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Early-life chlamydial lung infection enhances allergic
airways disease through age-dependent differences

in immunopathology

Jay C. Horvat, PhD,?* Malcolm R. Starkey, BBioMedSci(Hon),?* Richard Y. Kim, BBioMedSci(Hon),? Simon Phipps, PhD,?
Peter G. Gibson, MBBS,? Kenneth W. Beagley, PhD,P Paul S. Foster, PhD,? and Philip M. Hansbro, PhAD?* Newcastle and

Kelvin Grove, Australia

Background: Asthma typically originates in early-life, and the
impact of infection during immunologic maturation is a critical
factor in disease pathogenesis. The progression of aberrant Ty2
cell responses and disease development has been attributed to a
lack of infections. However, exposure to specific pathogens such
as Chlamydia may alter immunologic programming and
predispose to asthma.

Objective: To investigate the effects of chlamydial infection at
different ages on allergic airways disease in later life.
Methods: Neonatal, infant, or adult BALB/c mice were infected
and 6 weeks later were sensitized and subsequently challenged
with ovalbumin. Hallmark features of allergic airways disease
were compared with uninfected allergic and nonallergic
controls.

Results: Early-life (neonatal and infant) but not adult chlamydial
infection enhanced the development of hallmark features of
asthma in ovalbumin-induced allergic airways disease. Notably
early-life infection increased mucus-secreting cell numbers,
IL-13 expression, and airway hyperresponsiveness. Neonatal
infection attenuated eosinophil influx and ovalbumin-specific
Ty2 cytokine release and numbers of activated myeloid dendritic
cells (DCs) in lymph nodes. By contrast, infant infection
augmented features of allergic inflammation with increased
airway eosinophils, T2 cytokine, and DC responses. Both
neonatal and infant infection increased systemic DC-induced
IL-13 release from CD4™" T cells. The timing of infection had
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significant effects on lung structure because neonatal but not
infant or adult infection induced increases in alveolar diameter.
Conclusion: Early-life respiratory chlamydial infections
modulate immune responses, alter lung function and structure,
and enhance the severity of allergic airways disease in later life.
(J Allergy Clin Immunol EEEE;EEN:NEE-NEN,)
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Asthma is a chronic inflammatory condition of the airways
with recurring exacerbations of disease that is underpinned by
aberrant Ty2-cell responses to environmental antigens.'> The
hallmark features of asthma are promoted by effector functions
of the Ty2 cytokines, IL-4, IL-5, and IL-13.3 In particular,
IL-13 is a key regulator of mucus-secreting cell hyperplasia,
airway hyperresponsiveness (AHR), and remodeling of the air-
ways, which lead to bronchial obstruction and limitations in
airflow.*

Asthma is most common in children, and the majority of adult
asthma originates in childhood,”” indicating that early-life events
are important in asthma pathogenesis. The inflammatory basis of
asthma suggests that altered immunologic programming in early
life by specific infections or the lack of exposure to infection may
play a critical role in the induction and progression of disease.
However, the role and nature of infections and mechanisms that
are involved remain unknown. Some studies show inverse associ-
ations between Tyl-inducing infections during early life and
asthma prevalence.® However, respiratory tract infection with
Chlamydophila pneumoniae is a notable exception and is increas-
ingly linked with the development and exacerbation of asthma in
children and adults.’

Respiratory infections with C pneumoniae are common and
usually asymptomatic but are responsible for as many as 22%
of all cases of community-acquired pneumonia requiring hospi-
talization.'”"! Protection and resolution are mediated by strong
Tyl immune responses,lz’13 but the mechanisms of how Tyl-
inducing chlamydial lung infections are associated with Ty2-
mediated asthma remain unknown. The age of infection may
be critical because the phenotype of the immune system may be
molded by early-life infection.

We have previously shown that neonatal chlamydial lung
infection in mice induced mixed Ty 1/T{2 immune responses and
increased mucus-secreting cell numbers and AHR in allergic air-
ways disease in later life. ' However, the underlying mechanisms
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DC: Dendritic cell
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for the generation of immune phenotype and enhanced disease
was not elucidated. Respiratory tract infections in early life may
alter the nature of DC:T-cell interactions to antigenic exposure,
which promote T-cell responses and drive the development and
progression of asthma.'>"'® Early-life infection may also lead to
impaired lung function and irreversible damage to pulmonary
structure because the lungs, unlike most other organs, continue
to mature during the first 2 years of life.'” Thus, early-life lung in-
fections may permanently affect pulmonary immunity, function,
and structure.””

Understanding of the relationship between early-life infection
and its impact on the immune system and the expression of
asthma is limited. In this investigation we examined the effect of
infection at different periods of life (neonatal, infant, and adult)
on the subsequent expression of hallmark features of allergic
airways disease in later life.

METHODS

Additional details are described in this article’s Methods section in the
Online Repository at www.jacionline.org.

