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Abstract

Asthma is a chronic respiratory condition influenced by genetic, environmental, and sex-related factors. Women experience greater
asthma severity, airway hyperresponsiveness (AHR), and inflammation than men, likely due to sex-linked genetic and hormonal dif-
ferences. However, the independent contributions of sex chromosomes and gonadal sex to these responses remain unclear. This
study examines their roles in allergic airway responses using the four core genotype (FCG) mouse model, which distinguishes
between chromosomal and gonadal influences. We hypothesized that XX-mice and those with female gonads would exhibit height-
ened airway inflammation and immune activation in response to house dust mite (HDM) challenge. Using a controlled, moderate
5-wk HDM exposure paradigm that reliably induced allergic airway inflammation, we aimed to capture biologically relevant sex-
and genotype-dependent variations rather than a maximal inflammatory phenotype. FCG mice (XXF, XXM, XYF, and XYM) under-
went 5 wk of HDM exposure, followed by assessments of airway lung function and inflammation. Our results showed that HDM
challenge differentially increased airway resistance and elastance in FCG mice, with specific contributions of sex chromosomes
and gonadal sex. Histological analysis showed higher lung inflammation and goblet cell hyperplasia in challenged mice with female
gonads than in those with male gonads. Flow cytometry assessment revealed elevated eosinophils in XXF mice. Combined, our
findings show that both sex chromosomes and gonadal sex influence airway inflammation and immune responses to allergen chal-
lenge, with mice bearing XX chromosomes and female gonads exhibiting greater susceptibility.

NEW & NOTEWORTHY This study provides new insights into how sex chromosomes and gonadal sex independently and inter-
actively shape immune cell responses during allergic airway inflammation. Using the four core genotype (FCG) mouse model, we
show that both genetic and hormonal factors significantly influence pulmonary immune cell populations after allergen exposure.
These findings advance our understanding of the biological basis for sex differences in asthma and highlight the need for sex-
informed approaches in respiratory disease research and therapy development.

allergic airway inflammation; four core genotype (FCG) model; gonadal hormones; immune cell profiling; sex chromosomes

INTRODUCTION

Asthma is a chronic respiratory condition characterized by
airway inflammation, remodeling, and hyperresponsiveness
(1). Asthma affects over 262 million individuals globally and
25million in the United States, contributing to approximately
455,000 deaths annually (2, 3). Genetic, occupational, and
environmental factors contribute to asthma, whichmanifests
with varying degrees of inflammation depending on disease
severity (4). Previous studies have established that inflamma-
tory changes are distinctly seen in the airways of asthmatics

(5) and are positively correlated with disease severity (6). The
complexity of asthma is further compounded by observed
sex disparities in symptom severity, contributing to chal-
lenges in developing effective therapeutics. Although signifi-
cant progress has been made in understanding allergic
airway inflammation and its link to asthma phenotypes in
males and females, no sex-specific treatments have been
developed to date.

An association between house dust mites (HDMs), a
common aeroallergen, and asthma has been reported in
approximately 85% of individuals worldwide, particularly
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in developed countries (7, 8). The predominant HDM spe-
cies are Dermatophagoides pteronyssinus and D. farina (9).
HDM fecal particles can penetrate the respiratory epithe-
lium, inducing inflammation and bronchoconstriction
(10, 11). Animal models of HDM-induced allergic airway
inflammation have provided valuable insights into asthma
pathogenesis (12, 13), closely recapitulating human disease
features such as eosinophilic infiltration, airway hyperres-
ponsiveness, and goblet cell hyperplasia (14).

The roles of sex hormones and sex chromosomes in respi-
ratory disease are critical yet underexplored areas of research
(15). Males possess a sex chromosome complement of XY,
whereas females have XX. During development, the presence
of the SRY gene on the Y chromosome initiates testis forma-
tion, while its absence results in ovary development. The
four core genotype (FCG) mouse model is particularly suited
to dissect the independent effects of sex chromosomes and
gonadal sex on allergic airway inflammation (16). This model
includes four genotypes, XXM, XXF, XYM, and XYF, allowing
the effects of chromosomal complement (XX vs. XY) and
gonadal type (male vs. female) to be evaluated separately.

Innate and adaptive immune responses differ between
males and females, influencing allergic airway inflammation.
Females generally exhibit stronger humoral and cell-medi-
ated immune responses than males (17–22). Sex hormones
contribute significantly to these differences: testosterone sup-
presses proinflammatory cytokine expression and natural
killer (NK) cell activity while promoting anti-inflammatory
IL-10 expression (23–26), whereas estradiol modulates both
innate and adaptive immunity in a concentration-dependent
manner, enhancing Th2 responses and regulatory T-cell
expansion at higher levels (27–31). Progesterone also promotes
Th2-skewed immunity and regulatory T cell proliferation
while suppressing Th1 responses (32, 33). These hormonal
effects collectively influence the inflammatory and remodel-
ing processes characteristic of asthma (34).

Sex chromosomes complement further modulate immune
regulation relevant to allergic airway disease. Several immune-
related genes located on the X chromosome, including Foxp3,
exhibit differential expression between sexes and may con-
tribute to sex-specific susceptibility to airway inflammation
(35–38). Polymorphisms and regulatory variants on the
Y chromosome have also been linked to male-specific
immune modulation (39–41). Thus, both hormonal and
chromosomal factors act in concert to shape immune
responses and airway remodeling.

Collectively, sex steroids and sex chromosome comple-
ment modulate immune cell activity, airway inflammation,
and remodeling, highlighting their relevance in asthma and
allergic airway disease. However, the distinct contributions
of sex chromosomes and gonadal hormones to allergic
airway inflammation remain poorly understood. Previous
research from our laboratory (42) and others (43) has demon-
strated sex-specific airway responses to HDM exposure, with
females showing greater lung inflammatory gene expression
compared with males. The current study expands on these
findings to examine how sex chromosomes and gonadal sex
interact to influence airway inflammation, immune cell infil-
tration, and airway hyperresponsiveness (AHR). Using the
FCGmodel, we used amoderate, chronic HDM exposure pro-
tocol to induce reproducible allergic airway inflammation

while maintaining sensitivity to sex- and genotype-depend-
ent effects rather than elicitingmaximal inflammation.

MATERIALS AND METHODS

Animals

The protocol for this animal study was approved by the
Bloomington Institutional Animal Care and Use Committee
(BIACUC) at Indiana University before the start of the study
(Protocols 21-012 and 24-020). The study was conducted fol-
lowing the National Institutes of Health (NIH) guidelines
for the care and use of laboratory animals. Female wild-
type mice and XYM mice of C57BL/6J background were
purchased from The Jackson Laboratory (Bar Harbor, ME,
USA; stock no. 010905) and bred in-house following the
approved protocol. The resulting offspring represent the
four core genotype mice model (XYM, XYF, XXM, and XXF).
Genomic PCR was performed at 4–5 wk of age to confirm
the genotype of each animal following the protocol pro-
vided by The Jackson Laboratory. Mice were grouped
according to their genotypes and used in the study at 8–10
wk of age (n ¼ 3–11 mice per group).

Intranasal Instillation of Allergen Challenge

The control group received 50 μL of phosphate-buffered
saline (PBS) intranasally, while the experimental group was
challenged with 50 μL of HDM solution containing 25 μg of
HDM extract from D. pteronyssinus and D. farina, 5 days/
week for 5 wk. The HDM solution was prepared by resus-
pending 25 μg of HDM extract (Citeq Biologics, Groningen,
The Netherlands) in 25 μL PBS. Both PBS and HDM were
administered intranasally to FCGmice using 20–200 μL pip-
ette tips after light anesthesia with 5% isoflurane. This 5-wk
dosing regimen produces a moderate, sustained airway
inflammation phenotype characterized by measurable AHR
and immune infiltration, consistent with previous HDM
studies in C57BL/6 mice (13, 14). At 72 h after the last expo-
sure, airway hyperresponsiveness (AHR) was assessed
throughMethacholine (MCh) challenge, and lungs were har-
vested for flow cytometry and histological analysis in all the
mice as described below.

