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Abstract

Background—Atopic status of the mother and maternal exposure to environmental factors is
associated with increased asthma risk. Moreover, animal models demonstrate that exposure to
allergens in strongly sensitized mothers influences offspring asthma development, suggesting that
in utero exposures can influence offspring asthma. However, it is unclear whether maternal
exposure to common human allergens like house dust mite (HDM), in the absence of additional
adjuvants, influences offspring asthma development.

Objective—To determine if maternal HDM exposure influences asthma development in
offspring.

Methods—~Pregnant female mice were exposed to PBS or HDM during pregnancy. Using
offspring of PBS or HDM-exposed mothers, the magnitude of HDM or Aspergillus fumigatus
(AF) extract-induced airway hyperresponsiveness (AHR), airway inflammation, immunoglobulin
production, Th2-associated cytokine synthesis and pulmonary dendritic cell activity was assessed.

Results—Compared to offspring of PBS-exposed mothers, offspring of HDM-exposed mothers
demonstrate increased AHR, airway inflammation, Th2 cytokine production, immunoglobulin
levels and a modest decrease in the phagocytic capacity of pulmonary macrophage populations
following HDM exposure. Increased sensitivity to AF-induced airway disease was not observed.
Offspring of HDM-exposed B cell deficient mothers also demonstrated increased HDM-induced
AHR, suggesting transfer of maternal immunoglobulins is not required.

Conclusions—Our data demonstrate that maternal exposure to HDM during pregnancy
increases asthma sensitivity in offspring in an HDM-specific manner, suggesting that vertical
transmission of maternal immune responses may be involved. These findings have important
implications for regulation of asthma risk, and suggest that exposure to HDM in the developed
world may have under-appreciated influences on the overall prevalence of allergic asthma.
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Allergic asthma is one of the most common immunological disorders of children in
developed nations! and more than 300 million people suffer from allergic asthma
worldwide?. The incidence of asthma has increased over the past few decades®. While there
is a genetic component to asthma heritability*~7, the rise in asthma incidence is too rapid to
be ascribed a purely genetic basis, suggesting that changes in the environment are
influencing disease development in genetically susceptible populations®-10. Recent studies
suggest that exposure to specific environmental stimuli during critical early life periods
influence the development of asthma later in life. For example, childhood exposure to
microbial products!?, cigarette smokel2 13, or environmental pollutants* influences asthma
development later in life. This critical developmental window appears to extend into the
prenatal period as well, as /n utero exposures to these factors also influence asthma

risk13: 1518 a5 do alterations in maternal diet'% 20, Similarly, infection with the helminthic
parasite Schistosoma mansoniincreases development of asthma in offspring if pregnancy
was initiated during the “Th2 phase” of the anti-parasitic immune response?!. Consistent
with the existence of such a “prenatal window”, maternal asthma is a risk factor for the
development of asthma, whereas paternal asthma does not confer as great a risk?2-26
suggesting that maternal exposures/factors can contribute to asthma development. However,
the precise nature of these factors remains unclear.

One important risk factor for the development of asthma is allergen sensitization?”: 28, Given
that asthma development can be influenced by maternal asthmatic status?2-26, and exposures
occurring in the prenatal period exert a profound influence on asthma development, we
speculate maternal exposure to allergens themselves may alter asthma development in
offspring. Supporting this, pre-sensitization of female mice to ovalbumin (OVA) in the
presence of alum, and OVA re-exposure during pregnancy increased asthma development in
offspring of exposed mothers29-32. Prior sensitization of female mice to Aspergillus
fumigatus extract, and re-exposure during early pregnancy increased airway eosinophilia,
and IL-4 promoter hypomethylation in grandoffspring of exposed mothers33. Intra-uterine
injection of OVA or house dust mite (HDM)-derived related proteins (Der P2) at very high
concentrations (>5 ug) triggered the development of fatal anaphylaxis and pronounced
airway dysfunction in exposed fetuses3*. However, OVA is not an aeroallergen, A. fumigatus
exposure is not predictive of asthma development in humans3®, the co-administration of
alum makes it difficult to determine whether the observed effects are allergen or adjuvant-
driven and while allergen has been detected in the amniotic fluid in humans, it is typically
present at ng/ml concentrations3®. As such, it remains unclear whether maternal exposure to
common allergens can also influence asthma development in offspring.

