‘ W) Check for updates

ORIGINAL RE

Unique Allergic Asthma Phenotypes in Offspring of House Dust

Mite—exposed Mice

Katie M. Lebold', Matthew G. Drake?, Alexandra B. Pincus®, Aubrey B. Pierce?, Allison D. Fryer?, and

David B. Jacoby?

"Department of Emergency Medicine, Stanford University School of Medicine, Palo Alto, California; and Division of Pulmonary and
Critical Care Medicine, Department of Medicine, Oregon Health and Science University, Portland, Oregon

Abstract

Asthma is a heterogeneous inflammatory airway disease that
develops in response to a combination of genetic predisposition
and environmental exposures. Patients with asthma are grouped
into phenotypes with shared clinical features and biomarker
profiles to help tailor specific therapies. However, factors driving
development of specific phenotypes are poorly understood.
Prenatal exposure to maternal asthma is a unique risk factor for
childhood asthma. Here we tested whether maternal asthma
skews asthma phenotypes in offspring. We compared airway
hyperreactivity and inflammatory and neurotrophin lung
signatures before and after allergen challenge in offspring born to
mice exposed to house dust mite (HDM) or vehicle during
pregnancy. Maternal HDM exposure potentiated offspring
responses to HDM allergen, significantly increasing both airway

Asthma often begins in childhood and is
characterized by reversible airflow
obstruction, airway hyperreactivity,
inflammation, and structural remodeling.
Children born to parents with asthma
have a greater risk of developing asthma
themselves (1-3); however, shared
genetics account for only part of this risk.
Maternal asthma confers more risk than
paternal asthma (4), and better asthma
control during pregnancy reduces a child’s
asthma risk (5), indicating that exposure
to maternal factors in utero uniquely

influences childhood asthma risk and is
potentially modifiable.

One mechanism by which maternal
asthma increases childhood asthma risk is by
potentiating airway responses to inhaled
allergens. Mice born to dams exposed to
allergens during pregnancy have heightened
immune responses and airway
hyperreactivity after allergen sensitization
later in life (6). Dams with elevated IL-5
during pregnancy similarly give birth to
offspring with potentiated airway
inflammation and airway hyperreactivity

hyperreactivity and airway eosinophilia compared with control
mice. Maternal HDM exposure broadly skewed the offspring
cytokine response from a classic allergen-induced T-helper cell
type 2 (Th2)-predominant signature in HDM-treated offspring of
vehicle-exposed mothers, toward a mixed Th17/Thl phenotype
in HDM-treated offspring of HDM-exposed mothers.
Morphologic analysis determined that maternal HDM exposure
also increased airway epithelial sensory nerve density and
induced distinct neurotrophin signatures to support airway
hyperinnervation. Our results demonstrate that maternal allergen
exposure alters fetal lung development and promotes a unique
inflammatory phenotype at baseline and in response to allergen
that persists into adulthood.

Keywords: asthma; maternal asthma; airway hyperreactivity;
eosinophil; sensory nerve

after allergen exposure (7). Notably, the
mechanism of allergen-induced airway
hyperreactivity in mice exposed to IL-5 in
utero is distinct from control mice. Offspring
born to dams with elevated IL-5 during
pregnancy have sensory airway
hyperinnervation with marked increases in
substance P, a tachykinin that causes
bronchoconstriction and increases immune
cell recruitment and activation via its
receptor NK1 (neurokinin-1) (8, 9). Mice
born with airway hyperinnervation
responded to nerve-targeted therapies to
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reduce allergen-induced airway
hyperreactivity, whereas mice born to
control dams did not, suggesting these
biologic features may represent unique
phenotypes.