Airway Hyperresponsiveness through MCh Challenge

Animals were anesthetized with an intraperitoneal injec-
tion of ketamine (100 mg/kg) and xylazine (10 mg/kg), after
which a tracheostomywas performed using an 18-gauge can-
nula. The mice were then connected to a rodent ventilator
(flexiVent, SCIREQ, Montreal, Canada). Pancuronium bro-
mide (10 mg/kg) was administered to induce muscle paraly-
sis. Ventilation settings included a positive end-expiratory
pressure (PEEP) of 3 cmH2O, a tidal volume of 10mL/kg, and
a maximum inflation pressure of 30 cmH2O. After establish-
ing baselinemeasurements, MCh was administered by nebu-
lization at concentrations of 0, 3.13, 12.5, 25, 50, and 100mg/
mL. The peak response was measured using six perturba-
tions at each dose of MCh. Total airway Resistance (Rrs)
and elastance (Ers) indicate lung stiffness; conducting air-
way resistance (Rn) reflects central airway caliber and
bronchoconstriction, whereas tissue resistance (G) and tis-
sue elastance (H) reflect peripheral tissue mechanics and
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heterogeneity of parenchymal impedance. Changes in
these parameters, which collectively indicate airway nar-
rowing and parenchymal involvement relevant to asthma
pathophysiology, were recorded before and after each
MCh dose.

Histological Assessment

Animals were anesthetized with ketamine (100 mg/kg)
and xylazine (10 mg/kg) and exsanguinated. The chest cavity
was opened, the trachea cannulated, and 5 mL of formalin
was administered through a syringe located at a vertical
height of 25 cm from the animal, allowing the lungs to be
perfused by gravity. The lungs were then fixed in formalin
overnight. After 24 h, the lungs were transferred to a 70%
ethanol solution. Each lung lobe was halved, sectioned, and
stained with hematoxylin & eosin or Alcian Blue & Periodic
Acid Schiff at the Indiana University School of Medicine
Histology Core, following a published method (44). Three
blinded investigators examined all tissue samples for peri-
vascular inflammation, peribronchial inflammation, and
goblet cell hyperplasia by microscopy. A semiquantitative
scoring system was used, with inflammation and epithelial
changes graded on a scale from 0 to 4, where 0 indicated no
inflammation or hyperplasia, and 4 indicated severe infiltra-
tion or extensive goblet cell proliferation. Scores were
assigned based on inflammatory cell cuffing, the extent of
alveolar infiltration, and the degree of epithelial remodeling.
For each animal, multiple nonoverlapping fields at 20xmag-
nification were analyzed, andmean scores for each parame-
ter were calculated for further statistical analysis.

Quantification of PAS-positive cells.
To further assess epithelial remodeling, Alcian Blue–
Periodic Acid–Schiff (AB-PAS) stained lung sections
were analyzed using QuPath (v. 0.4.3) for quantitative
evaluation of PAS-positive epithelial cells. For each
mouse, airway regions were annotated manually at �20
magnification. PAS-positive goblet cells were detected
using a color deconvolution and thresholding algorithm,
verified manually, and expressed as the number of PAS-
positive cells normalized to the area of basement mem-
brane in mm2 of airways per section (cells/mm2). Data
from animals in the same group and treatment were stat-
istically analyzed.

Isolation of immune cells and flow cytometry analysis.
Mice from each group were anesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg). The lungs were per-
fused by flushing with 10 mL of cold PBS using a 10-mL
syringe and a 25-G needle. Lung tissue was then placed in a
c-tube containing 2.4 mL of Buffer S, 15 μL of Enzyme A, and
100 μL of Enzyme D (Miltenyi Biotec, #130-095-927) and
homogenized using the gentleMACS dissociator (Miltenyi
Biotec, #130-093-235). The homogenized tissue was incu-
bated at 37�C for 30 min, followed by a second homogeniza-
tion on the dissociator. The solution was filtered through
sterile SmartStrainers (70 μm, Miltenyi Biotec) and rinsed
with 2.5 mL of buffer S in a 15-mL tube. Cells were then
washed twice with PEB buffer (Miltenyi Biotec), pelleted,
and resuspended in 500 μL PEB buffer. Lung tissue, rather
than bronchoalveolar lavage (BAL), was selected to capture

both airway wall and interstitial immune populations often
underrepresented in lavage samples.

For analysis, cells were divided into separate tubes and
stained with antibodies according to cell type. Antibodies
were organized into three sets to identify 13 different cell
types, as shown in previous studies (45, 46). Samples were
incubated with antibodies at room temperature for 30 min,
washed with PEB buffer, and resuspended in 300 μL of PEB
buffer for flow cytometry analysis using a Beckman Coulter
Life Sciences 4-laser (V-B-Y-R) CytoFLEX LX by the flow
cytometry core facility (Bloomington, IN). For each lung tis-
sue sample, �1 � 106 viable cells were obtained following
enzymatic dissociation. Data acquisition was performed on a
Beckman Coulter CytoFLEX LX cytometer, with 100,000
total events collected per sample. For fluorescence minus
one (FMO), compensation, and unstained negative controls,
50,000 events were collected to ensure accurate gating and
fluorophore compensation. The antibody panels, staining val-
idation, and gating strategy used here have been previously
published (46) and are consistent with our prior methods.
Zombie NIR (Fixable viability dye) was used to distinguish live
and dead cells. Data were then analyzed with FlowJo software
(FlowJo LLC, Oregon).

The cells identified with Set 1 of antibodies included
alveolar macrophages (AMs), eosinophils, CD103þ dendri-
tic cells (DCs), CD11bþ DCs, and interstitial macrophages.
Set 2 antibodies identified undifferentiated monocytes
and neutrophils, whereas Set 3 antibodies identified plas-
macytoid DCs, B cells, CD4þ T-cells, CD8þ T-cells, NK
cells, and NKT cells (46).
Flow cytometry gating and validation strategy. The

gating strategy for this study was adapted from a previously
published approach (45) and refined using establishedmeth-
ods from our laboratory (46). Surface markers for immune-
cell identification are listed in our prior publication (46), and
all gating was performed on live cell populations. Unstained
cells and fluorescence-minus-one (FMO) controls were
included in every experiment to define positive and negative
boundaries among immune-cell subsets, while single-color
controls ensured accurate fluorophore compensation. FMO
and unstained controls were run for each experimental set
(Sets 1, 2, and 3; Supplemental Figs. S1 and S2).

Gating boundaries for eosinophils and alveolarmacrophages
(AMs) were defined using FMO controls rather than fixed fluo-
rescence-intensity thresholds to account for known biological
variability in Siglec-F expression between naïve (PBS-treated)
and inflamed (HDM-treated) conditions (Supplemental Fig.
S2). This adjustment ensured accurate identification of eosino-
phils and AMs across all treatment groups. FMO controls were
also used for each fluorochrome to correct for spectral overlap.
The sources, dilutions, and validation of all antibodies used in
this study have been described previously (46) and are sum-
marized in Table 1. The full gating scheme and antibody-vali-
dation procedures are detailed in our earlier publication (46).

Supplemental Figs. S1–S6 collectively illustrate the valida-
tion workflow, gating hierarchy, and representative plots
used to identify immune-cell subsets from enzymatically dis-
sociated whole-lung tissue of four core genotype (FCG) mice
following PBS or HDM exposure. The gating workflow began
with the exclusion of debris and doublets, followed by selec-
tion of live CD45þ Zombie NIR- leukocytes and sequential
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identification of major immune-cell populations, including
alveolar macrophages, eosinophils, dendritic-cell subsets
(CD11bþ and CD103þ DCs), plasmacytoid DCs, interstitial
macrophages, T and B lymphocytes, natural killer (NK) and
natural killer T (NKT) cells, as well as myeloid populations
such asmonocytes and neutrophils. DCs subsets were defined
usingMHC II expression in combination with CD103 or CD11b
markers (i.e., MHCIIþCD103þ DCs and MHCIIþCD11bþ

DCs), and interstitial macrophages were identified as
MHCIIþCD64þ cells, as shown in Supplemental Figs. S2 and
S5. FMO and unstained controls were used to set positive and
negative gates and adjust for fluorochrome spillover.