In humans, exposure to HDM is regarded as a powerful driver of asthma as 1) there is a
dose-response relationship between HDM exposure and asthma development that does not
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exist for other common indoor aeroallergens (e.g. cat or dog dander)37-39; 2) 50 — 80% of
asthmatics demonstrate evidence of a HDM-specific immune response?%; and 3) locales
where HDM responses are not strongly linked to the development of allergic asthma are
regions with low relative humidity (New Mexico, Northern Sweden*!: 42), which naturally
limits the growth of dust mite species. Given the strong association between HDM and
allergic sensitization in humans, we sought to determine if maternal exposure during
preghancy to a common human allergen, house dust mite (HDM), in the absence of
additional adjuvants, could influence the development of asthma in offspring of exposed
mothers using a mouse model of experimental asthma.

For a complete description of the materials and methods used in the murine and /in vitro
experiments, please see the Methods section in this article’s Online Repository at
www.jacionline.org

Male and female A/J mice (5-6 weeks old) were bred and housed in a specific pathogen-free
facility at Cincinnati Children’s Hospital (Cincinnati, OH). Cincinnati Children’s Hospital
IACUC approved all animal protocols.

Mating, and allergen treatment protocols

As A/J mice are relatively poor breeders, naive, age-matched colony reared A/J females
were mated, and allowed to rear one litter to gain experience in rearing pups prior to being
selected for further study. A/J mice were chosen as we have demonstrated that this strain
develops severe AHR associated with a mixed Th2/Th17 profile?3: 44, Age-matched,
experienced mothers were subsequently mated in pairs or trios. For delivery, and during the
nursing period, mothers were individually housed. After setting up mating cages, females
were checked for vaginal plugs daily. The day a mating plug was first observed was
considered day 0. At this time mothers were randomized into PBS- or HDM-exposed
groups. Mothers were exposed to 100 pl PBS or 20 ug HDM (Greer Labs, Lenoir NC) i.p.
on days 0, 4 and 10 of pregnhancy. PBS- and HDM-exposed mothers were housed singly, or
in pairs, by group. These days were selected to ensure a robust HDM-specific immune
response was ongoing during initial lung and immune (thymic) development (days 9-12 of
gestation). Offspring of exposed mothers were weaned at 28 days of life, and subsequently
housed by maternal exposure. At 6, 8 and 9 weeks of age offspring were anaesthetized with
ketamine/xylazine and exposed to PBS (40 pl), HDM (200 pg) as described elsewhere>9, or
1 ug Aspergillus fumigatus extract (Greer Labs, Lenoir NC) i.t. as indicated. As C57BI/6
mice (and UMT mice which are on a C57BI/6 background) are considered refractory to
induction of asthma, a more vigorous regimen of allergen exposure consisting of i.p. HDM
at 6 and 7 weeks of life, and i.t. HDM at 8 and 9 weeks of life was used. Mice were
sacrificed 72 hours after final allergen/PBS exposure for assessment of airway function and
DC recruitment. Where indicated, AlexaFluor405 (Invitrogen, Carlsbad, CA) labeled HDM
(AF405-HDM) was used.
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Isolation of fetal tisue, placental tissue and amniotic fluid

To isolate fetal tissue, placental tissue and amniotic fluid, pregnant females were euthanized
with sodium pentobarbital, the fetuses and placentas were individually excised and amniotic
fluid was carefully extracted through a 28 gauge needle and samples were pooled by

maternal exposure. Placentas and fetuses were digested and minced as described for the lung
(see online repository). Single cell suspensions were generated for flow cytometric analysis.

Statistical Analysis

To determine differences between multiple groups, analysis of variance (ANOVA) was used
with post hoc comparisons using Tukey’s test. Significance was assumed at p < 0.05. Titers
of HDM-specific 19gG4 and 1gG,, were Log10 transformed prior to analysis.

