Animals

Newborn BALB/c mice were obtained commercially from Charles River
Laboratories as litters with their mother mouse at day 4 of age or by in-
house breeding, as described below. Each mother mouse with its respective
litter was housed separately, fed a commercially pelleted mouse feed, and
given water ad libitum. The mice were housed in an animal facility that was
maintained at 22-24°C with a 12-h dark/light cycle. All experimentation
was conducted under a protocol approved by our institutional review board.

Allergen sensitization and exposure

Maternal sensitization was accomplished by i.p. injections of 0.1 ml of PBS
containing 5 ug of OVA and 1 mg of alum into mice at 5 and 9 days of age.
After weaning, female mice were exposed to aerosols of OVA 3% (w/v)
(OVA grade V; Sigma-Aldrich) in PBS (pH 7.4) for 10 min on 3 consecu-
tives days at 4, 8, and 12 wk of age. The aerosol exposure was performed
within individual compartments of a mouse pie chamber (Braintree Scien-
tific) using a Pari IS2 nebulizer (Sun Medical Supply) connected to an air
compressor (PulmoAID; DeVilbiss) (24). The efficacy of the protocol in
creating allergic airway disease in the female (future mother) mice was
evaluated after each of the aerosolized allergen challenges at 4, 8, and 12
wk of age (23). Immediately after the last aerosol exposure, the female
mice were placed in cages with a normal male to allow mating. The moth-
ers gave birth ~3 wk later, and the baby mice received a single i.p. injec-
tion of OVA and alum on day 4 of life (intentional suboptimal sensitiza-
tion). On days 13-15, they were exposed to aerosolized OVA, as above. As
previously observed, the suboptimal sensitization does not provoke any
allergic response in babies born to normal mothers (23). Physiologic and
pathologic analyses were performed on days 16 and 17, respectively. The
experimental protocol is summarized in Fig. 1.

To test the effect of breast milk on the transmission of asthma suscep-
tibility, some litters from asthmatic mother mice were adoptively switched
within 48 h of birth for nursing to normal mothers who had also just given
birth. Similarly, the normal babies were adoptively switched for nursing to
the asthmatic mother mice. The baby mice were then submitted to the
suboptimal sensitization (above described) before aerosol challenge and
evaluation 2 wk later. The groups of baby mice were coded according to
two variables: the mother who nursed them (normal or “asthmatic”); and
the mother from which they were born (normal or “asthmatic”). The coding
system is summarized in Table 1.

Similar protocols were used for studies with a second allergen, Cs
(Sigma-Aldrich), in the suboptimal sensitization of the baby mice instead
of OVA, followed by aerosol challenge with Cs (1%) for 20 min on days
1315 and evaluation (days 16 and 17).

In some experiments, the litters were not adoptively switched as soon as
they were born, but kept with their own mother for 3 days. On day 3 after
birth, they were sensitized with a single i.p. injection of OVA (above de-
scribed). One day later (day 4 after birth), litters from asthmatic mother
mice were adoptively switched for nursing to normal mothers and vice

Table 1. Coding of experimental groups®

Baby Mice Breastfed by Born from
NoMo/NoBa Normal Normal
AsMo/AsBa Asthmatic Asthmatic
NoMo/AsBa Normal Asthmatic
AsMo/NoBa Asthmatic Normal

“ A summary of the coding system used to label different experimental groups is
shown. The groups of baby mice were coded according to two variables: the mother
who nursed them (normal or asthmatic), and the mother from which they were born
(normal or asthmatic).
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versa. Two weeks later, the babies were submitted to the OVA aerosol
challenge and evaluation.

Pulmonary function testing

Airway responsiveness of baby mice to increasing concentrations of aero-
solized methacholine was measured using whole body plethysmography
(Buxco). Each mouse was placed in a chamber, and continuous measure-
ments of box pressure/time wave were calculated via a connected trans-
ducer and an associated computer data acquisition system. The main indi-
cator of airflow obstruction, enhanced pause (Penh), which shows strong
correlation with the airway resistance examined by standard evaluation
methods, was calculated from the box waveform (25). The use of Penh as
a surrogate of airflow limitation is currently debated (26). Nevertheless, it
has been reported that Penh strongly correlates with lung resistance in the
BALB/c strain (27). Moreover, our analysis of very young animals pre-
cludes more invasive techniques.

