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Abstract

Allergic airway disease models use laboratory mice housed in highly controlled and hygienic
environments, which provide a barrier between the mice and a predetermined list of specific
pathogens excluded from the facility. In this study, we hypothesized that differences in facility
barrier level and, consequently, the hygienic quality of the environment that mice inhabit impact
the severity of pulmonary inflammation and lung function. Allergen-naive animals housed in the
cleaner, high barrier (HB) specific pathogen-free facility had increased levels of inflammatory
cytokines and higher infiltration of immune cells in the lung tissue but not in the bronchoalveolar
lavage compared with mice housed in the less hygienic, low barrier specific pathogen-free

facility. In both genders, house dust mite—induced airway disease was more severe in the HB

than the low barrier facility. Within each barrier facility, female mice developed the most severe
inflammation. However, allergen-naive male mice had worse lung function, regardless of the
housing environment, and in the HB, the lung function in female mice was higher in the house
dust mite model. Severe disease in the HB was associated with reduced lung microbiome diversity.
The lung microbiome was altered across housing barriers, gender, and allergen-exposed groups.
Thus, the housing barrier level impacts microbial-driven disease and gender phenotypes in allergic
asthma. The housing of laboratory mice in more clean HB facilities aggravates lung immunity and
causes a more severe allergic lung disease. /mmunoHorizons, 2021, 5: 33-47.

INTRODUCTION

Asthma is a chronic inflammatory disease characterized by airway inflammation and
bronchoconstriction (1, 2). Environmental factors and gender are known as determinants
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of asthma. Mouse models of allergic airway inflammation are fundamental to our
understanding of this lung disease’s mechanisms, identification of new therapeutic targets,
and preclinical testing. It is imperative that the research findings in mouse models are as
close as possible to human asthma to translate bench discoveries into clinical therapies
successfully.

Laboratory mice are frequently housed in hygienic facilities that are specific pathogen—free
(SPF) and have immune systems that more closely resemble a newborn than an adult human
(3). In the literature, 44% of publications mention housing of mice used in asthma research
under SPF conditions, whereas in the remaining journals, the SPF status of housing facilities
was not specified. Thus, it is unknown how SPF status and the various environmental

and husbandry practices contributing to different hygienic conditions of individual housing
facilities of laboratory mice affect allergic airway disease.

In addition to environmental factors, gender also plays an essential role in the pathogenesis
of asthma. Before puberty, males are twice as likely as females to develop asthma (4-9).
However, in adulthood, asthma is more prevalent and severe in women than in men (4-9).
This is attributable to hormonal changes that occur during puberty. Indeed, several reports
showed that ovarian hormones increase whereas testosterone decreases airway inflammation
in asthma (4-10). Representation of the sexual dimorphism in mouse models of airway
disease is thus essential. Several studies showed that female mice have higher OVA-induced
allergic airway inflammation than male mice (11-15). However, gender effects in the
commonly used house dust mite (HDM) extract (HDME) model of airway inflammation

are unknown.

In this study, we hypothesized that isogenic and isobiotic mice shipped from the same
commercial production facility and then housed at one institution but in separate facilities
with different barrier levels, and hygiene practices would have different induced asthma
phenotypic outcomes. Male and female mice were divided between two different facilities
upon arrival. Then, we analyzed the effects of housing facility and gender on the
development of allergic airway disease in a HDM model. We show that the housing facility
affects basal lung cytokine and pulmonary inflammatory cell infiltration in both genders.
Mice housed in a less clean low barrier (LB) facility had less activation of the basal lung
immunity than mice housed in a more hygienic high barrier (HB) facility upon HDME
exposure. Female mice in the HB facility developed the most severe allergic airway disease.

MATERIALS AND METHODS

Animals and barrier housing

Male and female C57BL/6J mice (aged 12 wk) were obtained from The Jackson Laboratory
(Bar Harbor, ME). Animals were housed in a maximum barrier production facility under
highly hygienic SPF conditions while at The Jackson Laboratory during the critical period
early in life in which exposure to a wide range of microbes promotes the development of
immunological maturity. Upon arrival, both male and female mice were housed in either a
more hygienic HB SPF facility or a less clean LB SPF facility for 1 wk before the onset of
experiments.
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In both facilities, mice were housed in polycarbonate microisolator cages with sterile
corncob bedding (Andersons) and sterile cotton nestlets (Ancare) or paper towels on racks
that provide high-efficiency particulate airfiltered air ventilation to individual cages with ad
libitum access to irradiated mouse chow (Harlan Teklad) and acidified, filtered water under
a 14:10 light/dark cycle. There were only minor variations in ambient light levels, high/low
average daily temperatures, and humidity. In both facilities, cages were changed every 14 d
inside of a Class IlA biological safety cabinet.

