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MECHANISMS

The Effect of Oral Tolerance on the Allergic Airway Response in Younger
and Aged Mice
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Background. The effect of increased age on the induction of oral tolerance by low-dose antigen feeding and its effect on the response to antigen
airway challenge in aged mice have not been well characterized.Objective. To determine whether oral tolerance can be induced in aged mice and its
impact on the development of allergic airway inflammation.Methods. Younger (6 weeks old) and aged (18 months old) mice were fed ovalbumin
(OVA) prior to sensitization to induce antigen tolerance. Serum antigen-specific immunoglobulins (Igs), bronchoalveolar lavage fluid (BALF),
lung histology, enumeration of CD4 þ Foxp3þ Treg cells, and airway hyperresponsiveness (AHR) were determined after the final antigen
challenge. Results. Feeding antigen to aged mice prior to sensitization induced oral tolerance as determined by a decrease in antigen-specific IgE
and IgG1; however, the effect was greater in younger mice. Induction of oral tolerance was associated with a greater increase in airway Treg cells in
the younger mice. Despite these differences, oral tolerance significantly suppressed features of asthma in aged mice, including BALF total cell and
eosinophil numbers, cytokine production, and AHR. Conclusions. Aged mice developed oral tolerance to antigen, which suppressed several
features of allergic airway inflammation.

Keywords aging, asthma, murine model, oral tolerance

INTRODUCTION

Tolerance is defined as inhibiting the immune response to
an antigen by previous exposure to the antigen (1). The
mechanisms underlying tolerance induction depend upon
the antigen dose (low or high) (2–5) and its route of
administration (oral, nasal, or intravenous) (6–9).
Feeding low-dose antigen induces expansion of regulatory
cells and/or downregulation of Th2 like cytokines,
whereas high-dose antigen feeding induces anergy or dele-
tion of antigen-specific T-cells. Oral tolerance (using low
and high dose antigen) has been well studied in younger
mouse models (10, 11). Few studies have investigated
tolerance level in aged mice; however, most have focused
upon induction of oral tolerance with high dose of antigen
and have suggested that induction of tolerance is impaired
in these mice (12, 13). Additionally, in the younger mice,
oral tolerance to antigen decreases several features of the
allergic airway response including airway hyperrespon-
siveness (AHR), airway eosinophilia, and mucus deposi-
tion (9, 14), but, whether this attenuates the response in
aged mice has not been investigated.

Although antigen sensitization most likely plays a more
significant role in younger patients with asthma, recent
data indicate as many as 75% of adults >65 years of age
with asthma are sensitized to at least one antigen (15–21)
and it may increase disease severity (19). In some of these
older patients, antigen sensitization developed later in life
and prior to a late onset of asthma. Furthermore, between

50% and 66% of asthma deaths occur in patients >65 years
of age (22–24). This demonstrates a major unmet need in
this population, which can be addressed through more
effectively understanding the underlying airway pathol-
ogy, with the ultimate goal being to decrease this higher
rate of morbidity and mortality in patients over 65 years of
age. These observations support the relevance of allergen
challenge studies in older subjects, human or animal, as a
model, to gain insight into mechanisms of allergic inflam-
mation with aging. The purpose of this study was to (1)
address if there are defects in the induction of oral toler-
ance by feeding low-dose antigen, and, if so, (2) does it
impact the development of allergic airway disease in aged
mice, which may be of importance to some patients with
later onset asthma.

MATERIALS AND METHODS

Mice and Reagents

Younger (6 weeks old) female BALB/c mice were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA).
Aged (18 months old) female BALB/c mice were obtained
from the National Institutes of Aging (NIA, Bethesda,MD,
USA). The aged groups of mice represent 20.1 and 60.3
human years, respectively, based upon the 24-month life
span of BALB/c mice and the life expectancy of 80.4 years
in a human female (source National Center for Health
Statistics, www.cdc.gov/nchs). The ages were chosen to
represent early and later adulthood. (In preliminary experi-
ments, we used antigen sensitized mice older than 22
months but were unable to obtain data from these animals;
>50% died during antigen challenge and many of those
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who survived developed spontaneous tumors, making
AHR measurements unobtainable). Mice were maintained
in the animal facility at Mount Sinai School of Medicine
following standard guidelines for laboratory animal care
(25) and with institutional permission for animal handling.
Mice were housed in the same facility to normalize gut
flora. (Preliminary data on lung histology, lung cytokine
expression, and airway function revealed no statistical
differences between antigen-sensitized and -challenged
mice purchased from Jackson Laboratories, who were
allowed to age in our facilities, and similarly, antigen-
treated and aged mice obtained from the NIA)

Oral Antigen Administration

Oral tolerance to ovalbumin (OVA) was induced by intra-
gastric (i.g.) feeding with 1 mg of OVA (Grade VI; Sigma-
Aldrich, St. Louis, MO, USA), dissolved in 250 μl water
for 5 consecutive days (days 1–5; Figure 1) to both
6-week-old and 18-month-old mice (n ¼ 5–10/age
group). Mice fed OVA prior to sensitization and challenge
are labeled as “OVA-fed/OVA-mice.”