Experimental models

Neonatal (24 hours), infant (3 weeks), and adult (6 weeks) BALB/c mice
were infected intranasally with Chlamydia muridarum (400 [neonates] or 100
[infants/adults] inclusion-forming units, ATCC VR-123,in 5 nL [neonates] or
30 pL [infants/adults] sucrose phosphate glutamate buffer). After 45 days,
mice were sensitized and challenged with ovalbumin in the Ty2-inducing
adjuvant, alum (Fig 1), as previously described.'*?" Animals were euthanized
24 hours after the final ovalbumin challenge, and allergic airways disease was
assessed. Controls were infected and nonallergic (Neo, Inf, and Ad),
uninfected and allergic (Ova), or uninfected and nonallergic (Sham). All ex-
periments were approved by the University of Newcastle animal ethics
committee.

Airway inflammation

Lungs were perfused, inflated, fixed, embedded, sectioned, and stained.
Eosinophil and mucus-secreting cell numbers were enumerated in inflamed
airways.'*

Lung function

Lung function, in terms of AHR, was measured in anaesthetized mice using
whole-body plethysmography by determination of average peak airway
resistance and dynamic compliance in response to increasing doses of
methacholine (Sigma, Castle Hill, Australia).'*

IL-13 mRNA expression in lung tissue

Total RNA was extracted from whole lung tissue by using TRIZOL
(Invitrogen, Mount Waverley, Australia) and reverse-transcribed by using
Superscript III and random hexamer primers (Invitrogen). Relative abundance
of cytokine cDNA was determined compared with the reference gene
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FIG 1. Study protocols. Neonatal, infant, or adult mice were infected
intranasally (IN) with C muridarum (Cmu) and 45 days later sensitized intra-
peritoneally (IP) and challenged IN with ovalbumin (Ova) to induce allergic
airways disease. Key features of allergic airways disease were characterized
1 day after the final Ova challenge on day 61. Day 0, Infection at <24 hours
(neonates), 3 weeks (infants), or 6 weeks (adults) of age.

hypoxanthine-guanine phosphoribosyltransferase by real-time PCR by using
an ABIPrism7000 Sequence Detection System (Applied Biosystems, Score-
sby, Austra]ia).22 Primers used are shown in this article’s Table E1 in the
Online Repository at www.jacionline.org.

Ovalbumin-specific mediastinal lymph node T-cell

cytokine release

Mediastinal lymph node (MLN) cells (5 X 10° cells) were isolated,
restimulated with ovalbumin (200 pwg/mL; Sigma), and cultured for 6 days
in Gibco RPMI-1640 (Invitrogen) containing 10% FCS, 20 mmol/L HEPES,
10 pwg/mL penicillin/streptomycin, 2 mmol/L L-glutamine, and 50 wmol/L
2-mercaptoethanol. IFN-vy, IL-5, IL-13, and IL-10 concentrations in culture
supernatants were determined by ELISA.

Flow-cytometric analysis of MLN cells

Single-cell suspensions of MLN cells (I X 10°) were stained for surface
markers.>>** Cells were analyzed by flow cytometry (FACSCanto; BD Biosci-
ences, San Jose, Calif). Regulatory T (Treg) cells were characterized as
CD4*CD25" forkhead box protein (Foxp) 3*,** myeloid DCs (mDCs) were
characterized as CD11c*CDI1 1b'"B22O',23 and maturation and activation of
mDCs was assessed by determination of MHC II expression. All antibodies
were from BD Biosciences except MHC 11 (eBioscience, San Diego, Calif).

Systemic DC-induced CD4* T-cell IL-13 release

DCs (5 X 10 cells) were isolated from spleens, pulsed with ovalbumin-
peptide (50 pg/mL), and cocultured with ovalbumin-peptide—specific CD4 "
T cells (DO11.10, 3 X 10° cells).?> DC:T-cell coculture supernatants were
collected and assessed for IL-13 release by ELISA.

Lung structure

Average alveolar diameter was evaluated in infected, nonallergic lungs 9
weeks after infection by determination of the mean linear intercept.”® This is
the same time after infection that allergic airways disease was determined in
infected, allergic groups. The development of ovalbumin-induced allergic
airways disease induces substantial inflammation in the lung that does not
allow accurate analysis of alveolar size because of a lack of definition between
cellular infiltrates and parenchymal structures. Forty random images of hema-
toxylin and eosin—stained lung sections were captured per lung (X40 magni-
fication). The first 10 images that did not contain airways and/or blood vessels
were overlaid with an 11-horizontal line template. Intercepts of alveolar walls
with lines were enumerated and the alveolar diameter calculated by dividing
the total length of the 11 lines by the average number of intercepts per lung
section.

Statistics
Results are representative of 2 or 3 independent experiments. Each exper-
imental iteration consisted of at least 4 mice. Results are presented as mean *
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FIG 2. Early-life infection increases airway mucus-secreting cells, IL-13 expression in lung tissue, and AHR
in allergic airways disease in later life. A, Mucus-secreting cells surrounding the airway lumen. B, Relative
abundance of IL-13 mRNA in lung tissue. C, AHR in terms of averaged peak airways resistance at the max-
imal methacholine dose (50 mg/mL) administered. For the entire dose response curves, see Fig E4. Black
bars represent allergic groups, whereas white bars represent nonallergic groups. Results are representative
of 2 or 3 independent experiments, and combined results are presented as means = SEMs where n > 8 in-
dividual mice. #Significant differences compared with uninfected, allergic (Ova) control; *significant differ-
ences compared with uninfected, nonallergic (Sham) control. #/*P < .05; ##/**P < .01; ###/***P < .001.
Group abbreviations: Ova, uninfected, allergic groups; Neo/Ova, Inf/Ova, and Ad/Ova, neonatal, infant,
and adult infected, allergic groups, respectively; Sham, uninfected, nonallergic groups; Neo, Inf, and Ad, ne-
onatal, infant, and adult infected, nonallergic groups, respectively. Uninfected controls (Ova and Sham)

were 6 weeks old at the time of sensitization.

