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ween air pollutant exposure and asthma has been supported by experimental
findings, but the mechanisms are not understood. In this study, we evaluated the impact of combined ozone
and house dust mite (HDM) exposure on the immunophenotype of peripheral blood and airway lymphocytes
from rhesus macaque monkeys during the postnatal period of development. Starting at 30 days of age,
monkeys were exposed to 11 cycles of filtered air, ozone, HDM aerosol, or ozone+HDM aerosol. Each cycle
consisted of ozone delivered at 0.5 ppm for 5 days (8 h/day), followed by 9 days of filtered air; animals
received HDM aerosol during the last 3 days of each ozone exposure period. Between 2–3 months of age,
animals co-exposed to ozone+HDM exhibited a decline in total circulating leukocyte numbers and increased
total circulating lymphocyte frequency. At 3 months of age, blood CD4+/CD25+ lymphocytes were increased
with ozone+HDM. At 6 months of age, CD4+/CD25+ and CD8+/CD25+ lymphocyte populations increased in
both blood and lavage of ozone+HDM animals. Overall volume of CD25+ cells within airway mucosa
increased with HDM exposure. Ozone did not have an additive effect on volume of mucosal CD25+ cells in
HDM-exposed animals, but did alter the anatomical distribution of this cell type throughout the proximal
and distal airways. We conclude that a window of postnatal development is sensitive to air pollutant and
allergen exposure, resulting in immunomodulation of peripheral blood and airway lymphocyte frequency
and trafficking.

© 2009 Elsevier Inc. All rights reserved.
Introduction

The natural progression of childhood asthma from persistent
wheeze in infancy to the clinical diagnosis of asthma in school age
children and adults is not well understood. Cross-sectional surveys
have provided evidence suggesting that the genesis of asthma occurs
within the first year of life, and that early exposure to certain
environmental factors (such as air pollution or aeroallergens) may
promote the asthma phenotype (Yunginger et al., 1992; Rosenstreich
et al., 1997; Mortimer et al., 2002). Factors that predict persistence or
relapse of asthma in adulthood included sensitization to house dust
mites, airway hyperresponsiveness, and early age at onset (Sears et al.,
2003). In general, longitudinal studies have supported the notion that
events taking place early in life can be predictive of disease later on in
life. However, the complex interaction of genetic constitution and
environmental influences, such as air pollutant exposures, limit the
ability to provide a definitive mechanism to explain the progression of
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clinical symptoms during infancy to the diagnosis of asthma in school
age children.

Epidemiologic studies correlate high levels of ozone with exacer-
bation and development of asthma in school-aged children (Gauder-
man et al., 2002; McConnell et al., 2002; Gent et al., 2003). In the
ovalbumin mouse model of asthma, chronic exposure to ozone levels
greater than 0.13 ppm results in greater anaphylactic sensitivity to
intravenous challenge with allergen (Osebold et al., 1988). In the same
study, ozone exposure had an additive effect on numbers of IgE
expressing cells in allergen challenged animals. Enhanced allergic
sensitization via ozone is further supported by U. Neuhaus-Steinmetz
and colleagues (Neuhaus-Steinmetz et al., 2000), demonstrating a shift
towards a Th2 cytokine profile in both IgE-high responder (Balb/c) and
IgE-low responder (C57BL/6) mice following a combination of ozone
and allergen exposures. These findings suggest a potential immune
mediator for the adjuvant properties of ozone, but it should be noted
that the mouse ovalbumin model used in the aforementioned studies
is representative of an adult immune phenotype. A longitudinal study
of lymphocyte populations in healthy human infants from birth
through 1 year of age suggests that the first year of life is a dynamic
phase of immune systemmaturation, with fluctuations of lymphocyte
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numbers and phenotypes (de Vries et al., 2000). As such, it is
imperative to investigate the immunomodulatory properties of
ozone exposure during the postnatal period of development, when
both the innate and adaptive arms of the immune system undergo
substantial maturation.

