
Maternal–fetal interaction: preconception immunization in mice
prevents neonatal sensitization induced by allergen exposure

during pregnancy and breastfeeding

Introduction

Allergen exposure in the gestational and perinatal periods

has been associated with allergic disease and asthma.1

Generally, early postnatal exposure to high levels of aller-

gen has been shown to enhance the risk for subsequent

expression of allergic reactivity to that allergen in adult

life.2 This suggests that allergen challenge during infancy

predisposes the child toward the development of long-

term T helper type 2 (Th2)-skewed allergen-specific

immunological memory.3

Exposure to maternally derived dietary allergen via

breast milk has long been known to provoke food-associ-

ated allergic symptoms.4 Therefore, dietary exclusion or

allergen avoidance measures during pregnancy and lacta-

tion have been the focus of studies of primary allergy

prevention.5 However, primary prevention to exclude

maternal/neonatal allergen exposure is a difficult proce-

dure to perform, reinforcing the need for preventive

measures to control allergic sensitization in early infancy.

The onset of allergic manifestation is usually during early

childhood. Hence, the importance of primary preventive
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Summary

Allergen exclusion measures during pregnancy and lactation have been

given consideration in studies of primary allergy prevention but complete

avoidance of mother/neonatal allergen exposure has proven to be a diffi-

cult procedure. To evaluate a strategy to prevent allergen sensitization in

early life in mice, we first established a neonatal model with ovalbumin

sensitization through maternal allergen exposure during pregnancy or

breastfeeding. The modulatory potential of preconception immunization

was investigated on the neonatal development of subsequent allergic

responses to maternal allergen exposure. Herein, we demonstrate that

immunized mothers exposed to antigen during pregnancy or breastfeeding

underwent intense vertical transmission of antibodies, including immuno-

globulin G (IgG) in complex with ovalbumin and IgG1 antibody with ana-

phylactic function. It was further shown that maternal immunization

efficiently decreased the passage of free antigens through breastfeeding

and inhibited the enhanced IgE antibody response after postnatal antigen

exposure. In addition, antenatal immunization decreased the antigen-

specific proliferative response of immunized neonates, in parallel with pro-

found downmodulatory effects on both the activation and differentiation

of T and B cells after a non-specific stimulus and cytokine production.

These findings showed that early life sensitization, subsequent to maternal

allergen exposure during both the prenatal and postnatal periods, could

be avoided by preventive vaccination of the mother.

Keywords: allergy prevention; breastfeeding; neonatal sensitization; preg-

nancy; T-cell anergy

Abbreviations: ELISA, enzyme-linked immunosorbent assay; IFN, interferon; IgE, immunoglobulin E; IgG, immunoglobulin G;
IL, interleukin; i.p., intraperitoneal; IVIG, intravenous immunoglobulin; LPS, lipopolysaccharide; mAb, monoclonal antibody;
OD, optical density; OVA, ovalbumin; PBS, phosphate-buffered saline; PCA, passive cutaneous anaphylaxis; Th2, T helper type
2; TMB, 3,30,5,50-tetramethyl-benzidine.
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strategies focusing on early childhood, during the

immune system maturation.