After measurement of baseline Penh, either aerosolized PBS or metha-
choline in increasing concentrations (6, 12, 25, 50, and 100 mg/ml) was
nebulized through an inlet of the chamber for 1 min, and Penh values for
the first 5 min after each nebulization were averaged and used to compare
results across treatment groups and individual mice.

Pathologic analysis

After physiologic testing, the baby mice were euthanized with sodium pen-
tobarbital (Veterinary Laboratories), and the trachea was cannulated. Bron-
choalveolar lavage (BAL) was performed five times with 0.3 ml of sterile
PBS instilled and harvested gently. Lavage fluid (recovery ~90% of in-
stilled) was collected and centrifuged at 4°C 1200 rpm for 10 min, and the
cell pellet was resuspended in 0.25 ml of PBS. Total cell yield was quan-
tified by hemocytometer. BAL differential cell counts were performed on
cytocentrifuge slides prepared by centrifugation of samples at 800 rpm for
5 min (Cytospin 2; Shandon). These slides were fixed in 95% ethanol and
stained with Diff-Quick (VWR), a modified Wright-Giemsa stain, and total
of 100 cells were counted for each sample by microscopy. Macrophages,
eosinophils, and lymphocytes were quantified.

After lavage, the chest wall was opened and the animals were exsan-
guinated by cardiac puncture for blood collection. Serum was prepared and
stored at —20°C. The lungs were instilled with 10% buffered formalin,
removed, and fixed in the same solution. After paraffin embedding, sections
for microscopy were stained with H&E. An index of pathologic changes in
coded H&E was derived by scoring the inflammatory cell infiltrates (eo-
sinophils and mononuclear cells) around airways and vessels for greatest
severity (0, normal; 1, <3 cell diameter thick; 2, 3-10 cells thick; 3, >10
cells thick) and overall extent (0, normal; 1, <10% of sample; 2, 10-25%;
3, >25%). The index was calculated by multiplying severity by prevalence,
with a maximum possible score of 9.

Analysis of breast milk cytokines

In some experiments, normal mother mice and OV A-sensitized and ex-
posed mothers were anesthetized with sodium pentobarbital (Veterinary
Laboratories) on days 89 after birth to collect the breast milk. The mother
mice were separated from the pups for 16 h before milk collection. To
facilitate the collection, a single injection of 0.5 IU of oxytocin (Sigma-
Aldrich) was given i.p. 5 min before milking. From each mouse 100—400
wul of milk was collected from several mammary glands. Some aliquots
were centrifuged at 600 X g for 5 min. The top lipid layer was discarded
and the whey was collected and stored at —80°C until the evaluation of the
cytokine levels.

The concentrations of IL-13 in the breast milk were detected by com-
mercial ELISA kit (R&D Systems). The assay was performed according to
the manufacturer’s recommendation. The minimum detectable by this as-
say is 1.5 pg/ml. The levels of IFN-v, IL-2, IL-4, IL-5, and TNF-« in the
milk were measured by cytometric bead array (CBA) combined with flow
cytometry (BD Biosciences), following instructions of the vendor. Its limit
of detection is 1.0 pg/ml. IL-13 ELISA and CBA assays were performed in
both the whey and the whole milk (aliquots that were not centrifuged).
Positive control samples included normal milk to which known amounts of
cytokines (either 25 or 50 pg/ml final) were added. Pilot studies where
cytokines were added before or after separation of whey to test the effect,
if any, of presence or absence of milk lipids showed no effect on the ability
to detect the cytokines (data not shown).