Sterilized individually ventilated cages were used in both facilities. Health monitoring for
the absence of specific pathogens involves the complete or partial exclusion from mouse
facilities of infectious agents according to a predetermined list. Current health monitoring
of mouse facilities is limited to particular agents only. Mice from different hygienic barriers
may vary considerably in their responses to experimental treatments, making the phenotypic
outcome of established asthma models unpredictable.

In the less clean LB facility, access was less restricted, and the presence of more infectious
agents (e.g., murine norovirus, murine species of Helicobacter, Pasteurella pneumotropica)
were tolerated than in the HB facility. Only gloves and a clean laboratory coat needed to
be put on to handle mice in the LB, whereas clean scrubs, entry through an air shower, a
clean laboratory coat, hair bonnet, surgical mask, shoe covers, gloves, and Tyvek sleeves
were required for handling mice in the HB facility. In the LB, cages were washed and
autoclaved between uses, whereas the HB cages were irradiated and single use. Mice
housed in the facility were either directly imported from a commercial vendor or research
facilities at academic research institutions. Mice in the HB were imported directly from a
commercial vendor or rederived through Caesarean section and cross-fostering if coming
from an academic institution.

Literature screening for housing conditions of mouse asthma models

PubMed was searched using the keywords HDM and mouse and asthma for publications in
2018 and 2019. In total, 45 original research papers were screened for housing conditions.

Mouse HDM model of allergic inflammation

On day 8, animals were anesthetized by isoflurane inhalation and sensitized intranasally
with 100 ug HDME (Dermatophagoides pteronyssinus, XPB82D3A2.5; Greer Laboratories)
resuspended in 50 pl saline. The control group was sensitized with 50 pl of saline only.

On day 13, animals were anesthetized by isoflurane inhalation and intranasally challenged
daily with 10 ug HDME in 50 pl saline for five consecutive days. The control group was
challenged with 50 pl of sterile saline only. The mice were sensitized and challenged within
their assigned facility. The same batch of HDME was used for all studies. On day 20,

the animals were processed for airway hyperresponsiveness (AHR) and negative pressure—
driven forced expiration (NPFE) measurements in each facility. A schematic representation
of HMDE sensitization and challenges is provided in Supplemental Fig. 1.
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AHR and NPFE

Mice were kept in their specific facilities for all measurements on live animals. Mice

were anesthetized by i.p. injection with 40-50 mg/kg of pentobarbital. A tracheotomy was
performed, followed by tracheal intubation with an 18-g cannula. The mouse was placed
on the flexiVent FX2 system (SCIREQ, Montreal, QC, Canada), and pancuronium bromide
(P1918; Sigma) 0.8 mg/kg was administered i.p. as a paralytic. Baseline (no saline) and
control (saline only) airway mechanics were taken before increasing concentrations of
nebulized methacholine doses. The NPFE were taken at cycle 9 of 16 for baseline and
control to mimic the peaks in the methacholine challenges. Three concentrations, 25, 50,
and 100 mg/ml of methacholine, were nebulized, and measurements were performed after
each dose. NPFE were taken after the peak (highest total respiratory resistance) of each
concentration. Following NPFE, two deep inflations were administered to reinflate the lungs
before the next methacholine dose.

Plasma, bronchoalveolar lavage, and tissue collection

After the flexiVent measurements, blood was collectedin KoEDTA tubes via cardiac
puncture for isolation of plasma. The tubes were centrifuged at 500 x g for 10 min, and

the plasma was collected. The airways were lavaged with 0.7 ml of 2% FBS in saline to
collect bronchoalveolar lavage (BAL) fluid. The BAL was centrifuged (300 x g, 10 min)

to collect the supernatant. The cell pellets were resuspended in 0.5 ml of 2% FBS, and the
total cell count was determined using a hemocytometer. Ten microliters of cell suspension
was combined with 10 pl of 2x LIVE/DEAD dye. The 2x dilution was made of 20 pl

of 100x LIVE/DEAD dye plus 980 ul of 1x PBS. The 100x stock solution contains 100

pl of 10 mg/ml ethidium bromide (E1510; Sigma), 100 pl of 10 mg/ml Acridine orange
(A3568; Thermo Fisher Scientific), and 800 pl of 1xPBS. A fluorescence microscope was
used to count the live cells. Epithelial cells, cells that were clumped together, were excluded
from the count. After the total cell count was determined, cells were resuspended at a
concentration of 200 x 103 cells/ml in 2% FBS in saline. The 200 pl of cell suspension

was pipetted into a Cytofunnel (A78710020; Thermo Fisher Scientific). Samples were spun
down at 162.58 x g (1200 Rpm) for 4 min in the Cytospin. The slides were stained

with Kwik-Diff Kit (9990700; Thermo Fisher Scientific) reagent, following the enclosed
instructions. Two hundred cells were scored using a light microscope to determine the
inflammatory cell types using standard cytology criteria. The left lung lobes were harvested,
fixed in 10% formalin, and processed for histology. The right lungs were harvested and
divided for single cell digestion for flow cytometry analysis and protein extraction for
ELISAs.