Antigen Sensitization and Bronchial Challenges

Mice were antigen sensitized intraperitoneally (i.p.) with
100 μg OVA (Grade VI, Sigma) absorbed with 2 mg alum
(Pierce Biotechnology Inc., Rockford, IL, USA) in 0.4 ml
phosphate buffered saline (PBS) twice at a week interval
(Figure 1). Ten days after the final sensitization, mice were
anesthetized i.p. with ketamine and xylazine and chal-
lenged intratracheally (i.t.) with 100 μg OVA in 0.05 ml
PBS at weekly intervals for 3 weeks. I.t. antigen challenge
was performed as previously described (31). Mice sensi-
tized and challenged to, but not pre-fed, OVA, are labeled
as “OVA-mice” in the text. (Preliminary data

demonstrated no significant difference in bronchoalveolar
lavage fluid (BALF) cell counts and cytokine profiles in
mice pre-fed saline prior to OVA sensitization and chal-
lenge and non-fed mice receiving OVA sensitization and
challenge). Control mice were age-matched, naïve mice.

Determination of Serum OVA-Specific Immunoglobulins

Sera were obtained from each group of mice 72 h after final
OVA challenge and stored at �80�C. Plates were coated
with monoclonal rat anti-mouse IgE (Pharmingen, San
Diego, CA, USA), followed by incubation with serum at
a 1:10 dilution overnight at 4�C. OVA-specific IgE was
detected with digoxigenin (DIG)-labeled OVA (prepared
with DIG-3-O-methylcarbonyl-ε-aminocaproic acid-N-
hydroxysuccinimide ester (Roche, Indianapolis, IN, USA))
and OVA (1 mg/ml) rocked 2 h at room temperature (RT),
separated over PD-10 desalting columns (GE Healthcare,
Pittsburgh, PA, USA) and protein content verified with a
Bradford Assay, followed by horseradish peroxidase
(HRP)-labeled anti-DIG Fab fragments (Roche). ELISA
was developed using TMB substrate and read at wavelengths
of 450/570 nm. For the measurement of OVA-specific IgG2a

and IgG1, plates were coatedwith OVA and then blocked and
washed as above. Serum samples (diluted 1:1000 for IgG2a,
1:5000 for IgG1) were added to the plates in duplicate. HRP
enzyme-linked goat anti-mouse IgG2a or IgG1 monoclonal
antibodies (Southern Biotech, Birmingham, AL, USA) were
added for 90 min at RT and the reactions developed and read
as described above for IgE. Results were expressed in optical
density (O.D.), as done by other groups (32, 33). DIG-labeled
OVA prepared as follows: A 1-mg/ml OVA solution was
combined with a 20-mg/ml DIG-3-O-methylcarbonyl-ε-ami-
nocaproic acid-N-hydroxysuccinimide ester (Roche) solution
and the tubes rocked 2 h at RT before separation on the PD-
10 desalting columns (GE Healthcare). Columns were
washed with 5 ml PBS 5� (25 ml total) and the flow through
was discarded. The OVA-DIG-3-O solution was then added,
and once again, the flow through was discarded. Columnwas
washed 2� with 500 μl PBS, and the flow through was
discarded after the first wash; however for the second wash,
the fraction was collected in a 1.5-ml eppendorf tube. This
was repeated for a total of six fractions (500 μl each). The
fractions were numbered 1–6 in the order in which they were
eluted off the column. Fractions were then tested using
Bradford assay to determine the protein content. The fractions
with the highest protein present were pooled and the other
fractions were discarded.

Lung Lymphocyte Isolation and Analysis

Lungs were removed from the mice 24 h after the final
OVA challenge and immediately placed in the complete
RPMI 1640 media, kept at 4�C and cut into small pieces.
Lung pieces were transferred to digestion buffer contain-
ing collagenase D and DNase I (Roche) and incubated at
37�C with constant shaking for 1 h. The samples were
filtered through a 70-μm cell strainer to remove tissue
fragments, centrifuged, washed, and red blood cells lysed
in hypotonic buffer. After washing, the cells were layered
over Lympholyte M (Cedarlane Laboratories, Burlington,

Sensitization

8 16 26 33 40 41 43

Challenge

Day 41: Day 43:
BALF cytokine
expression

BALF cell counts
AHR

Lung histology

Serum immunoglobulins

Lung tissue lymophocyte
isolation 

Readout

1−5

Oral OVA

1 mg/day

Day:

(OVA + Alum, i.p.) (OVA, i.t.)