Analysis of breast milk cytokines from baby stomachs

Normal babies nursed by normal mothers (NoMo/NoBa, Table I), and ba-
bies born to and nursed by asthmatic mothers (AsMo/AsBa, Table I) were
euthanized with sodium pentobarbital (Veterinary Laboratories) on day 4
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after birth without sensitization. Their milk-filled stomachs were harvested
and homogenized in a solution of protease inhibitors (I ml/200 mg of
tissue; Protease Inhibitor Cocktail, Sigma-Aldrich), by using a tissue ho-
mogenizer (Power Gen 125; Fisher Scientific). The homogenates were cen-
trifuged at 2000 rpm at 4°C for 10 min, and the supernatant was frozen at
—20°C for posterior measurement of cytokine levels (28).

As described for assay of cytokines in breast milk, the concentrations of
IFN-y, IL-2, IL-4, IL-5, and TNF-« in stomach contents were determined
by CBA combined with flow cytometry. Positive control samples included
stomachs from normal babies to which known amounts of cytokines (25
pg/ml) were added before homogenization and collection of supernatants.

Analysis of cytokine mRNA expression in breast tissue

Normal and asthmatic mother mice breast tissue were harvested on days
3-5 after giving birth under anesthesia with sodium pentobarbital (Veter-
inary Laboratories). Samples from different mammary glands were col-
lected and kept in RNAlater solution (10 ul/mg tissue; Qiagen), a RNA
stabilization reagent, at 4°C for a few days. Total RNA was extracted from
30-mg samples of the harvested breast tissue using an RNeasy Mini kit
(Qiagen) as directed by the manufacturer. Total RNA (1 ug/sample) was
reverse transcribed using M-MLV Reverse Transcriptase (Promega) at
37°C for 60 min.

Expression of mRNA for IL4, IL-5, and IL-13 was quantified using
real-time RT-PCR. A 4-ul aliquot of the diluted cDNA mixture was am-
plified by real-time RT-PCR using iQ SYBER green Supermix (Bio-Rad)
under the following conditions: 94°C X 2 min, 59°C X | min, 65°C X 1
min for 45 cycles in the iCycler iQ (Bio-Rad) real-time detection system.
The mRNA expression for IL4, IL-5, and IL-13 were presented as copy
numbers, which were calculated based on standard curves for the three
cytokines measured.

The following primers were used: IL-4 forward primer, 5'-ACAG
GAGAAGGGACGCCAT-3', IL-4 reverse primer, 5'-GAAGCCCTACA
GACGAGCTCA-3'; IL-5 forward primer, 5'-AGCAGTGGTGAAAGAG
ACCTT-3', IL-5 reverse primer, 5'-TCAATGCATAGCTGGTGATTT-3';
IL-13 forward primer, 5'-AGACCAGACTCCCCTGTGCA-3', IL-13 re-
verse primer, 5'-TGGGTCCTGTAGATGGCATTG-3'.

Lung homogenate samples from OV A-sensitized and -challenged adult
mice, where IL-4, IL-5, and IL-13 were previously detected, were used as
positive controls. The quantification of the housekeeping gene f-actin in
the breast tissue samples was also done to verify the conditions of tissue
and RNA preparations.
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FIGURE 1.

BREAST MILK AND MATERNAL ASTHMA SUSCEPTIBILITY TRANSMISSION

Statistical analysis

Data are expressed as mean = SEM. To test the significance between the
different groups, one-way ANOVA with Newman-Keuls multiple compar-
ison posttest was performed using GraphPad Prism version 3.0 for Win-
dows (GraphPad Software). Statistical significance was accepted when
p= 0.05.

Results
Nursing and susceptibility to OVA-induced allergic airways
disease

The basic protocol for these studies (summarized in Fig. 1) was
performed on mice derived from either normal or OVA-sensitized/
exposed mothers. We subjected the offspring from asthmatic or
normal mice to an intentionally suboptimal sensitization with
OVA (asingle i.p. injection on day 4 after birth) before aerosolized
allergen challenge on days 13—15 of life. The role of breast milk
was tested by adoptive switching of litters shortly after birth
(around 24—-48 h, see below), resulting in an experimental design
comprised of four major groups of baby mice. The coding system
used to designate them is summarized in Table I.