Patients with asthma are broadly
categorized into disease phenotypes based on
shared clinical features and biomarkers (10).
Type 2 high asthma is the most common
phenotype and is marked by airway and blood
eosinophilia; elevated T-helper cell type 2
(Th2)-related cytokines, including IL-5, IL-4,
and IL-13; and, often, the presence of atopy.
Several targeted therapies have been
introduced against IL-5, IL-4, and IL-13 that
have significantly improved exacerbation rates
for patients with type 2 high asthma,
reinforcing the key role of cytokines in this
phenotype. In contrast, type 2 low
(alternatively termed non-type 2 or non-Th2)
asthma is characterized by low or absent
airway eosinophilia, elevated IL-17, and
frequently by steroid insensitivity (11). Less is
known about mechanisms driving type 2 low
asthma, which contributes to the lack of
effective targeted therapies for this phenotype.

Inciting factors for development of
unique asthma phenotypes are unclear.

A few specific exposures are linked to
development of an asthma phenotype, such
as the association of allergen sensitization
with development of early-onset asthma
(12, 13). However, the role of most risk
factors and early-life exposures in
development of asthma phenotypes has not
been defined. Identifying mechanisms
driving phenotypic differentiation will
improve treatment options, predict disease
severity, and identify new modifiable factors
that can alter disease trajectory.

In this study, we tested whether mice
born to allergen-exposed dams exhibit
unique inflammatory and physiologic
phenotypes before and after allergen
exposure. Some data from these studies have
been previously reported as an abstract (14).

Methods

Mice

Male and female C57Bl/6] mice (Jackson
Laboratories) 8 weeks of age and older were
used for experiments. Mice were housed with
ad libitum access to food and water on a
12-hour light and dark cycle. Oregon Health
and Science University’s Institutional Animal
Care and Use Committee approved all
experimental protocols.

Maternal Allergen Sensitization

and Challenge

Nulliparous female mice were sedated with
5% isoflurane and intranasally exposed to

25 pg house dust mite (HDM, dissolved in
25 ul PBS, LPS content 83,250 EU/vial or
3,857 EU/mg protein, Greer Laboratories,
n=>5 mothers) or vehicle (VEH) (PBS,

n=5 mothers) for 5 consecutive days per
week followed by 2 days of rest for 4 weeks
total (Figure 1). At the end of the fourth
week of allergen exposure, female mice were
mated with nonsensitized wild-type male
mice who had received no treatment. Female
HDM exposure then resumed during
gestation with intranasal delivery of 25 pg
HDM or VEH (5 days per week, from
protocol Week 5 until delivery). Intranasal
delivery was performed using one-handed
manual restraint without isoflurane sedation
during pregnancy, because pilot studies
demonstrated that daily isoflurane exposure
caused fetal death. Once offspring were born,
maternal exposures were stopped.

Offspring Allergen Sensitization

and Challenge

Adult offspring mice were anesthetized with
5% isoflurane and sensitized intranasally
with 50 uyg HDM on Days 0 and 1, followed
by challenge with 25 ug HDM daily on Days
14-17. Control mice received intranasal PBS
(VEH). Measurement of airway physiology
and inflammation were performed 24 hours
after the final HDM challenge (Day 18).

Airway Physiology

Mice were sedated with xylazine (10 mg/kg
i.p.) and ketamine (100 mg/kg i.p.),
tracheotomized, and mechanically ventilated

FO Generation: Maternal Sensitization

)

F1 Generation: Sensitization and Challenge

—L

Veh HDM

—L

via a 21-gauge catheter. The ventilator
system and settings have been previously
described (7, 15). Airway resistance was
measured at baseline and after increasing
doses of inhaled serotonin as detailed
previously (7) and in the data supplement.

Tissue Collection
Tissue collection is detailed in the data
supplement.

Cytokine and Chemokine Analysis
RNA was extracted from whole lung using
RNeasy Mini Kit (Qiagen). cDNA synthesis
and real-time PCR were performed using the
RT? Profiler PCR Array system (Qiagen)
according to manufacturer’s instructions and
ABI-7500 (Applied Biosystems) real-time
machine. Targets are detailed in the data
supplement.

Epithelial Nerve Modeling

Epithelial nerve density was quantified using
tissue optical clearing, confocal microscopy,
and three-dimensional nerve modeling, as
detailed previously (7, 15).