Single cell suspension

Preparation of a single cell suspension from the lung tissue was performed as described (16).
Briefly, the inferior and intermediate lobes of the right lungs were dissected and minced
with scissors. Lung pieces were incubated with a mixture of digestive enzymes containing
10 mg/ml dispase 11, 100 mg/ml collagenase A, and 150,000 KU/ml DNase | at 37°C for

30 min. The tissue was pipetted and placed at 37°C for an additional 20 min. The cell
suspension was filtered through a 40-um cell strainer and stained with an amine-reactive
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viability dye and fixed with 4% paraformaldehyde. Aliquots were frozen at —80°C in FBS
with 10% DMSO for batch flow cytometry.

Flow cytometry

Lung single cells were thawed and washed in PBS to remove DMSO. Samples from each
mouse were stained with varying concentrations of Pacific Blue succinimidy! ester (0, 20,
80, 320, and 1280 ng/ml) to barcode the cells so that five samples could be combined in

a single tube (17). After barcoding and subsequent washes, cells were incubated in50 pl of
Fc block for 15 min to block nonspecific binding of Abs to Fc receptors. In a volume of

50 pl, diluted cell surface Abs were added to the cells in 50 ul of Fc block and incubated

for 30 min on ice. All Abs were titrated to determine optimal staining concentrations
(Supplemental Table I). Because multiple BD Horizon Brilliant Violet dyes were used, both
the Fc block and Ab dilutions were prepared in BD Horizon Brilliant Stain Buffer. After

the incubation, samples were washed with 1% BSA in PBS. Data were acquired using

the LSRFortessa (BD Biosciences) equipped with five lasers (355, 407, 488, 561, and 641
nm). SPHERO Ultra Rainbow Calibration Kit (Spherotech, Lake Forest, IL) was used to
standardize the instrument’s fluorescence channels for day-to-day variation. AbC Total Ab
Compensation Bead Kit (Life Technologies) was used to prepare single-color compensation
controls. Cells were used for single-color controls for the LIVE/DEAD dye and Pacific Blue
succinimidyl ester. Data analysis, including compensation, was performed postacquisition
using FlowJo software V.10.6 (Tree Star, Ashland, OR). Subsets were identified as described
(18). The gating strategy is shown in Supplemental Fig. 2.

Protein extraction

Protein was extracted by placing a small piece of the lung (5 mm x 1 mm) in 200 pl

cold PBS + 1:100 protease and phosphatase inhibitor (catalog no. 1861281; Thermo Fisher
Scientific). The tissue was homogenized by mincing with scissors first and then using a
pellet pestle. The tissue was frozen on dry ice and then thawed at room temperature twice.
The tissue was centrifuged (18,000 x g for 30 min) at 4°C. The supernatant was collected,
and the volume was raised to 200 ul with PBS.

MSD U-PLEX assay and ELISA

We used the Th1/Th2 U-PLEX (K15069L-2; Meso Scale Discovery [MSD]) platform to
analyze cytokines in protein extract and BAL supernatant. This platform uses a 10-spot
U-PLEX plate and unique linkers to analyze samples. Biotinylated capture Abs are assigned
to linkers, which correspond to unique spots in the U-PLEX plate. The analytes tested

were IFN-y, IL-1B, IL-2, IL-4, IL-5, KC, IL-10, IL-12p70, TNF-a, and IL-13. The MSD
instrument applies a voltage to the plate electrodes, causing the capture labels to emit

light. The intensity of the emitted light is measured. The BAL supernatant was at 1:1
dilution, and the protein extraction was at 1:2 dilution. Dilutions were used in the assay
and then corrected for in the analysis. Blood was collected via cardiac puncture and stored
in KoEDTA tubes. The tubeswere centrifuged at 500 x g for 10 min, and the plasma

was collected. We used the Mouse IgE ELISA Kit (EMIGHE; Thermo Fisher Scientific)

to analyze for IgE. The plasma was diluted 10,000-fold as suggested by the vendor and
corrected for in the analysis. The lung protein was extracted from homogenized lung tissue.
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We used the IL-17 ELISA Kit (GR3332177-1; Abcam) to analyze for IL-17 cytokine. The
lung protein extract was diluted 1:1. The dilution was corrected for in the analysis.