The functional contribution of airway T lymphocytes that
produce IL-4 and IL-5 (Th2 cytokines) in the pathogenesis of allergic
asthma is well documented in both rodent models and adult human
subjects (Holgate, 2008). In children, the role of specialized T
lymphocyte subpopulations in the lung is somewhat controversial,
with studies correlating the presence of IFN γ-producing (but not
IL-4) CD3+ cells, as well as T regulatory cells and invariant NK-T cells
with the development of the asthma phenotype (Brown et al., 2003;
Pham-Thi et al., 2006; Hartl et al., 2007; Jartti et al., 2007). Because
of the invasive nature of bronchoalveolar lavage, much of what is
known about the asthma immune mechanisms during the neonatal
period is restricted to prospective analysis of peripheral blood
lymphocytes. Although a consistent cytokine repertoire in circulat-
ing T lymphocytes has not been observed during longitudinal
evaluation of different childhood asthma cohorts, increased expres-
sion of activation markers (such as CD25) on CD4+ T helper cells is a
frequent finding, particularly in association with acute asthma
(Gemou-Engesaeth et al., 1994, 2002; Macaubas et al., 2003;
Neaville et al., 2003; Heaton et al., 2005; Antunez et al., 2006;
Bottcher et al., 2006). The aim of our study was to determine if
chronic ozone and allergen exposure during the postnatal period of
development could alter peripheral blood and airway T lymphocyte
phenotypes. Because activation of T lymphocytes is an important
step in the establishment of a cytokine effector response, we
proposed that ozone could promote the development of allergic
airways disease during early life by increasing the activation of
circulating and pulmonary lymphocytes.

To address this hypothesis, we used a non-human primate model
of allergic airways disease that has been previously characterized
(Schelegle et al., 2001, 2003). We have reported that episodic
exposure to combined ozone and house dust mite (HDM) during the
first six months of life in rhesus monkeys resulted in a marked
Fig. 1. Experimental timeline for ozone and allergen exposure during postnatal developmen
adjuvant at day 14 and day 28. Starting at 30 days of age, monkeys were exposed to 11 cy
followed by 9 days of filtered air (0.5 ppm at 8 h/day). HDM aerosol was delivered during the
175 days of age.
increase in plasma histamine and airways eosinophilia (Schelegle et
al., 2003). Further, ozone and HDM co-exposure in infant monkeys
resulted in airways remodeling in association with increased
airways resistance and reactivity to histamine challenge (Schelegle
et al., 2003). In this current study, animals were evaluated at 1–
6 months of age to measure the impact of ozone and HDM co-
exposure on circulating and pulmonary lymphocyte frequency, as
well as lymphocyte expression of the activation marker, CD25. In
addition, we also assessed histologic specimens to determine
whether ozone exposure during postnatal development alters the
overall abundance and anatomic distribution of CD4+ and CD25+
cells recruited into the tracheobronchial airway tree of aeroallergen-
challenged monkeys.

Methods

Animal and experimental protocol. Briefly, 30 day-old male rhesus
macaque (Macaca mulatta) infant monkeys were exposed to 11 cycles
of filtered air (n=6), HDM (n=6), ozone (n=6), or ozone+HDM (n=6)
(Fig. 1). Each cycle consisted of ozone exposure for 5 days, followed by
9 days offiltered air (0.5 ppmat 8 h/day). Animal groups not exposed to
ozone remained in filtered air throughout each cycle. HDM aerosol
exposures were on day 3–5 (2 h/day) of either filtered air exposure or
ozone exposure. All monkeys that received HDM aerosol were
sensitized to HDM via subcutaneous injection with adjuvant at age
14 days and 28 days; 11/12 monkeys developed positive intradermal
reactivity to HDM (≥3 mm) by skin prick testing prior to the start of
cycle 1 (Schelegle et al., 2001, 2003). Non-sensitized monkeys were
exposed to either filtered air or ozone. An additional control group of
four infant monkeys received systemic HDM sensitization but no
aerosol exposures. Complete blood counts (CBC) weremeasured using
a Beckman Coulter analyzer (Beckman Coulter Inc., Miami, FL) and
differential counts were obtained from blood smears. All animals were
necropsied at approximately 175 days of age, at 3–5 days following the
last ozone or allergen exposure (cycle 11). Care and housing of animals
before, during and after treatment compliedwith the provisions of the
Institute of Laboratory Animal Resources and conforms to practices
t. Infant rhesus monkeys were sensitized to HDM via subcutaneous (SQ) injection with
cles of ozone and/or HDM aerosol. Each cycle consisted of ozone exposure for 5 days,
last 3 days of the ozone exposure period. Lavage and tissue specimens were collected at



41L.A. Miller et al. / Toxicology and Applied Pharmacology 236 (2009) 39–48
established by the American Association for Accreditation of
Laboratory Animal Care (AAALAC).