Statistical Analysis and
Reproducibility

Data are graphed as mean + SEM and
analyzed using GraphPad Prism 7.
Dose-response curves were analyzed with a
repeated-measures two-way ANOVA.
Lavage and nerve data were analyzed with
two-way ANOV A with Bonferroni post hoc
test. RNA data were analyzed with one-way
ANOVA with Bonferroni correction for
multiple comparisons and further detailed in
the data supplement. Each experimental
group contained animals derived from at
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Figure 1. Breeding scheme and house dust mite (HDM) exposure protocol. Female mice were
exposed to HDM or vehicle (VEH) for 5 d/wk X 4 weeks before breeding, paired with male
mice, and then exposed 5 d/wk until delivery. After reaching 8 weeks of age, offspring were
sensitized to HDM or VEH on protocol Days 0 and 1 and then challenged with HDM on
protocol Days 14-17. All experiments were conducted on protocol Day 18.
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least four separate litters and was limited to
three littermates per treatment group to
prevent overrepresentation of single
pregnancies.

Results

Maternal HDM Exposure Increases
Offspring Airway Hyperreactivity and
Inflammation

Baseline airway resistance, measured before
administering serotonin, was similar between
offspring from HDM- and VEH-exposed
mothers irrespective of offspring treatment
group. In VEH-treated offspring from
HDM-exposed (HDM/VEH) and VEH-
exposed (VEH/VEH) mothers,
bronchoconstriction to inhaled serotonin
was also similar (Figure 2A). In contrast,
acute HDM sensitization and challenge
significantly increased airway reactivity in all
offspring compared with VEH control mice
(VEH/HDM vs. VEH/VEH; P = 0.0269;
HDM/VEH vs. HDM/HDM,; P = 0.0044).
Acute HDM-induced airway hyperreactivity
was further potentiated in offspring born to
HDM-exposed mothers compared with
offspring born to VEH-exposed mothers
(HDM/HDM vs. VEH/HDM, P =0.0384)
(Figure 2A).

Acute HDM sensitization and challenge
increased inflammatory cells in BAL fluid of
offspring from both VEH-exposed (VEH/
HDM) and HDM-exposed (HDM/HDM)
mothers. However, HDM-treated offspring
born to HDM-exposed mothers (HDM/
HDM) had significantly potentiated
inflammatory responses compared with
HDM-treated offspring of VEH-exposed
mothers (VEH/HDM), with more than three
times as many eosinophils present in their
airways (Figures 2B and 2C). To a lesser
extent, airway macrophages and neutrophils
were also increased (Figures 2D and 2E).

Maternal HDM Exposure Skews Lung
Inflammatory Signature toward a
Mixed Th17/Th1 Phenotype

Eighty chemokine and cytokine transcripts
were measured in lungs of offspring from all
treatment groups (Figure 3A). To determine
effects of acute HDM exposure on lung
inflammation, transcripts in HDM-treated
offspring from VEH-exposed mothers
(VEH/HDM) were compared with control
mice (VEH/VEH) (Figure 3B). Twenty-one
genes were upregulated by acute HDM
treatment, corresponding to Th2 signaling

(il4, il13, il21), T cell activation (cd70),
Th1:Th2 polarization (il6), regulation of
allergen sensitization (il1a), and
chemoattractants that promote migration of
eosinophils (ccl7, cclll, ccl12, ccl24),
neutrophils (cxclI, cxcl3, cxcl5), B cells
(cxcl13), macrophages (ccl2), and T
lymphocytes (cxcl9, cxcl10, ccll, ccl17) into
lungs. Acute HDM also increased expression
of il10, which promotes resolution of allergic
airway inflammation, whereas genes that
promote smooth muscle hypertrophy and
airway remodeling (ctfI, tgfb2) and T-cell
survival (cx3cll) were suppressed. Two BMP
(bone morphogenetic protein) transcripts
were also decreased after acute HDM (bmip2,
bmpé).

