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ABSTRACT

Prophylactic inhalation of the synergistic agents ODN M362 and Pam2CSK4 (“Pam20DN”) protects mice against allergic lung
disease, including allergic inflammation caused by house dust mite (HDM). By preventing sensitization, PAm2ODN reduces
HDM:-induced eosinophilic and lymphocytic inflammation. How Pam2ODN affects interactions among lung epithelial cells,
dendritic cells, and T cells to prevent eosinophilic lung inflammation remains unclear. In the present study, we show that
a single inhaled dose of Pam2ODN before HDM sensitization reduces airway Th2 polarization without affecting Thl or Treg
responses. Furthermore, PAm20ODN pretreatment inhibits the recruitment of lung monocyte-derived dendritic cells (moDCs)
and conventional Type 2 dendritic cells (DC2s), while preventing the HDM-induced decrease in conventional Type 1 dendritic
cells (DC1s). Bulk RNA-seq of the whole lung reveals that Pam2ODN pretreatment restricts the expression of proinflammatory
transcripts induced by HDM sensitization. This tolerogenic effect is also reflected at the single-cell level in lung epithelial cells,
where proinflammatory transcripts, pathways, and chromatin accessibility are inhibited. These results indicate that Pam2ODN
reprograms lung epithelial cells to attenuate allergen-induced Th2-promoting cytokines and DCs while maintaining the population
of protective DCls. These findings suggest a strategy to mitigate chronic allergic lung diseases.

1 | Introduction chronic exposure to microbial contaminants that is mediated by

downregulation of inflammatory pathways in airway epithelial

Living in an urban environment has been linked to an increase
in the prevalence of allergic sensitization and the development
of allergic diseases [1]. Congruently, children who live in areas
with low concentrations of microbial contaminants, such as
lipopolysaccharide (LPS), are more likely to develop allergic T-
helper Type 2 (Th2) cell responses [2]. Mechanistic studies have
shown a protective effect against allergic Th2 cell responses by

cells [3]. Th2 cell-induced allergic inflammation results from
epithelial cell-associated molecules released upon the activation
of epithelial pattern recognition receptors (PRRs) and their
downstream molecules [4, 5]. Upon exposure to allergens, lung
epithelial cells release inflammatory cytokines and alarmins
that recruit and activate lung innate immune cells, including
dendritic cells (DCs), monocytes, and macrophages. Via antigen
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presentation, these cells activate and polarize naive CD4" T cells
towards a Th2 cell phenotype [6-8]. Allergen-specific Th2 cells
and their associated cytokines IL-4, IL-5, and IL-13 that drive
eosinophil infiltration are increased in the airways of asthmatic
patients and mice with allergic eosinophilic inflammation, and
their levels correlate with symptom severity [9-12].

We have previously reported in mice that survive acute Sendai
virus pneumonia challenge that therapeutic inhalation of syn-
ergistic agents Pam2CSK4, a TLR2/6 ligand, and ODN M362, a
TLR9 ligand that also binds RIG-I and VDACI, protects against
the late asthma-like chronic disease [13-15]. Further, we showed
that the protection was independent of the impact of Pam2ODN
on virus burden [13]. This prompted us to test several other mouse
models of asthma, revealing that pretreatment with Pam2ODN
also prevents airway eosinophilia, lymphocytic inflammation,
mucus metaplasia, and airway hyperresponsiveness in non-
infectious allergic models, suggesting that the treatment has a
protective effect through blocking airway allergic sensitization
[16]. While offering limited molecular insight, this earlier inves-
tigation demonstrated the protective effects of PAm2ODN against
phenotypic allergen-induced airway remodeling and the preser-
vation of lung function. However, the nature of the changes this
treatment imprints on the lung epithelial cells that are primarily
responsible for preventing allergic sensitization [17, 18] and how
those changes subsequently affect the early immune responses of
DCs and T cell polarization have not been established.

Using the clinically-relevant house dust mite (HDM) extract
mouse model of allergic lung inflammation [19, 20], we show here
that Pam2ODN-treated lung epithelial cells display epigenetic
and transcriptomic reprogramming that is associated with an
immunomodulatory response against subsequent HDM sensiti-
zation, resulting in reduced recruitment of Type 2 conventional
and monocyte-derived DCs (moDCs), with fewer Th2 cells and
eosinophils in the airways after HDM challenge. Importantly,
Pam20ODN-Induced epithelial epigenetic imprinting has a long-
lasting tolerogenic effect, as mice treated 30 days before HDM
sensitization still exhibit reduced levels of both airway Th2
cells and eosinophils following HDM challenge. Altogether,
these results demonstrate epigenetic reprogramming as a key
mechanism of PRR agonist-induced tolerance against HDM
sensitization and subsequent development of Th2 cell-induced
airway eosinophilic allergic inflammation.

2 | Results

2.1 | Pam2ODN Pretreatment Blocks Airway Th2
Polarization and Eosinophilia

HDM extract-induced eosinophilic inflammation is associated
with Th2 polarization [12, 20]. Since Pam20ODN, given before
HDM sensitization, prevents allergic airway inflammation [16],
we investigated whether Pam2ODN also prevents HDM-induced
eosinophilic inflammation by regulating Th2 cells. We used an
HDM model that causes T-helper-cell-mediated airway inflam-
mation evocative of human asthma [19, 21]. BALB/c mice were
sensitized by intratracheal instillation of 100 ug of HDM extract,
followed by six daily nasal challenges of 10 pg HDM extract
from Days 7 to 12. We evaluated the allergic inflammation in