FIGURE 1.—Experimental protocol. Mice (6-week-olds and 18-month-olds)
were sensitized intraperitoneally (i.p) with 100 μg OVA absorbed with 2 mg
alum in 0.4 ml PBS on days 8 and 16. Ten days after the last sensitization
dosing, mice were anesthetized i.p. with ketamine and xylazine and chal-
lenged intratracheally (i.t.) for a total of three times at weekly intervals with
100 μgOVA in 0.05ml PBS, determined to be optimal for distribution to both
lobes of the lung (26). One subset of mice from each age group were pre-fed
with intragastric (i.g.) OVA (1mg/mouse/day) for 5 consecutive days prior to
sensitization to induce tolerance (OVA-fed/OVA); another subset were non-
fed, positive controls (non-fed/OVA). Twenty-four (BALF and lung lym-
phocyte isolation) or 72 h (AHR, histology, serum immunoglobulins, BALF
cellularity) after the final OVA challenge mice were sacrificed. (Time points
for our protocol were selected based upon our previous work) (27, 28–30).
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NC, USA). Lymphocytes were isolated after centrifuga-
tion, washed, and placed in staining buffer. Cellular stain-
ing was performed using the antibodies of interest at 4�C
for 30 min. Dead cells were excluded using a Fixable Live/
Dead Cell Staining Kit (Pacific Blue; Invitrogen, Carlsbad,
CA, USA). Cells were labeled with murine CD4(FITC),
CD45(Alexa700), and CD25(PerCP-Cy5.5) (in a subset of
the experiments) followed by intracellular staining for
Foxp3(APC) after fixing/permeabilizing cells overnight
(Fixation/Permeabilization Working Solution from
Foxp3 Staining Buffer Set; eBioscience, San Diego, CA,
USA). All antibodies were purchased from eBioscience.
Samples were analyzed using an LSR II Flow Cytometer
(BD Biosciences, San Jose, CA, USA). Data analysis was
done using FlowJo software (Tree Star, Inc., Ashland, OR,
USA). To quantify regulatory T-cells, live cells were gated
on CD45 followed by CD4 and Foxp3. We verified in a
subset of experiments that the CD4 þ Foxp3þ cells were
CD25high. Regulatory T-cells were expressed as a percen-
tage of total CD4þ T-cells in the lung digests.

BALF Preparation and Cell Differential Counts

BALF was collected either 24 h (cytokine determination)
or 72 h (cell count and differential) after the final antigen
challenge. To collect BALF, the chest was opened, and the
lungs were lavaged with 1.0 ml cold PBS, which was then
placed into chilled tubes. The cell pellet was resuspended
in PBS and total cell numbers were determined using a
hemocytometer. Cytospin preparations were made with a
cytocentrifuge and then stained with Diff-Quick (Dade
Diagnostics of PR, Aguada, PR, USA). Cell differential
counts were obtained by counting at least 500 cells per
slide by light microscopy. The supernatant was transferred
and stored at �80�C for cytokine measurement.

Lung Histology

Lung tissue was surgically removed and separated from
the trachea 72 h after final OVA challenge. The left lobe
was fixed in neutral buffered formaldehyde, and 5-μm
paraffin sections were stained with periodic acid-Schiff
(PAS) for the evaluation of goblet cells. Approximately
7–10 randomly selected bronchioles per animal were eval-
uated, and PAS staining graded on a scale of 0–4 (0, no
staining; 1, <50% stained; 2, 50% stained; 3, >50%
stained; and 4, completely stained) for each bronchiole
(34). In addition, lung sections were stained with hematox-
ylin and eosin (H&E). Perivascular (PV) and peribronchial
(PB) inflammation was graded using a published scoring
method (0, no inflammatory cells noted around vessel or
bronchi; 1, occasional inflammatory cells around the ves-
sel or bronchi; 2, a thin layer (1–5 inflammatory cells)
surrounding the vessel or bronchi; 3, a thick layer
(>5 inflammatory cells surrounding the vessel or bronchi)
(35). At least eight randomly selected sections of the lung
tissue were examined. The mean scores for PV and PB
H&E and PAS staining for each animal was calculated and
the values were reported as mean per group.