Results

Maternal exposure to house dust mite allergen exacerbates asthma in offspring

Given that prenatal exposures to environmental stimuli can influence offspring asthma, and
HDM sensitization is a powerful risk factor for asthma development, we sought to determine
if maternal exposure to HDM during pregnancy impacted offspring asthma. Female A/J
mice (a strain that develops severe AHR associated with a mixed Th2/Th17 response3: 44)
were exposed to 20 ug HDM extract on days 0, 4 and 10 of pregnancy to ensure a strong
HDM-specific immune response was ongoing during initial pulmonary and immune
(thymic) development (days 9-12 of gestation). At 6, 8 and 9 weeks of age, offspring were
exposed to 200 ug of intratracheal (i.t.) HDM. AHR was assessed 72 hours after the final
allergen exposure. Pooled male and female offspring of HDM-exposed mothers
demonstrated a marked increase in AHR (~90% increase over offspring of PBS-exposed
mothers - Fig 1A). As maternal asthma status was recently suggested to differentially
influence asthma development in male and female offspring®®, we also compared HDM-
induced AHR in male and female offspring of HDM-exposed mothers. Both male and
female offspring of HDM-exposed mothers demonstrated significantly increased AHR
compared to offspring from PBS-exposed mothers (Supplementary Figure 1). Increased
AHR in offspring of HDM-exposed animals was accompanied by increased recruitment of
inflammatory cells in BAL fluid (Fig 1B). Significantly increased numbers of lymphocytes
(Fig 1C) and eosinophils (Fig 1D) were observed in offspring of HDM-exposed mothers.
While we also observed a trend towards increased the numbers of neutrophils (Fig 1E) and
macrophages (Fig 1F) in offspring of HDM-exposed mothers this did not reach statistical
significance.

Increased AHR in offspring of HDM-exposed mothers is associated with increased Th2
cytokine production and HDM-specific immunoglobulin production

As development of asthma is the result of excessive Th2 cytokine production, we also
assessed cytokine production in HDM-restimulated lung cell cultures from PBS or HDM-
exposed offspring of PBS- or HDM-exposed mothers. HDM exposure induced production of
the Th2 cytokines IL-4, IL-5, IL-13, as well as the Th17-associated cytokine IL-17A (Fig
2A-D). There was no appreciable production of IFN-y (data not shown). Consistent with in
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vivo data, elevated levels of IL-4, IL-5, and IL-13 (Fig 2A, 2B, 2C) were observed in cells
isolated from HDM-exposed offspring of HDM-exposed mothers compared to cultures of
cells from HDM-exposed offspring of PBS-exposed mothers. In contrast, production IL-17A
was comparable in HDM-exposed offspring of PBS- and HDM-exposed mothers (Fig 2D).
Moreover accumulation of pulmonary CD4+ T cells expressing IL-13 (Fig 2E) and IL-17A
(Fig 2F) was observed in HDM-challenged offspring, and maternal HDM exposure
significantly increased the frequency of IL-13+ CD4+ T cells (Fig 2E) but did not influence
the frequency of IL-17A+ CD4+ T (Fig 2F) following HDM exposure of offspring. MFI of
IL-13 or IL-17A in cytokine expressing cells was not elevated (Supplementary Figure 2),
suggesting that the increase in cytokine production observed in HDM-stimulated lung cell
cultures was due to increased frequency of cytokine producing cells, and not an increased
capacity for cytokine production in individual cells.

Finally, as development of allergy is also associated with an allergen-specific humoral
response, we also examined Ig levels in animals from the various groups. HDM exposure
induced substantial increases in levels of total IgE (a reliable surrogate for HDM-specific
IgE)*6, HDM-specific 1gG1, and HDM-specific 1gGo; (Fig 3). Offspring of HDM-exposed
mothers tended to have higher levels of total IgE (Fig 3A) although this did not reach
statistical significance. HDM-specific 19gG; (Fig 3D) and HDM-specific 1gGo, levels (Fig
3E) were significantly elevated in HDM-exposed offspring of HDM-exposed mothers
compared to HDM-exposed offspring of PBS-exposed mothers. Interestingly, we observed
significant levels of HDM-specific IgG; and 1gG,, in PBS-exposed offspring of HDM-
exposed mothers, presumably a result of vertical transmission of immunoglobulins from
mother to child. Moreover, while differences in the amounts of Der p allergens, HDM and
serine protease activity in different batches of commercially available HDM can contribute
to differential capacity to induce airway inflammation and AHR, we observed similar results
when using two separate batches of HDM (one providing 1.5 ug Der P1 and 12.9 EU LPS
per maternal exposure, and another providing 0.65 pg Der p1 and 1.6 EU LPS per maternal
exposure). As such, it is unlikely that the observed results were HDM lot-specific.
Collectively these data demonstrate that HDM-exposure of mothers during pregnancy is
sufficient to drive the development of more intense humoral responses, Th2 cytokine
production, pulmonary inflammation and AHR following HDM exposure of offspring.