BAL fluid by flow cytometry on Day 14 in mice that received
inhalation of PBS or Pam20ODN 7 days before HDM sensitization,
and mice that received Pam20ODN 3 days after HDM sensitization
(Figure 1A). Mice treated 21 days earlier with PBS or Pam20ODN
alone (no HDM) served as controls. Consistent with our
previous report [16], we confirmed that PBS-pretreated/HDM-
sensitized/HDM challenged mice (PBS/HDM/HDM) and those
treated with Pam20ODN 3 days after HDM sensitization (+3d
Pam20DN/HDM/HDM) exhibited an increased number of total
airway leukocytes (Figure 1B) and an increased frequency and
absolute number of eosinophils. This pattern was significantly
attenuated in mice treated with Pam20ODN 7 days before sensi-
tization and subsequent challenge (-7d Pam2ODN/HDM/HDM)
(Figure 1C-E). Pam20ODN-treated control mice (no HDM) had
fewer neutrophils than PBS-treated controls (Figure 1F,G). How-
ever, Pam20DN didn’t change neutrophil frequency in HDM-
challenged mice (Figure 1G). We next assessed the effect of
Pam20ODN treatment on the CD4% T cell polarization. The
frequency and absolute number of Th2 cells were higher in
PBS/HDM/HDM and +3d Pam20DN/HDM/HDM than in -
7d Pam20DN/HDM/HDM mice (Figure 11-K), indicating that
Pam2ODN pretreatment prevented Th2 polarization. We observe
only a modest effect of PAm20ODN pretreatment on airway ILC2s
(Figure S2B). Th17 CD4* T cells that express RORyt and produce
IL-17A, IL-17F, and IL-22 [22, 23] can synergize with Th2 CD4*
T cells to induce either a severe phenotype of eosinophilic
inflammation or to drive a non-Type 2 neutrophilic asthma
[24, 25]. Moreover, at different stages of maturation, CD11b*
conventional DCs that drive Th2 cell differentiation can also drive
the differentiation of CD4" T cells towards a Th17 cell phenotype
[26]. Pam20ODN administration before or after sensitization had
no significant effect on the frequency or absolute number of
Th17 cells (Figure 1L-N). Thl CD4* T cells that express T-bet
transcription factor and produce IFNy [27] and Treg cells that
express Foxp3 transcription factor and produce IL-10 and TGF-
[28, 29] can be involved in the regulation of the immune response
to allergic inflammation by preventing the polarization of native
CD4* T cells towards the Th2 or Th17 phenotype and lung allergic
inflammation [30-33]. Unlike its effect on Th2 cell polarization,
Pam2ODN treatment did not affect Th1 or Treg cell differentiation
(Figure 10,P,R,S). In -7d Pam20DN/HDM/HDM mice, airway
inflammatory cytokines in BALF were decreased, including the
regulatory cytokine IL-10 (Figure S3), likely reflecting overall
attenuation of the immunological response. The lack of signifi-
cant effects on Th17, Thl, or Treg populations demonstrates that
Pam2ODN pretreatment inhibits HDM-induced Type 2 allergic
eosinophilic inflammation by moderating Th2 polarization.

2.2 | Long-Lasting Effect of PAm20ODN Against
Allergen-Induced Airway Th2 Cell Polarization

We next investigated the long-term effect of PAm2ODN pretreat-
ment on HDM-induced airway Th2 polarization and eosinophilic
inflammation. We sensitized mice with 100 ug of HDM extract,
and six daily nasal challenges of 10 pg of HDM extract were
administered from Days 7 to 12, as above (Figure 1). On Day
14, we used flow cytometry to assess the allergic inflammation
in BAL fluid in mice that inhaled PBS (PBS/HDM/HDM) or
Pam20DN (-30d Pam20DN/HDM/HDM) 30 days before HDM
sensitization, and mice that received PAm2ODN 3 days after HDM
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FIGURE 1 | Pam20DN pretreatment attenuates airway Th2 polarization and eosinophilic inflammation. (A) Experimental design. A single
aerosolized treatment of PBS or Pam2ODN was given seven days before the naive mice’s initial HDM sensitization, or a single dose of Pam2ODN was
given 3 days after the mice’s initial HDM sensitization. Flow cytometry was used to examine single-cell suspensions obtained from the bronchoalveolar
lavage fluid (BALF) after challenges. (B) Summary graph of total airway leukocytes. (C) Flow cytometry plots and summary graph of airway eosinophil
(D) percentage and (E) number. (F) Flow cytometry plots and summary graph of airway neutrophil (G) percentage and (H) number. (I) Flow cytometry
plots and summary graph of airway Th2 (J) percentage and (K) number. (L) Flow cytometry plots and summary graph of airway Th17 (M) percentage and
(N) number. (O) Flow cytometry plots and summary graph of airway Thl (P) percentage and (Q) number. (R) Flow cytometry plots and summary graph
of airway Treg (S) percentage and (T) number. Experiments were performed at least two times. N = 3-7 mice/group. Numbers within the representative
flow cytometry plots indicate the percentage of each cell population. Bars show mean +SD. #p < 0.05; s#p < 0.01; ssxp < 0.001; s:#xp < 0.0001; ns =
not significant. Statistical analysis performed by GraphPad Prism using one-way ANOVA with Bartlett’s test correction for multiple comparisons.
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sensitization (+3d Pam2ODN/HDM/HDM) (Figure S4A). As in
Figure 1, the number of total airway leukocytes was higher in
PBS/HDM/HDM mice and +3d Pam20ODN/HDM/HDM mice
(Figure S4B). The frequency and absolute number of eosinophils
were lower in -30d Pam20DN/HDM/HDM mice compared to
PBS/HDM/HDM (Figure S4C-E). PBS/HDM/HDM and +3d
Pam20ODN/HDM/HDM mice also had higher frequencies and
absolute numbers of Th2 cells than -30d Pam20ODN/HDM/HDM
mice (Figure S4F-H), without significant effects on Th17, Thil,
or Treg cells (Figure S4F-T), indicating that PAam2ODN pretreat-
ment has a durable tolerogenic effect against HDM-induced Th2
polarization that persists for at least a month.

2.3 | Pam20ODN Modulates Lung DC Responses to
HDM Sensitization

DCs and monocytes critically interact with airway epithelial cells
in the establishment of allergic lung inflammatory diseases [8].
In asthma, Th2 cell responses to inhaled allergens are initiated
and maintained by DCs [8, 34]. Conventional CD11c*tMHCII*
DCs (cDCs) are essential to HDM extract uptake and antigen
presentation. Two ontogenically distinct subsets of conventional
DCs play different roles in allergic inflammation [34, 35]. Type
2 conventional DCs (DC2s), whose development depends on
the transcription factor IRF4, efficiently take up and present
HDM allergens, promoting allergic inflammation by activating
naive T cells and promoting full Th2 differentiation in medi-
astinal lymph nodes [34, 36]. Type 1 conventional DCs (DCls),
whose development depends on IRF8 and Batf3 [37, 38], play
a regulatory role by promoting tolerogenic immune responses
against allergic lung sensitization through IL-12 expression and
by inducing Treg differentiation [39, 40]. moDCs expressing
CD11b*Ly6C*CD11c*MHCII* also promote Th2 polarization in
the high-dose HDM model and significantly contribute to allergic
sensitization [34]. We evaluated the impact of PAam2ODN pretreat-
ment on early lung DC immune responses to HDM sensitization.
PBS- (PBS/HDM) or 7-day Pam20ODN (-7d Pam20DN/HDM)-
pretreated mice were given 100 pg of HDM intratracheally, and
DC activation was assessed 24 h later. The total population of
conventional DCs was higher in PBS/HDM compared to -7d
Pam20DN/HDM and naive controls (Figure 2A-C), suggest-
ing that PAam2ODN pretreatment has an immunomodulatory
effect on the activation and recruitment of cDCs. Compared
to naive control mice, PBS/HDM mice had fewer DCls, as
previously reported [41], while Pam20DN pretreatment pre-
vented the HDM-induced reduction in DCls (Figure 2D-F).
In contrast to naive control mice, both PBS/HDM and -7d
Pam20ODN/HDM mice had increased DC2s (Figure 2D,G,H).
However, -7d PAam2ODN/HDM mice had significantly lower lev-
els of DC2s than PBS/HDM mice (Figure 2D,G,H). HDM exposure
also increased the population of moDCs. Compared to naive
control mice, both PBS/HDM and -7d Pam2ODN/HDM mice
had an increased moDCs (Figure 2I-K). -7d Pam20DN/HDM
mice had also significantly fewer moDCs than PBS/HDM mice
(Figure 2I-K). When we analyzed migratory DCs (mig-DCs)
in mediastinal lymph nodes 4 days after HDM sensitization,
-7d Pam20ODN/HDM mice still had significantly fewer DC2s
and higher DCl1s than PBS/HDM mice (Figure S5E-G). Taken
together, these findings indicate that Pam2ODN pretreatment
inhibits recruitment and activation of DC2s and moDCs that