Paradoxically, allergen exposure in mothers could poten-

tially inhibit the development of allergy. High levels of cord

blood immunoglobulin G (IgG) antibodies to cat and birch

were found to be associated with decreased atopy in chil-

dren during the first 8 years of life.6 Indeed, children born

to mothers who received rye-grass immunotherapy during

pregnancy had fewer positive skin tests 3–12 years later

compared to infants from mothers who stopped their treat-

ment during pregnancy.7 Studies in mice have shown that

allergen immunization of mothers represents a potential

preventive measure for allergic responses; maternal IgG was

found to suppress IgE responses in neonates.8 We observed

that maternal immunization to allergens, before mating,

transfers allergen-specific antibodies by transamniotic and

transplacental routes as well as by breastfeeding, to inhibit

IgE development efficiently in the offspring.9 This strategy

did not induce allergen sensitization in the offspring, with

long-lasting inhibitory effects on the allergen-specific IgE

response until adulthood.10 Effectiveness of preconception

immunization is linked with the time of allergen immun-

ization; IgE suppression is stronger after maternal allergen

exposure during early pregnancy than after exposure in

late pregnancy.11 These investigations with rodent models

have reported suppression of the IgE-specific response

in offspring from both actively and passively immunized

mothers. However, the prophylactic efficacy of maternal

vaccination to control early allergen sensitization, when

mothers are intensively exposed to allergen during fetal

development or soon after birth, remains to be demonstra-

ted. Also, the role of breastfeeding in neonatal allergen sensi-

tization, subsequent to maternal allergen intake, has not

been studied, and it is not known whether maternal antibod-

ies would be effective in avoiding neonatal sensitization

through this pathway. These remarks underscore the import-

ance of investigating the impact of maternal vaccination

on the first allergen sensitization of the offspring and

on their antigen-specific or polyclonal cellular immune

responsiveness, so as to improve the strategies of allergy

prevention.

Several factors, during pregnancy and/or breastfeeding,

can have a significant impact on the immunological

repertoire of the offspring. A better understanding of

the mechanism of maternal allergen immunization is

essential for the safe modification of early immune

development and for prevention of allergic disease. We

sought to verify the efficacy of the murine model of

preconception immunization to control early allergen

sensitization of offspring. First, a neonatal model was

established for ovalbumin sensitization through maternal

allergen exposure during pregnancy or breastfeeding.

The contribution of preconception immunization to the

role of transamniotic/transplacental routes and breast-

feeding in the transmission of antibodies was analysed;

IgG1, which has anaphylactic function, and antigen

transference to fetal circulation, either as free antigen or

in complexes with IgG, were evaluated. We extended

our studies to the repercussions of the preconception

immunization on the allergen-specific and non-specific

T-cell and B-cell responsiveness after neonatal immuni-

zation subsequent to prenatal and postnatal allergen

exposure.

Materials and methods

Animals

Inbred female and male BALB/c mice (8–10 weeks old)

were provided by the animal facilities of the São Paulo

University Medical School. Wistar Furth rats, of both

sexes, 3–4 months old and bred in our own laboratory’s

animal facilities, were used for passive cutaneous ana-

phylaxis reaction investigations. All experiments were

approved by the Ethics Committee for Animal Research

of the Institute of Biomedical Sciences.

Experimental protocols

Preconception immunization and ovalbumin exposure

schedule. Female BALB/c mice were immunized sub-

cutaneously with 200 lg ovalbumin (OVA, grade V,

Sigma-Aldrich, St Louis, MO) in 6 mg Al(OH)3 and intra-

peritoneally (i.p.) boosted with 100 lg OVA without

adjuvant, on the 10th and 20th days after immunization.

One day later, females were mated with non-immunized

male BALB/c mice. Immunized or non-immunized

groups were given orally, using an oral feeding needle,

five doses of 300 lg OVA in 0�5 ml saline solution

during the pregnancy period, or three doses of 0�5 or

3�0 mg OVA in 0�5 ml saline solution during the post-

natal period, corresponding to the 2nd, 3rd and 4th

days of lactation.

Offspring immunization. Either 3-day-old or 25-day-old

mice of both sexes were immunized i.p. with 10 or

200 lg OVA in 1�25 mg or 0�6 mg Al(OH)3, respect-

ively. Ten days later, the offspring received an i.p. injec-

tion of 100 lg OVA in saline solution and were bled 7

days later.

Collection of amniotic fluid, fetal and maternal sera
and milk

To evaluate the vertical transmission of antibodies or

antigens, amniotic fluid and fetal sera were obtained by

Caesarean section of full-term pregnant mice (21 days)

and stored in a pool at )70� until use. Mothers were bled

at parturition and 20 days postpartum. Milk samples were

obtained as previously described.9
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Passive transference of anti-OVA antibodies

On the day of neonatal immunization (3 days old), mice

were injected i.p. with 200 lg rabbit anti-OVA IgG anti-

bodies (Calbiochem, San Diego, CA) or rabbit IgG anti-

bodies (Calbiochem). Mice were injected with the same

dose of antibody after 6, 10, 13, 15 and 17 days of

immunization, giving a total of 1�0 mg antibody. The

other group of mice was injected with 200 lg antibodies

twice, once on the day of the immunization and again

10 days after immunization.