To test effects of maternal HDM
exposure on lung inflammation at baseline,
lung cytokine and chemokine transcripts in
VEH-treated offspring from HDM-exposed
mothers (HDM/VEH) were compared with
control mice (VEH/VEH) (Figure 3C).
Opverall, 17 transcripts were differentially
expressed after maternal HDM exposure,
including increased expression of eight
cytokines and chemokines involved in B-cell
activation and proliferation (tnfsf13b),
dendritic cell survival (¢nfsf11 [tumor
necrosis factor ligand superfamily member
11]), airway remodeling (vegfa, ctfl, bmp?7),
and thrombopoiesis (thpo). Nine transcripts
were downregulated, including mediators
involved in inflammatory cell apoptosis
(tnfs10, fasl), Th1:Th2 polarization (il6) and
allergen sensitization (il1a, il1b), dendritic
cell survival (tnfrsfl1b, the decoy receptor for
tnfsfl11), and lung development (spp1).
Maternal HDM exposure had mixed effects
on transcripts involved in inflammatory cell
recruitment, both increasing (il5, vegfa) and
decreasing (ccl5, ccl2) expression of
cytokines/chemokines that promote
eosinophil and macrophage infiltration into
lungs.

To determine the effects of maternal
HDM exposure on an offspring’s
inflammatory response to acute HDM
sensitization and challenge, lung cytokine
and chemokine transcripts in HDM-treated
offspring from HDM-exposed mothers
(HDM/HDM) were compared with both
VEH-treated offspring from HDM-exposed
mothers (HDM/VEH) and HDM-treated
offspring from VEH-exposed mothers
(VEH/HDM) (Figure 3D). Overall, 25 genes
were differentially regulated in HDM-treated
offspring of HDM-exposed mothers (i.e.,
significantly different from both VEH/HDM

Lebold, Drake, Pincus, et al.: Asthma Phenotypes in Offspring of Allergic Mice

and HDM/VEH), including a robust increase
in gene transcripts promoting T-cell
activation (cd”70), survival (cd70, il15, il2),
recruitment (cxcl12, cxclll), and
differentiation (il2); and a mixed Th1 (il12b,
il27, ifng, ccl19), Th17 (il17a, il22, i123), and
Th2 (il24, il11, pf4) polarization response.
Gene transcripts promoting allergen
sensitization (csf1); resistance to
glucocorticoids (mif); IgE synthesis (Ifa);
differentiation, survival, and recruitment of
macrophages (csf1, ccl3, ccl4), dendritic cells
(csf2, ccl19, ccl20, pf4), neutrophils (csf3, ccl3,
ccl4, pf4, ppbp), and eosinophils (ccl3, ccl4)
were also increased in lungs of HDM-treated
offspring from HDM-exposed mothers. Only
one gene, bmp4, was suppressed in HDM-
treated offspring from HDM-exposed mothers.

Maternal HDM Exposure Increases
Airway Innervation and Expression of
Neurotrophic Receptors That Promote
Sensory Nerve Growth and Survival
Three-dimensional models of substance
P-expressing airway epithelial sensory nerves
were generated from confocal image z-stacks
to test whether maternal HDM exposure
affected airway nerve morphology in
offspring (Figure 4A). Epithelial sensory
nerve density was significantly increased in
offspring from HDM-exposed mothers
compared with offspring from VEH-exposed
mothers (Figures 4A-4C). Acute HDM
sensitization and challenge in offspring had
no effect on epithelial nerve density.

Gene expression of neuropeptides,
neurotrophins, and their respective receptors
and downstream signaling pathways were
measured in whole lungs of all offspring to
identify potential mediators involved in
development and/or maintenance of airway
sensory hyperinnervation (Figure 5A). In
acute HDM-treated offspring from VEH-
exposed mothers (VEH/HDM), only
expression of NK1 (facrl), a substance P
receptor, was increased in whole lung
compared with control mice (VEH/VEH),
whereas transcripts that promote neuronal
proliferation (fgf2), sensory axon growth
(nrg4), sensory nerve survival and
regeneration after injury (if, stat3, cnifr,
mc2r), parasympathetic nerve development
(gfral), and Schwann cell differentiation and
peripheral nerve myelination (fgf9) were all
decreased (Figure 5B).