SEM, which were determined by combining results from each independent
experiment. Therefore, each result is representative of at least 8 individual mice.
The Mann-Whitney test for 2 independent samples was used for nonparametric
tests. Between-group comparisons of airways resistance and compliance were
performed by using 1-way repeated-measures ANOVA. Analyses were
conducted by using the intercooled Stata 9.1 statistical package (Stata Corp, Col-
lege Station, Texas) or Graph Pad Prism 4 (GraphPad Software, La Jolla, Calif).

RESULTS

For some results, see this article’s Figs E1 to E4 in the Online
Repository at www.jacionline.org.

We have previously shown that chlamydial numbers and
histopathology in the lung during neonatal and adult infections
peak between 10 and 15 days after inoculation, with bacterial
clearance achieved by 21 days and pulmonary inflammation
largely resolved by 45 days (ie, time of ovalbumin sensitization in
this study; Fig 1).'* In preliminary studies we demonstrated that
infection of infants with C muridarum elicited similar profiles
of infection, inflammation, and pathological responses compared
with infection of neonates and adults (Fig E1). We have also
shown that the age at the time of sensitization (6 weeks, 9 weeks,

or 12 weeks old) does not affect key features of ovalbumin-
induced allergic airways disease (Figs E2 and E3). Therefore,
any changes in allergic airways disease induced by infection are
determined by the age of infection and not the age of sensitization.
To simplify the presentation of the results, only single ovalbumin
and sham control groups (sensitized at 6 weeks) are presented in
some of the figures. We have also shown that uninfected, sham-
sensitized control groups do not differ in any features of pulmo-
nary immune responses or physiology compared with uninfected
groups that have not been sham-sensitized.'*

Early-life infection enhances mucus-secreting cell
numbers and IL-13 mRNA expression in the lung
and AHR during allergic airways disease

First we assessed the effect of infection at different stages of
life on the development of hallmark features of asthma according
to the experimental protocols in Fig 1. The induction of allergic
airways disease in the absence of infection (uninfected, allergic
groups; Ova) resulted in significantly increased airways mucus-
secreting cell numbers, augmented IL-13 mRNA expression in
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FIG 3. Early-life infection differentially affects pulmonary eosinophil influx and ovalbumin-specific cytokine
responses in MLNs during allergic airways disease in later life. A, Eosinophil numbers within 100 um of
airway basement membrane. Ovalbumin-specific IFN-y (B), IL-5 (C), IL-13 (D), and IL-10 (E) release in
MLN culture supernatants. F, CD4"CD25" forkhead box protein 3* Treg cell numbers in MLNs. Black bars
represent allergic groups, whereas white bars represent nonallergic groups. Results are representative of
2 or 3 independent experiments, and combined results are presented as means = SEMs where n > 8
individual mice. #Significant differences compared with uninfected, allergic (Ova) control; *significant dif-
ferences compared with uninfected nonallergic (Sham) control. #/*P < .05; ##/**P < .01; ###/***P < .001.
Group abbreviations: Ova, uninfected, allergic groups; Neo/Ova, Inf/Ova, and Ad/Ova, neonatal, infant,
and adult infected, allergic groups, respectively; Sham, uninfected, nonallergic groups; Neo, Inf, and Ad,
neonatal, infant, and adult infected, nonallergic groups, respectively. Uninfected controls (Ova and
Sham) were 6 weeks old at the time of sensitization.

lung tissue, and reduced lung function in terms of increased AHR
(increased airways resistance and decreased compliance) com-
pared with uninfected, nonallergic (Sham) controls (Fig 2, A-C;
Figs E2-E4).

Importantly, both neonatal (Neo/Ova) and infant (Inf/Ova)
infections significantly increased mucus-secreting cell numbers
and IL-13 mRNA expression in lung tissue and reduced lung
function compared with uninfected, allergic (Ova) controls (Fig 2,
A-C; Fig E4). By contrast, adult infection (Ad/Ova) had no effect
on these features of allergic airways disease.

Interestingly, infection at all ages in the absence of allergic
airways disease (Neo, Inf, and Ad) resulted in reduced lung

function compared with uninfected, nonallergic (Sham) controls
(Fig 2, C; Fig E4). The effects were more severe after early-life
infection, with neonatal and infant infections resulting in
increased airways resistance and decreased dynamic compliance,
whereas an adult infection resulted in increased resistance only
(Fig 2, C; Fig E4).