Passive cutaneous anaphylaxis (PCA)

The anaphylactic activity of IgG1 was evaluated by PCA

reaction in mice as described by Ovary.12 Mice were

previously shaved and were given intradermal injections

(50 ll) in each side of the dorsal skin of serial dilu-

tions of sera that had been previously inactivated for

1 hr at 56�. After 2 hr, they were intravenously

challenged with 0�25 mg OVA in 0�5 ml (0�25%) Evans

Blue solution. All tests were conducted in triplicate. IgE

antibodies were estimated by PCA in rats according to

Mota and Wong.13 Serum dilutions were inoculated

intradermally (100 ll) on the shaved backs of the rats.

After 18 hr, the rats received an injection of 0�5 mg

OVA in 1�0 ml (0�5%) Evans Blue solution through a

tail vein. PCA titres were expressed as the reciprocal of

the highest dilution that gave a spot bigger than 5 mm

in diameter.

Assay for free OVA measurement and IgG–OVA
complex detection

For measurement of OVA, 96-well microplates (A2, High

binding, Costar, Cambridge, MA) were coated with goat

anti-chicken egg albumin IgG antibody (ICN/Cappel,

Aurora, OH), diluted in 0�1 M carbonate–bicarbonate buf-

fer for 1 hr at 37� and overnight at 4�. After washing with

Tris–HCl (50 mM), the plates were blocked with phos-

phate-buffered saline (PBS)/0�5% gel and samples and

standard were applied for 1 hr at 37� and overnight at 4�,

followed by rabbit anti-chicken egg albumin IgG antibody

(Calbiochem) incubation for 1 hr at 37�. Detection was

performed with biotinylated anti-rabbit IgG antibody

(Calbiochem) and streptavidin–horseradish peroxidase

(Sigma) and 3,30,5,50-tetramethyl-benzidine (TMB, Cal-

biochem). The reaction was stopped with 0�5 M sulphuric

acid and read at 450 nm in an enzyme-linked immuno-

sorbent assay (ELISA) microplate reader (Molecular

Devices, Sunnyvale, CA) with the SOFT MAX PRO pro-

gram. Optical density (OD) units were correlated to the

protein concentration using OVA standard curves.

For the detection of OVA–IgG complexes, microplates

(Costar) were coated with goat anti-chicken egg albumin

IgG antibody (ICN) in PBS for 1 hr at 37� and overnight

at 4�. After blocking the plates with PBS/1�0% bovine

serum albumin (Sigma) for 1 hr at 37�, serial dilutions of

samples were applied for 1 hr at 37� and overnight at 4�.

Detection was performed with biotinylated anti-mouse

chain antibodies (Southern Biotechnology Ass., Birming-

ham, AL), streptavidin-horseradish peroxidase and

TMB. The reaction was stopped with sulphuric acid and

plates were read at 450 nm in an ELISA assay microplate

reader.

Determination of antibody levels

OVA-specific antibodies were measured by means of

ELISA, as previously described [10]. The results were

expressed as antibodies titres with reference to serial dilu-

tion of a titrated serum pool from immunized adult mice

with high levels of specific antibodies.

Proliferation assay with [3H]thymidine. Spleens were

aseptically collected from 20-day-old mice and pressed

through a cell strainer (BD Bioscience, Bedford, MA)

in RPMI-1640 supplemented with 10% fetal calf serum

(Hyclone, Gibco BRL) and 10 mg/ml gentamicin. The

red blood cells were lysed using ACK Lysing Buffer

(Biosource, Rockville, MD) for 90 seconds. Splenic

mononuclear cells at 2�0 · 105 cells/0�2 ml were cultured

with OVA (Sigma, 200 lg/ml), anti-CD3 monoclonal

antibody (mAb; PharMingen, 2 lg/ml) or lipo-

polysaccharide (LPS, Sigma, 50 lg/ml) at 37� in a

humidified 5% CO2 incubator. Thymidine incorporation

was measured on day 4 of culture 18 h after being

pulsed with 1 lCi [3H]thymidine (GE Healthcare, Little

Chalfont, UK).