Next, VEH-treated offspring from
HDM-exposed mothers (HDM/VEH) were
compared with control mice (VEH/VEH) to
determine the effect of maternal HDM
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Figure 2. Maternal HDM exposure increased offspring airway hyperreactivity and inflammation. (A) Maternal HDM exposure did not change
bronchoconstriction to inhaled serotonin in VEH-exposed offspring (VEH/VEH, open circles, n=8; VEH/HDM, light gray squares, n=38). Acute
HDM sensitization and challenge caused airway hyperreactivity to inhaled serotonin in offspring compared with their VEH control mice
independent of maternal treatment (VEH/VEH vs. VEH/HDM [dark gray circles, n=8] and HDM/VEH vs. HDM/HDM [black squares, n=10]).
Allergen-induced airway hyperreactivity to serotonin was potentiated in offspring from HDM mothers (black squares) compared with VEH
mothers (dark gray circles). (B) Airway inflammation increased in all offspring exposed to HDM compared with VEH control mice. (B and C)
Maternal HDM exposure potentiated allergen-induced total (B) and eosinophilic (C) airway inflammatory cells in offspring. (D) Airway neutrophils
and (E) macrophages increased in mice exposed to HDM compared to VEH control mice. *P<0.05.
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Figure 3. Allergen-induced inflammation signatures are unique in offspring from HDM-exposed mothers. (A) Fold change in expression of
cytokines and chemokines using VEH-exposed offspring from VEH mothers (VEH/VEH) as baseline comparison group. (B) Acute HDM treatment
increased expression of 21 genes and decreased expression of 6 genes in offspring from VEH-exposed mothers (VEH/HDM) compared with
VEH-treated offspring from VEH-exposed mothers (VEH/VEH). (C) Maternal HDM exposure increased expression of eight genes and decreased
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airways (top) and three-dimensional computer models for quantification of nerve morphology (bottom). (B and C) Maternal HDM exposure
increased offspring airway substance P—positive nerve length (B) and branching (C). Nerve length and branch points did not increase further
with offspring HDM exposure. *P<0.05.

exposure on baseline neuropeptide and that promote sensory nerve growth and expression of transcripts involved in sensory
neurotrophin expression (Figure 5C). Similar  differentiation (ngf [nerve growth factor], neuron repair (mc2r) and parasympathetic
to the effects of acute HDM, maternal HDM  artn, frs2, fgfr]) and parasympathetic nerve nerve survival (gfra2).

exposure increased RNA for NK1 receptors development (gfral) were also increased. Last, acute HDM-treated offspring from
(tacrl), whereas expression of neurotrophins ~ Maternal HDM exposure decreased HDM-exposed mothers (HDM/HDM) were

Figure 3. (Continued). expression of nine genes in VEH-treated offspring (HDM/VEH) compared with control mice (VEH/VEH). (D) Maternal
HDM exposure potentiated expression of 25 genes in acute HDM-treated offspring (black bars, HDM/HDM) compared with VEH-treated
offspring from HDM-exposed mothers (gray bars, HDM/VEH) and HDM-treated offspring from VEH-exposed mothers.
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Figure 5. Allergen-induced neurotrophin signatures are unique in offspring from HDM-exposed mothers. (A) Fold change in expression of
neuropeptides, neurotrophins, neurotrophin receptors, and modulating proteins using VEH-treated offspring from VEH-exposed mothers (VEH/
VEH) as the baseline comparison group. (B) Acute HDM increased tacr1 expression and suppressed expression of nine genes in offspring from
VEH-exposed mothers (VEH/HDM) compared with VEH-treated offspring from VEH-exposed mothers (VEH/VEH). (C) Maternal HDM exposure
increased expression of six genes and decreased expression of four genes in VEH-treated offspring (HDM/VEH) compared with VEH-treated
offspring from VEH-exposed mothers (VEH/VEH). (D) Maternal HDM exposure potentiated expression of 10 genes in HDM-treated offspring
(black bars, HDM/HDM) compared with VEH-treated offspring from HDM-exposed mothers (gray bars, HDM/VEH) and HDM-treated offspring