Offspring of HDM-exposed mothers display decreased allergen uptake by pulmonary
macrophages

As maternal exposure to allergens in the context of adjuvants globally alters DC function in
offspring2?, we also examined the impact of maternal HDM exposure on /7 vivo pulmonary
DC function in offspring. HDM exposure increased the numbers of most DC subsets in the
lung (with the exception of pDCs), but there was no difference in the numbers of DCs
recruited to the lungs in offspring of control, or HDM-exposed mothers (Supplementary Fig
3). To assess the functional capacity of different DC subsets to take up exogenous allergen,
mice were exposed to fluorescently labeled HDM on the final allergen exposure, and
allergen uptake was monitored through gating on HDM™ cells. Maternal HDM exposure did
not alter the phagocytic capacity of pulmonary CD103+ DCs, inflammatory DCs, or pDCs
(data not shown). A significant decrease in phagocytic capacity of mDCs (measured by
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HDM mean fluorescence intensity (MFI)) and a decreased phagocytic capacity and
frequency of HDM-bearing alveolar macrophages was observed in offspring of HDM-
exposed mothers (Fig 4). We observed no significant differences in co-stimulatory molecule
expression in pulmonary DC subsets (CD80, CD86, PD-L1, PD-L2, MHC Class I1) between
HDM-exposed offspring of HDM-exposed mothers and HDM-exposed offspring of PBS-
exposed mothers (data not shown). Interestingly, when bone marrow derived dendritic cells
(BMDCs) generated from control, and offspring of HDM-exposed dams were stimulated
with HDM in vitro, we observed no differences in either allergen uptake, or costimulatory
molecule expression (Supplementary Fig 4), suggesting that the observed decrease in
pulmonary mDC phagocytic activity may be related to alteration in the local inflammatory
milieu in the lungs of offspring of HDM-exposed mothers and not intrinsic differences in
DC populations following maternal HDM exposure.

Maternal HDM exposure does not influence the magnitude Aspergillus fumigatus-induced
airway inflammation

Prior maternal sensitization with OVA (alum), and subsequent OVA challenge in pregnancy
has been demonstrated to drive the development of asthma to unrelated allergens in offspring
of exposed mothers30. To assess the influence of maternal HDM exposure on the
development of asthma to an unrelated allergen, mothers were exposed to HDM on days 0, 4
and 10 of pregnancy. At 6, 8 and 9 weeks of age, offspring (housed according to maternal
exposure) were exposed to either intratracheal HDM or Aspergillus fumigatus (AF) extract.
As expected, prior maternal HDM exposure increased the magnitude of HDM-induced
airway inflammation (Fig. 5A). The effect was particularly striking for airway eosinophilia
(Fig. 5B), although strong trends were observed for airway lymphocytes, neutrophils and
macrophages (Fig 5C — E). In contrast, maternal HDM exposure had no impact on the
severity of AF-induced airway inflammation as levels of total airway infiltrating cells,
eosinophils, lymphocytes, neutrophils, and macrophages were all comparable in AF-exposed
offspring of PBS-exposed, and HDM-exposed mothers.

To further characterize the asthmatic response in AF-exposed offspring, we also examined
production of Th2-associated cytokines in AF-exposed offspring. In these studies cells were
stimulated with ConA to directly compare the changes in capacity for cytokine production
induced by prior HDM or AF exposure. In HDM-exposed offspring prior maternal HDM
exposure resulted in a trend towards increased production of the Th2 cytokines IL-4, IL-5
and IL-13, an increased frequency of IL-13* T cells (Fig 6D), and increased levels of total
IgE (Fig 6E). In contrast, we could discern no significant impact of maternal HDM exposure
on ConA-induced cytokine production, the frequency of pulmonary IL-13+ CD4+ T cells, or
IgE levels in AF-exposed offspring, (Fig 6A — E). Collectively these data suggest that the
impact of maternal exposure to allergens in the absence of strong immune-skewing
adjuvants is limited to the allergen to which the mother is exposed.

J Allergy Clin Immunol. Author manuscript; available in PMC 2018 November 01.