Notably there was no difference in airways resistance between
infected, allergic, and infected groups without allergy that were
infected as neonates or infants. However, allergic groups that had
been infected in early life (Neo/Ova and Inf/Ova) had signifi-
cantly reduced dynamic compliance compared with infected,
nonallergic (Neo and Inf) controls (Fig E4).
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FIG 4. Early-life infection alters the numbers of activated mDCs in MLNs
during allergic airways disease in later life. A-C, Number of activated (MHC
II") CD11¢*CD11b"B220" mDCs in MLNs in neonatal, infant, and adult
infected groups, respectively. Black bars represent allergic groups, whereas
white bars represent nonallergic groups. Results are representative of 2 or 3
independent experiments, and combined results are presented as means =
SEMs where n > 8 individual mice. #Significant differences compared with
uninfected, allergic (Ova) control; *significant differences compared with
uninfected, nonallergic (Sham) control. #P < .05; ###/*** P < .001. Group ab-
breviations: Ova, uninfected, allergic groups; Neo/Ova, Inf/Ova, and Ad/
Ova, neonatal, infant, and adult infected, allergic groups, respectively;
Sham, uninfected, nonallergic groups; Neo, Inf, and Ad, neonatal, infant,
and adult infected, nonallergic groups, respectively. All controls are age-
matched.

Age of infection differentially affects pulmonary
eosinophil numbers during allergic airways disease

Eosinophils are pivotal in allergic responses and have been
associated with mucus accumulation and AHR.?”*® Therefore,
we investigated the effect of chlamydial infection at different
ages on pulmonary eosinophil numbers.

Uninfected, allergic (Ova) groups had significantly greater
numbers of eosinophils associated with airway basement
membrane than uninfected, nonallergic (Sham) controls (Fig 3,
A). Interestingly, neonatal infection (Neo/Ova) decreased
whereas an infant infection (Inf/Ova) increased eosinophil
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numbers compared with uninfected, allergic (Ova) controls
(Fig 3, A). Adult infection (Ad/Ova) had no affect on eosinophil
numbers (Fig 3, A).

Age of infection differentially affects ovalbumin-
specific MLN T-cell cytokine release during allergic
airways disease

Enhanced mucus hypersecretion, IL-13 expression, and AHR
during allergic airways disease may be driven by antigen-specific
Ty2 cytokine release from Ty2 cells in the lung draining MLNS.
Therefore, we examined whether infection enhanced antigen-
specific cytokine release from MLN T cells. Ovalbumin-specific
release of inflammatory Tyl (IFN-vy) and Ty2 (IL-5 and IL-13)
and anti-inflammatory (IL-10) cytokines from MLN T cells was
assessed.

Uninfected, allergic (Ova) groups had increased levels of
ovalbumin-specific IFN-y, IL-5, IL-13, and IL-10 release from
MLN Tcells compared with uninfected, nonallergic (Sham)
controls (Fig 3, B-E; Fig E3). Interestingly, neonatal infection
(Neo/Ova) suppressed ovalbumin-specific IFN-y, IL-5, IL-13,
and IL-10 release compared with uninfected, allergic (Ova) con-
trols (Fig 3, B-E). By contrast, infant infection (Inf/Ova) increased
the release of T2 cytokines IL-5 and IL-13 (Fig 3, C and D) but
had no significant effect on IFN-y or IL-10 (Fig 3, B and E).
Therefore, although early-life infections enhance mucus-secret-
ing cell hyperplasia, pulmonary IL-13 expression and AHR in al-
lergic airways disease in later life, neonatal, and infant infections
have differential effects on MLN T-cell cytokine release. Adult
infection (Ad/Ova) had no affect on IFN-y or IL-5 but reduced
IL-13 (Fig 3, B-E). Although IL-10 release is increased compared
with the uninfected, allergic (Ova) control in this figure, there is
no increase compared with age-matched controls (Fig E3, D).

Age of infection does not affect MILN Treg cell
numbers during allergic airways disease

Differential release of Tyl and Ty2 cytokines from MLN T
cells in neonatal and infant infected, allergic groups cannot be
explained by alterations in the levels of the anti-inflammatory
cytokine IL-10. Because Treg cells regulate cytokine release in
MLNs,24 we investigated whether the differential effects of
neonatal and infant infection on T-cell cytokine release correlated
with altered Treg cell numbers in MLNs. Uninfected, allergic
(Ova) groups had significantly increased Treg cell numbers in
the MLNs compared with nonallergic (Sham) controls (Fig 3,
F). Infection, regardless of age, did not alter Treg cell numbers
in MLNs compared with uninfected, allergic (Ova) controls
(Fig 3, F).

Age of infection differentially affects the number of
activated mDCs in MLNs

Dendritic cells are pivotal inducers of T-cell responses,
and increased numbers of activated DCs are associated with
increased inflammatory responses.29’3° mDCs have a more ma-
ture phenotype with increased costimulatory molecule and
MHC II expression than plasmacytoid DCs, induce T2 cytokine
release, and promote allergic airways disease.’'>* MHC 11
surface expression is a marker of DC activation and enhanced
antigen presentation.”>** Therefore, we investigated whether
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FIG 5. Early-life infection alters systemic DC function in later life. A-C, Sys-
temic ovalbumin-peptide pulsed DC-induced IL-13 release by ovalbumin-
peptide-specific CD4" T cells; DCs were from infected nonallergic neonatal,
infant, and adult groups, respectively. Results are representative of 2 or 3
independent experiments and combined results are presented as means
+ SEMs where n > 8 individual mice. *Significance compared with unin-
fected, nonallergic (Sham) control. Group abbreviations: Neo, Inf, and
Ad, neonate, infant, and adult infected, nonallergic groups, respectively;
Sham, uninfected, nonallergic groups. All controls are age-matched.

differences in MLN T-cell cytokine release from different groups
may be driven by infection-induced alterations in the number of
activated (MHC-1I") mDCs.