In vitro cytokine production

Splenic mononuclear cells were isolated and cultured with

anti-CD3 mAb (PharMingen, 2 lg/ml) or OVA (Sigma,

200 lg/ml) for 24 and 72 hr, respectively, as previously

described,14 whereupon cell-free supernatants were stored

at ) 70� until the cytokines were measured by ELISA.

Interleukin-4 (IL-4), IL-10 and interferon-c (IFN-c)

(OptEIATM Pharmingen, San Diego, CA) measurements

were performed following the manufacturer’s recommen-

dations. Detection limits of IL-4, IL-10 and IFN-c were

estimated to be 7�8 pg/ml, 31�3 pg/ml and 31�3 pg/ml,

respectively.

Statistical analysis

Values for all measurements are expressed as mean ±

SD. Differences between groups were considered sig-

nificant when P-values were < 0�05, using the Mann–

Whitney test.
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Results

Antibody transference by immune mothers after
prenatal or postnatal ovalbumin exposure

First, we examined the transference of antibodies to

fetuses by female mice, subcutaneously immunized with

OVA 3 weeks before mating and given OVA orally five

times during gestation, according to Fig. 1. Other immun-

ized mothers received OVA during the postnatal period,

three times, corresponding to the first week of breastfeed-

ing. Immune mothers at parturition showed high anti-

body sera levels, mainly when they had received additional

OVA during pregnancy (Fig. 2a). Maternal anti-OVA IgG

antibody was transferred across the yolk sac during preg-

nancy and from milk postnatally, showing that both path-

ways contribute to antibody transference as verified in the

circulation of 20-day-old offspring. Immune mothers

exposed to antigen during the breastfeeding period did

not modify IgG levels compared to the immune mothers

that were not fed OVA (Fig. 2b). Antigen administration

via the mucosal route per se barely induced antibody

levels, irrespective of the maternal exposure period.

One type of IgG1 has been described to have an ana-

phylactic activity in mice.15 We investigated whether pre-

conception immunization followed by antigen exposure

can transfer anaphylactic IgG1 antibody to the offspring.

Figure 2(c) shows that full-term pregnant immune moth-

ers produced IgG1 antibody with anaphylactic function,

as measured by PCA, but the mothers who were only

exposed to antigen during gestation did not. IgG1 ana-

phylactic antibodies were detected in the sera of offspring,

with enhanced titres when the immune mothers were

given antigen orally during pregnancy, which gradually

dropped in those exposed during the postnatal period.

In contrast, non-anaphylactic IgG1 antibody levels were

transmitted at high levels to offspring, dependent on

the maternal immunization schedule, mainly when they

received antigen during the breastfeeding period. Interest-

ingly, anaphylactic IgG1 antibody was undetectable in the

sera of 60-day-old offspring, indicating a faster catabolism

in the circulation than non-anaphylactic IgG1 antibody

measured by ELISA.

Antenatal immunization decreased free antigen
transference by breast milk of postnatally exposed
mothers

To assess whether antigen exposure during gestation or

breastfeeding allows the transfer of antigen through the

maternal–fetal barrier or by breast milk, OVA was meas-

ured by ELISA in placental sera (fetal sera), amniotic fluid

and milk samples. The free form of OVA was undetect-

able in placental sera as well as in amniotic fluid obtained

from mothers submitted to immunization or antigen

exposure. Free antigen was measurable in a dose-depend-

ent manner in the breast milk of mothers who had

received OVA during the lactation period (Fig. 3a).

According to the considerable amount of antigen present

in breast milk after an intake of 9�0 mg OVA, we subse-

quently verified the effect of antenatal immunization in

these females. Preconception immunization was able to

reduce four-fold the amount of OVA in the breast milk

samples, compared to only antigen-exposed mothers.

Next, we examined whether antigen could be trans-

ferred in complex with IgG (OVA–IgG) in maternal fluids

and offspring sera. Immune mothers that were antigen-

exposed during pregnancy transferred OVA–IgG immune

complex to fetuses mainly via the placental route, as also

verified in the 20-day-old offspring sera (Fig. 3b). At the

0 10 20 21 25 28 31 34 37 42 44 45 46 day

+–+Im + Ag breast

+––Ag breast

–++Im + Ag preg

–+–Ag preg

––+Im

n Im

Pregnancy

BIRTH

Breastfeeding

OVAOVA OVA exposure OVA exposure

Preconceptional

OVA

–––

Figure 1. Schematic representation of maternal immunization and exposure to OVA in prenatal or postnatal period. BALB/c mice were subcuta-

neously immunized with 200 lg OVA and i.p. boosted with 100 lg OVA after 10 and 20 days of immunization and mated one day after that.