from VEH-exposed mothers.
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compared with both VEH-treated offspring
from HDM-exposed mothers (HDM/VEH)
and to HDM-treated offspring from VEH-
exposed mothers (VEH/HDM) to determine
the effects of maternal HDM exposure on
neuropeptide and neurotrophin expression
after acute HDM sensitization and challenge
in offspring (Figure 5D). Overall, 10 genes
were differentially regulated in HDM-treated
offspring of HDM-exposed mothers (i.e.,
significantly different from both VEH/HDM
and HDM/VEH). Maternal HDM exposure
significantly potentiated allergen-induced
expression of NK1 receptors (tacrl) in
HDM-treated offspring compared with
VEH-treated offspring of HDM-exposed
mothers (HDM/VEH) and HDM-treated
offspring of VEH-exposed mothers (VEH/
HDM). The combination of maternal HDM
exposure and offspring HDM treatment also
increased expression of transcripts that
promote sensory nerve growth and survival
(ntrkl, ntf4, ngfrap1), sensory neuron
excitability (npff, grpr), and apoptosis
(magedl).

Discussion

We have shown that airway inflammation
and hyperreactivity induced by allergen
sensitization and challenge is greatly
increased in mice born to dams who were
exposed to HDM exposure before and
during pregnancy. We propose that
potentiated airway inflammation and airway
hyperreactivity in mice born to allergen-
exposed dams represents a unique phenotype
with distinct inflammatory and neurotrophic
signatures in lungs.

Acute HDM exposure in offspring from
VEH-exposed mothers led to a classic Th2-
polarized inflammatory signature in the lung
characterized by increased expression of
chemokines involved in inflammatory cell
recruitment in allergic asthma. In contrast,
acute HDM exposure in offspring from
HDM-exposed mothers caused a marked
increase in cytokines and chemokines
associated with mixed Th1/Th17
inflammation. In humans, mixed
inflammatory asthma phenotypes are often
associated with more severe disease, worse
asthma control, and lower lung function
(16). Th17 cells play a causal role in steroid-
resistant inflammation and airway
hyperreactivity in animal models of asthma
(17), whereas elevated IL-17 directly
correlates with more severe, steroid-resistant

asthma in children (18). Skewing toward
Th17 may be caused by increased expression
of MIF (macrophage migration inhibitory
factor) (mif), which increased after HDM
exposure only in offspring from HDM-
exposed mothers. MIF is a potent inducer of
IL-17 secretion (19), as well as a strong
countersignal that overcomes inhibitory
effects of glucocorticoids (20). Our data
suggest uncontrolled maternal asthma
during pregnancy may increase the risk of
severe asthma in children by skewing lung
inflammation toward a steroid-resistant,
Th1/Th17 phenotype.

Th2 and Th17 signaling reciprocally
regulate each other (21, 22), with IL-13
suppressing IL-17 secretion and
IL-17-related gene expression. Although Th2
and Th17 inflammatory signatures may be
mutually exclusive (21), both have marked
eosinophilia.

We found that despite a predominance
of Th1/Th17 and few Th2 transcripts after
HDM exposure in offspring from HDM
mothers, these mice had significant
eosinophilic airway inflammation.
Eosinophils have multiple roles in asthma,
including that they increase neurotransmitter
release from parasympathetic nerves by
blocking neuronal, inhibitory M2 muscarinic
receptors (23-25) and are associated with
hyperinnervation in human asthma (15).
Multiple cytokines and chemokines induce
eosinophil chemotaxis, including IL-5,
CCL3, CCL4, CCL5, CCL7, CCL11 (eotaxin-
1), CCL12, CCL13, CCL24 (eotaxin-2), and
CCL26 (eotaxin-3). Acute HDM exposure in
offspring from VEH-exposed mothers
increased expression of ccl7, ccll1, ccl12, and
ccl24, whereas acute HDM exposure in
offspring from HDM-exposed mothers
increased expression of ccl3 and ccl4,
suggesting recruitment signals for
eosinophils in Th2 versus Th1/Th17
inflammatory phenotypes may be distinct
and that currently available anti-IL5-targeted
treatments alone may be insufficient for
reducing eosinophilic inflammation in this
setting.