Gates weremodified per sample to accommodate biological
variation inmarker intensity, particularly the downregulation
of Siglec-F on AMs during HDM-induced inflammation,
ensuring consistent discrimination of all immune popula-
tions across genotypes and treatments. These validation plots
(Supplemental Figs. S1–S6) confirm that the gating and anti-
body-staining strategies were reproducible, accurate, and
aligned with current best-practice standards for flow-cytome-
try rigor and reproducibility.
Statistical analysis. All statistical analyses were con-

ducted in R version 4.3.0, using the emmeans (47), ggpubr
(48), gtsummary (49), lmerTest (50), and tidyverse packages
(51) by the Indiana University Biostatistics Consulting Center.
To evaluate the relationships between treatment (PBS or
HDM) and their interactions with sex chromosome composi-
tion (XX or XY), gonadal sex (M or F), or genotype (XXF,
XXM, XYF, XYM) for each outcome, both linear and linear
mixed models were employed. Separate regression models
were applied to analyze data from AHR, histology, and flow
cytometry datasets. Mean values for each parameter were cal-
culated, and graphical representations were generated to
illustrate group differences using GraphPad Prism v. 10.5.2.

For the AHR (flexiVent) data set, which included repeated
measurements across five MCh doses (0 to 100 mg/mL) per
animal, linear mixedmodels with random intercepts per ani-
mal were used to account for within-animal correlations.
These models incorporated the main effects for dose, a

three-way interaction term between dose, treatment, and
each sex variable (modeled separately), along with all rele-
vant two-way interaction terms.

For the histology and flow cytometry datasets, where each
measurement was obtained once per animal, standard linear
regression models were used to assess outcomes. In all mod-
els, Type III sum of squares was applied to determine the sta-
tistical significance of main effects and interactions. When
significant interaction terms were detected, pairwise esti-
mated marginal means (EMMs) were calculated to compare
outcome estimates across dose, treatment, and sex variables
as appropriate.

To account for multiple comparisons, pairwise compari-
sons involving three or more groups were adjusted using
Tukey’s method, controlling for Type I family-wide error
rate (FWER). Model assumptions, including normality of
residuals and homoscedasticity, were assessed visually, and
multicollinearity was determined to be low.

RESULTS

Airway Hyperresponsiveness

Airway hyperresponsiveness, assessed through the MCh
challenge inmice from the FCG (XYM, XXM, XYF, and XXF),
showed a dose-dependent effect to MCh on all lung function
parameters measured (Rrs, Ers, Rn, G, and H) (Supplemental
Figs. S7–S11).

The respiratory system resistance (Rrs) showed significant
independent effects for MCh, treatment type (HDM or PBS),
and genotype (P < 0.001, 0.027, and 0.046, respectively). In
addition, significant interactions were noted between geno-
type and MCh doses (P < 0.001) and between gonadal sex
and MCh doses (P ¼ 0.005). The highest Rrs values occurred
at the 100 mg/mL dose across all HDM-treated groups.
Among HDM-treated mice, the XXM genotype exhibited the
highest mean Rrs (1.737±0.239 cmH2O·s/mL), while the XYM
genotype had the lowest (1.105±0.118 cmH2O·s/mL), though
this difference was not statistically significant. In the XXF

Table 1. Flow cytometry antibodies and staining reagents

Catalog No. Target Fluorochrome Quantity Company Name

103212 B220 /CD45R APC 0.25 lg per 106 cells in 100 lL volume BioLegend
150605 CCR2 BV421 0.5 lg per million cells in 100 lL volume BioLegend
121422 CD103 BV421 5 lL per million cells in 100 lL staining volume BioLegend
101216 CD11b PE/Cy7 0.25 lg per 106 cells in 100 lL volume BioLegend
117318 CD11c PE/Cy7 0.25 lg per 106 cells in 100 lL volume BioLegend
117328 CD11c PerCP/Cyanine5.5 1.0 lg per million cells in 100 lL volume BioLegend
100438 CD4 BV421 5 lL per million cells in 100 lL BioLegend
103108 CD45 FITC 0.25 lg per 106 cells in 100 lL volume BioLegend
139306 CD64 APC 1.0 lg per million cells in 100 lL volume BioLegend
100708 CD8 PE 0.25 lg per 106 cells in 100 lL volume BioLegend
128008 Ly6c PE 0.25 lg per 106 cells in 100 lL BioLegend
127633 Ly6g BV510 0.5 lg per million cells in 100 lL volume BioLegend
107635 MHCII BV510 5 lL per million cells in 100 lL staining volume BioLegend
108728 Nk1.1 PerCP/Cyanine5.5 1.0 lg per million cells in 100 lL volume BioLegend
155506 Siglec F PE 0.25 lg per million cells in 100 lL volume BioLegend
109234 TCRb BV510 5 lL per million cells in 100 lL staining volume BioLegend
423106 Dead cell stain Zombie NIR 1:100 for 1–10 million cells BioLegend
156604 TruStain FcX (anti-mouse

CD16/32) Antibody
N/A 1.0 lg per 106 cells in 100 lL volume BioLegend

Catalog number, target antigen, conjugated fluorochrome, quantity per staining (reported per 106 cells in 100 lL staining volume
unless otherwise noted), and vendor are shown.
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genotype, the Rrs was significantly elevated at 100 mg/mL
MCh doses compared with PBS-treated XXF mice receiving
the same doses (P ¼ 0.039, Supplemental Fig. S7A). When
analyzing the effects of sex chromosomes independent of
gonadal sex, HDM-treated XX-mice had significantly higher
Rrs values compared with XY-mice at 100 mg/mL MCh (P ¼
0.017). Similarly, HDM-treated mice with female gonadal sex
showed significantly higher Rrs compared with female PBS-
treated mice at the sameMCh dose (P ¼ 0.014). Independent
effect of MCh dose remained significant for the three models,
sex chromosomes, gonads, and genotypes (P < 0.001 for all
comparisons; Supplemental Fig. S7, A–D). Also, the two-way
interactions between sex chromosomes and dose, gonadal sex
and dose, and genotypes and dose were significant (P ¼
0.001, 0.005, and<0.001, respectively).

The elastance of the lungs (Ers) was also higher at the
100 mg/mL MCh dose across all groups (Fig. 1A). In the
model evaluating the effects of treatment, gonadal sex, and
dose, including their three-way interaction and all corre-
sponding two-way interactions, the independent effects of
treatment (P ¼ 0.031) and dose (P < 0.001) were statistically
significant. In addition, significant two-way interactions
were observed between treatment and dose (P ¼ 0.001), as
well as gonadal sex and dose (P ¼ 0.043). In themodel incor-
porating treatment, genotype, and dose, the three-way inter-
action among these variables was also statistically significant

(P ¼ 0.006). Significant two-way interactions were found
between genotype and dose, and between treatment and
dose (P ¼ 0.001 for both comparisons). The independent
effects of treatment (P ¼ 0.032) and dose (P < 0.001)
remained significant in this model. Finally, themodel includ-
ing treatment, sex chromosome complement, and dose
revealed significant independent effects of treatment and
dose (P ¼ 0.026, <0.001, respectively) and two-way interac-
tions between treatment and dose (P ¼ 0.001) and between
sex chromosomes and dose (P ¼ 0.005). The Ers was higher
in all HDM-treated groups compared with PBS-treated
counterparts, though the increase was relatively modest
(Supplemental Fig. S8, A–D). Among HDM-treated groups at
100 mg/mL MCh, the XXM exhibited the highest Ers value
(53.466± 10.179 cmH2O·s/mL), while the XYM mice had the
lowest (30.308±2.538 cmH2O·s/mL). In XXM mice, the Ers
was significantly elevated at the 100 mg/mL MCh dose in
HDM-treated animals comparedwith their PBS-treated coun-
terparts (P < 0.0001; Supplemental Fig. S8B). Within the
HDM-treated FCGmice, animals with the XXM genotype had
significantly higher Ers values at the 100 mg/mL dose than
those with XYF (P¼ 0.001) and XYM (P< 0.0001) genotypes.
When combined, HDM-challenged XX-mice had significantly
higher Ers at the 100mg/mLMCh dose than the control, irre-
spective of gonadal sex (P < 0.0001) and the HDM-treated
XY-mice (P < 0.0001) (Fig. 1B). Similarly, HDM-treated mice