cause allergic sensitization while maintaining the population of
protective DCls, thereby preventing airway Th2 cell polarization
and eosinophilic inflammation.

2.4 | Pam2O0DN Suppresses HDM-Induced
Allergic Inflammatory Transcripts

Th2-polarizing activated DCs respond to inflammatory mediators
released in the lung environment upon sensitization, such as
CCL2, CCL20, IL-33, IL-25, TSLP, IL-13, IL-la, and GM-CSF
[42, 43]. We next used bulk RNA-seq analysis of whole-lung
homogenates to investigate the effect of Pam20ODN on HDM-
sensitization-induced inflammatory gene expression (Figure 3A).
Principal component analysis of the transcriptional responses
separated control PBS/PBS from HDM-inflamed samples, and
PBS/HDM clustered far from control PBS/PBS compared to sam-
ples from mice that received Pam2ODN before HDM sensitization
(-7d Pam20ODN/HDM) (Figure 3B), suggesting a regulatory effect
of Pam20DN on HDM-induced lung transcriptomic changes.
PBS pretreatment followed by HDM sensitization resulted in
883 differentially expressed genes (DEGs) compared to PBS/PBS
(Figure 3C). However, Pam20ODN pretreatment followed by
HDM sensitization resulted in fewer induced genes, includ-
ing 137 uniquely regulated genes (Figure 3C), demonstrating
a broad immunomodulatory effect of Pam2ODN on the tran-
scriptional response to HDM. In fact, Figure 3D shows that
Pam20ODN-pretreatment downregulates most genes that were
upregulated in PBS/HDM mice and upregulates most that were
downregulated in PBS/HDM mice (Figure 3D). Comparison of
DEGs (FDR < 0.05, absolute fold change > 2) shows that -
7d Pam20ODN/HDM mice had fewer upregulated genes (30
genes) and more downregulated genes (58 genes) (Figure 3E).
Relative to the PBS/PBS control condition, most of the HDM
sensitization-induced cytokines, chemokines, and chemokine
receptor genes, including those involved in the recruitment
and activation of DCs, were attenuated in -7d Pam2ODN/HDM
mice (Figure 3F), confirming the immunomodulatory and tolero-
genic effects of PAam20ODN against lung HDM sensitization. In
addition, Pam20ODN pretreatment attenuated the expression of
several inflammatory innate immune genes and transcription
factors, including TIr2, Arg2, Irf7, Cdl4, Myd88, Nlrp3, and
Socs3, which play critical roles in lung allergic inflammation
(Figure 3G). An analysis of the top 15 gene ontology (GO)
pathway enrichments classifies the inflammatory response into
the pathways most restricted by PAam2ODN. Notably, this analysis
also shows that Pam2ODN pretreatment restricts the positive
regulation of Th2 cell cytokine production and the positive
regulation of Th2 cell differentiation pathways (Figure 3H).
Altogether, these data suggest that Pam2ODN pretreatment
prevents HDM sensitization-induced lung inflammatory immune
response that drives the activation of DCs required for the lung
allergic sensitization.

2.5 | Lung Epithelial Cells Exhibit Tolerogenic
Reprogramming

While DCs serve as a link between the lung’s innate and adaptive
immune responses during allergic initiation, airway allergens
initially interact with the respiratory epithelium, which responds
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FIGURE 2 | Pam20DN pretreatment modulates lung DC recruitment at the time of HDM sensitization. Seven days before intratracheal sensitization
with HDM, naive mice received a single aerosol treatment of PBS or Pam2ODN. Twenty four hours after the HDM was administered, whole lungs were
removed, and single-cell suspensions were made for flow cytometry analysis. (A) Flow cytometry plots and summary graph of lung conventional dendritic
cells (cDCs) (B) percentage and (C) number. (D) Flow cytometry plots of lung cDCs subsets DC1 and DC2. (E) Summary graph of lung conventional DC1
percentage and (F) number. (G) Summary graph of lung conventional DC2 percentage and (H) number. (I) Flow cytometry plots and summary graph of
lung moDCs (J) percentage and (K) number. Experiments were performed at least two times. N = 3-5 mice/group. Numbers within the representative
flow cytometry plots indicate the percentage of each cell population. Bars show mean + SD. #p < 0.05; s#p < 0.01; s#x:p < 0.001; sx:p < 0.0001; ns =
not significant. Statistical analysis was performed by GraphPad Prism using one-way ANOVA with Bartlett’s test correction for multiple comparisons.