Ozone and HDM exposures. Details of ozone and HDM exposure
methods for this study were previously reported (Schelegle et al.,
2003). In brief, ozone was generated as previously described (Wilson
et al., 1984) and concentration was monitored using a Dasibi 1003-AH
ozone analyzer (Dasibi Environmental Corporation, Glendale, CA).
HDM aerosols were generated with a lyophilized extract of
Dermatophagoides farinae purchased from Greer Laboratories (Lenoir,
NC) diluted in phosphate buffered saline (PBS), and nebulized with a
high-flow-rate nebulizer as previously described (Schelegle et al.,
2001). Animals were exposed to ozone and HDM aerosols while
housed in a 4.2 mm3 exposure chamber; data for generation of HDM
mass concentration and aerodynamic size distribution have been
reported in (Schelegle et al., 2001). We have demonstrated that
protein concentration of HDM aerosols in chamber exposures consist
of 506±38 μg/m3 per day (n=6), a concentration comparable to that
previously used to induce symptoms of allergic asthma in adult rhesus
monkeys (Miller et al., 2005). Filtered air conditions were established
with a CBR (chemical, biological and radiological) filtration system,
which consists of a prefilter, HEPA filter and a carbon filter.

Immunophenotyping of leukocytes. Lavage specimens and peripheral
blood mononuclear cells (PBMC) were prepared for immunostaining as
previously described (Schelegle et al., 2001). Mouse anti-human
monoclonal antibodies used for flow cytometry were as follows: (1)
CD2 fluorescein isothiocyanate (FITC), CD4 phycoerythrin (PE), CD8 PE,
CD25, CD45 (DAKO, Carpinteria, CA); (2) CD20 PE (Caltag, Burlingame,
CA); (3) CD19 PE (Becton Dickinson, San Jose, CA) (5) CD3 FITC
(Pharmingen, San Diego, CA). PE-Cy5-conjugated goat F(ab′)2 anti-
mouse IgG (Southern Biotechnology Associates, Birmingham, AL) was
used as a secondary reagent. Two and three color analysis was
performed on a FACScan, acquiring 30,000–50,000 events per sample
and analyzedwith CELLQuest software (Becton Dickinson). Lymphocyte
gates were defined by forward and side-light scatter properties.

Histopathology and immunohistochemistry. Following necropsy,
cross-sections of the trachea and left caudal lobe of each animal
were embedded in Optimal Cutting Temperature compound
embedding media (OCT, Sakura Finetek, Torrance, CA). The left caudal
lobe was inflated with a 1:1 mixture of OCT and PBS and sliced
perpendicular to the long axis of the intrapulmonary airway. Each left
caudal lobe slice was numbered in sequence from proximal to distal
direction prior to freezing in OCT molds. Left caudal lobe slices were
approximately 7–8 mm in thickness, the entire lung lobe consisted of
10–11 OCT blocks. Cryosections from alternately numbered OCT
blocks were used for immunofluorescence and immunohistochemical
staining. For immunofluorescence staining, 5 μm cryosections of the
left caudal lobe and trachea were fixed in ice-cold acetone for 10 min.
Non-specific binding of antibodies was blocked by a 10min incubation
of cryosections with purified goat IgG (10mg/ml; Sigma, St. Louis, MO)
prior to addition of primary antibodies. Cryosections were stained
with mouse anti-human CD4 (clone OKT4; ATCC, Manassas VA) and
FITC-conjugated mouse anti-human CD25 (1 μg/ml; Becton
Dickinson). ALEXA 568-conjugated goat anti-mouse IgG was used as
a secondary antibody (1:1000 dilution). Purified mouse IgG1 (MOPC
21, ATCC) and FITC-conjugated mouse IgG1 (Pharmingen) isotype
control antibodies were used to test for non-specific staining. All
monoclonal antibodies used for this study have been confirmed to
produce immunoprofiles by FACS analysis identical to that of human
peripheral blood leukocytes (data not shown).