Uninfected, allergic (Ova) groups had significantly increased
numbers of activated mDCs in MLNs compared with nonallergic
(Sham) controls (Fig 4, A-C). Interestingly, neonatal infection
(Neo/Ova) significantly reduced the number of activated mDCs
compared with uninfected, allergic (Ova) controls (Fig 4, A).
By contrast, infant infection (Inf/Ova) substantially increased
the number of activated mDCs (Fig 4, B). Adult infection
(Ad/Ova) had no effect (Fig 4, C).

Age of infection differentially affects systemic DC-
induced IL-13 release from CD4*T cells

Although early-life infections had differential effects on the
influx of eosinophils into the airways and ovalbumin-specific
T-cell cytokine and DC responses in the MLNs during allergic
airways disease, both neonatal and infant infections augmented
IL-13 expression in the lung. To identify the potential common
source of IL-13 in the lung, we investigated whether infection
altered systemic DC-induced release of IL-13 from T cells. DCs
from infected, nonallergic rather than infected, allergic groups
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were used. DCs from infected, nonallergic groups give a better
indication of the effect of infection on DC function. The effect of
infection on DCs from infected, allergic groups may be masked
by the effects of ovalbumin sensitization and challenge on DC
phenotype.

Significantly, systemic DCs from both neonatal and infant (Neo
and Inf) but not adult (Ad) infected, nonallergic groups induced
an increase in IL-13 release from ovalbumin-peptide—specific
CD4" T cells compared with DCs from uninfected (Sham)
controls (Fig 5, A-C).

Infection results in altered lung structure in later life

Because lung function was reduced in all infected, nonallergic
groups compared with uninfected, nonallergic controls, lungs
were examined for the presence of remodeling of the airways or
altered structure.

Infection at any age did not induce any detectable changes in
the thickness of airways-associated basement membrane, epithe-
lial cell, or smooth muscle layers compared with uninfected
controls (not shown). However, neonatal infection induced strik-
ing changes in parenchymal structure with substantial increases in
alveolar size (Fig 6, A and B). Neonatal infection resulted in a
~50% increase in average alveolar diameter compared with unin-
fected (Sham) controls (Fig 6, B). Infant and adult infections did
not significantly affect alveolar diameter (Fig 6, B).

DISCUSSION

We have demonstrated that early-life chlamydial infection
enhances hallmark features of allergic airways disease that
correlates with alterations in immune responses and lung struc-
ture. Neonatal and infant but not adult infection increased mucus-
secreting cell numbers and IL-13 expression in the lung and
reduced lung function during allergic airways disease in later life.
The age of infection is crucial in determining the nature of
the effects. Neonatal infection reduced eosinophil influx into
the airways and ovalbumin-specific Ty2 cytokine release and the
number of activated mDC in MLNs. By contrast, infant infection
enhanced features of allergic inflammation with increased eosin-
ophil numbers and enhanced Ty2 cytokine and DC responses.
Both neonatal and infant infection increased systemic DC-
induced IL-13 release from CD4* T cells. The timing of infection
had significant effects on lung structure because neonatal but not
infant or adult infection induced substantial increases in alveolar
size.

These studies used the natural mouse pathogen C muridarum,
which was originally isolated from a mouse with respiratory
infection.*** The time-course, immunologic, and histopatholog-
ical progression of C muridarum infection of mice closely resem-
bles that observed with C pneumoniae infection in human
beings.g’l4 Therefore, C muridarum is the organism of choice
for investigating natural host-bacteria-allergen interactions in
mice. By using C muridarum, we show that early-life (neonatal
and infant) infections augment IL-13 expression in lung tissue,
which correlates with increased mucus-secreting cell numbers
and AHR.***7 IL-13 is known to promote increased immune
responses to otherwise innocuous inhaled allergens, Ty2
responses, eosinophilic inflammation, mucus hypersecretion,
and AHR.***%° These results suggest that early-life infection
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FIG 6. Neonatal infection increases alveolar size in later life. A, Photomicro-
graphs of representative lung sections 9 weeks after infection (x40 magni-
fication; scale bars represent 50 um). B, Alveolar diameter of hematoxylin
and eosin-stained lung sections. Black bars represent infected groups,
whereas white bars represent uninfected groups. Results are representative
of 2 or 3 independent experiments, and combined results are presented as
means = SEMs where n > 8 individual mice. *Significance compared with
uninfected, nonallergic (Sham) control. ***P < .001. Group abbreviations:
Neo, Inf, and Ad, neonatal, infant, and adult groups, respectively. Sham in-
dicates uninfected control groups.

promotes pulmonary IL-13 responses to allergens that may drive
increased asthma severity in later life.