Richgels et al. Page 7

Exacerbation of offspring asthma following maternal HDM exposure is not associated with
detectable allergen present in fetal tissues and does not require maternal
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To begin to explore the mechanisms whereby maternal allergen exposures influence the
severity of offspring asthma, the final maternal HDM exposure (d10 of pregnancy) was
replaced with AF405-labeled HDM. Mothers were sacrificed on day 12 of pregnancy, and
we isolated the cells from the amniotic fluid, and both placental and fetal tissues to
investigate the presence of AF405-labeled HDM. Both fetal and placental tissues showed
unique populations of CD11b+, CD11c+, CD11b+CD11c+, and CD11b-CD11c- cell
populations, although appreciable AF405 signals were not detected in any cell population in
tissues harvested from HDM-exposed mothers (Supplementary Figure 5A — B). Cell
numbers were much lower in samples of amniotic fluid, and analysis of pooled cell samples
from HDM-exposed mothers demonstrated no increase in the AF405 channel
(Supplementary Figure 5C). Finally, levels of major HDM allergens, DerP1 and DerP2, were
assessed by ELISA in samples of pooled amniotic fluid from PBS- or HDM-exposed
mothers. Again, levels of DerP1 and DerP2 were consistently below the level of detection
(~1 ng/ml) in amniotic fluid of HDM-exposed mothers (data not shown). These data suggest
there is not a strong transfer of HDM-derived proteins following maternal HDM exposure.

Finally, to determine if transfer of maternal immunoglobulins was required for the increased
severity of allergic asthma observed in offspring of HDM-exposed mothers, we made use of
immunoglobulin deficient uMT mice?”. To this end, we mated female uMT mice with
control C57BI/6 mice to generate offspring in which no transfer of maternal HDM-specific
immunoglobulins could occur, but which could themselves mount an immunoglobulin
response following HDM sensitization and challenge. Pregnant female pMT mice were
treated with HDM on days 0, 4 and 10 of pregnancy, as described above. As C57BI/6 mice
are more resistant to the development of AHR, a more robust protocol of HDM-induced
AHR was utilized wherein mice are given 10 pg HDM i.p. (in the absence of additional
adjuvant) at 6 and 7 weeks of life, and then challenged with 100 pg of HDM i.t. at 8 and 9
weeks of life. AHR was assessed 72 hours after the final allergen exposure. As observed in
offspring of HDM-exposed A/J mothers, HDM exposure during pregnancy resulted
significantly greater AHR in C57BI/6 offspring (Fig 7A), suggesting that maternal HDM
exposure-mediated exacerbation of asthma is not limited to A/J mice. Moreover, while the
overall magnitude of AHR in offspring generated by mating uMT females with C57BI/6
males was lower than that observed in offspring of pure C57BI/6 matings, maternal exposure
to HDM similarly exacerbated AHR in offspring of HDM-exposed pMT dams. Maternal
HDM exposure was also associated with increased recruitment of all cell types into the BAL
fluid (Fig 7B — F), as well as an increased recruitment of IL-13+ CD4+ T cells, but not
IL-17A+ CD4+ T cells (Supplementary Figure 6). Additionally, maternal HDM exposure
significantly increased the titer of total IgE and HDM-Specific 1gG; in offspring of C57BI/6
mothers, and total IgE in offspring of HDM-exposed UMT mothers (Supplementary Figure
7)(19Go, is not expressed in C57BI/6 mice*®, and as such, was not measured). As expected,
PBS-treated offspring of HDM-exposed C57BI/6 mothers displayed readily detectable levels
of HDM-specific 19gG4, while PBS-treated offspring of HDM-treated uMT mothers had
undetectable levels of HDM-specific 1gG1, suggesting that this immunoglobulin is likely
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maternally derived (Supplementary Figure 7). Thus, these data suggest that transfer of
maternal HDM-specific immunoglobulins is not absolutely required for the development of
more severe AHR after maternal HDM exposure.