Morphometry. Five micron cryosections of immunostained CD4+
cells andCD25+ cellswere imagedusing the appropriate excitation and
emission filters for the cellular labeled fluorochromes (listed above) on
an Olympus Provis Microscope at 600×. Images were captured using a
Zeiss camera at a resolution of 150 pixels/inch in a 1300 by 1130 pixel
image for each of 10 fields for a selected airway, using stratified
sampling with a random start within each block. The images were
imported into the Stereology Toolbox® (version 1.1, Morphometrix,
Davis, CA) for estimation of volume density of each of the
immunostained cells in airway epithelium or interstitium using a
125 point grid to achieve a count of about 200 points on each cell type.
Points which fell on fluorescence positive cells were counted as (Pcells)
and those points which fell on either epithelium or interstitium were
counted as the reference volume of epithelium (Pepi) or interstitium
(Pint). The volume density of fluorescence positive cells per volume of
epithelium or interstitium was calculated as

Vvcells;ðepi or intÞ =
P

PcellsP
Pepi or

P
Pint

:

The surface of epithelial basal lamina per unit volume of
epithelium (Svbl,epi) or interstitium (Svbl,int) was calculated on cross
sections of airways at 100× using an Olympus BH-2 microscope with
the CAST version 2.00.04 software (Olympus, Denmark) as

Svbl;ðepi or intÞ =
Π

P
Ibl

2 l=pð Þ Pepi or Pint
� �

where l/p=length per test point on 4 lines oriented either horizontally
or vertically in a counting frame, Ibl is the number of line intersections
of the epithelial basal lamina and Pepi or Pint, the number of points that
hit epithelium or interstitium, respectively. The volume of fluores-
cence positive cells within the epithelial or interstitial compartment
per surface area of basement membrane (mm3/mm2) was then
calculated as

Vseos;bl =
Vveos;ðepi or intÞ
Svbl;epi or int

:

Relative quantitation of CD4 and FoxP3 mRNA expression levels. Total
RNA was isolated from midlevel airway samples using TRIzol reagent
as recommended by themanufacturer (Invitrogen, Carlsbad, CA). Real-
time PCR was performed as previously described (Abel et al., 2003,
2004). The primer-probe pairs for GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) have been previously reported (Abel et
al., 2001). The following primer-probe pair (5′–3′) was used to amplify
CD4 transcripts: forward primer, CAA GGA TGC TTT TCC ATG ATC A;
reverse primer, AGC AGG TGG GTG TCA GAG TTG; probe, CAG TCA ATC
CGA ACA CCA GCA ATT CCA-TAMRA. The following primer-probe pair
(5′–3′) was used to amplify FoxP3 transcripts: forward primer, GGG
CAG GGC ACA ATG TCT; reverse primer, ATG GCACTC AGC TTC TCC TTC
T; probe, TGG TAC AGT CTC TGG AGC AGC AGC -TAMRA. Samples were
tested in duplicate, and reactions for housekeeping GAPDH gene and
the target gene from each sample were run in parallel on the same
plate. The reaction was carried out on a 96-well optical plate (Applied
Biosystems, Foster City, Calif.) in a 25-μl reaction volume containing
5 μl of cDNA plus 20 μl of Mastermix (Applied Biosystems). All
sequences were amplified using the 7700 default amplification
program: 2 min at 50 °C and 10 min at 95 °C, followed by 40 cycles
of 15 s at 95 °C and 1 min at 60 °C. The results were analyzed with the
SDS 7700 system software, version 1.6.3 (Applied Biosystems).
Relative gene expression for CD4 and FoxP3 mRNA was calculated as
recommended by User Bulletin no. 2, ABI Prism 7700 Sequence
Detection System (Applied Biosystems).

Statistics. Unless indicated, all data are reported as mean±SE.
Treatment groups and differences by airway level were compared
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using either two-way or one-way ANOVA (GraphPad Prism, La
Jolla, CA).