Immunized (Im) groups were orally administered with five 300 lg OVA doses during pregnancy (Im + Ag preg) or with three doses of 0�5 or

3�0 mg during the first week of breastfeeding (Im + Ag breast). Groups of non-immunized (n Im) pregnant mice exposed during pregnancy (Ag

preg) or during the breastfeeding period (Ag breast) were also studied.
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postnatal stage, although OVA–IgG complex was barely

found in breast milk, it may have partially contributed to

the transfer of antigen to offspring.

Influence of maternal immune status in the
non-immunized offspring cellular responsiveness

Subsequently, we assessed whether prenatal or postnatal

antigen exposure might influence the antigen-specific

or non-specific cellular response of offspring. All non-

immunized offspring showed a stimulation index less

than 3 upon OVA stimulation, indicating a lack of rela-

tionship between the antigen cellular response and mater-

nal antigen exposure (data not shown).

The offspring of immune mothers or those submitted

to antigen exposure only at gestation showed an impaired

T-cell response thorough T-cel receptor stimulation, com-

pared to those from non-immunized mothers (Fig. 4a).

The B-cell response to LPS was significantly increased

by maternal antigen exposure, regardless of the time of

antigen administration (Fig. 4a). The enhanced B-cell

responsiveness was markedly inhibited by preconcep-

tion immunization, decreasing 10-fold and 5�3-fold

in offspring of immune mothers that were antigen-

administered during pregnancy or the lactation period,

respectively, compared to only exposed mothers.

Although maternal antigen exposure did not induce an

OVA-specific cellular response as well as cytokine produc-

tion upon antigen stimulation, the offspring exhibited

a marked alteration in the non-specific B- and T-cell

responses.

Furthermore, pups from immunized mothers exposed

to antigen postnatally showed a marked inhibition of

IFN-c, IL-4 and IL-10 after anti-CD3 mAb stimulus,

despite their normal proliferative response (Fig. 4b). The

impaired IL-10 production was consequent to the mater-

nal immunization.

Preconception immunization inhibits the IgE
response of neonates and weaned immunized
offspring

To investigate the effect of maternal immunization or

antigen exposure on development of the IgE response, the

offspring were immunized neonatally (3-day-old) or dur-

ing weaning (25-day-old). Maternal immunization effi-

ciently inhibited the development of anaphylactic IgE

antibody production in the immunized neonates of moth-

ers exposed in pregnancy or at the time of breastfeeding

(Fig. 5a).

To examine the IgE response later in life, offspring

were immunized during weaning. Mice born to mothers

exposed to antigen during pregnancy showed a

decreased IgE response, while those exposed at the post-

natal stage developed an enhancement of IgE antibody

production in comparison to the offspring of non-

immunized mothers (Fig. 5a). These data indicate that

maternal antigen exposure very early in life, or in utero,

may induce a peripheral tolerance instead of allergen

Im
A

g 
pr

eg
Im

 +
 A

g 
pr

eg Im
A

g 
pr

eg
Im

 +
 A

g 
pr

eg Im
A

g 
pr

eg
Im

 +
 A

g 
pr

eg Im
A

g 
pr

eg
Im

 +
 A

g 
pr

eg Im
A

g 
pr

eg
Im

 +
 A

g 
pr

eg

2

4

6

8
*

*

* *

*

(a) prenatal period

mother placental amn. fluid milk 20-day-old pups

an
ti-

O
V

A
 Ig

G
 (

lo
g)

an
ti-

O
V

A
 Ig

G
 (

lo
g)