by releasing inflammatory mediators that recruit and activate AT?2 cell type and higher frequency of AT2/ATI transitioning
Th2 cell-polarizing DCs [18]. Given this important epithelial cells in -7d Pam20DN/HDM mice than in PBS/HDM mice
role, we performed single-cell transcriptional analysis to examine  (Figure 4B,C; Figure S6B,C), suggesting transcriptional repro-
how Pam2ODN affects lung epithelial cell responses to HDM. gramming response to HDM and an early activation of the
Two pairs (one male and one female each) of mice were given epithelial repair process by PAm20ODN pretreatment, respectively
100 pg of HDM intratracheally 12 h before lung harvest for [45, 46]. PBS/HDM mice had slightly higher AT1 cell frac-
analysis, and one pair received an inhalation of Pam2ODN 7 tions, and airway cell fractions were similar in both conditions
days before HDM exposure. FACS-sorted lung epithelial cells (Figure 4B,C). The identity of these cell types was confirmed
were submitted for scRNA-seq analysis (Figure S6A). Epithe- by the abundance of additional canonical markers (Figure 4D).
lial cell populations were defined by expression of canonical Since AT2 cells play a major role in the initiation of lung
markers for Type 1 alveolar epithelial cells AT1 (Rtkn2), Type  allergic inflammation and can be responsive to therapies such
2 alveolar epithelial cells AT2 (Sftpc), AT2/ATI1 transitioning as glucocorticoids [47, 48], we next compared differential gene
(Cavl), and airway epithelial cells (Sox2) (Figure 4A). While AT2 expression in AT2 cells from PBS/HDM and -7d Pam20ODN/HDM
cells were the most abundant epithelial cell type, as reported mice. PAm20ODN pretreatment inhibits the expression of many
[44] in both conditions, we observed a remarkable shift of the inflammatory genes induced by HDM (Figure 4E). Among the 176
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FIGURE 3 | Pam2ODN restricts the expression of HDM-sensitization-induced lung inflammatory transcripts. (A) Experimental design. A single
aerosol treatment with PBS or PAm20ODN was administered 7 days before intratracheal sensitization of naive mice with 100 yg HDM or PBS as a control.
Whole lungs were harvested 12 h after the sensitization, and the lung homogenate was prepared for mRNA extraction and subsequent RNA sequencing
analysis. (B) Principal component analysis (PCA) showing the gene expression profile in control PBS/PBS compared to PBS- and Pam2ODN-pretreated
HDM-sensitized samples. (C) Venn diagram showing the number of genes regulated uniquely in PBS/HDM or Pam20ODN/HDM or shared, relative to
the gene expression in control mice PBS/PBS. (D) Ranking plot showing the effect of Pam2ODN pretreatment on HDM-induced genes. HDM-induced
upregulated genes are in red, and downregulated genes are in blue. Grey shows the effect of Pam20DN. (E) Volcano plot of differentially expressed
genes (DEGs) (—logl0 g value and log2 fold change) in Pam20DN/HDM compared with PBS/HDM. (F) Heatmap showing the relative gene expression
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downregulated genes (Figure 4E), genes encoding inflammatory
chemokines and cytokines involved in allergic inflammation,
such as Ccl20, IL-6, and Csf2, which encodes GM-CSF, were
present (Figure 4E). In contrast, only 30 genes were upreg-
ulated in -7d Pam20ODN/HDM and were mostly related to
metabolism (Mttl71a, Soatl, Dgkh, Vidlr) and immunomodulation
(Pdcd4, Ltbp4, Mttl71a) (Figure 4E). Pathway analysis of genes
upregulated in -7d Pam20ODN/HDM shows that the top GO
biological processes were dominated by lipid metabolic changes
related to diacyl glycerol, glycerophospholipid, and phospha-
tidic acid biosynthetic processes, suggesting that Pam2ODN
pretreatment reprograms lipid metabolism towards anabolic over
inflammation-associated catabolic metabolism (Figure 4F). On
the other hand, the top GO biological processes of genes down-
regulated in -7d Pam20ODN/HDM were dominated by pathways
such as inflammatory response, response to LPS, response to
chemokines, and response to bacteria and viruses (Figure 4G).
The stringent adjusted p-value criterion used in AT2 cell gene
analysis prevented the identification of DEGs in airway epithelial
cells. Nevertheless, 441 genes, including inflammatory genes like
Isgl5, Isg20, Iftm3, JunB, IRF7, IRF9, Cxcl3, and Cxcl5 were down-
regulated in -7d Pam2ODN/HDM mice with raw p < 0.05 (Figure
S7A). Among the top 10 pathways identified by GO analysis
of those downregulated genes are Defense Response to Virus,
Response to Cytokines, and Response to Interferon-Beta (Figure
S7B). Like in the AT2 cells, the -7d Pam2ODN/HDM mice had
fewer upregulated than downregulated genes in airway epithelial
cells; most of them were associated with metabolic activities
and the control of cell differentiation pathways (Figure S7C).
Altogether, these results suggest that PAam20ODN pretreatment
has a tolerogenic effect in lung epithelial cells that prevents the
HDM sensitization-induced release of inflammatory mediators
required for DC recruitment to the lung parenchyma, thereby
preventing allergic sensitization.

2.6 | Pam2O0DN Imprints Epigenetic
Reprogramming in Lung Epithelial Cells

The persistent Pam2ODN effect on airway Th2 polarization and
eosinophilic inflammation (Figure 1 and Figure S4) suggests
that it induces lung immune tolerance. Unlike adaptive immune
memory, trained immunity and tolerance are forms of innate
immune memory that are achieved through regulatory epigenetic
mechanisms, such as DNA methylation, histone modifications,
chromatin accessibility, and noncoding RNA transcription, or
through metabolic reprogramming following exposure to a first
innate immune stimulus. These mechanisms result in a pro-
longed state of increased (training) or decreased (tolerance)
responsiveness to subsequent inflammatory stimuli such as
infection, allergens, air pollutants, or dietary changes [49-52].
To identify epigenetic changes associated with this potential
tolerance induced by Pam2ODN against HDM sensitization, we
analyzed the chromatin accessibility landscape using scATAC-
seq in lung epithelial cells, the first point of contact with
both Pam20ODN and HDM allergens [16, 18]. AT1, AT2, and

airway epithelial cells were identified in both PBS/HDM and -
7d Pam20ODN/HDM mice, with an intriguing shift of AT1 and
AT?2 populations in the -7d Pam20DN/HDM mice (Figure 5A).
Analysis of differentially accessible chromatin regions (DARs)
showed increased chromatin closure and reduced accessibility in
AT1 and AT2 cells from Pam2ODN-pretreated mice (Figure 5B,C),
reflecting reduced responsiveness to HDM sensitization [53].
Consistent with that observation, for example, in AT1, AT2, and
airway epithelial cells of -7d Pam20ODN/HDM mice, we found
closed chromatin in the promoter region of MyD88 (Figure 5D),
the lung epithelium driver of HDM-induced Th2 polarization
[54], as well as in Irakl and Junb promoter regions(Figure 5E,F).
Chromatin regions of two histone deacetylase (HDAC) molecules,
HDAC6 and HDACS, were similarly closed (Figure 5G,H).
While pathways like Interstrand Cross-link Repair and Cellular
Response to Oxidative Stress were among the most linked to
the accessible DARs (Figure S8C,D), pathway analysis of closed
DARs in AT1 and AT2 reveals the restriction of pathways like
Polarized Epithelial Cell Differentiation, Cilium Assembly, and
Positive Regulation of Catabolic Process (Figure S8A,B). These
results suggest that Pam20ODN would be an epigenetic regulator
that reprograms lung epithelial cells to prevent HDM-induced
inflammatory immune response.