Discussion

Herein, we demonstrate that prenatal exposure to the relevant human aeroallergen, house
dust mite (HDM), in the absence of powerful Th2-skewing adjuvants, is sufficient to
exacerbate the development of HDM-driven allergic asthma in offspring later in life.
Specifically, offspring of allergen-exposed mothers demonstrated more robust AHR and
airway inflammation. The increased phenotypic measures of asthma were associated with a
greater capacity for Th2 cytokine production and frequency of CD4+1L-13+ cells in the
lung, increased immunoglobulin production, and a decreased capacity of allergen uptake by
alveolar macrophages. Interestingly, the increased sensitivity to allergen-induced AHR in
offspring of exposed mothers appeared to be unique to the allergen the mothers were
exposed to, as offspring of HDM-exposed mothers did not demonstrate increased severity of
Aspergillus fumigatus-induced airway inflammation.

As maternal asthma status, moreso than paternal asthma status, is linked to increased risk of
asthma, our study focused on the ability of maternal exposures to influence offspring
asthma. As such, we cannot ascertain whether paternal allergen exposures might similarly
influence asthma development in offspring. However, maternal exposures have been
reported to influence, both positively and negatively, the development of asthma in other
animal models. For example, if Schistosoma mansoni-infected mothers were impregnated
during the systemic Th1l phase of the infection, offspring were found to be protected from
development of asthma2L. Anti-IFN+y abrogated this protective effect of maternal
Schistosoma mansoni infection, suggesting that maternal cytokines can influence asthma
development in offspring?!. Feeding female mice OVA prior to pregnancy to induce
tolerance protects from the development of OVA-induced allergic airway disease in an FcRn
and IFN-y-dependent manner#9. Similarly, sensitization with OVA (CFA), and re-exposure to
OVA during pregnancy limited the development of OVA-specific IgE and pulmonary
eosinophilia in offspring of exposed mothers®0. Contrary to this protective effect, our
observations of increased asthma development in offspring of HDM-exposed mothers are
consistent with reports showing increased asthma development in offspring following
maternal OVA (alum) sensitization and challenge2®-32, maternal Aspergillus fumigatus-
exposure33, and in Schistosoma mansoni-infected mothers impregnated during the Th2
phase of the anti-helminthic response2!. Blockade of IL-4 during pregnancy completely
abrogated the increased sensitivity of offspring of following maternal OVA (alum)
sensitization and challenge3?, again suggesting maternal cytokines can influence offspring
asthma. However, in their model of maternal OVA-exposure induced alterations of offspring
asthma, Hamada et a/ also report that offspring are also more sensitive to asthma in a casein-
driven model, suggesting that the vertical transmission of asthma sensitivity was not antigen
specific. In contrast, we failed to observe increased airway inflammation, Th2 cytokine
production or immunoglobulin production following Aspergillus fumigatus exposure in
offspring of HDM-exposed mothers. Thus, while we do observe increased maternal IL-4
levels following HDM exposure (data not shown), it seems unlikely that circulating maternal
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IL-4 is responsible for increased development of asthma in offspring of HDM-exposed
mothers in our study. It is possible that the failure to induce increased asthma development
to an unrelated antigen in our model is due to a lower overall capacity of HDM to induce
increased circulating IL-4 levels as compared to OVA (alum) sensitization and challenge
performed by Hamada et afC. Alternatively, while HDM exposures in offspring of HDM-
exposed mothers began at 6 weeks of age in our study, initial allergen exposure of offspring
from OVA (alum) sensitized and challenged animals occurred at day 3 of life30. Thus it is
also conceivable that the ability of maternal IL-4 to enhance the development of Th2
responses to unrelated allergens is lost between day 3 and week 6 of life.

Another mechanism whereby OVA exposure in pregnant OVA (alum) sensitized mothers
influences offspring asthma is through modification of dendritic cell (DC) activity in
offspring. Indeed, DCs isolated from the spleens of offspring of OVA (alum) sensitized and
challenged mothers demonstrated an increased capacity to induce T cell proliferation in /n
vitro cultures despite no alterations in overall capacity to express MHC Class |1 or co-
stimulatory molecules and transfer of DCs from offspring of OVA-exposed mothers to
control offspring increased the development of both OVA and casein-induced AHR2?. This
increased capacity to drive T cell proliferation and development of asthma was associated
with substantial changes in the DNA-methylation profile of splenic DCs from offspring of
OVA (alum) sensitized and challenged mothers compared to splenic DCs from offspring of
control mothers32. These results suggest that splenic DCs from offspring of allergen-exposed
mothers were more “pro-asthmatic”. In contrast to these reports, we find that the natural
allergen, HDM, in the absence of additional immune-activating adjuvants drives limited
change in co-stimulatory molecule expression or function of DCs in offspring of HDM-
exposed mothers, while actually decreasing phagocytic capacity of various pulmonary DC
subsets. Interestingly, the observed decrease in phagocytic capacity was not observed in
HDM-pulsed BMDCs generated from offspring of HDM-exposed mothers, suggesting that
these alterations were not likely due to epigenetic changes within the DCs themselves, but
rather related to differences in the inflammatory milieu of the lung. While we did not
directly compare T cell stimulatory capacity of DCs from control offspring, and offspring of
HDM-exposed animals our observations that HDM-specific, but not AF-specific immune
responses are impacted following maternal HDM-exposure is not consistent with the
induction of an intrinsically more “pro-asthmatic” population of pulmonary dendritic cells.