Results

Ozone and HDM exposure alters maturational shifts in peripheral blood
leukocytes

To determine if ozone and HDM exposure during the postnatal
period of growth has an effect on circulating leukocyte populations,
peripheral blood samples were collected from rhesus monkeys on a
bi-monthly basis throughout the 6-month study period. Blood
samples were collected on the fifth day of each cycle, immediately
following an ozone and/or HDM exposure. In filtered air control
animals, there was a slight decline in total white blood cell counts
(WBC) during the first 1.5 months of life, then a progressive increase to
maximal values at 3.5 months of age, followed by a decline at
6 months of age (Fig. 2A). For ozone or HDM exposures alone, total
WBC counts closely paralleled that of control animals throughout the
6-month study period; overall there were no significant differences
with treatment as compared with control animals. Total WBC values
for ozone and HDM co-exposed animals showed a significant
interaction between age and experimental condition (pb0.008 by
Fig. 2. Changes in peripheral blood cell counts and lymphocyte frequency as a function of m
monthly basis, starting at 2 weeks of age. Blood samples for each time point were collecte
exposure. Each time point represents the mean±SE values for 5–6 animals. (A) Total WBC a
HDM (middle graph), and ozone+HDM (bottom graph). (B) Peripheral blood lymphocyte fr
(middle graph), and ozone+HDM (bottom graph). Significant effects versus filtered air are i
two-way ANOVA as compared with filtered air control animals), with
attenuation of peak WBC values beginning at 3 months of age.
Coinciding with a decline inWBC counts during the first 1.5 months of
life, peripheral blood lymphocyte frequency is observed to increase in
control animals, followed by a rapid decline at 2 months, then a
progressive increase that is maximal at 5 months of age (Fig. 2B).
There were no differences in lymphocyte frequency between HDM
alone and filtered air control animals. Ozone exposure, either alone or
in combination with HDM, had a significant effect on lymphocyte
frequency; there was a striking increase in lymphocyte frequency
from 2 to 2.5 months of age as compared with control animals. There
were no differences in lymphocyte frequency between ozone alone
and ozone+HDM animals.

Ozone and HDM exposure promotes CD25 expression on peripheral
blood and lavage lymphocytes

To determine if ozone and HDM exposure during postnatal
maturation has an effect on specific lymphocyte populations, we
evaluated the immunophenotype of peripheral blood lymphocytes
at cycle 5 (3 months), cycle 8 (4.5 months) and at necropsy
(6 months). Lavage samples were also evaluated at necropsy. For
cycles 5 and 8, blood samples were collected immediately following
onkey age (months). Peripheral blood samples were collected from monkeys on a bi-
d on the fifth day of each cycle, immediately following the last ozone and/or allergen
bsolute counts from filtered air control (FA) animals compared with ozone (top graph),
equency from filtered air control (FA) animals compared with ozone (top graph), HDM
ndicated by ⁎pb0.05 and ⁎⁎pb0.01, as determined by Bonferonni post tests.



Fig. 3. Time course of CD25 expression on lymphocyte populations in peripheral blood and lavage during postnatal development. Peripheral blood mononuclear cells were evaluated by flow cytometry at approximately 3 months (cycle 5),
4.5 months (cycle 8), and 6months (necropsy) of age. Lavage cells were evaluated at necropsy only. Each column represents the mean±SE of values obtained from 3 animals treated with filtered air, ozone, HDM, or ozone+HDM. (A) Frequency
of CD4+/CD25+ T lymphocytes (B) Frequency of CD8+/CD25+ T lymphocytes. Significant effects are indicated by ⁎pb0.05 vs. filtered air; +pb0.05 vs. ozone; # pb0.05 vs. HDM; ⁎⁎pb0.01 vs. filtered air; ++pb0.01 vs. ozone; ##pb0.001 vs. HDM,
as determined by Bonferroni post tests.
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the last ozone and/or HDM aerosol exposure of the cycle. For
necropsy, blood and lavage samples were collected between 4 and
5 days following the last ozone and/or HDM aerosol exposure. At
3 months, 4.5 months, and 6 months of age, there was no significant
effect of exposure on the overall frequency of CD3+ (pan-T
lymphocyte marker) and CD19+/CD20+ (B lymphocyte marker)
populations (data not shown). Frequency of CD2+, CD4+ and CD8+
lymphocyte populations within peripheral blood were also not
affected by ozone and/or HDM exposure (data not shown). At
3 months of age, ozone or HDM alone had no effect on CD25 cell
surface expression within CD4+ lymphocyte populations in periph-
eral blood, but combined ozone+HDM exposure significantly
increased the frequency of this population (Fig. 3A). The percentage
of CD4+CD25+ lymphocytes in peripheral blood was progressively
attenuated with age, but combined ozone+HDM exposure retained
a modest, but significant increase in this cell population at 6 months
of age. Within CD8+ lymphocyte populations, there was a significant
increase in CD25 expression with HDM alone at 3 months and
4.5 months of age (Fig. 3B). At 6 months of age, HDM alone no
longer had an effect on CD8+CD25+ lymphocytes, but combined
ozone+HDM resulted in a significant increase in frequency for this
population. As in peripheral blood at 6 months of age, ozone+HDM
exposure increased the frequency of CD25 expression within CD4+
Fig. 4. Effect of ozone and allergen exposure on distribution of CD4+ cells within the airway
staining of histological sections obtained from trachea and left caudal lobes. Columns represe
treated with filtered air, ozone, HDM or ozone+HDM. Volume of fluorescence positive cells w
area of basal lamina (mm2). Tr, 1, 3, 5, 7 represent cryosections obtained from numbered tissu
airways of the left caudal lobe. (A) Overall volume (sum of five airway generations) of CD4+ c
of CD4+ cells within the epithelial and interstitial compartment of five airway generations.
and CD8+ lymphocyte populations in lavage as compared with
filtered air or ozone control groups.