Enhanced expression of IL-13 in the lung after early-life
infections may be the result of permanent infection-induced
changes in the phenotype of local (after infant infection) or
systemic (after neonatal or infant infection) DCs. We show that
DCs from animals exposed to chlamydial infections in early life
have a greater propensity to induce IL-13 release from T cells on
presentation of allergen. A previous study by Jiao et al*' showed
that exposure of neonatal mice to killed C muridarum induces
DCs that have a suppressive effect on T-cell function and allergic
inflammation in later life. However, this study by Jiao et al*' did
not investigate the effects on mucus-secreting cells, IL-13 expres-
sion in the lung, or lung function. This study supports our obser-
vations that exposure to infectious agents in early life can have
profound effects on DC phenotype and function and that these
changes may influence immune programming in later life. How-
ever, it is likely that exposure to killed C muridarum may have dif-
ferent effects than live infection.*'
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Although neonatal and infant chlamydial lung infections have
similar affects on mucus-secreting cell numbers, pulmonary
IL-13 expression, and AHR in allergic airways disease, they
have differential effects on eosinophilic inflammation and oval-
bumin-specific cytokine responses. Neonatal infection reduced
the infiltration of eosinophils into the airways, which correlated
with reduced levels of IL-5. IL-5 induces the development,
maturation, and migration of eosinophils from blood to pulmo-
nary tissue.”** By contrast, infant infection potently enhanced the
infiltration of eosinophils into the lungs, which correlated with in-
creased IL-5 responses. Neonatal infection suppressed, whereas
an infant infection enhanced, ovalbumin-specific cytokine release
from MLN T cells. The anti-inflammatory cytokine IL-10 and
Treg cells have been shown to suppress T-cell cytokine
release.**** However, the suppression of MLN cytokine release
in the neonatally infected group did not correlate with IL-10 pro-
duction or altered Treg cell numbers during allergic airways dis-
ease. T-cell cytokine release did, however, correlate with
infection-induced changes in the number of activated (MHC
II") mDCs in MLNs. MHC II surface expression is a marker of
DC activation and antigen presentation, and increased expression
is associated with enhanced T-cell responses.”** We show that
neonatal infection reduces the levels of activated mDCs in the
MLN during allergic airways disease. The reduction in mDCs
may result in reduced T-cell activation and lead to the reduced
MLN cytokine release observed in this group. By contrast, infant
infection increased the numbers of activated mDCs in MLNs,
which may account for the augmented release of T2 cytokines
by MLN T cells in allergic airways disease.

We demonstrate that early-life infections result in significant
reductions in lung function in terms of AHR (increased resistance
and decreased compliance) during allergic airways disease in
later life. These observations agree with epidemiologic studies
that show C pneumoniae infection is associated with persistent
airflow limitation in subjects with adult-onset asthma compared
with subjects with asthma without infection*’ and correlate with
an increase in asthma severity.46 Our data also show that infected,
nonallergic groups have substantially reduced lung function com-
pared with uninfected controls. Notably, maximal airways resis-
tance in infected, allergic groups was not significantly increased
above infected, nonallergic groups (Fig 2, C). This may occur
because infection alone may induce the maximal response that
cannot be significantly increased by the induction of allergic
airways disease, as we have previously described.'* However, a
significant additional decrease in dynamic compliance was ob-
served after either neonatal or infant infection (Fig E4). Clinical
studies have shown that a number of respiratory infections in early
life result in reduced lung function in adults without asthma.*”*3
Therefore, although early-life infection may predispose to
reduced lung function in subjects with asthma, infections may
also result in substantially reduced lung function in later life
even in the absence of asthma.

We also show that a neonatal chlamydial lung infection induces
dramatic changes in alveolar structure in later life. This novel
observation provides further evidence that the age of infection
may play a major role in driving infection-induced and infection-
associated disease. Alveolar development occurs postnatally, and
only 15% of the adult pulmonary alveolar component is present at
birth. ' Therefore, the demonstration that increases in alveolar
size occur only after a neonatal infection provides evidence that
there is a window early in postnatal lung development during
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which respiratory insult and inflammation can result in permanent
and irreparable damage to the lungs in later life. The alteration in
lung structure by infection may also contribute to impaired lung
function. Increased alveolar diameter results in the reduction of
alveolar attachments to the airway wall, which decreases airway
support and elastic recoil.*” These changes lead to airflow limita-
tions, enhanced transpulmonary resistance, and reduced tissue
compliance. Taken together, the combined effects of increased
IL-13 responses and altered lung structure by neonatal infection
may significantly contribute to the enhancement of allergic
airways disease in later life. Significantly, neonatal infection-
induced changes in lung structure may predispose to, or increase
the severity of, other chronic respiratory diseases that are associ-
ated with detrimental changes in alveoli such as chronic obstruc-
tive pulmonary disease and emphysema.

It is increasingly recognized that inflammatory events during
early life may predispose to asthma in later life; however, the
mechanisms involved are largely unknown. Respiratory viral
infection and associated wheeze during infancy are strong pre-
dictors for persistent wheeze and asthma.’ ° Furthermore, C pneu-
moniae infection during childhood is increasingly associated with
asthma.’'~>* Our studies suggest novel mechanisms of how early-
life infection may predispose to enhanced asthma. We show that
early-life chlamydial lung infections result in the progression of
a similar worsening of features of asthma (mucus-secreting cell
hyperplasia, increased IL-13 expression, and impaired lung func-
tion) in later life. This occurs even though neonatal and infant in-
fections have differential affects on eosinophil influx into the
lungs and ovalbumin-specific MLN cytokine and DC responses.
We show that these changes correspond with early-life infec-
tion-induced increases in the ability of DCs to induce IL-13 re-
lease from T cells on exposure to allergen. This study suggests
that the prevention or treatment of early-life pulmonary chlamyd-
ial infection and/or associated inflammatory responses may be
beneficial in suppressing the development of future disease. In-
deed, vaccination and treatment strategies that promote the clear-
ance of infection and prevent inflammation may be beneficial for
lung function and predisposition to asthma in the long term.