Two groups represent the positive and negative controls for
analysis of breast milk effects. The positive control group is made
up of babies from asthmatic mother mice (AsMo/AsBa), which
showed: 1) AHR to methacholine (increased Penh; Fig. 2A4); 2)
increased eosinophils on BAL (Fig. 2B); and 3) robust pathologic
changes of Al (eosinophils and mononuclear cell infiltration
around airways and vessels) (Fig. 2C). Results of semiquantitative
scoring of histology support the qualitative changes illustrated in
Fig. 2D, and are presented in Table II. These results contrast to
those found in the negative control group, babies from normal
mother mice (NoMo/NoBa), in which absence of AHR and Al was
seen (Fig. 2).

After adoptive nursing, increased susceptibility to allergic air-
way disease was observed in babies from both groups: normal
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Schematic of main protocol. After birth, some litters from asthmatic mother mice (OVA sensitized and challenged before mating) were

adoptively transferred on days 1-2 for nursing by normal mothers which had also just given birth, or vice versa. Baby mice received a single i.p. injection
of OVA and alum (day 4), followed by exposure to aerosolized OVA on days 13—15 of life and analysis on days 16 and 17.



The Journal of Immunology

A 7.
-0- NoMo/NoBa
-o- AsMo/AsBa
61 -= AsMo/NoBa
-0- NoMo/AsBa
=
=)
L
a
cl Ll T T T
0 25 50 i 100
Methacholine (mg/ml)
B
-~ 3.0 60
L} -
vy 2.51 *% *% [50
= g
. 201 % 10 2.
5 Sl =
Wy o
= 30 S
= =
= t =
* -
.g 1.04 ¢ 20 @
& o5 * L10 g
m
0.0- L
& __‘,_S" f-‘y ._?-*@
x!\d ;‘!\U ‘be'- 3‘\0

ST

FIGURE 2. Nursing and maternal transmission of susceptibility to
OVA-induced allergic airways disease. Babies from the groups AsMo/
AsBa (@, n = 29), AsMo/NoBa (M, n = 25), and NoMo/AsBa ([, n =
23), but not NoMo/NoBa (O, n = 24) showed: A, increased AHR (Penh);
#, p < 0.01 vs NoMo/NoBa at 12-100 mg/ml methacholine. B, Increased
eosinophils (X 10%) in BAL samples: *, **, p < 0.001 vs NoMo/NoBa; T,
p < 0.01 vs AsMo/AsBa; £, p < 0.05 vs AsMo/AsBa and AsMo/NoBa.
Histopathologic changes such as accumulation of eosinophils and mono-
nuclear cells around airways and vessels were also observed in D (AsMo/
AsBa), E (AsMo/NoBa), and F (NoMo/AsBa), but not in C (NoMo/NoBa);
original magnification, X200. See also scoring of changes in Table II.

baby mice suckled by asthmatic mothers (AsMo/NoBa), and ba-
bies of asthmatic mothers breastfed by normal mice (NoMo/
AsBa). These groups showed: 1) AHR to methacholine (increased
Penh; Fig. 24); 2) increased eosinophils on BAL (Fig. 2B); and 3)
intense pathologic changes of Al (Fig. 2, C—F and Table II). Con-
trol switches of babies between asthma mothers did not disrupt
their increased susceptibility (data not shown). Similarly, switches
between normal mothers also did not change the negative results
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Table II. Quantitative analysis of histopathologic changes in babies
sensitized and exposed to OVA®

Group n= Inflammation Index
NoMo/NoBa 12 0
AsMo/AsBa 14 2.68 * 0.28*
NoMo/AsBa 6 3.75 £ 1.03*
AsMo/NoBa 11 2.36 £ 0.41*

“ An index of pathologic changes in coded H&E slides was derived by scoring the
inflammatory cell infiltrates around airways and vessels for greatest severity (0, nor-
mal; 1, <3 cell diameter thick; 2, 3—10 cells thick; 3, >10 cells thick) and overall
extent (0, normal; 1, <10% of sample; 2, 10-25%; 3, >25%). The index was cal-
culated by multiplying severity by prevalence, with a maximum possible score of 9.
* p < 0.01 vs NoMo/NoBa.