Im

A
g 

br
ea

st

Im
 +

 A
g 

br
ea

st Im

A
g 

br
ea

st

Im
 +

 A
g 

br
ea

st Im

A
g 

br
ea

st

Im
 +

 A
g 

br
ea

st

2

4

6

8

mother milk 20-day-old pups

(b) postnatal period

Im
A

g 
pr

eg
Im

 +
 A

g 
pr

eg Im
A

g 
pr

eg
Im

 +
 A

g 
pr

eg Im
A

g 
pr

eg
Im

 +
 A

g 
pr

eg

A
g 

br
ea

st
Im

 +
 A

g 
br

ea
st

A
g 

br
ea

st
Im

 +
 A

g 
br

ea
st

0

2

4

6

8

mother 20-day-old pups 60-day-old pups

Ig
G

1 
(P

C
A

)

0

2

4

6

8(c) anti-OVA IgG1

IgG
1 (log)

Figure 2. Evaluation of antibody transmission by immune mother

exposed to OVA in the prenatal or postnatal period. Female BALB/c

mice immunized or not with OVA were mated and orally adminis-

tered OVA during (a) gestation or (b) the breastfeeding period. Pla-

cental serum and amniotic fluid were obtained from Caesarean

section from full-term pregnant mice. Breast-milk samples were

obtained from the stomach of 5-day-old newborn and offspring

serum at 20 and 60 days old. Maternal serum was collected at (a, c)

parturition time or (b) 20 days postpartum. Results represent the

means of anti-OVA antibody titres ± SD for five or six animals

analysed by ELISA and pooled sera from four to six animals for

the evaluation of anaphylactic IgG1 antibody by PCA reaction.

*P � 0�05 compared to pups from immune mothers.
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sensitization. Regardless of the OVA priming of off-

spring as a result of postnatal antigen contact, pre-

conception immunization significantly inhibited the IgE

response of offspring.

To evaluate whether the inhibitory effect on the IgE

response was mediated by neutralizing antibody, 3-day-

old mice received injections of rabbit anti-OVA IgG

antibody, simultaneously with the OVA immunization

protocol. This treatment induced a marked inhibition of

IgE production compared to immunized pups treated

with control antibody (Fig. 5b).

Maternal immunization avoids antigen-specific
cellular responsiveness in neonatal immunization

Considering the finding that preconception immunization

decreases free antigen in breast milk as well as inhibiting

the exacerbated IgE response induced by postnatal antigen
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exposure, we analysed the antigen-specific proliferative

response and cytokine production after neonatal immun-

ization.

Figure 6(a) demonstrates that maternal immunization

significantly reduces the antigen proliferative response as

well as the B-cell response to LPS in offspring of moth-

ers exposed postnatally. These pups exhibited an

increased T-cell proliferation through T-cell receptor

stimulation, with reduced ability to produce IFN-c and

IL-10 compared to offspring of non-immunized mothers

(Fig. 6b).

Discussion

There is accumulating evidence that allergen exposure

during pregnancy or breastfeeding have the capacity to

influence significantly a child’s immune development and

to alter the risk for allergic responses. This underscores

the importance of defining the events in this early period

of life to determine better strategies for allergy prevention.

In this study, we aimed to evaluate the immunomodula-

tory potential of preconception immunization with OVA

in the neonatal development of allergic responses under

effect of antigen exposure at the prenatal or postnatal

stages.

We demonstrated that antigen contact through mucosal

sites in previously immunized mothers acted as an anti-

genic boost, leading to high IgG transference via the

transamniotic/transplacental routes or through breast

milk. The full-term pregnant immune mothers produced

antibodies of IgG1 isotype, the main subclass transplacen-

tally transferred to the fetus. For the IgG1 antibody, we

observed diaplacental transmission of IgG1 antibodies

with anaphylactic function in OVA immunized mice,

which was further enhanced by antigen exposure in the

pregnancy. Anaphylactic IgG1 antibody activity was unde-

tectable within 2 months of offspring delivery, showing

faster catabolism than non-anaphylactic IgG1 antibody,

which still remained at high levels. In mice, both IgG1

and IgE antibodies can elicit anaphylactic reactions.13

IgG1 anaphylactic antibody is positively regulated by IL-415

and may enhance lung eosinophilic inflammation and

induce airway hyperreactivity.16 It is not known whether

anaphylactic IgG1 antibody transference contributes to

the anaphylactic reaction during early life; however, other

maternal IgG1 antibodies should be protective to prevent

00

5

1010

15

2020
OVA

(a)