We thank Prof Rakesh Kumar (Department of Pathology, University of
NSW, Sydney, Australia) for assistance in the analysis of changes in lung
histology.

Clinical implications: Early-life chlamydial lung infections per-
manently alter immunity and lung function and structure and

enhance the severity of allergic airways disease, indicating a
need for strategies that target infection and its effects to sup-
press asthma.
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METHODS

Experimental models

Neonatal (24 hours), infant (3 weeks), and adult (6 weeks) BALB/c mice
were infected intranasally with C muridarum (400 [neonates] or 100 [infants/
adults] inclusion-forming units, ATCC VR-123, in 5 pnL [neonates] or 30 pnL
[infants/adults] sucrose phosphate glutamate buffer). Infection resolved, and
after 45 days, mice were sensitized and challenged with ovalbumin (Fig 1)
as previously described.®'"¥? Thus, groups had a resolved neonatal, infant,
or adult infection 6 weeks before the induction of allergic airways disease
in later life. Animals were euthanized by sodium pentobarbital overdose (Ab-
bott Australasia, Botany, Australia) 24 hours after the final ovalbumin chal-
lenge, and features of allergic airways disease were characterized. Controls
were infected and nonallergic (Neo, Inf, and Ad), uninfected and allergic
(Ova), or uninfected, and sham-sensitized (Sham [uninfected and nonaller-
gic]). We have determined that control groups that receive no sham, sham sen-
sitization, or sham infection do not differ in any features of pulmonary
immune responses or physiology.®' All experiments were approved by the
University of Newcastle animal ethics committee.

Chlamydial infection
Pulmonary chlamydial numbers were determined by real-time PCR of
DNA extracted from lung homogenates.”!

Airway inflammation

Euthanized mice were bled out by severing the aorta in the lower abdominal
cavity while the heart was still beating. Lungs were perfused (0.9% saline) by
puncturing the heart with a 19-gauge needle attached to a column of saline and
fixed by intratracheal inflation (1.5 mL, 10% buffered formalin; Sigma, Castle
Hill, Australia). The trachea was tied off, and lungs were immersed in buffered
formalin. Lungs were embedded in paraffin, sectioned (4-6 wm), and stained
with chrome salt fixation (for eosinophils), periodic acid-Schiff (for mucus-
secreting cells), or hematoxylin and eosin (for histopathology).®! To deter-
mine airway tissue eosinophil numbers and mucus-secreting cell hyperplasia,
the mean numbers of eosinophils adjacent to the basement membrane and mu-
cus-secreting cells around airways (mean in 10 X 100 pwm fields) were deter-
mined by using light microscopy.™' Histopathology was scored according to a
set of custom-designed criteria. ©' All analyses were performed in a blind
fashion.

Lung function

Mice were anesthetized (ketamine/xylazine [80-100 mg/kg and 10 mg/kg,
respectively], Troy Laboratories, Smithfield, Australia) and the trachea
cannulated. The cannula was connected to an inline aerosol and ventilator,
which were attached to a preamplifier and computer (Buxco, Sharon, Conn) to
analyze pressure and flow waveforms. Lung function, in terms of AHR, was
measured in anesthetized mice using whole-body plethysmography by deter-
mination of the peak of airways resistance and dynamic compliance in re-
sponse to increasing doses of nebulized methacholine (Sigma).”’

IL-13 mRNA expression in lung tissue

Total RNA was extracted from whole lung tissue using TRIZOL
(Invitrogen, Mount Waverley, Australia). Reverse transcription of RNA
(1000 ng) was performed by using Superscript III and random hexamer
primers (Invitrogen). The relative abundance of IL-13 mRNA in experimental
samples was determined compared with the reference gene hypoxanthine-
guanine phosphoribosyltransferase (internal control) by real-time PCR by
using the ABI Prism7000 Sequence Detection System (Applied Biosystems,
Scoresby, Australia).E3 Primers used are shown in Table E1.

Ovalbumin-specific T-cell cytokine release from
MLNs

Single-cell suspensions of MLNs were prepared.®' Cells were pelleted,
erythrocytes lysed, and cells resuspended in complete RPMI (10% FCS, 20
mmol/L HEPES, 10 pg/mL penicillin/streptomycin, 2 mmol/L L-glutamine,
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and 50 pmol/L 2-mercaptoethanol). Viable cell numbers were determined
by Trypan blue exclusion using a hemocytometer (Neubauer, Dusseldoff, Ger-
many) and light microscope. MLN cells (5 X 10° cells) were restimulated with
ovalbumin (200 p.g/mL) and cultured for 6 days in complete RPMI. IFN-y, IL-
5,1L-13, and IL-10 concentrations in culture supernatants were determined by
ELISA.™

Flow-cytometric analysis of MLN cells

Single-cell suspensions of MLNs (1 X 10° cells) were stained for surface
markers as previously described."* FACS was performed by using a BD
FACSCanto and results generated and assessed using BD FACSDiva software
(BD Biosciences). Anti-CD11¢, CD11b, B220, CD4, CD25 (BD Biosciences),
and MHC 1II and forkhead box protein 3 (Foxp3; eBiosciences, Kensington,
Australia) mAbs were used.