Lung microbiome

DNA extraction and 16S rRNA amplicon sequencing was performed on lung tissue samples.
First, DNA isolation was performed using QIAGEN’s MagAttract Kit. Next, the isolated
microbial guide DNA was checked for signs of degradation and quantified to ensure
accurate sample input for the initial PCR step. A nested PCR method was used to amplify
the V4 region of the 16S rRNA gene and the addition of Illumina Nextera Unique Dual
Indexes. Afterward, each library underwent standard quality control procedures checking for
sample concentration and sample quality. Each library was pooled together, ensuring equal
sample distribution among sequencing reads. Amplicon sequencing was then performed on
Illumina’s iSeq 100 with a 2 x 150 read length.

Lung microbiome bioinformatics and statistical analysis

Demultiplexed fastq files without nonbiological nucleotides were processed using the
Divisive Amplicon Denoising Algorithm pipeline (19). The output of the dada2 pipeline
(feature table of amplicon sequence variants [ASV] [an ASV table]) was processed for an a-
and pB-diversity analysis using phyloseq (20) and micro-biomeSeq(http://www.github.com/
umerijaz/microbiomeSeq)packages in R. a-Diversity estimates were measured within group
categories using estimate_richness function of the phy/loseq package (20). Multidimensional
scaling (also known as principal coordinate analysis) was performed using the Bray—

Curtis dissimilarity matrix (21) between groups and visualized by using the ggplot2
package (22). We assessed the statistical significance (£ < 0.05) throughout, and whenever
necessary, we adjusted p values for multiple comparisons according to the Benjamini

and Hochberg method to control false discovery rate (23) while performing multiple

testing on ASV abundance according to sample categories. We performed an ANOVA
among sample categories while measuring a-diversity measures using plot_ anova_diversity
function in the microbiomeSeq package (http://www.github.com/umerijaz/microbiomeSeq).
Permutational multivariate ANOVA with 999 permutations was performed on all principal
coordinates obtained during principal coordinate analysis with the ordination function of
the microbiomeSeq package. Pairwise two-group analysis was performed using White’s
nonparametric ttest (24).

Statistical analysis

JMP 13.1.0 software program (SAS Institute) was used for comparisons between two
groups. Student #test for parametric and a Wilcoxon test for nonparametric data were used
as appropriate. Airway hyperreactivity data were analyzed using a mixed-effects regression
model, as described (25).
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Gender and housing effects on BAL inflammation in allergen-naive and HDME-exposed

mice

Gender and

We investigated whether differences in environmental and husbandry practices intended to
prevent exposure of mice to specific pathogenic and opportunistic infectious organisms in

an LB or HB SPF mouse housing facility impact the gender effects and development of
asthma in an established mouse model. Histological imaging of airways showed no apparent
housing or gender effects inallergen-naive mice (Fig. 1A-D). Absolute cell numbers in BAL
and differential cell counts for neutrophils, eosinophils, macrophages, and lymphocytes were
similar across groups (Fig. 1E-1).

HDME exposure induced airway inflammation in all groups, as expected (Fig. 1J-M).
Inflammatory cells around airways and mucus in the airway lumen were present in all
groups. No apparent differences were observed with light microscopy in the HDME-exposed
mice. In the LB facility, absolute cell counts were similar between males and females (Fig.
IN). There was an increase in neutrophils in female mice compared with male mice in the
LB facility (Fig. 10). However, in the HB facility, females had a higher absolute cell count
than males (Fig. 1N). This was due to increased infiltration of eosinophils and lymphocytes
(Fig. 1P, 1R). When facilities were compared, HB males showed an increased neutrophilic,
and HB females had higher lymphocytes in the lungs (Fig. 1N-R). Macrophages in the
BAL were similar across groups (Fig. 1Q). Overall, the data show gender and housing
facility—specific differences in airway inflammation in HDME-exposed mice but not in
allergen-naive animals.

housing effects on inflammation in the lung tissue

Lungs from all groups were harvested, enzymatically digested into single cell suspension,
and analyzed for inflammatory cells using flow cytometry. In contrast to the BAL
examination, saline-exposed mice showed marked differences in lung tissue inflammation.
Males housed in the HB facility had increased infiltration of hematopoietic cells in lung
tissue than males in the LB facility (Fig. 2A). Both genders in the LB facility had