3 | Discussion

In the present study, we investigated how Pam2ODN pretreat-
ment affects the immune interactions between lung epithelial
cellsand DCs and T cells, thereby preventing lung allergic sensiti-
zation and HDM-induced airway eosinophilic inflammation. We
show here that inhaled Pam2ODN, prior to HDM sensitization
but not after HDM exposure, prevents Th2 polarization of airway
CD4+ T cells and eosinophil accumulation following HDM
challenge, without affecting the immune responses of Thl, Th17,
and Treg cells. This effect lasts for up to 30 days. Although
Th1/Th17 immunity also contributes to certain forms of asthma
[21], Th2 development in the absence of counterbalancing Thl
immunity, natural killer T cells, or regulatory T cells, which
are frequently triggered by infections, has been implicated as
a mechanism underlying the rise of allergic sensitization and
Th2-mediated lung eosinophilic allergies [55]. Although CpG
ODNs have been reported to function as a Thl-inducing adju-
vant that skews away from Th2 polarization [56], Pam20ODN
reduces HDM-induced airway eosinophils by regulating Th2
cells without counterbalancing effects of Thl or T regulatory
cells. On the other hand, Pam20ODN pretreatment modulates the
expression of many genes encoding lung inflammatory cytokines
and chemokines, including CCL20, CCL2, GM-CSF, IL-13, IL-
la, and so on, to prevent the recruitment of proallergic DC2s
and moDCs while preserving the population of DCls at the time
of HDM sensitization. DC2s and moDCs respond to epithelia-
derived cytokines following allergic sensitization in mice and
humans and are required for the antigen presentation and the
polarization of CD4+ T cells toward the Th2 phenotype [18, 21]. In
contrast, DC1s have a preventive effect against the Th2 immune

of inflammatory cytokines and chemokines genes in PBS/HDM and Pam20ODN/HDM mice relative to their expression in the control PBS/PBS condition.

(G) Heatmap showing the relative gene expression of inflammatory signaling and adaptor genes in PBS/HDM and Pam20ODN/HDM mice relative to their

expression in control PBS/PBS mice. (H) Gene ontology (GO) term of pathways that are downregulated in Pam20DN/HDM mice. N = 3 mice/group.
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with PBS or Pam20ODN was administered 7 days before intratracheal sensitization of naive mice with 100 ug of HDM. Whole lungs were harvested 12
h after the HDM administration. Lungs were enzymatically digested, and single-cell suspensions were prepared for flow cytometry sorting of the lung
epithelial cell population, followed by subsequent single-cell RNA sequencing analysis. (A) UMAP and feature plots of cell types from FACS-purified
epithelial cell lineage and their gene markers. (B) UMAP and feature plots showing the remarkable shift of AT2 cell type in the -7d Pam20ODN/HDM
mice and the absence of AT2/ATI transitioning cells in PBS/HDM mice. (C) Summary graph showing fractions of identified cell types in PBS/HDM and
-7d Pam2ODN/HDM mice. (D) Dot plot showing canonical markers of identified cell types. (E) Volcano plot of differentially expressed genes (DEGs) in
-7d Pam20ODN/HDM compared with PBS/HDM. (F) Gene ontology (GO) term of pathways that are upregulated in -7d PAm20ODN/HDM mice. (G) Gene
ontology (GO) term of pathways that are downregulated in -7d PAam20DN/HDM mice. N = 3 mice/group.
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FIGURE 5 | Pam2ODN restricts chromatin accessibility in lung epithelial cells. A single aerosol treatment of PBS or Pam20DN was administered

7 days before intratracheal sensitization of naive mice with 100 pg HDM. Whole lungs were harvested 12 h after the HDM administration. Lungs
were enzymatically digested, and single-cell suspensions were prepared for flow cytometry sorting of the lung epithelial cell population, followed
by subsequent single-cell ATAC sequencing analysis. (A) UMAP plot showing lung epithelial cell populations in PBS-pretreated HDM-sensitized
(PBS/HDM) and Pam2ODN-pretreated HDM-sensitized (Pam20ODN/HDM) mice. (B) Volcano plot of differentially accessible chromatin regions
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response [39, 40]. PAam20ODN inhibits the activation of DC2s and
moDCs to prevent airway Th2 cell polarization and eosinophilic
inflammation independently of its effect on other T cell immune
responses. While our findings unequivocally demonstrate a link
between early suppression of proallergic DCs and a decrease in
airway Th2 cells, we will address, in future studies, the specific
contributions of DCls that were preserved in Pam20ODN-treated
mice. Interestingly, DCls have previously been associated with
tolerogenic immunity by inducing Treg cells, but Pam2ODN did
not alter Treg cell numbers in our study, suggesting alternative
mechanisms [39, 40, 57].

Since Pam20ODN pretreatment reduces Th2 cells without induc-
ing compensatory effects on Thl or T regulatory cells, alternate
mechanisms are required to explain the protection.

In addition to being crucial for initiating allergic inflammation,
lung epithelial cells coordinate lung innate immunity and control
T cell polarization in Type 2 allergic inflammation [18, 20].
HDM extract is contaminated with microbial molecules such
as LPS and fB-glucan, and it signals through lung epithelial
PRRs, such as TLR4 and Dectin-1, to trigger allergic sensitization
[4, 5]. Deletion of TLR4 or its downstream adaptor protein
MyD88 in lung epithelial cells suppresses allergic sensitization
[4, 54]. Using mouse models of asthma, it has been shown
that MyD88 expression in epithelial cells is critical for the
release of inflammatory mediators that drive the development
of Th2-induced eosinophilic inflammation via early recruitment
of Th2-polarizing DCs, while MyD88 expression in cDCs, not in
epithelial cells, is required for Th17 cell differentiation and the
ensuing airway neutrophilia. Therefore, it has been proposed that
one way to prevent Th2 cell-induced eosinophilic asthma may be
to disrupt MyD88 function in lung epithelial cells [54, 55].

Our RNA-seq data show that MyD88 is inhibited by Pam2ODN
pretreatment upon HDM sensitization, which may also account
for the suppression of proallergic inflammatory cytokines and
pathways. Notably, Pam2ODN suppresses critical pathways
of allergic sensitization, including the inflammatory immune
response and the LPS response in whole lung and epithelial AT2
cells, consistent with an induction of immunologic tolerance.
This finding is in line with data published by Schuijs et al., who
showed that pretreatment of lung epithelial cells, in vitro and
in vivo, with LPS inhibits sensitization to HDM by suppressing
proinflammatory cytokines [55]. However, unlike in their study,
Pam20ODN pretreatment did not affect epithelial cell expression
of the ubiquitin-modifying enzyme A20, a negative regulator of
the transcription factor NF-xB [55].

Pretreatment with Pam20ODN increased the expression of some
lipid metabolism pathways. As Pam20ODN protects against bacte-
rial pneumonia in part through epithelial metabolic reprogram-
ming [15], it is plausible that the metabolic alterations seen in -7d
Pam20ODN/HDM mice also contribute to protection against lung
allergic inflammation. We will investigate this in future studies.