Regulatory T cells were characterized as CD4*CD25 *Foxp3™, low-mod-
erate forward scatter, and low side scatter.® Intracellular cytokine staining for
Foxp3 was performed according to the manufacturer’s instructions
(eBioscience).

Myeloid DCs were characterized as CD1 1ctCD1 lbhiB220', moderate for-
ward scatter, and low-moderate side scatter.”* Maturation and activation of
DCs was assessed by determination of MHC II expression.

These experiments are variable, and age-matched controls were run with
each experiment.

DC-induced CD4* T-cell IL-13 release

Single-cell homogenates of spleens were prepared, and DCs were isolated
by using the BD IMag DC Enrichment Set (BD Biosciences). Negative
selection was used to avoid cellular activation.

Purified DCs were cultured (5 X 10* cells, 200 nL, complete RPMI, 16
hours, 37°C, 5% CO,) with ovalbumin-peptide (50 wg/mL, amino acids
323-339 of ovalbumin [Ova323'339], Biomolecular Resource Facility, Austra-
lian National University, Canberra, Australia). Negative controls were cul-
tured without peptide.

CD4" T-cells were isolated from the spleens of DO11.10 recombinase-
activating gene 2*/* BALB/c mice, which are transgenic for the Ova®>*3%°
-specific TCR, by using the BD IMag CD4 T-lymphocyte Enrichment Set
(BD Biosciences). Negative selection was used to avoid cellular activation.

Ovalbumin-peptide pulsed DCs were cocultured with DO11.10 Rag2™'*
CD4" T cells (1:7, 200 pL, complete RPMI, 4 days, 37 °C, 5% COZ).E(’ Su-
pernatants were collected for assessment of IL-13 release by ELISA.

These experiments are variable, and age-matched controls were run with
each experiment.
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FIG E1. Infant C muridarum lung infection. Mice were infected at 3 weeks of
age with 100 inclusion forming units (ifu) of C muridarum (Cmu), and pul-
monary Cmu numbers and histopathology were determined over a 9-week
period (A). Weight gain after infant (Inf) infection (B). Results are presented
as means = SEMs from n > 4. Significant differences in Cmu numbers be-
tween days 0 and 10 and between days 15 and 20 are shown as #P <.05 and
##P <.01. Significant differences in histopathology between days 0 and 10
and days 10 and 45 are shown as *P <.05. Significant differences in rate
of weight gain between days 8 and 10 of infected (Inf) compared with unin-
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FIG E2. Age of sensitization does not affect airways mucus-secreting cell numbers, IL-13 expression in lung
tissue, AHR, or eosinophil numbers in allergic airways disease. Mice were sensitized intraperitoneally and
challenged intranasally with ovalbumin (Ova) to induce allergic airways disease in mice 6, 9, or 12 weeks
old. Airways mucus-secreting cells (A), IL-13 expression in lung tissue (B), AHR in terms of averaged
peak airways resistance (upper panel) and dynamic compliance (lower panel) in response to increasing
doses of methacholine (C), and airways eosinophil numbers (D). Results are presented as means = SEMs
from n > 4. *Significance compared with uninfected, nonallergic (Sham) controls. *P < .05; **P < .01.
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FIG E3. Age of sensitization does not affect T,2-cytokine responses in aller-
gic airways disease. Mice were sensitized intraperitoneally and challenged
intranasally with ovalbumin to induce allergic airways disease in mice 6, 9,
or 12 weeks old. Ovalbumin-specific IFN-y (A), IL-5 (B), IL-13 (C), and IL-10
(D) release in MLN culture supernatants were determined. Results are pre-
sented as means + SEMs from n > 4. *P < .05.
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FIG E4. Early-life infection enhances AHR in allergic airways disease in later life. AHR in terms of averaged
peak airways resistance (upper panels) and dynamic compliance (lower panels) in response to increasing
doses of methacholine and comparison of statistical differences across whole curves. Results are represen-
tative of 2 or 3 independent experiments, and combined results are presented as means * SEMs where
n > 8 individual mice. ¥*P < .05; **P < .01; ***P < .001. Ova, Uninfected, allergic groups; Neo/Ova, Inf/Ova,
and Ad/Ova, neonatal, infant, and adult infected, allergic groups, respectively; Sham, uninfected, nonaller-
gic groups; Neo, Inf, and Ad, neonatal, infant, and adult infected, nonallergic groups, respectively. Unin-
fected controls (Ova and Sham) were 6 weeks old at the time of sensitization.
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TABLE E1. Sequences of primers used in real-time PCR

Gene Primers

HPRT Forward, 5'-AGGCCAGACTTTGTTGGATTTGAA
Reverse, 5'-CAACTTGCGCTCATCTTAGGCTTT

1IL-13 Forward, 5'-AGCTGAGCAACATCACACAAGACC

Reverse, 5'-TGGGCTACTTCGATTTTGGTATCG

HPRT, Hypoxanthine-guanine phosphoribosyltransferase.
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