higher alveolar macrophages than the HB facility (Fig. 2B). Eosinophils and interstitial
macrophages were similar across all saline groups (Fig. 2C, 2D). Females in both facilities
recruited more lymphocytes compared with males (Fig. 2E). Females housed in the HB
facility showed an increase in lymphocytes and neutrophils than females in the LB facility
(Fig. 2E, 2F). In the HDME groups, all quantified immune cells in lung tissue were affected.
Males housed in the HB facility continued to show an increase in inflammation in the lung
tissue compared with males in the standard facility (Fig. 2G). However, males housed in the
LB facility show a significant increase in alveolar and interstitial macrophages compared
with males in the HB (Fig. 2H, 2J). Females in the LB facility showed an increase in
eosinophils compared with females in the HB facility (Fig. 21). Within the LB facility,

males had higher alveolar macrophages compared with females (Fig. 2H). However, females
within the LB facility had more elevated amounts of eosinophils than males (Fig. 2I).
Lymphocytes and neutrophils were increased in HB mice (Fig. 2K, 2L). Female mice had
significantly higher neutrophil infiltration within the HB facility than males (Fig. 2L). In
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general, gender and housing conditions affected immune cell infiltration in the lung tissue in
allergen-naive and HDME-exposed groups.

AHR and NPFE

Lung functions determined by flexiVent experiment showed no significance in AHR (total
respiratory resistance) between genders or facilities among saline- or allergen-exposed
groups (Supplemental Fig. 3A-D). Male mice in both facilities had worse lung function,

as indicated by a lower forced expiratory volume at 0.1 s (FEV0.1) than females at baseline
or after allergen exposure (Fig. 3A—C). However, HB females had lower FEV0.1 compared
with LB females after allergen exposure (Fig. 3D). The data showed that allergen-naive male
mice and allergen-exposed female mice in the HB facility have a worse lung function.

Th1/Th2/Th17 cytokines in lung tissue protein extract

Th1 and Th2 cytokines were measured using the MSD U-PLEX assay in lung tissue protein
extract. The lung tissue protein extract was analyzedto detect the following Thl cytokines:
TNF-a, INF-y, IL-1B, KC, 11-12p70, and IL-2 (26). Only TNF-a, INF-y, IL-1B, and KC
showed differences in either housing conditions or gender (Fig. 4). In the control group,
males housed in the HB facility had higher levels of TNF-a, INF-y, and IL-1p compared
with males housed in the LB facility (Fig. 4A—C). In both facilities, males overall have
increased TNF-a, IL-1B, and KC (Fig. 4A, 4C, 4D). However, after exposure to HDME,
Th1 cytokines were comparable across groups (Fig. 4E—H). The lung tissue protein extract
was analyzed to detect the following Th2 cytokines IL-4, IL-10, IL-13, and IL-5 (26).

Only IL-4, IL-10, and 1L-13 cytokines showed an effect on housing conditions or gender.

In the control groups, IL-4 and IL-13 showed no differences between housing conditions
and gender (Fig. 41, 4K). However, IL-10 was increased in females housed in the HB
compared with females in the standard facility (Fig. 4J). HDME-exposed female mice, in
both facilities, increased in IL-4 (Fig. 4L). Although IL-10 was not significantly different
(Fig. 4M) across groups, LB facility males showed an increase in 1L-13 (Fig. 4N). These
data indicated that housing and gender affect Th1 and Th2 cytokine profiles in lung tissue
for allergen-naive and HDME-exposed mice. Levels of IL-17 were detected in lung tissue
protein extracts in both genders and housing. Saline-exposed males housed in the HB
displayed higher levels of IL-17 compared with males in the LB facility (Fig. 40), but there
were no differences in HDME-exposed mice (Fig. 4P).

Th1/Th2 cytokines in BAL

Th1 and Th2 cytokines were also quantified in the BAL. Only TNF-a and KC cytokines
samples showed differences in housing or gender (Fig. 5). Saline-exposed mice showed
higher TNF-a. and KC in males housed in the LB facility (Fig. 5A, 5B). HDME-exposed
females in both facilities showed an increase in TNF-a compared with males (Fig. 5C).
However, females housed in the HB exhibited the highest TNF-a concentration (Fig.

5C). KC was not significantly different after HDME exposure (Fig. 5D). Among the Th2
cytokines, housing or gender effects were only observed for IL-4, IL-13, and IL-5 cytokines.
In the control groups there were no differences in the Th2 cytokines, expect for a higher IL-5
among females in the LB facility compared with males (Fig. 5E-G). After HDME exposure,
females showed an increase in IL-4 compared with males in both facilities (Fig. 5H). Males
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housed in the LB facility had significantly higher IL-13 compared with males in the HB
(Fig. 51). Within the HB facility, female mice showed elevated levels of IL-5 compared

with males (Fig. 5J). IL-17 in the BAL was not analyzed because previous work showed no
significant levels of IL-17 in BAL (27). Overall, the data showed both Th1 and Th2 cytokine
profiles in the BAL were affected by both gender and housing.