Figure 1. Airway hyperresponsiveness in the FCG mice following 5 wk HDM or PBS exposure. Assessing the influence of sex chromosome and gonadal
sex in airway hyperresponsiveness using the lung parameters, Elastance (Ers) and conducting airway resistance (Rn) in the FCGmice after Methacholine
(100 mg/mL) challenge following exposure to PBS or HDM. A: Ers average values in mice with XYM, XYF, XXF, or XXM genotypes treated with HDM or
PBS. B: Ers average values in the XY or XX mice treated with HDM or PBS. C: Ers average values in the mice with male and female gonads treated with
HDM or PBS. D: Rn average values in mice with XYM, XYF, XXF, or XXM genotypes treated with HDM or PBS. E: Rn average values in XY or XX mice
treated with HDM or PBS. F: Rn average values in the mice with male and female gonads treated with HDM or PBS. Fixed effects included dose, treat-
ment (PBS vs. HDM), and either sex chromosome, gonadal sex, or genotype, plus all two- and three-way interaction terms. Significant interactions were
followed by pairwise estimated marginal means (EMMs) comparisons using Tukey’s multiple-comparison adjustment. Significance was set at P< 0.05.
Data represented as means ± SD, n ¼ 5–11 mice per treatment group. �P< 0.05; ��P< 0.001, ���P< 0.0001 PBS of each (HDM effect). FCG, four core
genotype; HDM, house dust mite; PBS, phosphate-buffered saline.
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with male gonads showed significantly elevated Ers at the
100 mg/mL MCh dose compared with PBS-treated mice with
male gonads (P¼ 0.001), irrespective of chromosomal compo-
sition (Fig. 1C). At 50mg/mL and 100 mg/mLMCh doses, Ers
was significantly higher in HDM-treated XX-mice compared
with both PBS-treated XX mice (P ¼ 0.023 and <0.0001,
respectively). In HDM-treated XY mice, Ers was only sig-
nificantly increased at the 50 mg/mL dose (P ¼ 0.014;
Supplemental Fig. S8, A–D).

The average conducting airway resistance (Rn) values for
the HDM-treated mice at 100 mg/mL were 0.735 ± 0.144
cmH2O·s/mL for XXF, 0.847 ± 0.146 cmH2O·s/mL for XXM,
0.718 ± 0.080 cmH2O·s/mL for XYF, and 0.692 ± 0.094
cmH2O·s/mL for XYM mice, respectively (Fig. 1D). The XXM
mice exhibited significantly elevated Rn at 50 mg/mL of MCh
in HDM-treatedmouse groups compared with the other geno-
types (P¼ 0.013). We did not observe significant differences in
airway resistance (Rn) among the genotypes at the different
doses of MCh (Supplemental Fig. S9, A–D). The XX-mice had
significantly elevated Rn only at 100mg/mL (P¼ 0.029) in the
HDM-treated group compared with the PBS-treated group
(Fig. 1E). Further analysis revealed that Rn was significantly
higher in HDM-treatedmice with female gonads at 100mg/mL
MCh doses compared with PBS-treated mice with female
gonads (P ¼ 0.008; Fig. 1F). In models assessing the effects of
treatment, gonadal sex, sex chromosomes, genotype, andMCh
dose on measured outcomes, several significant interactions
andmain effects were observed. In the model including treat-
ment, gonadal sex, and dose, with all two-way and three-way
interactions, the independent effects of HDM treatment (P ¼
0.001) and dose (P< 0.001) were statistically significant, along
with the two-way interaction between gonadal sex and dose
(P< 0.001). In themodel with HDM treatment, genotype, and
dose, the three-way interaction was not significant. However,
the two-way interactions between genotype and dose were sig-
nificant (P< 0.001), including the independent effects of treat-
ment (P¼ 0.002) and dose (P< 0.001). In themodel including
treatment, sex chromosomes, and dose, significant two-way
interactions were observed between sex chromosomes and
dose (P ¼ 0.003) and in the independent effects of treatments
and dose (P ¼ 0.003 and <0.001, respectively). In XXM mice,
tissue resistance (G) values at 12.5, 25, 50, and 100mg/mLMCh
doses were significantly lower in PBS-treated groups compared
with HDM-treated groups (P ¼ 0.006, <0.0001, <0.0001,
and <0.0001, respectively; Supplemental Fig. S10, A–D and
Supplemental Fig. S12,A–C). In XX-mice, regardless of gonadal
type, G values at 50 mg/mL and 100 mg/mL MCh doses were
significantly lower in PBS-treated groups compared with
HDM-treated groups (P ¼ 0.002 and<0.0001, respectively). A
similar trendwas observed inmice withmale gonads, irrespec-
tive of sex chromosomes at 12.5, 25, 50, and 100 mg/mL doses
(P ¼ 0.007, <0.0001, <0.0001, and <0.0001, respectively).
Also, the HDM-treated XX-mice showed significantly higher G
values at 25, 50, and 100mg/mL doses of MCh compared with
the HDM-treated XY-mice (P ¼ 0.036, <0.001, and <0.0001,
respectively). Among HDM-treated groups, G values in XXM
mice were significantly higher at 25, 50, and 100 mg/mLMCh
doses compared with XYF (P ¼ 0.001, <0.0001, and <0.0001,
respectively) and XYM mice (P ¼ 0.008, <0.0001, <0.0001,
respectively). In addition, HDM-treated mice with female
gonads exhibited significantly higher G values at 25, 50, and

100 mg/mL MCh doses compared with those with male
gonads (P ¼ 0.013, <0.0001, and <0.0001, respectively).
Across models evaluating the roles of treatment, MCh
dose, and biological variables, namely gonadal sex, geno-
type, and sex chromosomes, several significant findings
were observed. In the model incorporating treatment,
gonadal sex, and dose, both treatment (P ¼ 0.002) and
dose (P < 0.001) showed independent significant effects,
with notable two-way interactions between treatment and
dose (P < 0.001), gonadal sex and dose (P < 0.001), and
gonadal sex and treatment (P ¼ 0.004). Interestingly, the
three-way interaction among the three variables was also
significant (P < 0.001). When genotype was included
instead of gonadal sex, the three-way interaction between
treatment, genotype, and dose was significant (P < 0.001),
alongside two-way interactions between genotype and
dose, treatment and dose, and treatment and genotype
(P < 0.001, <0.001, and <0.003, respectively), and signifi-
cant main effects of treatment (P ¼ 0.004) and dose (P <
0.001). In a parallel model including sex chromosomes,
significant two-way interactions were found between
treatment and dose (P < 0.001) and between sex chromo-
somes and dose (P < 0.001). The independent effect of
treatment and dose was also significant in this model (P ¼
0.003 and <0.001, respectively). Notably, Rn comparisons
at some doses were influenced by higher baseline Rn in
XY-PBS mice, which contributed to apparent genotype dif-
ferences in relative change. We therefore emphasized
dose-dependent within-treatment comparisons (HDM vs.
PBS) and the significant interactions reported by the
mixed models when interpreting Rn results.