Ozone and HDM exposure affects the distribution of CD25+ cells in
airway mucosa

In parallel with immunophenotypic analysis of peripheral blood
and lavage lymphocytes, we assessed histological samples from five
airway generations obtained from ozone and/or HDM exposed 6-
month old monkeys for volume of CD4+ and CD25+ cells by
immunofluorescence staining. We focused on CD4+ cells as this
was the predominant CD25+ lymphocyte population found in early
peripheral blood samples collected from ozone and HDM co-exposed
animals. Within monkey airways, CD4+ cell populations were overall
more abundant within the interstitial compartment, as compared
with the epithelium (Fig. 4A). Exposure to either ozone and/or HDM
did not have an effect on the cumulative volume or distribution of
CD4+ cells within either epithelial or interstitial compartments. This
finding is consistent with the lack of effect for ozone and/or HDM
exposure on the overall frequency of lavage CD4+ lymphocytes from
the same animals (data not shown). Independent of exposure, CD4+
cells preferentially accumulated within the trachea and most
proximal intrapulmonary airways within epithelial and interstitial
mucosa of 6 month old monkeys. CD4+ cells were quantitated by immunofluorescence
nt the average volume±SE of fluorescence positive staining cells (mm3) from 6 animals
ere measured within the epithelial or interstitial compartment with respect to surface
e blocks of trachea and regions from the most proximal (1) to distal (7) intrapulmonary
ells within the epithelial and interstital compartment of conducting airways. (B) Volume



Fig. 5. Effect of ozone and allergen exposure on distribution of CD25+ cells within airway mucosa of 6 month old monkeys. CD25+ cells were quantitated by immunofluorescence
staining of histological sections obtained from trachea and left caudal lobes, as described for Fig. 4. Columns represent the average volume±SE of fluorescence positive staining cells
(mm3) from 6 animals treated with filtered air, ozone, HDM or ozone+HDM. (A) Overall volume of CD25+ cells (sum of five airway generations) within the epithelial and interstitial
compartment of conducting airways. (B) Volume of CD25+ cells within the epithelial and interstitial compartment of five airway generations. nd=none detected. Significant effects
are indicated by ⁎pb0.05 vs. HDM; +pb0.01 vs. filtered air; #pb0.001 vs. filtered air, as determined by Bonferroni post tests.
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compartments (epithelium pb0.005, interstitium pb0.00001 by one-
way ANOVA with Bonferroni post test) (Fig. 4B).

In contrast with CD4+ cells, CD25+ cells were infrequently
observed within the airway mucosa, but abundance of this phenotype
was increased by HDM exposure (alone or with ozone) in both
epithelial and interstitial compartments (Fig. 5A). Filtered air and
ozone animals had few CD25+ cells in epithelial and interstitial
compartments of sampled lung tissue section; this phenotype was
often not detected within individually sampled airway generations
(Fig. 5B). In addition, midlevel intrapulmonary airways (blocks 3 and
Fig. 6. Double immunofluorescence staining for CD4+ and CD25+ cells in airway mucosa. Cry
double immunostained for CD4 (A, green fluorescence) and CD25 (B, red fluorescence). Ove
arrows). The dotted line separates the epithelial and interstitial compartments. Scale bar=2
5) were also evaluated in filtered air sensitized control monkeys; we
could not detect significant differences in CD25+ cell volume as
compared with filtered air animals that were not sensitized (data not
shown). The cumulative volume of CD25+ cells in airway epithelium
was increased with ozone and HDM co-exposure as compared with
filtered air control animals, but was reduced in comparisonwith HDM
alone (Fig. 5A). The cumulative volume of CD25+ cells in airway
interstitiumwas also increasedwith ozone and HDM co-exposure, but
was not significantly different from HDM alone. By airway generation,
there were no significant differences in the distribution of CD25+ cells
osections from a midlevel airway of a representative HDM-exposed infant monkey were
rlap of green and red fluorescence shows two CD4+ cells that are not CD25 positive (C,
0 μm.
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within the epithelial compartment of either HDM or ozone+HDM
animals. Further, the distribution of CD25+ cells by airway generation
within epithelial vs. interstitial compartments was comparable in
HDM alone animals. In ozone+HDM animals, we found that
interstitial distribution of CD25+ cells by airway generation was
different from that of the epithelial compartment, shifting from distal
to more proximal airways (pb0.01 as compared with epithelium by
two-way ANOVA). Immunofluorescence staining images from a
representative ozone+HDM animal demonstrate CD4+ and CD25+
cells within both the epithelial and interstitial compartments of the
airways, double labeling indicates that most of CD25+ cells within
airway mucosa are also CD4+ (Fig. 6).