Cytokine Determination

The levels of IL-4, IL-5, IL-6, IL-10, IL-13, IFN-γ, and
eotaxin from BALF were determined by using the
Th1/Th2 multiplex panel of Bio-Plex mouse cytokine
assay (Bio-Rad Laboratories, Irvine, CA, USA) according
to the manufacturer’s instructions. TGF-β levels were
determined by ELISA (R&D systems, Minneapolis, MN,
USA) according to the manufacturer’s instructions. Values
were expressed in pg/ml.

Measurement of AHR

Seventy-two hours following final OVA challenge, airway
responsiveness to acetylcholine (ACh) was measured (25).
Mice were anesthetized i.p. with pentobarbital (80 mg/kg)
and ventilated with a tracheal cannula (18 gage) at the rate
of 120 breaths per minute and a constant tidal volume of air
(0.2 mL) with an RSP1002 pressure-controlled respirator
system (Kent Scientific, Torrington, CT, USA). Muscle
paralysis was induced by intravenous injection of deca-
methonium bromide (25 mg/kg). Airway pressure was
measured with a pressure transducer through a port in the
trachea. A stable baseline was recorded for at least 2 min,
and ACh (50 μg/kg) was injected into the inferior vena
cava (IVC) and the recording continued for 4 min. The
airway pressure changes were viewed and recorded for
4 min with VENTP software respiratory data acquisition
system (Kent Scientific, Torrington, CT, USA). The time-
integrated changes in peak airway pressure referred to as
the airway pressure–time index (APTI) (cm H2O/s) were
calculated and served as the measurement of airway
responsiveness.

Statistical Analysis

Data are expressed as means � SEMs. Statistical analyses
were performed using the Student’s unpaired two-tailed
t-test for comparison between the two groups for normally
distributed data or the Mann–Whitney U-test for non-
parametric data. A p-value <.05 was considered statisti-
cally significant. All statistical analyses were performed
using GraphPad Prism® Software (La Jolla, CA, USA).

RESULTS

Differences in the Effects of Oral Tolerance on Antigen
Sensitization in Younger (6 Weeks Old) and Aged
(18 Months Old) Mice

All antigen-sensitized and -challenged mice (“OVA-mice”)
developed elevated serum IgE to OVA (Figure 2A).
Interestingly, 18-month OVA-mice exhibited significantly
higher antigen-specific serum IgE compared with 6-week-
old OVA-mice ( p ¼ .008), representing a significantly
increased delta OD for IgE from naïve to OVA-mice in
the aged compared with the younger mice ( p ¼ .0072).
To investigate whether the allergic response to antigen
challenge in sensitized mice was less susceptible to regula-
tion in aged mice, we fed OVA prior to sensitization to
induce tolerance. Aged mice achieved antigen tolerance as
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demonstrated by a significantly decreased serum IgE to
OVA after feeding (Figure 2, p ¼ .005), a decrease of
50% based upon the delta OD between the two groups of
mice. The induction of oral tolerance, however, was signifi-
cantly ( p < .0001) greater in the younger mice as demon-
strated by a greater decrease in serum IgE after feeding;
70%, based upon delta OD. These data demonstrate that
aged mice develop a greater IgE response to antigen com-
pared to younger mice and that orally administered OVA

suppressed antigen-specific IgE response to a greater extent
in the younger mice, suggesting that with age, there is less
responsiveness to regulation by oral tolerance.

As an additional measure of sensitization and modifica-
tion by tolerance, OVA-specific serum IgG1 and IgG2a

were measured. Both 6-week-old and 18-month-old mice
developed significantly elevated IgG antibody responses
after sensitization. However, in contrast to IgE, both OVA-
IgG1 and OVA-IgG2a were lower in the aged mice, reach-
ing significance only with IgG1 ( p < .0001, Figure 2B and
C). This represented a significantly increased delta OD for
IgG1 from naïve to OVA-mice in the younger compared
with the aged mice ( p< .001). OVA-specific IgG1

decreased significantly with OVA feeding in the younger
OVA-mice ( p < .001), but to a lesser extent in aged OVA-
mice ( p ¼ .002), translating to a decrease of 85.2% and
53.8% in the younger and the aged mice, respectively.
OVA-specific IgG2a was decreased, but not significantly
with OVA feeding in the younger OVA-mice (Figure 2C)
and was not affected in aged OVA-mice (Figure 2C).
Taken together, these results indicate that, although anti-
gen sensitization can be modified in the aged mice, the
effects of oral tolerance are achieved to a greater degree in
the younger mice.