Tissue elastance (H) was also evaluated in FCG mice fol-
lowing allergen exposure (Supplemental Fig. S11, A–D and
Supplemental Fig. S12, D–F). In XXM genotype mice,
HDM-treated groups exhibited significantly higher H val-
ues at 25, 50, and 100 mg/mL MCh doses compared with
PBS-treated groups (P ¼ 0.029, <0.0001, and <0.0001,
respectively; Supplemental Fig. S11B). Within the HDM-
treated groups, XXMmice at 50 and 100 mg/mLMCh doses
showed significantly greater H values compared with XYM
genotypes (P ¼ 0.036 and <0.0001) and XYF (P ¼ 0.048
and <0.0001). In XX-mice, irrespective of gonadal sex,
H values were significantly higher at 25, 50, and 100 mg/mL
MCh doses in HDM-treated groups compared with PBS-
treated groups (P ¼ 0.015, <0.0001, and <0.0001). Further-
more, at 50 and 100 mg/mL MCh doses, HDM-treated XX
mice exhibited higher H values than XY-treated mice (P ¼
0.008 and <0.0001). In HDM-treated mice with male
gonads, H values were significantly higher at 25, 50, and
100mg/mLMCh doses compared with PBS-treated counter-
parts (P¼ 0.024,<0.001, and<0.0001, respectively). Also, at
the 100 mg/mL MCh dose, HDM-treated male gonad mice
had higher H values than their female counterparts (P ¼
0.029). In models evaluating the roles of treatment, metha-
choline (MCh) dose, and biological variables, including
gonadal sex, genotype, and sex chromosomes, several signifi-
cant findings emerged. In the model incorporating treat-
ment, gonadal sex, and dose, both treatment (P¼ 0.009) and
dose (P < 0.001) showed significant independent effects,
with notable two-way interactions between treatment and
dose (P ¼ 0.003) and gonadal sex and dose (P ¼ 0.021). The
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Three-way interactions for these variables were also signif-
icant (P ¼ 0.011). When genotype was included instead of
gonadal sex, the three-way interaction between treatment,
genotype, and dose was significant (P ¼ 0.004), alongside
two-way interactions between genotype and dose and
treatment and dose (both P values <0.001), and significant
independent effects of treatment (P ¼ 0.004) and dose
(P < 0.001). In a parallel model including sex chromo-
somes, significant two-way interactions were found
between treatment and dose (P < 0.001) and between sex
chromosomes and dose (P < 0.001). The three-way interac-
tions among the variables were significant (P < 0.001),
including the independent effects of treatment and dose
at P � 0.001. Although the magnitude of MCh-induced
changes was modest relative to some HDMmodels, the sig-
nificant increases in resistance and elastance confirm suc-
cessful induction of allergic airway inflammation. This
moderate phenotype was optimal for detecting sex- and
genotype-dependent variations.

Histological changes.
Histopathological examination of lung tissues revealed
inflammation of the peribronchial area, perivascular area,
and goblet cells hyperplasia of the lung tissue in HDM-
treated FCG mice compared with the PBS-treated group
(Fig. 2, A–K). Peribronchial inflammation was significantly
elevated only in HDM-induced XYF mice when compared
with PBS-treated controls of the same genotype (P ¼ 0.004;
(Fig. 2A). When stratified by sex chromosome complement,
HDM-treated mice carrying either XX or XY chromosomes,
regardless of gonadal sex, displayed significantly greater
peribronchial inflammation than their respective PBS-
treated counterparts (P ¼ 0.023 and 0.043, respectively;
Fig. 2B). In contrast, when grouped by gonadal sex irrespec-
tive of chromosomal sex, a significant increase in peribron-
chial inflammation was observed only in HDM-treated mice
with female gonads compared with PBS controls (P ¼ 0.003;
Fig. 2C). In the statistical model incorporating HDM treat-
ment, gonadal sex, and all two-way interaction terms, the
independent effect of treatment was the only significant fac-
tor (P ¼ 0.003). A similar trend was observed in the model
analyzing treatment and sex chromosome complement,
where treatment again remained the sole significant predic-
tor of peribronchial inflammation (P ¼ 0.023). Perivascular
inflammation was elevated across all HDM-treated geno-
types compared with PBS-treated controls, with significant
increases observed in XYF (P < 0.0001), XXF (P ¼ 0.009),
and XXM (P ¼ 0.040) mice, whereas the XYM group did not
show a statistically significant difference (Fig. 2D). When
grouped by sex chromosome complement, both HDM-
treated XX and XY mice exhibited significantly higher peri-
vascular inflammation relative to their PBS-treated counter-
parts (P ¼ 0.003 and 0.005, respectively; Fig. 2E). Similarly,
grouping by gonadal sex revealed significant perivascular
inflammation in HDM-treated mice with both female (P <
0.001) and male (P ¼ 0.028) gonads, with inflammation lev-
els significantly greater in mice with female gonads versus
male gonads (P ¼ 0.008; Fig. 2F). In the statistical model
including treatment, gonadal sex, and their two-way interac-
tion, both treatment (P < 0.003) and gonadal sex (P ¼ 0.001)
had significant independent effects. In themodel evaluating

treatment and sex chromosome complement, treatment
remained a significant predictor of perivascular inflamma-
tion (P ¼ 0.003). Finally, in the model assessing treatment,
genotype, and their two-way interaction, both treatment
(P ¼ 0.009) and genotype (P ¼ 0.019) showed significant
independent effects, though the interaction was not statisti-
cally significant. In HDM-treated mice, goblet cell hyperpla-
sia was significantly elevated in mice with XX chromosomes
and female gonads compared with their respective PBS-
treated controls (P ¼ 0.026 and 0.014, respectively), whereas
no significant differences were observed across the different
genotypes (Fig. 2, G–I). Furthermore, in statistical models
incorporating treatment and either the sex chromosome
complement or gonadal sex, including their respective inter-
action terms, treatment emerged as the only factor with a
significant independent effect (P ¼ 0.026 and 0.014, respec-
tively). Notably, we observed mild peribronchial inflamma-
tion in PBS-treated XXF mice, which suggests an intrinsic
immune activation associated with the XX complement and
female gonads. Quantitative analysis of airway epithelial
remodeling revealed genotype-, chromosome-, and gonadal
sex–dependent patterns of goblet cell hyperplasia following
HDM exposure (Fig. 2, L–N). HDM-treated XXF and XXM
mice showed significant increases compared with their PBS-
treated controls (P < 0.05), whereas XYF and XYM groups
exhibited minimal changes. When data were grouped by
chromosome complement, HDM-treated XXmice displayed
markedly higher PASþ cell counts than XY mice (P < 0.01),
and mice with female gonads similarly demonstrated ele-
vated PASþ cell densities compared with those bearing
male gonads (P < 0.05). These findings indicate that both
the presence of two X chromosomes and female gonadal sta-
tus enhance epithelial remodeling in response to allergen
challenge, consistent with the overall trend of increased air-
way inflammation observed in female and XX genotypes.

Flow cytometry.
Flow cytometry analysis of lung tissue from challengedmice
confirmed thatmultiple immune cell populations were signif-
icantly influenced by genotype, sex chromosome comple-
ment, and gonadal sex following allergen exposure (Fig. 3).
We focused on quantifying immune cells in lung tissue
to capture both interstitial and airway-resident populations
that contribute to local inflammation. Adjusted gating thresh-
olds were verified to account for inflammation-related Siglec-
F modulation. Among these, eosinophils were significantly
elevated in HDM-treated XXFmice compared with both PBS-
treated XXF (P < 0.001) and other genotypes in the HDM-
treated group (XXM, P ¼ 0.001; XYM, P ¼ 0.003), except for
the XYF genotype (Fig. 3A). When analyzed by sex chromo-
some complement, HDM-treated XX mice exhibited higher
eosinophil counts than XY-treated mice, though this differ-
ence did not reach statistical significance (Fig. 3B). In con-
trast, HDM-treatedmice with female gonads had significantly
higher eosinophil levels than those with male gonads (P <
0.0001; Fig. 3C). Furthermore, eosinophil counts were signifi-
cantly elevated in HDM-treated mice with female gonads
compared with their PBS-treated controls (P< 0.0001).