(data not shown), indicating that merely switching the babies does
not cause a nonspecific effect. These data suggest that breast milk
contains factors which are sufficient, but not necessary, to increase
susceptibility of offspring to development of allergic airway dis-
ease in this model.

Susceptibility to respiratory allergy to a second allergen

To more directly test the role of specific allergen and/or Ab in
maternal transfer of susceptibility, we modified the previous pro-
tocol (Fig. 1) by replacing the OVA allergen used for sensitization
and challenge of baby mice with an unrelated allergen, Cs, which
is a bovine protein Ag. In this way, we tested the response of
babies born to OV A-allergic and -exposed mothers, to sensitiza-
tion with a single i.p. injection of Cs, followed by challenge with
Cs aerosols (days 13—15) and evaluation (days 16 and 17). Babies
from OV A-asthmatic (AsMo/AsBa) and adoptively nursed groups
(AsMo/NoBa and NoMo/AsBa), but not normal (NoMo/NoBa),
mother mice showed increased susceptibility to sensitization by
the single i.p. treatment with Cs. This was manifested as: 1) AHR
to methacholine (increased Penh; Fig. 3A4); 2) increased eosino-
phils on bronchoalveolar lavage (Fig. 3B); and 3) characteristic
pathologic changes of Al (Fig. 3, C—F). Results of semiquantita-
tive scoring of histology support the qualitative changes illustrated
in Fig. 3, C—F, and are presented in Table III. These data indicate
that allergens and/or specific Abs are not responsible for the trans-
mission of susceptibility through breast milk.

Effect of age at time of adoptive nursing on maternal
transmission of asthma susceptibility

A few studies have described differences in cytokine levels in co-
lostrum, but not in mature milk, from asthmatic compared with
normal mothers (20-22). To test the postulate that there is a “sus-
ceptibility window” in the first 24 —48 h after birth for the transfer
of milk factors from mothers to offspring, we investigated the role
of this early milk on the transmission of maternal effect. In these
experiments, the litters were not switched as soon as they were
born, but instead kept with their own mothers for 3 days. On day
3 after birth, the baby mice were sensitized with a single i.p. in-
jection of OVA (as described above). One day later (day 4 after
birth), some litters from asthmatic mother mice were adoptively
switched for nursing to normal mothers. Similarly, the normal ba-
bies were adoptively switched for nursing to the asthmatic mother
mice. Two weeks later, the babies were submitted to aerosol chal-
lenge with allergen and evaluation. Babies from OVA-asthmatic
(AsMo/AsBa, the positive control), but not normal (NoMo/NoBa,
the negative control), mother mice showed marked susceptibility
to sensitization by the single i.p. treatment with OV A, manifest as:
1) AHR to methacholine (increased Penh; Fig. 4A); 2) increased
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FIGURE 3. Nursing and allergen independence of maternal effect. Ba-
bies from the groups AsMo/AsBa (@, n = 24), AsMo/NoBa (l, n = 30),
and NoMo/AsBa ([, n = 26), but not NoMo/NoBa (O, n = 30), after
sensitization with a single i.p. injection of casein (Cs) at 4 days of age, and
exposed to aerosols of Cs on days 13—15 of age, showed: A, increased AHR
(Penh), *, p < 0.01 vs NoMo/NoBa at 12-100 mg/ml methacholine; , p <
0.05 vs NoMo/NoBa at 12-100 mg/ml methacholine. B, Increased eosin-
ophils (X 10°) in BAL samples: *, **, p < 0.001 vs NoMo/NoBa; 1, p <
0.05 vs AsMo/AsBa. Accumulation of eosinophils and mononuclear cells
around airways and vessels were also seen in D (AsMo/AsBa), E (AsMo/
NoBa), and F (NoMo/AsBa), but not in C (NoMo/NoBa); original mag-
nification, X200. See also pathologic scoring changes in Table III.