IgE levels in plasma

At baseline, total IgE levels within each facility were higher in female mice compared with
male mice (Fig. 6A). HB facility females had more elevated IgE compared with LB facility
females (Fig. 6A). After allergen exposure, IgE levels increased and remained higher in
female mice than male mice in both facilities (Fig. 6B). The findings showed that females
have higher IgE levels than males at baseline and after HDME exposure.

Effect of barrier housing on lung microbiome

Because environmental microbiome is associated with asthma development (28-30), we
analyzed the barrier, gender, and allergen exposure effects on the microbiome in the

lung tissue. Overall, the lung microbiome was altered across gender, housing barrier, and
allergen-exposed groups (Fig. 7A). Compared with LB housing, both male and female mice
in the HB facility had reduced amounts of specific bacteria, as shown in Fig. 7B, 7C.
However, after allergen exposure, the housing barrier effects were dramatically reduced (Fig.
7D). Gender differences were observed in allergen-naive mice in both barrier facilities (Fig.
8A, 8B) but were reduced in the HB housing. In the latter facility, allergen-exposed female
mice had higher proportions of lung germs than males (Fig. 8C, 8D). Thus, HB housing was
associated with reducing lung microbiome diversity (Fig. 9).

DISCUSSION

In this study, we show that 1) allergen-naive animals housed in an HB facility have increased
levels of inflammatory cytokines and higher infiltration of immune cells in the lung tissue
compared with mice housed in an LB facility; 2) in both genders, HDME exposure in HB
facility caused a more severe airway inflammation than mice housed in the LB facility,

and within each housing facility, female mice developed the most severe inflammation;

3) HDME allergen exposure in the HB facility induced a predominantly neutrophilic
inflammation and, in the LB facility, an eosinophilic inflammation; 4) naive male mice
were predisposed to worse lung function, regardless of housing environment, and in the HB
facility, lung function in male mice was the lowest in the HDM maodel; 5) there were gender,
barrier, and HMDE allergen exposure—dependent differences in lung microbiota; and 6) the
quantification of immune cells and inflammatory cytokines in BAL and pulmonary tissue,
two different compartments of the lungs, provides complementary insight, and perhaps both
should be performed to obtain a comprehensive overview of lung inflammation in mouse
models of asthma. Thus, housing mice in more clean HB facilities aggravates basal lung
immunity and causes a more severe allergic lung disease. Protective effects of the male
gender on lung function are abolished in a more hygienic environment. The findings suggest
that a microbial-diverse environment mitigates basal lung immunity, and male sex hormones
adversely affect lung function in allergen-naive animals. Mice exposed to HDME allergen
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and bystander pathogens developed less severe inflammation and had better lung function.
Similarly, male sex hormones attenuated the allergic airway inflammation in both housing
facilities but were unable to improve lung function in the HB SPF facility (Fig. 9). This
observational study contributes to the growing literature demonstrating facility-dependent
impacts of environmental and husbandry factors on mouse models’ microbial-driven disease
phenotypes.

Traditionally, lung function in preclinical models was measured using the forced oscillation
technique (FOT), based on changes in pressure, volume, and airflow in response to
oscillatory airflow waves (31, 32). However, in humans, forced expiration lung volume
quantification is the standard for assessing lung function. The newer flexiVent system,
flexiVent FX, which was used in our study, allows simultaneous FOT and forced expiration
parameters in murine models (31, 32). This new application uses NPFE to provide
spirometric-like measures in rodents. FEV0.1 is one such measurement characterizing
functional obstruction. Our findings show that gender and barrier housing affects FEV0.1,
without apparent changes to traditional FOT-based measures.

Environmental effects and gender disparity in allergic asthma is well established. Female
patients have a more severe phenotype, whereas exposure to a farm environment has a
protective impact on the development of asthma in both genders. Murine models of asthma
are essential tools in the investigation of mechanisms and preclinical studies. However, most
allergic airway disease models use laboratory mice housed in highly controlled and hygienic
environments, which structurally and functionally provide a barrier between the mice and

a predetermined list of specific pathogens and infectious agents that are excluded from the
facility. Structural features of barrier facilities often include filtered ambient air, filtered air
workstations, and autoclaved caging. Husbandry practices include the provision of sterilized
food and water and the use of clean gloves when handling the mice. The combination of
individual mouse facilities’ structural and functional features varies widely from low- to
high-level barriers, depending on the desired SPF status. Mice housed in HB facilities are
exposed to less pathogenic and opportunistic organisms and typically have less complex
microbiota than mice housed in LB facilities.