In HDM-treated mice, CD4þ T cell levels were signifi-
cantly lower in the XXM genotype compared with the XXF
group (P ¼ 0.001). However, within the same treatment

SEX CHROMOSOMES, GONADAL SEX, AND LUNG IMMUNE RESPONSES

L294 AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00210.2025

Downloaded from journals.physiology.org/journal/ajplung (181.215.195.229) on April 5, 2026.

https://doi.org/10.1152/ajplung.00210.2025


group, XXMmice exhibited significantly higher CD4þ T cell
counts than HDM-treated XYFmice (P < 0.0001; Fig. 3D). In
addition, CD4þ T cell counts were not statistically signifi-
cant between XX- or XY-mice in both treatments (P ¼ 0.350;
Fig. 3E). On the contrary, mice with female gonads were
associated with greater CD4þ T cell counts compared with
those with male gonads (P ¼ 0.002) in the HDM-treated
group (Fig. 3F). Similarly, HDM-treated XXF mice exhibited
significantly higher CD8þ T cell levels compared with XXM,
XYF, and XYM mice (P < 0.0001 for all comparisons). In
addition, HDM-treated XYF mice showed significantly ele-
vated CD8þ T cells compared with XYM mice receiving the
same treatment (P < 0.0001; Fig. 3G). CD4þ T and CD8þ

T cell percentages did not significantly differ between XY
and XXmice across treatment groups (Fig. 3H). However, in

the HDM-treated group, mice with female gonads consis-
tently exhibited higher levels of both CD4þ and CD8þ

T-cells compared with those with male gonads (P ¼ 0.002
and<0.0001, respectively; Fig. 3, F and I).

The HDM allergen challenge significantly elevated AM
counts in XXM mice compared with both XYF and XYM
genotypes (P ¼ 0.002 each) and their respective PBS-treated
controls (P ¼ 0.001). However, AM counts in HDM-treated
XXM mice were significantly higher than those in HDM-
treated XXF mice (P < 0.0001) (Fig. 4A). In addition, HDM
exposure led to decreased AM counts in XXF and XYMmice
compared with their respective control groups (P ¼ 0.0032
and 0.011, respectively). Interestingly, HDM-treated XYmice
exhibited reduced AM counts compared with their PBS-
treated counterparts (P ¼ 0.013; Fig. 4B). Furthermore,

Figure 2.Histopathological analyses of lung tissue from four core genotype (FCG) mice following 5 wk of HDM or PBS exposure. Graphs represent semi-
quantitative scoring for peribronchial inflammation by genotype (XYM, XYF, XXF, and XXM) (A), chromosome complement (XY vs. XX) (B), and gonadal
sex (male vs. female) (C); and perivascular inflammation by genotype (D), chromosome complement (E), and gonadal sex (F). Goblet cell hyperplasia is
shown by genotype (G), chromosome complement (H), and gonadal sex (I). Representative histological images demonstrate inflammation and epithelial
remodeling across genotypes: Hematoxylin and eosin (H&E)-stained lung sections showing peribronchial and perivascular inflammatory cell infiltration
(black arrows; J); and Alcian Blue/Periodic Acid-Schiff (AB-PAS)-stained sections showing PAS-positive goblet cells (black arrows) along the airway epi-
thelium (K). Scale bars: 200 lm (J–K). Quantitative analysis of PAS-positive goblet cells is shown, normalized to airway basement membrane area (cells/
mm2), by genotype (L), sex chromosome complement (M), and gonadal sex (N). Statistical analyses were performed using standard linear regression
models to assess the effects of treatment, sex chromosome complement, gonadal sex, and genotype, including two-way interaction terms. Type III sums
of squares were applied to determine main-effect significance, and Tukey-adjusted pairwise estimated marginal means (EMMs) were calculated for mul-
tiple comparisons. Data are presented as means ± SD (n¼ 3–5 mice/group). �P< 0.05; ��P< 0.001 denote statistical significance. Note: Mild elevations
observed in XXF PBS mice represent nonpathological baseline variation consistent with intrinsic biological differences rather than spontaneous inflam-
mation. HDM, house dust mite; PBS, phosphate-buffered saline.
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HDM-treated mice with female gonads had significantly
lower AM counts than both HDM-treated male gonad-bear-
ing mice (P ¼ 0.006) and PBS-treated mice with female
gonads (P ¼ 0.027; Fig. 4C). CD103þ dendritic cells (DCs)
were significantly enriched only in HDM-treated XXMmice
compared with other HDM-treated genotypes, including
XXF, XYF, and XYM (P ¼ 0.001, 0.003, and 0.001, respec-
tively; Fig. 4D). In addition, among HDM-treatedmice, those
with XX chromosomes showed higher CD103þ DC counts
than those with XY chromosomes (P ¼ 0.048; Fig. 4E), and
male gonad-bearing mice had significantly higher counts
than female gonad-bearing counterparts (P¼ 0.032; Fig. 4F).
Plasmacytoid dendritic cells (pDCs) were significantly
increased in HDM-treated XYM mice compared with XXF,
XXM, and XYF genotypes (P < 0.0001, 0.026, and 0.0001,
respectively; Fig. 5A). Furthermore, HDM-treated mice with
female gonads exhibited lower pDC counts than those with
male gonads (P ¼ 0.001; Fig. 5B). HDM-treated XYM mice
exhibited a significant increase in CD11bþ DC counts com-
pared with their PBS-treated controls (P ¼ 0.006; Fig. 5C).
When analyzed by sex chromosome complement, HDM-

treated XY mice showed significantly higher CD11bþ DC
counts than both XX mice (P ¼ 0.006) and XY mice in the
PBS-treated group (P¼ 0.003; Fig. 5D).

Interestingly, HDM treatment did not lead to significant
changes in B cell counts across all genotypes (Supplemental
Fig. S13A). However, when comparing genotypes, B cells
were significantly elevated in HDM-treated XYMmice com-
pared with XXFmice (P ¼ 0.004), and counts were higher in
mice with male gonads than those with female gonads (P ¼
0.014; Supplemental Fig. S13B). Interstitial macrophages
were significantly reduced in XXMmice compared with XYF
mice (P ¼ 0.007), although no significant differences were
observed between control and HDM-treated groups within
any genotype (Supplemental Fig. S13C). Undifferentiated
monocytes, neutrophils, NKT cells, and NK cells showed no
significant differences between treatment groups across all
genotypes (Supplemental Fig. S13,D–M).

In the model evaluating the effects of sex chromosome
complement and treatment, along with their two-way inter-
action, treatment independently influenced eosinophil
counts (P ¼ 0.018), while sex chromosome complement

Figure 2. Continued
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independently influenced the populations of CD11bþ DCs
(P ¼ 0.001), AMs (P ¼ 0.012), CD103þ DCs (P ¼ 0.01), inter-
stitial macrophages (P ¼ 0.03), and CD4þ T cells (P ¼
0.026). The interaction between sex chromosome and treat-
ment was significant in influencing CD11bþ DC (P ¼ 0.019)
and AM populations (P¼ 0.017). On the contrary, in the
model incorporating gonadal sex and treatment, including
their interaction, gonadal sex independently influenced the
populations of CD103þ DCs (P ¼ 0.007), eosinophils (P <
0.001), B cells (P ¼ 0.003), NK cells (P ¼ 0.023), NKT cells
(P¼ 0.029), plasmacytoid DCs (P< 0.001), CD8þ T-cells (P<
0.001), CD4þ T-cells (P < 0.001), and AMs (P ¼ 0.001).
Treatment also independently affected AMs (P ¼ 0.027) and
eosinophils (P< 0.001). The interaction between gonads and
treatment was significant for AMs (P ¼ 0.025) and eosino-
phils (P ¼ 0.004). Finally, in the model including genotype
and treatment with their interaction, genotype independ-
ently influenced CD4þ T-cells (P< 0.001), CD8þ T-cells (P<
0.001), plasmacytoid DCs (P < 0.001), AMs (P < 0.001), B
cells (P ¼ 0.001), CD11bþ DCs (P ¼ 0.011), eosinophils (P <

0.001), and CD103þ DCs (P < 0.001). Treatment also inde-
pendently influenced AMs (P ¼ 0.032) and eosinophils (P <

0.001), and the interaction effect was also significant for
eosinophils (P ¼ 0.012) and AMs (P< 0.001). Across all mod-
els, neutrophils and undifferentiated monocytes showed no
significant changes in response to treatment, genotype, sex
chromosome, or gonadal sex.