The Effect of Oral Tolerance on Lung Treg Cells

To measure the impact of sensitization and tolerance on
Treg cells within the lung tissue, we quantified CD4þ
Foxp3þ cells by flow cytometry and expressed them as
the percentage of the total CD4þ population. Aged antigen-
sensitized and -challenged mice had a significantly greater
percentage of lung Treg cells compared with similarly trea-
ted younger mice ( p¼ .016) (Figure 3B). Combined data
from three independent experiments demonstrated that
OVA feeding prior to sensitization, increased the percen-
tage of Foxp3þ cells significantly in both the aged
( p ¼ .02) and the younger OVA-mice; however, the effect
was greater in the younger OVA-mice ( p ¼ .009). In the
younger mice, compared to age-matched naïve controls, the
percentage of airway Treg cells was suppressed after OVA
sensitization and challenge and subsequently, reversed by
OVA feeding. In contrast, antigen sensitization and chal-
lenge of aged mice increased the percentage of Treg cells
compared with naïve age-matched controls. Absolute
Foxp3þ cell numbers from one of three independent experi-
ments demonstrated a similar trend: 6-week OVA-mice
(2646 cells), 6-week OVA-fed/OVA-mice (14,386 cells),
18-month OVA-mice (18,311 cells), and 18-month OVA-
fed/OVA-mice (23,491 cells).

Differences in the Effects to Oral Tolerance on Cellular
Airway Inflammation

In BALF collected 72 h after the final antigen challenge,
the aged (18 months old) OVA-sensitized mice had a
greater increase in the total number of BALF leukocytes
(74.8 � 7.8 � 104) and eosinophils (23.2 � 2.4 � 104)
compared to respective numbers in the BALF from the
younger (6 weeks old) OVA-mice (39.2 � 6.9 � 104,
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FIGURE 2.—Effect of age and OVA feeding on specific antigen-induced
immunoglobulin production. Sera were collected 48 h after the final OVA
challenge and antigen-specific (A) IgE, (B) IgG1, and (C) IgG2a were deter-
mined by ELISA (Serum dilutions: IgG1-1:5000, IgG2a-1:1000, IgE-1:10).
Data expressed as mean � SEM from combined data from two independent
experiments. (Total numbers of mice: n¼ 8/group, 6-week non-fed/OVA, 6-
week OVA-fed/OVA, 18-month OVA-fed/OVA; n ¼ 7, 18-month non-fed/
OVA; n ¼ 4/group 6-week, and 18-month naïve mice). *p < .05, **p < .01,
***p < .001.
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( p ¼ .008) and 10.2 � 2.8 � 104, ( p ¼ .012) (Figure 4A
and B). In addition, there was an increase in total BALF
lymphocytes (9.1 � 0.8 � 104 vs. 3.5 � 0.5 � 104,
p < .0001), macrophages (36.6 � 9.6 � 104 vs.
23.5 � 4.0 � 104, p ¼ .16), and polymorphonuclear
leukocytes (PMNs; 5.8 � 3.2 � 104 vs. 2.0 � 0.5 � 104,
p¼ .12) in the agedmice compared with the younger mice,
respectively. There was no significant difference in the
total BALF cell count, as well as eosinophil, lymphocyte,
macrophage, and PMN numbers between the younger and
the aged mice prior to sensitization, i.e., naïve mice.

Feeding OVA prior to antigen sensitization reduced the
total BALF cell count and eosinophilia in both relative and
absolute numbers. Total BALF cell numbers were signifi-
cantly decreased in the younger (p ¼ .008) but to a greater
extent in the aged (p < .0001) OVA-mice (Figure 4A) as
reflected by a decrease in total BALF cells of 59.8� 6.6%
and 80.3 � 4.1% in the younger and the aged mice,

respectively. Additionally, OVA feeding prior to antigen
sensitization and challenge significantly reduced BALF
eosinophil numbers in both the younger (p ¼ .011) and
the aged OVA-mice (p < .0001) (Figure 4B). This repre-
sented an absolute eosinophil decrease of 8.7� 0.22� 104

in the younger mice and 21.3 � 0.52 � 104 in the
aged mice.