With a protective effect that lasted at least 30 days, we investigated
the durability of the tolerogenic effect. Histone modifications,
DNA methylation, noncoding RNA transcription, changes in
chromatin accessibility, and metabolic reprogramming after
exposure to an initial innate immune stimulus are examples
of regulatory epigenetic mechanisms that induce immunologic
tolerance and trained immunity [49-52]. The decreased epithe-
lial inflammatory gene transcription response to HDM in -7d
Pam20ODN/HDM mice prompted us to analyze the chromatin
accessibility landscape in lung epithelial cells using scATAC-seq.
Consistent with reduced gene transcription seen in our RNA-
seq and scRNA-seq in -7d Pam20DN/HDM mice, the analysis
of differentially accessible chromatin regions (DARs) shows
increased closed chromatin, which is compatible with reduced
transcription [53]. Interestingly, the chromatin region in the
MyD88 gene, the key driver of Th2 polarization in lung epithelial
cells [54], in AT1, AT2, and airway epithelial cells, was closed in -
7d Pam20ODN/HDM mice. Similarly, IRAK1, which is recruited to
the receptor-signaling complex by MyD88 upon TLR activation,
leading to the activation of downstream signaling pathways
such as inflammatory NF-xB [58], also had its chromatin region
closed. Moreover, thymoquinone, an IRAKI antagonist, inhibits
Type 2 allergic inflammation in the murine asthma model [59,
60]. The chromatin region in the MyD88 downstream AP-1-
associated transcription factor JunB was also closed [61, 62].
Transcription factor JunB drives T cell expression of Type 2
inflammatory cytokines [63]. Thus, our data support the idea that
Pam20DN imprinting induces a MyD88-mediated tolerogenic
effect.

Histone acetylation and methylation control the activation state
of both inflammatory and anti-inflammatory genes [49, 64].
Chromatin regions of two HDAC molecules, HDAC6 and HDACS,
were closed in lung epithelial cells from -7d Pam20ODN/HDM
mice. Of the 18 HDACS identified in mammals [65], HDACS6 is
of particular interest in inflammatory diseases. Notably, specific
inhibition of HDAC6 with ACY-1215 or inhibition of Class I and
II HDACs with SAHA in LPS-activated RAW264.7 cells attenuates
LPS-TLR4 signaling and reduces the overproduction of ROS and
the expression of pro-inflammatory cytokines like TNF-«, IL-13,
and IL-6, which are downstream of MyD88 [66-69]. MyD88 is also
a target of HDACS6 in lung endothelial cells [70]. This suggests
that Pam20ODN may modify histone acetylation pathways in lung
epithelial cells to inhibit the expression of genes associated with
inflammation.

Here, we demonstrated that, without rebalancing Thl, Thl7,
or Treg immunological responses, Pam20ODN has a long-
lasting preventive impact against the development of Th2-
induced lung eosinophilic allergic inflammation. This tolero-
genic impact is linked to a significant reprogramming of the
lung’s epithelium, which includes immunomodulation of the
TLR-MyD88 pathway. Thus, Pam2ODN, which is well toler-
ated in humans (NCT04313023, NCT04312997, NCT03794557,
NCTO02566252, NCT02124278), is a promising candidate as a

(DARs) in ATI1 and (C) AT2 -7d Pam2ODN/HDM relative to PBS/HDM treatment condition. (D-H) Feature plots showing chromatin accessibility
in (D) MyD88, (E) Irakl, (F) JunB, (G) Hdacé6, and (H) Hdac8 of lung epithelial cell populations in PBS-pretreated HDM-sensitized (PBS/HDM) and
Pam20ODN-pretreated HDM-sensitized (Pam20ODN/HDM) mice. N = 3 mice/group.
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means of mitigating allergic sensitization and, potentially, as a
strategy to mitigate the rise in allergic lung diseases.

4 | Data Limitations and Perspectives

That Pam2ODN only confers protection against HDM prior to
sensitization is a notable limitation of this strategy in its clinical
translation, as it would be challenging for clinicians to treat
infants with Pam20ODN before exposure to HDM universally.
However, this limitation is not observed for PAm2ODN-induced
protection against other forms of allergic inflammation in the
lungs, such as Sendai virus-induced asthma. Further, antimicro-
bial protection can be induced by Pam2ODN after pathogen expo-
sure, particularly against lethal viral infections. Thus, although
it may not be immediately practical to deliver Pam2ODN to
all pre-HDM-exposed infants, the current studies with HDM
may provide mechanistic insights into why Pam2ODN protects
against different allergic exposures at varying time points. In
addition, since a large percentage of clinical asthma exacerba-
tions are induced by viral infections, the effect of Pam2ODN
on both allergic immunomodulation and antiviral defense may
have a synergistic benefit in reducing asthma exacerbations and
progression.

5 | Material and Methods
5.1 | Mice

Wild-type breeder BALB/cJ mice were obtained from the Jackson
Laboratory (Sacramento, CA) and housed in specific pathogen-
free conditions on a 12-h light/dark cycle with unrestricted access
to food and water. Mice were euthanized by intraperitoneal injec-
tion of 2,2,2-tribromoethanol (250 mg/kg) and exsanguinated
by transection of the abdominal aorta. Unless otherwise noted,
every cohort of mice used in these studies was female. Each
experiment was conducted at least three times, except for all
the transcriptomic analyses. Every procedure was carried out in
compliance with the Texas A&M Institute for Biosciences and
Technology’s and MD Anderson Cancer Center’s Institutional
Animal Care and Use Committee. Unless otherwise specified,
chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

5.2 | Treatment With Aerosolized Pam20DN

This was performed as previously described [71]. Briefly, we pur-
chased 2,3-bis(palmitoyloxy)-2-propyl-Cys-Ser-Lys-Lys-Lys-Lys-
Lys-OH (Pam2CSK4) as the trifluoroacetic acid salt from Bachem
and oligodeoxynucleotide 5’ TCG TCG TCG TTC GAA CGA CGT
TGA T 3’ as the sodium salt on a nuclease-resistant phospho-
rothioate backbone (ODN M362) from TriLink BioTechnologies.
A solution of ODN (1 uM) and Pam2CSK4 (4 uM) in 8 mL of
endotoxin-free sterile PBS was placed in an Aerotech II nebulizer
(Biodex Medical Systems, Shirley, NY) driven by 10 L/min of 5%
CO2in air to promote deep breathing. Polyethylene tubing (30 cm
X 22 mm) was used to connect the nebulizer to a 10-L polyethylene
container that was vented to a biosafety hood. Mice were exposed
to the aerosol for ~40 min. The optimal molar ratio between Pam2
and ODN was previously determined [72]. The Pam20ODN dose

was chosen to reflect the upper shoulder of the dose-response
curves for secreted epithelial cytokines, leukocyte recruitment,
and antimicrobial efficacy [71]. In all the study’s experiments, the
dosage, method, and general procedure for giving a PAm20ODN
therapy were identical.