DISCUSSION

This study provides compelling evidence that airway
hyperresponsiveness (AHR), immune cell infiltration, and
inflammatory histopathology in response to allergen expo-
sure are significantly influenced by sex chromosome com-
plement, gonadal sex, and genotype in a four-core genotype
(FCG) mouse model. Using the HDM challenge, we observed
clear genotype-specific differences in lung function parame-
ters, immune profiles, and histological markers of inflamma-
tion, advancing our understanding of how sex-based
biological factors modulate allergic airway disease.

Figure 3. The percentages of eosinophils in the lungs of XYM, XYF, XXF or XXM genotype mice (A), eosinophils in the lungs of XY or XX mice (B), eosin-
ophils in the lungs of male or female gonadal sex mice (C), CD4þ T-cells in the lungs of XYM, XYF, XXF or XXM genotype mice (D), CD4þ T-cells in the
lungs of XY or XX mice (E), CD4þ T-cells in the lungs of male or female gonadal sex mice (F), CD8þ T-cells in the lungs of XYM, XYF, XXF or XXM geno-
type mice (G), CD8þ T-cells in the lungs of XY or XX mice (H), CD8þ T-cells in the lungs of male or female gonadal sex mice (I), (n ¼ 4–8 mice/group).
Results shown as graphs and flow cytometry plots depict average cell percentages (percent of live cells). Linear regression models were applied to
assess independent and interaction effects of treatment, sex chromosomes, gonadal sex, and genotype on immune-cell percentages. Where overall
effects were significant, pairwise EMMs were compared with Tukey correction for family-wise error. Error bars denote SD. All gates were defined using
FMO controls to account for Siglec-F expression variability under naïve and inflamed conditions. Full antibody validation and gating strategies are avail-
able in reference (46). �P< 0.05, ��P< 0.001, ���P< 0.0001. EMM, estimated marginal mean; FMO, fluorescence minus one.
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In terms of lung function, HDM challenge resulted in a
dose-dependent increase in all measured parameters (Rrs,
Ers, Rn, G, and H), with notable differences among FCG
mice. This finding is consistent with previous studies dem-
onstrating that genetic factors can influence AHR, particu-
larly in response to environmental allergens (52–54). The
XXM genotype consistently exhibited the highest airway
resistance (Rrs) and lung elastance (Ers) following HDM
exposure. This aligns with the well-established association
between allergen-induced inflammation and AHR (55, 56),
while XYM mice showed the lowest values. This divergence
highlights the complex interplay between chromosomal and
gonadal influences on airway mechanics (52–54). Notably, a
XX chromosomal complement, regardless of gonadal sex,
was associated with significantly elevated Ers and Rrs, sug-
gesting that gene dosage effects or X-linked immune-modu-
latory genes may exacerbate airway reactivity (57), aligning
with our previous study, in which AHR was greater in male
than in female animals (58).

Histopathological analysis revealed significant altera-
tions in the lung tissue of HDM-treated mice, including
peribronchial and perivascular inflammation and goblet
cell hyperplasia, with differences influenced by genotype,
sex chromosomes, and gonadal sex. These changes are hall-
mark features of asthma pathogenesis (59–62). Notably, the
enlargement of the perivascular region was significant in
HDM-treatedmice across all genotypes, except in XYMmice,

compared with their respective controls. The lack of wide-
spread, significant histological changes across genotypes
may be due to the duration of allergen exposure, the type
and route of allergen administration, or the inherent vari-
ability in histopathological responses among genetically dis-
tinct mice (63–65). However, a similar finding was reported
in a recently published article from our laboratory (57), in
which inflammatory gene expression was greater in female
mice than in male mice exposed to allergens. Overall, female
gonad and XX-mice groups exhibited greater inflammation,
particularly perivascular and goblet cell hyperplasia, while
treatment effects were consistently significant across all
parameters (P< 0.05). HDM-treated mice with female gonads
exhibited significantly increased perivascular inflammation
compared with those withmale gonads, consistent with previ-
ous findings showing that females tend to have a more pro-
nounced inflammatory response to allergens (58, 66, 67). The
increased inflammation and tissue changes observed in mice
with female gonads further emphasize that female gonadal sex
may drive heightened airway inflammation through hormonal
regulation of immune effectors and epithelial remodeling.
This is further supported by the elevated eosinophilic infiltra-
tion in HDM-treatedmice with female gonads, a hallmark fea-
ture of type 2-driven asthma.

Immune cell profiling assessed by flow cytometry also
revealed significant differences in the populations of AMs,
eosinophils, and DCs across genotypes in response to HDM

Figure 4. The percentages of alveolar macrophages in the lungs of XYM, XYF, XXF or XXM genotype mice (A), alveolar macrophages in the lungs of XY
or XX mice (B), alveolar macrophages in the lungs of male or female gonadal sex mice (C), CD103þ DC in the lungs of XYM, XYF, XXF, or XXM genotype
mice (D), CD103þ DC in the lungs of XY or XX mice (E), CD103þ DC in the lungs of male or female gonadal sex mice (F) (n ¼ 4–8 mice/group). Results
shown as graphs and flow cytometry plots depict average cell percentages (percent of live cells). Linear regression models tested the effects of treat-
ment, genotype, sex chromosome complement, and gonadal sex, including their interactions. Significant interactions were decomposed by EMM con-
trasts with Tukey’s post hoc adjustment. P < 0.05 indicates statistical significance. Error bars denote SD. �P < 0.05, ��P < 0.001, ���P < 0.0001. DC,
dendritic cell; EMM, estimated marginal mean.

SEX CHROMOSOMES, GONADAL SEX, AND LUNG IMMUNE RESPONSES

L298 AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00210.2025

Downloaded from journals.physiology.org/journal/ajplung (181.215.195.229) on April 5, 2026.

https://doi.org/10.1152/ajplung.00210.2025


exposure. We found that genotype, sex chromosomes, and
gonadal sex significantly influenced immune cell popula-
tions in the lungs of FCG mice after allergen exposure.
Alveolar macrophages were significantly elevated in XXM
mice, suggesting a heightened innate immune response in
this genotype. This finding is consistent with studies indicat-
ing thatmacrophage activation plays a crucial role in asthma
exacerbations (68, 69). Eosinophils, which are key mediators
of allergic inflammation in asthma (70, 71), were significantly
elevated in XXFmice, bearing both female gonads and chro-
mosomes. Interestingly, the interaction between genotype
and treatment appeared to influence immune cell popula-
tions in a complex manner: certain subsets, such as DCs,
showed a strong genotype-dependent response to HDM
exposure, whereas others, such as neutrophils, did not show
significant differences. This underscores the complex nature
of immune cell responses in allergic asthma, which can vary
based on genetic background and sex chromosome comple-
ment (72). Specific genotypes exhibited distinct immune
responses: XXM mice showed elevated AMs and CD103þ

DCs; XXF mice showed increased eosinophils and CD8þ

T-cells; and XYM mice showed heightened plasmacytoid
DCs and CD11bþ DCs. Similarly, sex chromosomes influ-
enced immune cell responses, with XY mice showing ele-
vated CD11bþ DCs and reduced CD103þ DCs compared with
XX mice. Gonadal sex also influenced this phenotype, with
female gonad mice exhibiting higher eosinophil, CD4þ , and
CD8þ T cell counts, while male gonad mice had higher AMs,
CD103þ DCs, and plasmacytoid DCs. Analysis of DC subsets in
the lung revealed a local antigen-presenting cell composition
distinct frommigratory lymph node populations (72). MHC II
expression was incorporated into our gating of DCs and inter-
stitial macrophages. These findings emphasize the complex
interplay between genetic and biological factors in shaping
immune responses to allergens, with significant independent

and interaction effects observed across treatments and
immune cell types. Using lung tissue rather than lavage
enabled us to focus on tissue-resident immune populations
critical for sustained inflammation. The potential modulation
of Siglec-F during inflammation was accounted for in the gat-
ing strategy validation, ensuring reliable quantification of
AMs and eosinophils.