(b)
IL-4

pg
/m

l
S

I

n Im Ag breast Im + Ag breast

IFN-γ IL-10

75
anti-CD3 LPS

*
**

*

*

*

*

50

25

0

0

500

1000

1500

2000

0

100

200

0

500

1000

1500

2000

Figure 6. Effect of antenatal immunization with subsequent antigen

exposure at postnatal period in the cellular responsiveness of

immunized neonates. (a) Spleen cells of offspring immunized at the

neonatal period born to immunized or non-immunized mothers

exposed to OVA at postnatal period were cultured with OVA, anti-

CD3 mAb or LPS and [3H]thymidine uptake are represented by the

stimulation index (SI); (b) cytokine levels were evaluated in superna-

tants of spleen cell culture stimulated with anti-CD3 mAb for 24 hr

by ELISA. Results represent mean ± SD from five to eight mice/per

group assayed individually in three different experiments. *P � 0�05

compared to pups of non-immunized mothers.

n 
Im Im

Ag 
pr

eg

Im
 +

 A
g 

pr
eg

Ag 
br

ea
st

Im
 +

 A
g 

br
ea

st
0·0

2·5

5·0

7·5

10·0
3 days old

(a)

an
ti-

O
V

A
 Ig

E
 (

lo
g2

)

n 
Im Im

Ag 
pr

e

Im
 +

 A
g 

pr
e

Ag 
po

st

Im
 +

 A
g 

po
st

0·0

2·5

5·0

7·5

10·0

*
*

* *

25 days old
*

1·
0 

m
g

0·
4 

m
g

0

1

2

3

4
(b)

Figure 5. Evaluation of IgE response in the neonatal and weaning immunization. (a) Three-day-old or 25-day-old offspring of immune mothers

and/or those exposed to OVA at prenatal or postnatal period were immunized with OVA and IgE antibody evaluated by means of PCA reaction;

(b) Neonatal pups (3-day-old) from non-immunized mothers were injected with 1�0 mg or 0�4 mg of rabbit anti-OVA IgG antibody or control

antibody, immunized with OVA and sera were evaluated for IgE by PCA reaction. *P � 0�05 compared to non-immunized mother.

� 2007 Blackwell Publishing Ltd, Immunology, 122, 107–115 113

Effectiveness of maternal immunization to prevent neonatal allergen sensitization



an allergy response. In fact, we showed that antenatal

immunization with OVA exerted an inhibitory effect on

the development of the type I hypersensitivity response

after neonatal immunization. Moreover, we noticed the

loss of inhibitory effect on the IgE response by maternal

immunization with the dust mite Dermatophagoides pter-

onyssinus, when maternal IgG1 antibody levels dropped in

the circulation of offspring.10

It is well recognized that postnatal environmental or

maternal allergen exposure is central to the development

of allergic responses,4 emphasizing the strategic studies to

prevent allergen priming in early infancy. We observed

for the first time that maternal vaccination could prevent

postnatal allergen sensitization by significantly reducing

the amounts of antigen in breast milk, indicating that this

may be an important pathway for neonatal sensitization.

Considering the difficulty of allergen diet exclusion dur-

ing the lactation period, or even during pregnancy,

maternal prophylactic immunization may be an efficient

way to avoid allergy. The antigen/peptide clearance in

breast milk might be a consequence of phagocytosis by

activated cells from the GALT compartment, rather than

maternal antibodies forming complexes with antigens,

such as the immune complex, which was transferred

mainly via the diaplacental route by immune mothers

exposed during pregnancy.

Antigen loading through the immune complex form by

transplacental transmission, fetal gut, or by swallowing in

the amniotic compartment should be considered a poss-

ible route for neonatal priming. In humans, it has been

suggested that peptides processed by the mother or inhal-

ant allergen might access the fetal circulation, either as

free antigens or in complexes with IgG.17–19 Detection of

the major cat allergen with IgG, Fel d 1 IgG in cord

blood correlated with a down-modulation of IFN-c,

probably representing a normal mechanism for induc-

ing a primary immune response.20 Although maternal

immunization generating an IgG–OVA complex can

already provide the fetus with the initial trigger for the

priming of the T-cell system in utero, we further noticed

an intense immunomodulatory effect in the non-antigen-

specific T-cell and B-cell responsiveness. It was observed

that antenatal immunization was able to lead to an 87%

reduction in the T-cell response of non-immunized off-

spring as well as to a 90% suppression of B-cell hyper-

responsiveness followed by maternal antigen exposure.