5.3 | Sensitization and Airway Challenge With
HDM

Lyophilized HDM extract (Stallergenes Greer, Lenoir, NC) was
reconstituted in PBS. As previously described [16], mice were
suspended by their upper incisors on a board at a 60° angle
from horizontal while under isoflurane anesthesia, then were
sensitized to 100 pg of HDM (protein weight) by depositing 40
uL of reconstituted HDM into the oropharynx and permitting
aspiration into the lungs. In some experiments, mice were
challenged with 10 pg of HDM by depositing the same volume
of reconstituted HDM into the nasal vestibule. The mice in
all experiments were 7-10 weeks old at the time of HDM
sensitization.

5.4 | Bronchoalveolar Lavage Collection

This was performed as previously, with slight modifications [71].
We instilled and collected 1 mL of ice-cold PBS 5% FBS four
times from each mouse through a 20-gauge cannula inserted
through rings of the exposed trachea of euthanized animals. The
collection was spun down at 1500 rpm at 4°C. Red blood cells
were lysed with the addition of 1 mL of red blood cell lysis buffer
(15 mM NH,CI, 12 mM NaHCO,, 0.1 mM EDTA, pH 8.0). After
samples were incubated on ice for 3 min with red blood cell lysis
buffer, cells were washed with PBS and resuspended in FACS
staining buffer (PBS supplemented with 1% FBS) before staining
for specific cell types.

5.5 | Lung Single-Cell Suspension Preparation for
Flow Cytometry

As previously described with slight modifications [71], mouse
lungs were perfused with 5-10 mL PBS, dissected, cut into 1
mm? pieces, and digested with collagenase/DNAse I (5 mg/mL,
Worthington Biochemical) for 30-45 min at 37°C. After digestion,
single cells were collected by passing through a 70 pm filter
(Falcon, 352350) and washed one time with PBS. Red blood cells
were lysed with 1 mL of red blood cell lysis buffer (15 mM NH,Cl,
12 mM NaHCO;, 0.1 mM EDTA, pH 8.0), and the samples were
incubated on ice for 3 min. These single cells were washed with
PBS and resuspended in FACS staining buffer before staining for
specific cell types.

5.6 | Flow Cytometry

Single cells from disaggregated lungs and mediastinal lymph
nodes, or BAL fluid, were incubated with a specific monoclonal
antibody against CD16/CD32 (Biolegend, clone 93) to block Fc
receptors before surface staining. The antibodies used for cell
surface labeling were RedFluor anti-CD45 (TONBO biosciences,

European Journal of Immunology, 2026

11 of 16

95UD17 SUOLUWOD BAITea1D 3|qeal|dde a1 Ag peusenob afe sapdiLe YO ‘8sN J0 S3|nJ U0} AkeiqiauluQ /8|1 UO (SUONIPUOI-PUR-SWLS/LID A8 |IM ARe1q 1 BUIUD//:SANY) SUOIIPUOD pue SW. 1 8U1 885 *[9202/S0/0€] Uo Akeiqiauliuo AS|IM ‘1891 Ad 22T0L 1B/200T OT/I0P/L0D A 1M Arelq1BUIUO//SANY WOJ pepeoumod ‘v ‘9202 ‘T TYTZST



30-F11), PercPcy5.5 anti-CD3 (TONBO biosciences, 145-2Cl11),
PEcy7 anti-CD4 (TONBO biosciences, RM4-5), PercPcy5.5 anti-
CD11b (eBiosciences, M1/70), BV421 anti-mouse Lineage cocktail
(Biolegend, 17A2; RB6-8C5; RA3-6B2; Ter-119; M1/70), BUV737
anti-CD11c (BD Biosciences, N418), PEcy7 anti-MHCII (Biole-
gend, M5/114.15.2), BV650 anti-Ly6C (Biolegend, HK1.4), PE anti-
Ly6G (Biolegend, 1A8), BV711 anti-CD64 (Biolegend, X54.5/7.1),
PE-CF594 anti-Siglec-F (BD Biosciences, E50-2440), FITC anti-
F4/80 (eBiosciences, BM8), and BV785 anti-CD103 (Biolegend,
2E7). To exclude dead cells, Live/Dead UV450 (TONBO Bio-
sciences) was added to the antibody cocktail. For intracellular
staining of transcription factors, cells were washed two times
with the staining buffer after the surface staining, fixed and
permeabilized using Cytofix/Cytoperm buffer (eBioscience), then
stained with AF488 anti-Gata3 (eBiosciences, TWAJ), BV785 anti-
Tbet (Biolegend, 4B10), PE anti-RORyt (BD Biosciences, Q21-559),
and AF647 anti-Foxp3 (Biolegend, QA 20A67) mAb, washed two
times with permeabilization buffer (eBioscience), fixed with 2%
formaldehyde, acquired, and analyzed using a BD LSRFortessa
X-20 instrument (BD Biosciences) and the FlowJo software (Tree
Star, Ashland, OR, USA), respectively.

5.7 | ELISA of Cytokines in BALF

Mice were anesthetized, and bronchoalveolar lavage was per-
formed twice using 1 mL of PBS containing 1% FBS. The recovered
BALF was combined and centrifuged at 1500 rpm for 5 min at 4°C.
The cell-free BALF was used to quantify IL-5, IL-13, IL-10, IL-17A,
and IFN-y using the corresponding ELISA kits (Proteintech, USA)
according to the manufacturer’s instructions.

5.8 | RNA Extraction

After euthanasia as described above, the thoracic cavity was
dissected, lungs were removed after PBS perfusion via the heart
and subsequently placed in a 15 mL test tube containing 5 mL
RNAlater (Millipore Sigma). Lungs were weighed and homoge-
nized in RNAlater until smooth using a bead beater. RNA was
isolated from lungs using Qiagen RNeasy mini kits (Qiagen,
CA, USA) according to the manufacturer’s instructions, then
submitted for RNA sequencing.