Effect of Oral Tolerance on Antigen-Induced Pulmonary
Tissue Inflammation and Mucus Metaplasia

Lung sections were collected 72 h after the final OVA-
challenge and then fixed and stained with H&E. As shown
in representative histologic sections, there were notable
decreases in the inflammatory cells surrounding the bronchi
and vasculature in mice that were fed OVA antigen prior to
sensitization and challenge (Figure 5A). To quantify these
changes, the peribronchial (PB) and perivascular (PV)
inflammation were scored. Both the younger and the aged
mice demonstrated an increase in PB and PV scores com-
pared with age-matched naïve controls (Figure 5B and C).
There was no significant difference in PB inflammation
between the aged and the younger non-fed/OVA-mice
(Figure 5C). Of note, prior to antigen exposure, the lung
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tissue in aged naïve mice exhibited greater inflammation,
but it did not reach significance (PV, p ¼ .13; PB, p ¼ .1).
After oral tolerance induction, PV inflammation decreased
in both the younger (p ¼ .03) and the aged (p < .007) mice
(Figure 5B and C). PB inflammation was not affected by
oral tolerance in the younger mice (p ¼ .43), but was
decreased in the aged mice (p ¼ .014).

Lung tissue was also stained with PAS to measure
goblet cell hyperplasia (Figure 4A). There was signifi-
cantly increased PAS staining in bronchioles in all OVA-
mice compared with aged-matched naïve mice, in which
there was none to minimal PAS epithelial cell staining.
There was no significant difference between PAS staining
of younger and aged OVA-mice. PAS staining of lung
tissue from the younger and the aged mice was not sig-
nificantly attenuated with oral tolerance (Figure 5D).
These results suggest that oral tolerance has minimal
effects on attenuation of goblet cell hyperplasia in both
ages of mice.

The Effect of Oral Tolerance on Airway Cytokine
Generation Following Antigen Sensitization and
Challenge in Young and Aged Mice

In BALF supernatant collected 24 h after the final OVA
challenge, aged OVA-mice had significantly increased
generation of IL-5 (p ¼ .04), IL-6 (p < .001), IL-10

(p ¼ .02), and TGF-β (p ¼ .028) compared with the
younger OVA-mice (Figure 6). In addition, the aged
OVA-mice had increased eotaxin (184.1 � 88.2 ng/ml)
and IFN-γ (11.6 � 5.1 ng/ml) compared with the younger
OVA-mice (eotaxin: 50.7 � 14.2 ng/ml and IFN-γ: none
detected), but these differences did not reach statistical
significance. Although antigen sensitization and challenge
also provoked increases in IL-4 and IL-13, there was no
significant difference between the two age groups
(Figure 6). Feeding antigen to both the younger and the
aged mice prior to sensitization resulted in a global
decrease in BALF cytokine expression, which was more
pronounced in the younger mice. Although both the
younger and the aged mice had significant reduction in
IL-5, IL-13, and TGF-β, the effect was greater in the
younger OVA-fed/OVA-mice (Figure 6B, D and E).
Additionally, in both the aged and the younger OVA-
mice, feeding antigen significantly decreased eotaxin
expression to 20.0 � 0.02 ng/ml (p < .05) and
10.0 � 1.9 ng/ml (p < .05), respectively.

AHR Is Suppressed after Antigen Sensitization and
Challenge in Aged Mice

To determine the physiologic effects of antigen sensitiza-
tion and challenge on AHR, we measured APTI after Ach
injection 72 h after the final OVA challenge (Figure 7).
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FIGURE 5.—Effect of age and oral OVA administration on lung tissue inflammation and goblet cell metaplasia. Forty-eight hours after the final OVA challenge,
lung tissue was surgically removed and fixed. (A, 1–4) Representative PAS stained lung sections frommice demonstrating reducedmucus (deep purple) with OVA
feeding. (A, 5–8) Representative H&E stained lung sections demonstrating reduced cellular infiltration surrounding bronchi (PB) and vessels (PV) with OVA
feeding in both aged and younger mice. H&E stained tissue was graded for both (B) perivascular (PV) and (C) peribronchial (PB) inflammation, as described in
Methods. (D) Bronchiolar mucus metaplasia was accessed by PAS tissue staining, as described inMethods. (Total numbers of mice: n¼ 10, 6-week non-fed/OVA,
6-week OVA-fed/OVA, 18-month non-fed/OVA; n ¼ 14, 18-month non-fed/OVA; n ¼ 7, 6-week naïve; and n ¼ 5, 18-month naïve mice). *p < .05, **p < .01,
***p < .001. Scale bars: PAS-200 μm, H&E-500 μm.
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Despite increased airway inflammation in the aged mice,
APTI levels were greater in the younger (436.8� 63.9 cm
H2O/s) compared with the aged (333.9� 37.18 cm H2O/s)
OVA-mice, but these differences did not reach signifi-
cance (p ¼ .16). Feeding OVA prior to antigen sensitiza-
tion significantly decreased APTI in both the younger
(173.4 � 25.1 cm H2O/s, p ¼ .002) and the aged
(162.7 � 25.3 cm H2O/s, p ¼ .002) OVA-mice. These
values translated to a 60.3% decrease in APTI for the

younger mice and a 51.3% decrease in the aged mice.
There was no significant difference in APTI between
OVA-fed/OVA-mice and age-matched naïve controls in
both the younger and the aged mice.