Expression of key regulators of dendritic
cell survival and T cell activation may
contribute to the potentiated immune
response and Th1/Th17 phenotype observed
in HDM-treated offspring from HDM-
exposed mothers. Dendritic cells harvested
from offspring of allergen-exposed mothers
have increased antigen presentation capacity
and increase offspring airway hyperreactivity
and inflammation in adoptive transfer

experiments (26), demonstrating that
dendritic cells are important mediators in
transmission of maternal-to-childhood
asthma risk. In our study, maternal HDM
exposure increased expression of tnfsf11 (also
known as RANKL and TRANCE) in lungs of
VEH-treated offspring. T cells express
TNEFSF11, a membrane-bound molecule that
binds its cognate receptor on dendritic cells,
ultimately promoting dendritic cell survival
and serving as a feed-forward signal to
amplify T-cell activation (27). Dendritic cells
exposed to TNFSF11 secrete IL-12, which
then directs Th1 polarization (28), and
reverse signaling through the TNFSF11-
receptor complex augments IFN-vy secretion
by T cells (29). A soluble decoy receptor
(tnfrsfl11b, also known as osteoprotegerin)
blocks the interaction of TNFSF11 with its
receptor, and knockout of TNFSF11b
promotes dendritic cell secretion of IL-12
and IL-23 (30). Expression of TNFRSF11b
was suppressed by maternal HDM,
presumably potentiating the effects of
TNESF11. The importance of this pathway is
evident, as exogenous TNFRSF11b can
inhibit allergen-induced airway
inflammation in mouse models (31).
Similarly, fasl expression was suppressed by
maternal HDM exposure, which opposes
TNESF11-induced dendritic cell survival
(32), demonstrating a likely net effect of
maternal HDM exposure on promoting
dendritic cell survival, antigen presentation,
and T-cell activation that results in
potentiated and skewed inflammatory
responses after HDM exposure in offspring.
We also demonstrate that maternal
HDM exposure increases airway epithelial
substance P-positive sensory innervation in
offspring that persists into adulthood.
Increased epithelial innervation alone did not
increase reflex bronchoconstriction at
baseline, as VEH-treated offspring from
HDM-exposed mothers had similar
serotonin-induced bronchoconstriction as
VEH-treated offspring from VEH-exposed
mothers. It is likely hyperinnervation at
baseline increases offspring susceptibility to
potentiated airway hyperreactivity after
allergen exposure by increased neuronal
sensory field. Airway nerves are required for
allergen-induced hyperreactivity (33), yet
sensory nerve density did not further change
after acute HDM exposure in adult offspring,
suggesting that potentiated allergen-induced
airway hyperreactivity in HDM-treated
offspring from HDM-exposed mothers
depended on preexisting neurons with either
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increased responsiveness to depolarizing
stimuli or increased neurotransmitter
expression. Similarly enhanced eosinophil
recruitment to parasympathetic nerves and
subsequently increased neurotransmitter
release by blocking neuronal M2 muscarinic
receptors (23, 34) may also contribute to the
additive effects of acute antigen challenge
and preexisting hyperinnervation on airway
hyperreactivity.

Maternal HDM exposure potentiated
allergen-induced expression of NK1
receptors (tacrl) in offspring. In mice with
airway hyperinnervation due to maternal
IL-5 exposure in utero (7), allergen-induced
airway hyperreactivity was blocked by an
NK1 antagonist, whereas in mice born to
control dams, NK1 antagonism worsened
airway hyperreactivity. Potentiated
expression of NK1 receptors in our current
study may explain why NK1 antagonists
effectively reduce airway hyperreactivity in
offspring with hyperinnervation due to
in utero IL-5 exposure. HDM exposure in
offspring from HDM mothers also increased
expression of high-affinity NGF TrkA
(tropomyosin receptor kinase A) receptor
(ntrk1) as well as Bex3 (ngfrap1), a protein
that regulates TrkA expression and is a
signaling adaptor molecule for NGF p75NTR
receptors, and for MAGED1, which controls
NGE-p75NTR apoptosis signaling.
Overexpression of NGF in airway epithelium
results in sensory hyperinnervation and
increases airway reactivity independently of
allergen exposure in mice (35). Although
increased expression of NGF receptors after
acute HDM exposure in offspring is not
associated with changed nerve density, it is
possible the short time frame for acute HDM
treatment is too brief to capture morphologic
changes in nerve structure. Alternatively,
neurons exposed to NGF have increased
sensitivity to noxious stimuli, leading to
airway hyperreactivity via a TrkA-dependent
mechanism (36, 37).