eosinophils on bronchoalveolar lavage (Fig. 4B). The groups re-
sulting from adoptive transfer (AsMo/NoBa and NoMo/AsBa)
showed the same results as before: an increased susceptibility to
the single injection of OVA, expressed as increased AHR and in-
creased eosinophils on BAL (Fig. 4, A and B). Histopathologic
evaluation also showed allergic inflammation in the positive con-
trol and adoptively transferred groups (Fig. 4, C—F). Semiquanti-
tative scoring showed an increased inflammation index in the

Table III.  Quantitative analysis of histopathologic changes in babies
sensitized and exposed to Cs”

Group n= Inflammation Index
NoMo/NoBa 9 0
AsMo/AsBa 9 3.67 = 0.58%*
NoMo/AsBa 9 3.38 £ 0.59*
AsMo/NoBa 9 2.39 = 0.45%

“ An index of pathologic changes in coded H&E slides was derived by scoring the
inflammatory cell infiltrates around airways and vessels for greatest severity (0, nor-
mal; 1, <3 cell diameter thick; 2, 3—10 cells thick; 3, >10 cells thick) and overall
extent (0, normal; 1, <10% of sample; 2, 10-25%; 3, >25%). The index was cal-
culated by multiplying severity by prevalence, with a maximum possible score of 9.
* p < 0.01 vs NoMo/NoBa

groups AsMo/AsBa (2.58 *= 0.27), NoMo/AsBa (3.08 = 0.29),
and AsMo/NoBa (0.75 % 0.27) compared with NoMo/NoBa (0,
n =6, p < 0.05). These data indicate that colostrum does not play
a special role in the transfer of the factor(s) responsible for the
maternal transmission of asthma susceptibility, because mature
breast milk received by baby mice after adoptive switching on day
4 after birth can also mediate this effect.

Analysis of breast milk cytokines

We used three related approaches to test the potential role of cy-
tokines in milk to act as mediators of the maternal effect. We
measured cytokine levels directly in breast milk samples by either
ELISA or CBA methods and indirectly by analysis of milk-rich
stomach contents, and we also quantified the cytokine mRNA ex-
pression in breast tissue of nursing mother mice.

Breast milk was collected from normal and OVA-sensitized
and- exposed mother mice on days 89 after they gave birth. The
concentration of IL-13 in the milk was measured by ELISA tech-
nique, while the levels of IFN-vy, IL-2, IL-4, IL-5, and TNF-a were
measured by the CBA method. The levels of all the cytokines
measured in breast milk are shown in Fig. 5A. These assays did not
detect significant levels for any of the six cytokines, neither in the
samples collected from normal mother mice, nor in the samples
from OVA-asthmatic mothers. The positive control samples
showed that the methods used were able to measure the cytokines.

In another approach, NoMo/NoBa and AsMo/AsBa baby mice
were sacrificed on day 4 after birth without sensitization. Their
stomachs were harvested and processed for measurement of cyto-
kine levels. Because the only nutritional source of babies at this
age is the mother’s breast milk, it was assumed that the analysis of
cytokines in their stomach contents reflects the milk levels of cy-
tokines. The levels of cytokines (IFN-vy, IL-2, IL-4, IL-5, and
TNF-q) in their stomach contents measured by CBA are shown in
Fig. 5B. No significant levels for any of the five cytokines were
measured in the samples from both NoMo/NoBa and AsMo/AsBa
babies. The positive control samples again showed that the CBA
technique was able to measure cytokines, if present, within these
samples.