DISCUSSION

In this study, we demonstrated that feeding low-dose anti-
gen to aged mice induces oral tolerance. This was shown
by a decrease in antigen-specific IgE and IgG1 in both the
younger and the aged mice fed OVA prior to sensitization;
however, the decrease was greater in the younger mice.
Additionally, antigen feeding prior to sensitization
increased the expression of airway Treg cells when com-
pared with antigen sensitization alone, but again, this
change was greater in the younger mice. Despite these
age-related differences in the induction of oral tolerance,
feeding antigen attenuated several features of the allergic
airway response in both ages of mice (Table 1.).

Oral tolerance is characterized by immunologic unre-
sponsiveness after oral delivery of antigen. Themechanisms
of tolerance are dependent upon antigen dosing; low dose
typically generates antigen-specific regulatory cells, produ-
cing TGF-β and/or IL-10, whereas higher dose produces
unresponsiveness of lymphocyte function via anergy/dele-
tion (2–5). Most work on the effect of age on induction of
oral tolerance has focused upon high-dose OVA-feeding
(20 mg OVA) and has demonstrated in several mouse
strains that by approximately 24 weeks of age (6 months),
induction of tolerance is lost (12, 13). This loss was
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hypothesized to be related to age-related loss of peyer’s
patches (36). However, in aged B6D2F1 mice, which are
highly susceptible to induction of oral tolerance, continuous
feeding of high-doseOVAdecreased antigen-specific IgG1,
and overcame the refractory nature to tolerance induction in
aged mice (37). Few studies are published on the effect of
low-dose antigen feeding and oral tolerance induction in
aged mice. Waskabayashi et al. reported that feeding aged
(19 months old) and younger (3 months old) BDF1 male
mice low-dose (0.25 mg) OVA for 5 consecutive days
decreased serum OVA-specific IgE and IgG1, although to
a greater extent in the younger mice (38). However, DTH
reaction, measured by swelling of the ear after OVA injec-
tion, was only suppressed in the younger mice (38). Our
study differs in that we used a low-dose, but higher than
0.25 mg, OVA, a different mouse strain (BALB/c), and
measured functional consequences of the allergic airway
response after the induction of oral tolerance.

To determine whether oral tolerance could be induced
by feeding low-dose antigen to aged mice, we measured
antigen-specific IgE and IgG1, after the final antigen chal-
lenge. Similar to our previous results (27), antigen sensiti-
zation produced a significantly elevated antigen-specific
IgE in aged mice compared with the younger mice. Thus,
in a murine model of asthma, not only may sensitization
occur at a later age in life, but it also results in an increased
expression of antigen-specific IgE that is greater than that
in the younger mice. In mice, IgG1 frequently parallels the
IgE response to antigen. However, we noted that unlike
IgE, IgG1 to OVA was significantly decreased in the aged
compared with the younger mice after antigen sensitiza-
tion. The reported effect of aging on serum immunoglobu-
lin levels is not consistent (39). Some studies in aged mice
suggest that antigen sensitization increases both total and
antigen-specific IgG (40). Other groups have demonstrated
that total IgG is unchanged with age, but that OVA-
specific IgG decreases, potentially to the activation of
memory B-cells and decreased class switching with
aging. (41, 42). We found that feeding low-dose OVA
for 5 consecutive days significantly decreased OVA-
specific IgE and IgG1 in both the younger and the aged
mice, although to a greater extent in the younger mice.

Several investigators have demonstrated that the induc-
tion of oral tolerance with low-dose antigen feeding
increases Treg cells (43, 44), but whether this also occurs
in aged mice has not been addressed. Treg cells are reported
to increase with age in mice (45–47) and humans (48–50)
and appear to maintain their suppressive function (45, 47–
49, 51). The percentage of CD4þ Foxp3þ airway cells after

antigen sensitization and challenge was significantly
increased in aged mice compared with the younger mice.
Consistent with the changes in serum IgE and IgG1, we
demonstrated that, although antigen feeding increased Treg
cells in both ages of mice, the change was greater in the
younger mice, suggesting that although induction of oral
tolerance is maintained in aged mice, the effect is reduced
compared with younger mice.