Multiple neurotrophic factors increase
airway innervation both during development

and after early-life lung insults, including
NGF, GDNF, and NT4 (neurotrophin 4)

(35, 38, 39). Allergen exposure increases
expression of most neurotrophic factors, and
these are elevated in lavage samples from
patients with asthma (40, 41). We previously
demonstrated that exposure to maternal IL-5
during development increases lavage NGF,
but not GDNF (glial cell-derived
neurotrophic factor), BDNF (brain-derived
neurotrophic factor), or NT4 (7), and here
tested whether maternal HDM exposure
increases neurotrophin expression. Similar to
offspring exposed to maternal IL-5, offspring
from HDM mothers had increased
expression of ngf. Maternal HDM exposure
also increased expression of intracellular
adaptor protein frs2, which recruits protein
complexes required for NGF signaling and,
when combined with changes in TrkA
(ntrkl), Bex3 (ngfrapl), and MAGED],
suggests the NGF signaling axis was uniquely
and globally susceptible to maternal HDM
exposure. Although we did not identify a
source of increased NGF expression in
offspring from HDM mothers, airway
epithelium has previously been identified as a
predominant source of NGF in inflamed
lungs; thus, epithelial NGF likely contributes
to airway hyperinnervation seen in offspring
from HDM mothers. NGF, however, is not
the only possible driver of airway
hyperinnervation seen in these mice, as artn
(artemin), a neurotrophic molecule that
supports sensory neuron growth and
increases afferent sensory nerve excitability,
was also increased in VEH-treated offspring
from HDM-exposed mothers.

We analyzed whole-lung transcripts.
Although this permitted a more
comprehensive assessment of lung
chemokine and cytokine phenotypes, we are
unable to identify specific cell types or lung
niches contributing to expression patterns.
Similarly, although we discussed chemokine
and neurotrophic expression separately,
neuro- and immune signaling axes in lungs
are intimately associated and regulate each

other. We also extrapolated potential effects
from observed changes in transcript
expression; however, many transcripts are
subject to post-translational processing,
and thus increased gene expression

may not correlate with increased protein
function.

Here we show that offspring born to
allergen-exposed mothers develop unique
inflammatory and neurotrophic lung
transcript signatures with heightened airway
hyperreactivity and inflammation after
allergen challenge later in life. Inflammatory
responses in offspring from HDM-exposed
mothers skewed toward a mixed Th17/Th1
phenotype with prominent eosinophilia, as
opposed to classic Th2-polarized
inflammation found in control offspring.
Our data suggest maternal asthma may
change underlying mechanisms of airway
inflammation in childhood asthma and that
children born to mothers with asthma may
not respond to currently available Th2-
targeted therapies. Maternal HDM exposure
also caused airway hyperinnervation in
offspring at baseline, with increased
expression of NGF, TrkA, and NK1
receptors and airway hyperreactivity after
allergen challenge. Children with airway
hyperinnervation born to mothers with
asthma may therefore benefit from nerve-
targeted therapies, such as NK1 antagonists
or anticholinergic drugs, whereas children
with asthma without airway
hyperinnervation may not. In total, our data
suggest exacerbations of maternal asthma
during pregnancy is a modifiable
early-life exposure that both worsens
features of asthma (e.g.. airway reactivity
and inflammation) and promotes
phenotypic differentiation in children
with asthma. H
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