Discussion

We have previously reported that episodic exposure to ozone has a
synergistic effect on multiple parameters of allergic airways disease
and asthma during postnatal development (Schelegle et al., 2003).
Exposure to ozone in conjunction with HDM aeroallergen exposure
significantly increased plasma histamine, baseline airways resistance,
airways responsiveness to histamine, and airway eosinophils in
6 month-old rhesus monkeys, relative to HDM alone. Here, we have
expanded our investigation of the adjuvant effects of ozone exposure
during early life by progressively evaluating the lymphocyte pheno-
type of infant monkeys during postnatal maturation. Using peripheral
blood, lavage, and tissue specimens, we determined if ozone and HDM
co-exposure canmodulate both systemic and pulmonary lymphocytes
in young animals, focusing on changes in cell surface expression of
CD25, a marker of activation. Significant effects with ozone and HDM
co-exposure included an early increase in percentage of circulating
CD4+CD25+ lymphocytes, which was also observed at 6 months of age
in blood and lavage. Although HDM alone during postnatal develop-
ment does not promote airways reactivity in infant monkeys (Miller et
al., 2003; Schelegle et al., 2003), our data suggests that the
lymphocyte repertoire of airway mucosa is significantly affected
with chronic allergen exposure. Ozone and HDM co-exposure does
promote airways reactivity in infant monkeys, but did not increase the
number of CD4+ or CD25+ cells within the airway mucosa relative to
HDM alone. Rather, the immunomodulatory effects of ozone may be
due to the observed “shifting” of interstitial CD25+ cell populations
from distal to more proximal airways.

To date, little is known about the development of pulmonary
mucosal immune cell populations in the human infant; much has
been extrapolated from cord blood and peripheral blood analysis. In
human fetal airway tissues with no apparent lung abnormalities, T
cells, mast cells, and macrophages may be observed as early as the
pseudoglandular stage of development (Hubeau et al., 2001).
Surprisingly, despite the young age of the animals evaluated in this
study, the overall volume of mucosal CD4+ cells in 6 month-old
conducting airways (Fig. 4) was very similar to what we have
previously reported in normal adult rhesus monkeys (Miller et al.,
2005); these findings suggest that resident CD4+ lymphocytes of the
airways are established at infancy. It should be noted that the infant
monkeys within this study were continuously housed in a filtered air
clean environment immediately following birth, such that animals
were not exposed to the complete myriad of antigens that a healthy
human infant inhales on a daily basis. Regardless, infant monkeys
housed in filtered air do show evidence of a maturing adaptive
immune response, as evidenced by progressive expansion of memory
T helper populations in peripheral blood as early as 2 months of age
(Miller et al., 2003).

The notion of a window of susceptibility for immunocompetence
and lung function has been supported by several longitudinal birth-
cohort studies, suggesting that early life events, including viral
infections, play a critical role in the establishment of disease later in
life (reviewed by Holt et al., 2005). In rodent models of development,
the postnatal lung has been shown to be highly susceptible to
environmental insult (Johnston et al., 2005, 2006), and postnatal
stressors can significantly enhance airways inflammation in an
ovalbumin model of asthma (Kruschinski et al., 2008). In this study,
we have found that combined ozone and HDM exposure can shift the
frequency of circulating lymphocytes at 2–3 months of age (Fig. 2).
Antigenic stimulation via HDM may contribute to changes in
circulating leukocytes, as evidenced by elevated CD25 expression on
CD8 cells at 3 months (Fig. 3B), but HDM aerosol alone did not have a
significant effect on the total WBC and lymphocyte population. The
distinction between effects of HDM alone and ozone+HDM on
circulating CD4+ and CD8+ cells at 3 months of age (Fig. 3) suggests
that the combination of an oxidant stress and antigenic stimulation
does not result in a synergistic or additive immune response. Rather,
the systemic and pulmonarymucosal lymphocyte profile of ozone and
HDM co-exposure in early life suggests an immune mechanism that is
similar but distinct from HDM alone.