Although DCs migrate to draining lymph nodes to prime
adaptive responses, quantifying their numbers within lung
tissue provides insight into local antigen-presenting activity
and inflammatory recruitment. CD103þ and CD11bþ DC
subsets act as critical sentinels within the airway mucosa,
and their differential abundance among genotypes in our
study likely reflects distinct local immune activation pat-
terns rather thanmigratory endpoints. This local perspective
complements systemic immune profiling and helps delin-
eate genotype- and gonadal sex-specific contributions to
antigen sensing and presentation within the lung.

One of the central findings of this study was the signifi-
cant contribution of both sex chromosomes and gonadal
sex in modulating the inflammatory response to allergen
exposure. Although previous research has emphasized the
role of gonadal hormones in modulating asthma pathoge-
nesis (73, 74), this study highlights the importance of sex
chromosome complement in this modulation. The XXM
genotype exhibited the most pronounced responses across
multiple measures of airway function and histology, sug-
gesting a significant role for the X chromosome in asthma
phenotypes. Conversely, the gonadal sex influence was
particularly notable in the histological assessment, where
mice with female gonads displayed more pronounced tis-
sue changes in the peribronchial and perivascular regions.
These results are in line with prior studies suggesting that
estrogen and other ovarian hormones may enhance the
allergic response in female mice (75–77).

Figure 5. The percentages of plasmacytoid
DC in the lungs of XYM, XYF, XXF, or XXM
genotype mice (A), plasmacytoid DC in the
lungs of male or female gonadal sex mice
(B), CD11bþ DC in the lungs of XYM, XYF,
XXF, or XXM genotype mice (C), CD11bþ

DC in the lungs of XY or XX mice (D), (n ¼
4–8 mice/group). Results shown as graphs
and flow cytometry plots depict average
cell percentages (percent of live cells).
Linear regression models evaluated treat-
ment, genotype, and sex variables with
Type III sums of squares. When significant
main or interaction effects were detected,
pairwise group differences were assessed
via Tukey-adjusted EMM comparisons. Error
bars denote SD. �P < 0.05, ��P < 0.001,
���P < 0.0001. DC, dendritic cell; EMM,
estimatedmarginal mean.
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The moderate phenotype observed after five weeks of
HDM exposure is consistent with controlled and reproduci-
ble models of allergic inflammation that are designed to
uncover subtle, yet biologically meaningful, sex- and geno-
type-dependent effects. Although we did not quantify struc-
tural remodeling markers such as collagen deposition or
airway smooth muscle hypertrophy, both physiological and
histological evidence confirmed the presence of inflamma-
tory remodeling. The MCh challenge revealed distinct
genotype-dependent effects on airway resistance and lung
elastance, with XXMmice exhibiting the most pronounced
responses, particularly at higher doses. Histological analy-
ses further demonstrated significant alterations in lung
architecture, including peribronchial and perivascular
inflammation, epithelial thickening, and goblet cell prolif-
eration. These changes were more evident in mice with
female gonads, suggesting hormonal modulation of airway
remodeling. Quantitative assessment of PAS-positive epi-
thelial cells normalized to airway number supported the
semiquantitative histological scores, revealing modest but
nonsignificant increases in goblet cell numbers after HDM
exposure. Although goblet cell hyperplasia was limited
under the present experimental conditions, more refined
morphometric approaches, such as airway area–normalized
counts and differentiation between acidic and neutral
mucins, may enhance sensitivity for detecting subtle epi-
thelial changes.

Future studies will incorporate MUC5AC and MUC5B
immunostaining and evaluate the expression of epithelial
lineage markers (Foxj1, Scgb1a1, and Spdef) to further define
mucin subtype regulation and epithelial differentiation in
relation to sex chromosome and gonadal influences. Of note,
a modest increase in peribronchial and perivascular inflam-
mation and goblet cell presence was observed in PBS-treated
XXFmice relative to other control groups. This finding likely
reflects a mild baseline immune activation driven by the
combined effects of the XX chromosomal complement and
the female gonadal environment. Consistent with this
interpretation, prior studies using the four core genotype
model, including our recent transcriptomic analysis (42)
have shown that XXF mice exhibit higher basal expression
of inflammatory and epithelial differentiation genes,
indicative of an intrinsically heightened immune tone.
Thus, the mild histological changes observed in XXF PBS
mice are best explained by low-level epithelial priming
rather than spontaneous airway inflammation.

Flow cytometry analyses further demonstrated genotype-
dependent variations in immune cell populations, including
elevated AMs and eosinophils, as well as gonadal sex-associ-
ated effects on eosinophil and T-cell responses. These find-
ings underscore the importance of both chromosomal and
hormonal factors in shaping immune cell composition and
activation during allergic inflammation.

This study has some limitations. First, the house dust mite
(HDM) dosing regimen used here (25 lg intranasally,
5 days/wk for 5 wk) was selected to induce a reproducible but
moderate allergic airway phenotype that preserves sensitiv-
ity to sex chromosome and gonadal-dependent effects.
Although this approach avoids ceiling effects that can
obscure biological differences, it may not fully recapitulate
progressive or severe asthma phenotypes characterized by

extensive airway remodeling and exaggerated airway hyper-
responsiveness. Future studies employing higher-dose, inter-
mittent, or exacerbation-based HDM paradigms, as well as
longitudinal designs, will be important for modeling asthma
progression and sex-specific disease trajectories. Second,
immune cell profiling was performed using whole lung tissue
rather than bronchoalveolar lavage (BAL) to allow simultane-
ous evaluation of airway wall and parenchymal compart-
ments. Although this approach provides a comprehensive
assessment of tissue-resident immune populations, it limits
direct comparison with luminal inflammatory responses.
Future studies combining tissue and BAL analyses will enable
a more complete understanding of immune cell localization,
activation, and trafficking. Third, although we provide a
detailed phenotypic characterization of dendritic cell (DC)
subsets within lung tissue, the present study does not assess
DCmigration to drainingmediastinal lymph nodes or directly
examine costimulatory activation markers such as CD86.
Although MHC II-defined DC populations inform local anti-
gen-presenting cell distribution within the lung, future work
will be required to establish mechanistic links between
sex differences, DC trafficking, and downstream adaptive
immune responses. Finally, airway remodeling was evaluated
primarily through semiquantitative histological scoring and
PAS-positive goblet cell enumeration. We did not directly
quantify airway smoothmuscle mass, collagen deposition, or
the expansion of specific epithelial cell subsets. Incorporation
of a-smooth muscle actin and collagen staining, as well as
mucin-specific and epithelial lineage markers (e.g., MUC5AC,
MUC5B), will allow amore comprehensive assessment of sex-
dependent airway remodeling. Although sample sizes were
adequate to detect sex- and genotype-dependent differences
in key physiological and immune parameters, larger cohorts
may be required to capture subtler aspects of epithelial
remodeling. Despite these limitations, the present study
establishes a strong experimental framework for dissecting
the independent and interactive roles of sex chromosomes
and gonadal sex in allergic airway inflammation.

Collectively, our findings highlight the complex interplay
between sex chromosome complement and gonadal sex in
regulating airway inflammation, immune cell dynamics, and
tissue remodeling following allergen exposure. These results
provide mechanistic insight into the well-documented sex
bias in asthma prevalence and severity, wherein females
experience heightened inflammation and airway hyperres-
ponsiveness during reproductive years. The demonstration
that both chromosomal and hormonal factors contribute
to immune regulation suggests that variations in either
domain, such as those occurring in Turner syndrome (X0),
Klinefelter syndrome (XXY), androgen insensitivity, meno-
pause, or andropause, may alter asthma susceptibility and
disease course.

In conclusion, understanding how sex chromosomes and
gonadal hormones independently and jointly influence pul-
monary immune function offers an important framework
for developing sex-informed therapeutic strategies. Future
studies translating these findings to human cohorts with
defined chromosomal or hormonal alterations could fur-
ther elucidate the biological drivers of asthma heterogene-
ity and improve precision medicine approaches for airway
disease.
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