The key distinguishing feature of our model from other published reports is the antigen
specific nature of our observed effects. Interestingly, there are readily detectable levels of
HDM-specific 1gG; and 1gGo, in the serum of PBS-exposed offspring of HDM-exposed
mothers, and levels can persist up to 7 months after birth (Supplementary Figure 8),
suggesting that maternal-derived immunoglublins may drive more severe AHR in offspring
of HDM-exposed mothers. However, we find that exposure of B cell deficient uyMT dams to
HDM following mating with WT C57BI/6 animals still drives significantly enhanced HDM-
induced AHR, airway inflammation and pulmonary Th2 recruitment in offspring. This result
suggests that transfer of maternal immunoglobulins is not required for exacerbation of the
asthma phenotype following maternal HDM exposure. However, it was recently
demonstrated that B-1B cells present in the lungs of uMT mice can produce antigen non-
specific IgE and 1gGy, 1gG,. following allergen challenge®!. As B-1B cell-derived Abs
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typically recognize polysaccharide antigens with low affinity®2, and HDM contains
glycosylated proteins®3, it is conceivable that B1-derived maternal Igs are either sufficient to
transfer increased HDM-reactivity to offspring, or they facilitate the transplacental passage
of antigens in Ig:antigen complexes®*-57, allowing for priming of HDM-specific T cells in
offspring of exposed mothers. Subsequent inhalational exposure in offspring of HDM-
exposed mothers may then represent additional “boosts” not present in offspring of PBS-
exposed mothers, and drive the development of a more robust response. Finally, it is possible
that vertical transmission of maternal T cells (either through transplacental passage or via
breast milk) passively sensitizes the fetus to HDM through a maternal microchimerism-
dependent mechanism as has been observed in model of maternal tuberculosis of Candida
infection®8. These possibilities are currently being considered in our laboratory.

In conclusion, we report that maternal HDM exposure during pregnancy is sufficient to
enhance neonatal sensitivity to HDM. This is associated with increased AHR, airway
inflammation, Th2 cytokine production, immunoglobulin levels and a modest decrease in the
phagocytic capacity of pulmonary macrophage populations following HDM exposure in
offspring. Interestingly, in contrast to previous reports of allergen-independent influence of
maternal OVA (alum) sensitization and challenge on offspring asthma, these effects are
wholly allergen dependent, as exposure of offspring to an unrelated allergen, Aspergillus
fumigatus, does not result in the development of more severe airway inflammation, Th2
cytokine production or immunoglobulin synthesis. These findings have important
implication for regulation of asthma risk, and suggest that increased HDM burden in the
developed world may have under-appreciated influences on the overall prevalence of allergic
asthma.
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Key Messages
. Maternal exposure to a common human allergen, house dust mite, during
pregnancy increases severity of house dust mite-induced asthma in murine
offspring.
. Maternal exposure to house dust mite does not exacerbate Aspergillus

fumigatus-induced asthma in murine offspring of house dust mite-exposed
mothers, suggesting that the effect of house dust mite is allergen-specific.

. These findings have important implications for regulation of asthma risk, and
suggest that exposure to house dust mite in the developed world may have
under-appreciated influences on the overall prevalence of allergic asthma.
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Figure 1.