Standard contemporary practices in mouse housing facilities that standardize light intensity
and duration cycle, water and food treatment, cage sanitation methods, and ambient
temperature and humidity minimize variability in rodent research outcomes. Similarly,
environmental factors and husbandry practices in many mouse housing facilities are
designed to limit mice exposure to certain specified pathogenic and opportunistic infectious
organisms to safeguard the health and avoid phenotypic deviation due to differences in
microbial exposure. However, this raises the question of whether laboratory mice housed in
very hygienic facilities are relevant models for asthma patients who inhabit pathogen-rich
environments. The effect of facility barrier level on the genesis of allergic airway disease

in murine models was not studied before this work. One general study showed that the
mouse immune system changes early with exposure to different pathogens (3). Cohousing
wild pet store mice with laboratory mice strengthened the laboratory mice’s immune system,
bringing it closer to more human-like (3). Our findings showed that mice housed in a very
clean facility were predisposed to neutrophilic asthma associated with an increase in TNF-a,
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INF-y, IL-1B, and KC cytokines in the lungs. HB SPF-housed mice likely developed this
more severe asthma because of an overactive immune system in the absence of opportunistic
pathogens. Animals housed in the LB facility were predisposed to eosinophilic asthma
associated with an increase in alveolar macrophages and I1L-4, IL-10, IL-13, and IL-5
cytokines. Several reports have shown that highly exposed individuals to environmental
farm microbial conditions are 25% less likely to develop asthma (28, 33, 34). The lack

of bystander microbial/pathogen exposure is possibly why mice housed in the SPF facility
developed more severe inflammation.

Gender disparity in asthma patients has been well documented. Throughout childhood,
males tend to be more susceptible to wheezing, AHR, and increased eosinophils (4-9).
However, after puberty, females are more likely to develop asthma and more severe
symptoms (4-9). Many studies have shown a link between increases in estrogen levels
and the development of a more severe phenotype. Estrogen enhances IL-4—induced M2
macrophage gene expression and caused an increase in airway inflammation (35-40),
whereas testosterone downregulated allergic airway inflammation (11-13, 41, 42). Other
studies showed that gonadectomized male mice, which lack testosterone, had increased
eosinophils and lymphocytes (42-44).

In the OVA model, female mice had a higher risk of allergic airway inflammation than

male mice. This was driven by a predominately Th2 cytokine, IL-4, and IL-5, response in
females (12, 35). Female mice also had higher infiltration of inflammatory cells and higher
IgE levels (12, 13, 41). Similarly, our study showed that HDM-induced allergic airway
inflammation increased the secretion of IL-4 and IL-5 cytokines, infiltration of eosinophils
and lymphocytes, and elevated IgE levels in female compared with male mice. These
parameters lead to female mice developing worse airway inflammation compared with male
mice.

Several studies have shown that IL-17 contributes to the development of airway
inflammation and AHR in wild-type mice (45-48). Reported IL-17 levels were elevated

in homogenized lung tissue; however, the values were not corrected for total protein in
these studies (45-48). We reported previously that IL-17 was present in saline and HDME
wild-type groups, and the levels were elevated in ArgZ2-deficient mice (27). In the current
study with wild-type mice, IL-17 was detected in lung tissue homogenates and not affected
by housing or gender.

Housing barrier—related lung microbiome diversity in our study confirms findings in several
reports documenting an association between microbial exposure and asthma severity (28—
30). Patients with less diverse bacteria have neutrophilic asthma, whereas a rich microbial
diversity was associated with eosinophilic airway inflammation (49-51). Our observation

of predominantly neutrophilic asthma in the HB versus eosinophilic inflammation in the

LB is also in line with these reports. Allergen exposure increased gender lung microbiome
differences in HB housing, suggesting that female sex hormones may promote specific,
potentially pathogenic bacteria under hygienic conditions. These findings add to the growing
body of evidence that lung microbiota may play a critical role in the education, regulation,
and activation of lung immune cells, thus predisposing disease severity (52, 53).
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Together, these data underscore the impact of a housing facility and gender effects in
allergic airway disease models. Future studies in asthma mouse models should consider the
impact of barrier housing environments on severity and gender bias in airway disease. Every
mouse housing facility has its unique combination of factors that account for a high degree
of interfacility variability in phenotypes. Much of mouse models’ phenotypic variability
may be driven by differences in microbes that arise when environmental conditions vary.
Careful documentation of variability between facilities is essential. More study is needed to
determine how variability between facilities lead to phenotypic differences and how these
differences can be minimized through standardization of barrier facility conditions. The
diversity of phenotypes may also provide a valuable opportunity for looking into the specific
microbial exposures responsible for different phenotypes. Consideration must be given to
the questionable value of ultraclean mice housed in very hygienic HB facilities as models

of human disease. Maintaining diversity and complexity of the microbial exposures of
mouse asthma models and using both genders in studies will likely increase mouse models’
relevance, as suggested previously (54). Also, further studies on sex hormone—microbial
interactions in asthma would be advantageous. By understanding the housing variables
affecting outcomes in mouse asthma models, we will improve reproducibility and promote
the translation of research findings into clinical applications.
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MSD Meso Scale Discovery
NPFE negative pressure—driven forced expiration
SPF specific pathogen—free
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FIGURE 1. Airway histology and BAL cell counts.
Paraffin-embedded lung tissue sections were stained with H&E (A-D control groups; J-M