Until recently, cell surface expression of the IL-2 receptor (CD25)
on T lymphocyte populations has been associated with antigenic
stimulation or activation. Now confounding the identification of this
phenotype is the recognition of a CD4+CD25bright T lymphocyte
population with immunosuppressive properties (T regulatory cell).
Regulatory T cells as defined by CD4+CD25bright FoxP3+ markers are
abundant in the human fetus and infantmacaque (Cupedo et al., 2005;
Hartigan-O'Connor et al., 2007), but functional studies in blood CD4
+CD25bright from atopic young school-aged children suggest that this
population may be a mixture of both activated and regulatory T cells
(Jartti et al., 2007). Recent studies in school-age children with asthma
report a reduction in airway lavage CD4+CD25bright cells and low
FoxP3 mRNA expression as compared with control subjects, support-
ing the immunosuppressive function of this cell phenotype in asthma
(Hartl et al., 2007). In our study, we observed an increased frequency
of circulating CD4+CD25+ lymphocytes starting at 3 months of age,
immediately following completion of ozone+HDM exposure (Fig. 3A).
Although we were not able to determine the contribution of T
regulatory cells in our samples with the use of additional markers, the
correlation of airways hyperresponsiveness with ozone+HDM
exposure in the infant monkey would suggest that the CD4+CD25+
lymphocyte population associated with the co-exposure phenotype
is not immunosuppressive in function. The increased frequency of
CD4+CD25+ cells is most likely the result of T helper cell activation
via recent HDM antigenic stimulation, which is important for
development of a cytokine effector response to promote eosinophilic
airways inflammation (which has been previously demonstrated in
this animal model (Schelegle et al., 2003)).

In conjunction with peripheral blood and lavage analysis, we
determined if CD4+ cells and CD25+ cells within the airway mucosa
were affected by ozone and/or HDM exposure. In adult monkeys
sensitized and challenged with HDM aerosol, volume of CD4+ cells
within the airway mucosa is significantly increased over control
animals (Miller et al., 2005). In infantmonkeys, ozone and/or HDMhad
no effect on the abundance or distribution of CD4+ cells within infant
monkey airways, suggesting that T cell responsiveness to environ-
mental challenge is age-dependent (Fig. 4). Functional changes in local
resident populations in response to environmental challenge may in
fact drive the differences in effecter responses between treatment
groups. This notion is supported by findings in rodent models that
demonstrate the presence of long-lived airway dendritic cell popula-
tions with potent antigen presenting function, indicating that activa-
tion of effecter T cells does not necessarily have to be initiated within
secondary lymphoid organs (Julia et al., 2002; Huh et al., 2003).

Although the frequency of CD4+/CD25+ cells in lavage was
increased only with ozone and HDM co-exposure, CD25+ cells were
significantly increased within both epithelial and interstitial compart-
ments in HDM exposed animals (Fig. 5). In the epithelium, ozone
exposure with HDM resulted in reduced volume of CD25+ cells
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relative to HDM alone. This effect is comparable to that observed with
eosinophils, whereby an increased frequency of this cell type in lavage
corresponded to a depletion from the epithelium, suggesting recent
trafficking of this cell type into the airway lumen (Schelegle et al.,
2003). Interstitial abundance of CD25+ cells in HDM animals was not
affected by ozone, but did result in redistribution of this cell type to
the trachea and most proximal intrapulmonary airways (as compared
with HDM alone). As yet, we cannot confirm the immune cell
phenotype responsible for the predominating shift in CD25+ cell
populations to the larger airways with ozone+HDM; a number of
different leukocytes can express CD25, including B cells, NK cells, and
monocytes. However, double immunofluorescence staining of a
representative ozone+HDM exposed monkey airway suggests that
most of the CD25+ cells are CD4+ (Fig. 6).

In conclusion, our study shows that ozone exposure can immuno-
modulate both the systemic and pulmonary lymphocyte response to
HDM aeroallergen exposure during postnatal development. Along
with our previous findings of airways hyperresponsiveness associated
with ozone and HDM co-exposure, these results point to microenvir-
onment-specific changes in the airways, as opposed to magnitude of
inflammation and immune responses, as important early life events
that may support a physiologic reaction to allergen challenge in the
lung.
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