Maternal HDM exposure increases the severity of AHR and airway inflammation in HDM-
exposed offspring. Pregnant female mice were exposed to HDM or PBS on days 0, 4 and 10
of pregnancy. Offspring of PBS- and HDM-exposed mothers were exposed to PBS or HDM
at 6, 8 and 9 weeks of age and development of AHR was assessed (A). After sacrifice, BAL
fluid was collected to assess (B) total BAL cellularity, and the number of (C) lymphocytes,
(D) eosinophils, (E) neutrophils and (F) macrophages. Mean + SEM shown. Data represent 7
— 18 mice pooled from 4 experiments.
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Increased Th2 cytokine production in HDM-exposed offspring of HDM-exposed mothers.
Offspring of PBS- and HDM-exposed mothers were treated with PBS or HDM as described
in Methods. Single cell suspensions of lung cells were restimulated with HDM, and
production of (A) IL-4, (B) IL-5, (C) IL-13 and (D) IL-17A were assessed by ELISA. The
frequency of CD4+ cells producing (E) IL-13 and (F) IL-17A was assessed by flow
cytometry. Mean + SEM shown. * indicates p < 0.05. Data represent 7 — 18 mice pooled
from 4 experiments.
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Figure 3.
Increased total and HDM-specific 1gG production in HDM-exposed offspring of HDM-

exposed mothers. Offspring of PBS- and HDM-exposed mothers were treated with PBS or
HDM as described in Methods. Serum isolated at time of sacrifice was assayed for (A) total
IgE, (B) HDM-specific 1gG1 and (C) HDM-specific IgG2a by ELISA. Lowest dilution on
plate indicated. Mean + SEM shown. * and *** indicate p < 0.05 and p < 0.001. Data
represent 7 — 18 mice pooled from 4 experiments.
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Minimal changes in allergen uptake by pulmonary DC populations were observed in HDM-
exposed offspring of HDM-exposed mothers. Offspring of PBS- and HDM-exposed mothers
were treated with PBS or HDM as described in Methods. Amount of HDM phagocytosed

¥ KX

- —

Mom PBS PBS HDM HDM
Pup PBS HDM PBS HDM

(MFI) and frequency of HDM-bearing (% of total lung cells) (A) myeloid DCs, and (B)
alveolar macrophages were assessed by flow cytometry. Mean + SEM shown. * and ***
indicate p < 0.05 and p < 0.001. Data represent 7 — 18 mice pooled from 4 experiments.
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Figure 5.

Pup PBS HDM AF PBS HDM AF

Maternal HDM exposure does not increase the severity of AHR and airway inflammation in
Aspergillus fumigatus-exposed offspring. Offspring of PBS- and HDM-exposed mothers
were exposed to PBS, HDM or AF extract at 6, 8 and 9 weeks of age. After sacrifice, BAL
fluid was collected to assess (A) total BAL cellularity, and the number of (B) eosinophils,
(C) lymphacytes, (D) neutrophils and (E) macrophages. Mean + SEM shown. Data represent
2 — 5 mice pooled from 2 experiments.
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Figure 6.
Maternal HDM exposure does not increased the magnitude of the Th2 response or

magnitude of the Ig response following exposure of offspring to Aspergillus fumigatus.
Offspring of PBS- and HDM-exposed mothers were exposed to PBS, HDM or AF extract at
6, 8 and 9 weeks of age. Single cell suspensions of lung cells were restimulated with ConA,
and production of (A) IL-4, (B) IL-5, (C) IL-13 were assessed by ELISA. (D) The frequency
of CD4+ cells producing IL-13 was assessed by flow cytometry. (E) Serum isolated at time
of sacrifice was assayed for total IgE. Mean + SEM shown. Data represent 2 — 5 mice pooled
from 2 experiments.
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Figure 7.

Offspring of HDM-exposed UMT dams demonstrate increased severity of AHR and airway
inflammation. Male C57BI/6 mice were mated with female C57BI/6 dams (left column) or B
cell deficient uMT dams (right columns) and pregnant female mice were exposed to HDM
or PBS on days 0, 4 and 10 of pregnancy. Offspring of PBS- and HDM-exposed mothers
were exposed to i.p. PBS or HDM at 6 and 7 weeks of age, and challenged with i.t. PBS or
HDM at 8 and 9 weeks of age and development of AHR was assessed 72 hours later. (A).
After sacrifice, BAL fluid was collected to assess (B) total BAL cellularity, and the number
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of (C) macrophages, (D) eosinophils, (E) lymphocytes and (F) neutrophils. Mean + SEM
shown. Data represent 3 — 13 mice pooled from 3 experiments.
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