Otherwise, maternal immunization equilibrates T-cell

activation and cell cycle, inducing a scarce Th1 and Th2

cytokine production, as a possible measure to prevent

T-cell hyperresponsiveness after postnatal antigen exposure.

Prevention of IgE development by maternal immuniza-

tion is a well-known effect8–11. However, how the maternal

inhibitory antibodies prevent the offspring allergen sensiti-

zation in early life is yet to be determined; the efficacy of

maternal vaccination while undergoing intense allergen

exposure during pregnancy or breastfeeding remains to be

evaluated. Here, we have demonstrated that maternal aller-

gen intake during pregnancy may induce a tolerance state

in the offspring. Conversely, maternal allergen intake

postnatally triggered an enhancement in the offspring IgE

antibody production. These results revealed that early anti-

gen exposure in utero may induce fetal tolerance, whereas

antigen contact soon after birth facilitates neonatal allergen

sensitization. The finding that maternal immunization gen-

erates antibodies able to markedly reduce antigen delivery

to the neonates, subsequent to antigen exposure during the

postnatal period, may explain the efficacy of maternal vac-

cination to prevent IgE antibody exacerbation. One of the

essential roles mediated by the maternal antibody is to form

immune complexes that provide in vivo allergen neutra-

lization to avoid offspring sensitization, which we have

recorded as passive transference in anti-OVA antibody

experiments. A complete suppression of early IgE produc-

tion in the dependence on maternally derived, antigen-

specific IgG1 antibodies directed against the same antigen

has been shown to play a prominent role.21 However,

despite a strong maternally mediated immunosuppression

mediated by the antibodies, they have also been efficient at

maintaining the balance in the effector functions of T and

B cells. This was supported by the finding that maternal

immunization, before antigen exposure during pregnancy,

maintained the tolerance state in immunized offspring. The

regulatory role of maternal immunization was also noted

through the improvement of the strength of the T-cell

responsiveness in immunized offspring, which were anti-

gen-exposed postnatally. The re-equilibration of the T-cell

response through T-cell receptor stimulation, already seen

in non-immunized neonates, was enhanced with immun-

ization in parallel with the reduction in cytokine produc-

tion. These results showed that activation precedes the

induction of T-cell anergy, probably induced by the mater-

nal antibodies. Indeed, the inadequate costimulatory signal

delivered by antigen-presenting cells from neonates and

impaired cytokine production may contribute to avoiding

full activation of T cells. A complex way of action, either by

the inhibitory effect of immune complexes or by the inhibi-

tory IgG receptor FccRIIb, or by the modulation of the idio-

type network, seems to be mediated by preconception

immunization.

It is worth considering that the mechanism mediated for

the maternal immunization through antigen-specific anti-

bodies resembles the one applied in immunoglobulin

replacement therapy. Human immunoglobulin prepared

for intravenous administration (IVIG) has been increas-

ingly used for the treatment of autoimmune and systemic

inflammatory diseases and in the supportive therapy of

immunodeficient patients.22 The mode of action of IVIG is

complex, involving modulation of activation and effector

functions of T and B cells and of antigen-presenting cells.23

Furthermore, IVIG suppresses proliferation and IgE
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production by human B cells stimulated with IL-4 and

anti-CD40 antibodies, because of the inhibition of early

events related to proliferation and progression in the cell

cycle,24 which is not likely to be mediated through the

inhibitory IgG receptor FccRIIb.25 The complex mechan-

ism mediated by the antigen-specific maternal antibodies

altering the progeny immune repertoire needs further

investigation.

Together, these findings showed that maternal immun-

ization could avoid early antigen priming in the prenatal

and postnatal period. The noticeable inhibitory effect of

the mother’s immunization should be considered as a

potential prevention strategy in early life, which is sus-

ceptible to the Th2 response and allergen sensitization

because of environmental or maternal allergen exposure.

These findings establish the fundamental importance of

maternal antibodies in regulation and functional cellular

homeostasis, to prevent allergic response.
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