To determine the effects of oral tolerance on the allergic
airway response in aged mice, we first measured BALF for
cell differential count. Despite a greater induction of oral
tolerance in the younger mice, the decrease in total BALF
cells and eosinophils after an antigen challenge was sig-
nificantly more in the aged mice. To determine potential
mechanisms for decreased BALF eosinophilia, we mea-
sured cytokine expression in the BALF 24 h after a final
OVA challenge. OVA feeding significantly decreased IL-5
and eotaxin in both the age groups of mice. However, there
may be additional mechanisms that decrease BALF eosi-
nophilia in aged mice and require further study. These
include examining age-related effects of IL-5 on bone
marrow eosinophil precursor growth and eosinophil traf-
ficking to the lung.

OVA feeding did not increase BALF TGF-β or IL-10
despite increased Treg airway cell expression in both the
aged and the younger mice. However, prior studies investi-
gating the role of oral tolerance on suppression of the aller-
gic airway response younger mice have reported similar
findings (14, 52), including a lack of reversal of antigen-
specific unresponsiveness induced by tolerance after admin-
istration of anti-TGF-β during antigen challenge (14).
Additionally, oral tolerance has been achieved in IL-10-/-
mice andOVA feeding prior to sensitization did not increase
TGF-β or SMAD2 expression in CD4 þ CD25þ spleen or
mesenteric lymph node cultures in the younger mice (9). A
potential reason for our findings may include that we mea-
sured total TGF-β, which may not distinguish between
bioactive and inactive forms and that membrane-bound
TGF-β cannot be measured in the BALF.

Despite the presence of greater BALF inflammation
and eosinophilia in aged mice, AHR was lower than in
younger mice. One possibility for the discord between
increased inflammation and reduced AHR in aged mice is
an increased expression of airway Treg cells with age.
Treg cells most likely have a protective role in the
allergic airway response, modulating AHR, possibly inde-
pendent of eosinophil regulation (53–57), and have lower
expression in children and adults with asthma (58, 59)
compared with normal controls. The role and function of

TABLE 1.—Summery of Ag feeding in young and aged mice.

IgE IgG1 AHR BALF total cell BALF Eo Mucus met H&E PV H&E PB IL-4 IL-5 IL-10 IL-13 TGF-β

Response to OT: Y ### #### ### ### #### # ## # # ### # ### ##
A ## ### ### #### #### # ## ## ## ## ## ## ##

Response to Sens: Y """ """" "" " """" """ "" " """"" """""" "" " """"
A """" """ "" "" """"" """"" " " """"" """"""" """ "" """

Note: Y, young; A, aged; OT, oral tolerance; MM, mucus metaplasia; Eo, eosinophils.
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Treg cells in older patients with asthma has not been well
defined. However, it was recently reported that numbers
of peripheral blood Treg cells were decreased compared
with age-matched controls (60), suggesting that Treg cells
are also decreased in older patients with asthma similar to
younger patients. Additional studies are required to
address whether the function of airway Treg cells in an
aged mouse model of asthma and in older subjects with
asthma is altered. To examine other etiologies to explain
differences between AHR and airway inflammation in
younger and aged mice, we measured the contraction of
tracheal smooth muscle to ACh, a protocol previously
used in our laboratory (61). We did not detect significant
differences in the contraction of tracheal rings between
younger and aged mice (data not shown).

CONCLUSIONS

Although the role of atopy is not entirely clear in older
patients, several studies suggest that allergic sensitization
is not uncommon (15–21) and may be a risk factor for
asthma onset after 60 years of age (62–64), as well as
contribute to an increase in disease severity (19). We
have demonstrated that aged mice develop antigen-
specific IgE sensitization with several features of asthma
following allergen challenge including BALF eosinophi-
lia, Th2 cytokine expression, mucus metaplasia, and
AHR. The present study examined whether immune mod-
ulation, via oral tolerance, could alter the development of
antigen-induced asthma in an aged mouse model. Our
study suggests that although feeding low-dose antigen
prior to sensitization has a decreased effect on modulating
antigen-specific immunoglobulin levels and Treg cell
numbers, it attenuated several features of the allergic air-
way response. Few trials have examined the role of immu-
nomodulatory treatment for asthma in older patients, but
allergen immunotherapy in patients over 54 years of age
demonstrated an improvement in the markers of asthma
control (65) and two studies using post-marketing data and
pooled analysis of previously published data, suggested
that anti-IgE had clinical efficacy in patients >50 years of
age (66, 67). Further studies are necessary to understand
the underlying mechanisms of antigen regulation with
increased age and whether this translates to humans.
Understanding the differences in immune response that
occur with aging may provide new information on
approaches to the treatment of older adults with asthma
and lead to improved clinical outcomes and a reduction in
the high rates of morbidity andmortality often found in this
group of patients (68–70). It is our belief that these obser-
vations are a first step toward meeting this goal.
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