HDME groups). Scale bar, 50 um. Airways were lavaged with 0.7 ml of 2% FBS in saline.
BAL cytospins were quantified for absolute cell numbers (E and N), neutrophils (F and
0), eosinophils (G and P), macrophages (H and Q), and lymphocytes (I and R). Each dot
represents data from one mouse. Ten mice in each group were used.
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FIGURE 2. Inflammation in lung tissue.
Lungs from control (A—-F) and HDME-exposed (G-L) groups were harvested from each

mouse and digested into a single cell suspension for flow cytometric analysis. Percentages
of immune cells (CD45), alveolar macrophages, eosinophils, interstitial macrophages,
lymphocytes, and neutrophils were determined. Each dot represents data from one mouse.
Ten mice in each group were used.
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Forced expiration volumes were determined in control and HDME groups. FEV0.1 graphs
that were significantly different are shown. (A) Comparison of female and male mice in the
HB in saline group. (B) Comparison of female and male mice in the LB saline group. (C)
Comparison of female and male mice in the HB after allergen exposure. (D) Comparison of
female mice between the HB and LB after allergen exposure. Mean + SE of 10 mice/group
is shown.
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FIGURE 4. Thl, Th2, and IL-17 levelsin lung tissue.
Protein was extracted from lung tissue, and cytokines were quantified using an MSD U-

PLEX Platform. Using the 10-spot MSD U-PLEX Platform, the protein was analyzed for
Th1 cytokines (IFN-y, IL-1pB, IL-2, KC, IL-12p70, and TNF-a), Th2 cytokines (IL-4, IL-5,
IL-10, and IL-13), and IL-17. From the Th1 cytokines, only IFN-vy, IL-1B, KC, and TNF-a
were significantly different in control groups (A-D) but similar after HDME exposure (E-
H). Among Th2 cytokines, IL-4, IL-10, and IL-13 cytokines were affected by housing or
gender (I1-N). IL-17 levels are shown in (O and P). Each dot represents data from one
mouse. Ten mice in each group were used.
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FIGURE 5. Thl and Th2 cytokinesin BAL and MSD U-PLEX Platform BAL Th1l.
Using the 10-spot MSD U-PLEX Platform, the BAL was analyzed for Thl and Th2 as

described for the lung tissue. Thl cytokines TNF-a and KC were significantly altered by
housing or gender. (A-D) In the Th2 chemokine group, IL-4, IL-13, and IL-5 were affected
(E-J). Each dot represents data from one mouse. Ten mice in each group were used.
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FIGURE 6. Effect of housing and gender on plasma I gE levels.

Total IgE levels in plasma were quantified by ELISA. (A and B) IgE levels in saline and
HDM exposed groups, respectively. Each dot represents data from one mouse. Ten mice in

each group were used.
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FIGURE 7. Microbial abundance and diversity patternsacross LB and HB facilities.
(A) Total microbial diversity patterns in saline and HDME groups sampled across LB and

HB facilities. White’s nonparametric #test analysis (p value correction for false discovery
rate using Benjamini/Hochberg) identified differentially abundant taxa (ASVs) between (B)
males from saline group samples from HB facility versus males from saline group samples
from LB facility, (C) females from saline group samples from HB facility versus females
from saline group samples from LB facility, (D) females from HDME group samples from
HB facility versus females from HDME group samples from LB facility, and males from
HDME group samples from HB facility versus males from HDME group samples from LB
facility.
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FIGURE 8. Differential microbial abundance across LB and HB facility.
White’s nonparametric ¢test analysis (p value correction for false discovery rate using

Benjamini/Hochberg) identified differentially abundant taxa (ASVs) between (A) females
from saline group samples from LB facility versus males from saline group samples from
LB facility, (B) females from saline group samples from HB facility versus females from
HDME group samples from HB facility, (C) males from HDME group samples from LB
facility versus females from HDME group samples from LB facility, and (D) females from
HDME group samples from HB facility versus males from HDME group samples from HB
facility.
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FIGURE 9. Summary of housing barrier and gender effects.
Gender effects within each barrier are in black font color, and barrier effects between each
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