Breast tissue samples of normal and asthmatic mother mice
were also collected. Total RNA was extracted and reverse-tran-
scribed to cDNA. Expression of mRNA for IL4, IL-5, and IL-13
was quantified using real-time RT-PCR. Breast tissue harvested
from both normal and asthmatic mother mice did not show signif-
icant mRNA expression for IL4, IL-5, and IL-13 (Fig. 5C). De-
tection of the mRNA of these cytokines in control samples (lung
homogenates from OVA-sensitized and -challenged adult mice)
where IL-4, IL-5, and IL-13 were previously detected (data not
shown), validated the sensitivity of the technique. The quantifica-
tion of mRNA for the housekeeping protein (-actin (Fig. 5C) in
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FIGURE 4. Effect of age at time of adoptive nursing on maternal trans-
mission of asthma susceptibility. Baby mice subjected to adoptive switch-
ing for nursing 4 days after birth, AsMo/NoBa (M, n = 21), and NoMo/
AsBa ([, n = 22) show: A, increased AHR (Penh), *, p < 0.05 vs NoMo/
NoBa at 50—100 mg/ml methacholine. B, Increased eosinophils (X 10°) in
BAL samples, *, #*, p < 0.05 vs NoMo/NoBa; {, %, p < 0.05 vs AsMo/
AsBa. Accumulation of eosinophils and mononuclear cells around airways
and vessels were also seen in D (AsMo/AsBa), E (AsMo/NoBa), and F
(NoMo/AsBa), but not in C (NoMo/NoBa); original magnification, X200.

breast tissue collected from either normal or asthmatic mother
mice indicates that both tissue and RNA preparations were in ap-
propriate conditions, also supporting our data.

Discussion

Epidemiologic studies suggest that maternal asthma is a significant
risk factor for the development of asthma and atopy in children (9,
10). Although the literature remains controversial, there are data
suggesting that the breast milk is one potential way in which a
mother may contribute to asthma susceptibility (16—18). In the
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FIGURE 5. Analysis of breast milk cytokines. A, No significant levels
of IFN-vy, IL-2, IL-4, IL-5, TNF-«, and IL-13 were detected in normal (n =
7) or asthmatic mother milk (n = 6), although these cytokines were de-
tected in positive control samples (normal milk “spiked” with cytokines).
B, No significant levels of IFN-vy, IL-2, IL-4, IL-5, and TNF-a were de-
tected in homogenates of milk-laden stomach samples from offspring of
normal (n = 10) or asthmatic mothers (n = 17). C, Both normal (n = 5)
and asthmatic (n = 5) mother mice did not show significant mRNA ex-
pression for IL4, IL-5, and IL-13 in breast tissue samples as quantified
using real-time RT-PCR. Cytokine mRNA was detected in positive control
samples (lungs from OV A-sensitized and -challenged mice).

present investigation, we sought to experimentally test the poten-
tial contribution of breast milk mediator(s) in the maternal trans-
mission of asthma risk. We used the mouse model previously de-
veloped in our laboratory, in which female mice are sensitized as
neonates, exposed repeatedly to aerosolized OVA, and mated (23).
In this model, their offspring show increased susceptibility to OVA
after intentionally suboptimal sensitization with this allergen fol-
lowed by aerosolized allergen challenge.

The major finding in the present study is that breast milk con-
tains factors which are sufficient, but not necessary, to increase
susceptibility of offspring to development of allergic airway dis-
ease. To test the role of breast milk on the transmission of asthma
risk, the baby mice were adoptively switched between normal and
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asthmatic mothers, and then nursed by the foster mother. AHR to
methacholine, increased eosinophils on BAL, and pulmonary his-
topathologic changes were observed in normal baby mice breast-
fed by asthmatic mothers, indicating that breastfeeding is sufficient
for the transmission of asthma susceptibility. Our results also re-
semble data from an important epidemiologic study, in which the
risk of asthma within the group of children born to asthmatic moth-
ers increases with breastfeeding (19). Because the babies born to
asthmatics and nursed by normal mothers also showed an increase
in asthma susceptibility, we deduce that asthmatic breast milk is
not the only way in which the transmission of the risk occurs.
Another likely mechanism is the transference of immune media-
tors, e.g., cytokines or cells, such as lymphocytes, during intra-
uterine life. There is evidence that maternal leukocytes cross the
placenta into fetal tissue, as reviewed by Papadogiannakis (29),
and this represents an alternative mechanism for maternal influ-
ence on the developing immune system.

We demonstrated here that the nursing effect is allergen inde-
pendent: offspring of mother mice sensitized with OVA present
increased susceptibility also to Cs, a second, unrelated allergen.
This finding indicates that the maternal effect is not mediated by
specific Abs or Ags transferred from the mother to the offspring
through the breast milk, leaving cytokines and immune cells as
potential mediators. Nevertheless, the data do not exclude the pos-
sibility that Ag-specific immunity can also be transferred to the
baby mice. In our study, the colostrum did not show a special role
in the transfer of the factor(s) responsible by the maternal trans-
mission of asthma susceptibility to the offspring, as previously
observed in some epidemiologic studies (20-22). The mature
breast milk received by the baby mice after adoptive switching at
day 4 after birth caused the same effect as observed in babies
switched in the first 24—48 h of life.

We initially postulated that cytokines present in the breast milk
would have an important role in the observed transmission of
asthma susceptibility, especially the Th2-related mediators such as
IL-4, IL-5, and IL-13. To test this hypothesis, we used three related
approaches: we measured cytokines in breast milk samples di-
rectly, indirectly by analysis of milk-rich stomach contents, and by
quantification of cytokine mRNA expression in breast tissue of
nursing mother mice. However, both the direct analysis of breast
milk samples and the investigation of milk-rich stomach contents
did not show significant levels of IFN-v, IL-2, IL-4, IL-5, TNF-a,
and IL-13, despite the presence of maternal asthma. In addition,
breast tissue specimens harvested from both normal and asthmatic
mother mice did not present significant mRNA expression for
IL-4, IL-5, and IL-13 in our study. It is noteworthy that there is a
large variation in the reported composition of breast milk in terms
of cytokine content (20-22).

Because we were not able to detect cytokines in the breast milk
of either normal or asthmatic mother mice in our model, two pos-
sibilities can be considered. First, the cytokines studied may be
important but present in milk earlier than we were able to study
due to technical limitations in sample volumes obtained. Because
milk from asthmatic mothers at day 4 still has an effect on normal
babies (Fig. 4), it is unlikely, but not excluded, that cytokine levels
drop to undetectable levels from days 4 to 8, the time point when
we harvested samples to increase yield. We also cannot formally
exclude that cytokines present at levels below the detection sen-
sitivity of our assays are sufficient to cause the effects seen, but
consider this unlikely. The second possibility is that other media-
tors merit consideration. These include transfer of maternal leu-
kocytes, which may influence the neonatal immune response (30—
32). Another class of mediator(s) to consider is the fatty acids
present in milk.

This speculation is based on reports correlating types of fatty
acids present in breast milk and the development of asthma and
atopy (33-35). The human breast milk is rich in long-chain poly-
unsaturated fatty acids, especially o-3 (such as eicosapentaenoic
acid and docoexaenoic acid) and o-6 fatty acids (for example, y-li-
noleic acid and arachidonic acid), which have immunomodulatory
actions (36-38). However, the exact role of breast milk fatty acids
on the development of allergies is not clear. Depending on their
types and amounts presented in breast milk, the balance between
Th1 and Th2 responses may change, either favoring or suppressing
the development of atopy in the child. A higher ratio of 0-6 to 0-3
fatty acids in breast milk seems to favor an increase in the Thl
responses, whereas a decrease in the same ratio may skew the
neonatal immunity toward Th2 responses (37, 39, 40).

In conclusion, the data indicate that breast milk contains factors
which are sufficient, but not necessary, to increase susceptibility of
offspring to the development of allergic airway disease in this
mouse model. The nursing effect was shown to be allergen inde-
pendent, suggesting that it is not mediated by specific Abs or Ags
transferred from mother to offspring. Both colostrum and the ma-
ture breast milk seem to have the same importance on the maternal
transmission of asthma susceptibility to the offspring. These ex-
perimental findings support the epidemiologic observation of in-
creased risk of asthma in babies of nursing asthmatic mothers. The
mediator(s) in milk responsible for increasing susceptibility to
asthma remain to be identified.
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