5.9 | RNA Sequencing

RNA-seq was performed at LC Sciences (Houston, Texas). A poly
(A) RNA sequencing library was prepared following Illumina’s
TruSeq-stranded-mRNA sample preparation protocol. An Agilent
Technologies 2100 Bioanalyzer was used to verify the integrity of
the RNA. Oligo-(dT) magnetic beads were used to purify poly (A)
tail-containing mRNAs in two rounds. Following purification, a
divalent cation buffer was used to denature poly (A) RNA at high
temperature. With the Agilent Technologies 2100 Bioanalyzer
High Sensitivity DNA Chip, the sequencing library was quantified
and subjected to quality control analysis. Illumina’s NovaSeq
6000 sequencing machine was used to carry out paired-ended
sequencing. For the Transcripts Assembly, first, readings con-

taining adaptor contamination, low-quality bases, and unknown
bases were eliminated using Cutadapt [73] and in-house Perl
scripts.

Next, FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) was used to confirm the quality of the sequence.
To map the reads to the genome at ftp.ensembl.org/pub/release-
101/fasta/mus_musculus/dna/, we used HISAT2 ([74]. The
mapped reads of each sample were assembled using StringTie
[75]. A comprehensive transcriptome was then created by
combining all transcriptomes using Perl scripts and gffcompare.
After the final transcriptome was created, Ballgown (http://www.
bioconductor.org/packages/release/bioc/html/ballgown.html)
and StringTie were used to estimate the expression levels of
each transcript [75]. For the Differential expression analysis of
mRNAs, StringTie [75] was used to calculate FPKM. R package
DESeq2 [76] and R package edgeR [77] were used to analyze
the differences in mRNA expression between two groups and
two samples, respectively. Differentially expressed mRNAs
were defined as those whose absolute fold change was > 2
and whose false discovery rate (FDR) was less than 0.05. Raw
data have been deposited in GEO under the accession number
GSE299556.

5.10 | Lung Dissociation and Flow Cytometry
Cell-Sorting

This was performed as previously described with minor modi-
fications [78]. After being dissected in PBS and cut into pieces
using forceps, the entire lung was digested in 1 mL Liebovitz
media (Gibco, 21083-027) for 30 min at 37°C with 0.5 mg/mL of
DNase I (Worthington, D, LS002007), 2 mg/mL of collagenase
Type I (Worthington, CLS-1, LS004197), and 2 mg/mL of elastase
(Worthington, ESL, LS002294). By pipetting up and down, a
mechanical trituration was performed on the tissue at 15 min
during digestion until the piece was small enough to pass
through the pipette tip. Following the addition of 20% fetal
bovine serum, 300 uL (FBS, Invitrogen, 10082-139) to stop the
enzymatic reaction, the tissue was homogenized by trituration.
The samples were put on ice in the cold room, filtered through
a 70 um cell strainer (Falcon, 352350), and spun down for one
minute at 5000 rpm. This was followed by the removal of the
supernatant, the addition of 1 mL of red blood cell lysis buffer
(15 mM NH,CI, 12 mM NaHCO;, 0.1 mM EDTA, pH 8.0), and
incubation of the samples on ice for 3 min. Cells were pelleted
again by centrifugation at 5000 g for 1min, washed with
Liebovitz + 10% FBS, resuspended with 1 mL Liebovitz + 10% FBS,
and filtered through a 70 um cell strainer into a 5mL glass tube.
Samples were stained with CD45-PE/Cy7 (BioLegend, 103114),
ECAD-PE (BioLegend, 147304), and ICAM2-A647 (Invitrogen,
A15452) antibodies (1:250 dilutions for all antibodies) for 30 min
on ice. SYTOX Blue (1:1000, Invitrogen, S34857) was added
for viability. A BD FACS Aria Fusion Cell Sorter was used to
sort the samples. Dead cells and doublets were excluded. For
scRNA-seq and scATAC-seq, the CD45" ICAM2 ECAD™ cells
were collected as the epithelial cell lineage (extended Figure S6A)
and submitted for library preparation using the 10x Genomics
platform.
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5.11 | Single-Cell RNA Sequencing

Cells sorted from 8-week-old mice, as mentioned above, were
processed using the 3’ Library and Gel Bead Kit in accor-
dance with the Chromium Single-Cell Gene Expression Solution
Platform (10x Genomics) user manual (v2 rev D). The scRNA-
seq for the PBS/HDM and -7d Pam20DN/HDM samples were
processed using the 3’ Library and Gel Bead Kit following the
manufacturer’s user guide (v3 rev D). The Illumina NextSeq500
or NovaSeq6000 was then used to sequence all libraries in a 26
X 124 format with an 8 bp index (Readl). PBS/HDM versus -7d
Pam20ODN/HDM were merged using Cell Ranger’s “cellranger
count” and “cellranger aggr.” The Seurat R package (v3) [79] and
custom R scripts were used for downstream analysis. Cells that
had fewer than 200 genes or more than 5000 genes were filtered
out. The epithelial lineage cluster was identified using the Cdhl
marker as previously published [80]. Epithelial cell types were
identified using Rtkn2 for Type 1 alveolar epithelial cells, Sftpc
for Type 2 alveolar epithelial cells, Cavl for AT2/AT1 transitioning
alveolar epithelial cells, and Sox2 for airway epithelial cells.
Model-based analysis of single-cell transcriptomics (MAST) was
used to identify DEGs [81]. -7d Pam20ODN/HDM and PBS/HDM
samples were processed in parallel experimentally and computa-
tionally and thus spatially comparable in the UMAP plots. Raw
data have been deposited in GEO under the accession number
GSE299705.

5.12 | Single-Cell ATAC Sequencing

Lung epithelial cells were sorted from 8-week-old mice and
processed using the 10x Genomics Chromium Single Cell ATAC
platform with the 3’ Library and Gel Bead Kit, following the
manufacturer’s protocol. Libraries were sequenced on an Illu-
mina NovaSeq 6000 system using 50 bp paired-end reads, with
Indexes 1 and 2 sequenced for 8 and 16 cycles, respectively.
Raw sequencing data were processed using the cellranger-atac
count function in the Cell Ranger ATAC pipeline to generate
fragment files and peak-barcode matrices. Downstream analysis
was performed in R using the Seurat (version 4.3) and Signac
(version 1.9) packages (https://github.com/timoast/signac), along
with custom scripts. Cells were filtered based on quality control
criteria: unique peak counts greater than 100,000 or fewer than
1000, less than 25% of reads in peaks, blacklist ratio greater than
0.025, nucleosome signal score above 10, or transcription start
site (TSS) enrichment score below 2. Gene activity scores were
computed using a + 2 kb window around TSSs. Cell types were
assigned based on marker gene activity: Spock2 for alveolar Type
1 (AT1), Lamp3 for alveolar Type 2 (AT2), and Sox2 for airway
epithelial cells. Raw data have been deposited in GEO under the
accession number GSE299558.

5.13 | Statistical Analysis

Data are displayed as means + standard deviations of the mean
for the numbers of mice, as indicated. Statistics were performed
by GraphPad Prism using one-way ANOVA with Bartlett’s test
correction for multiple comparisons. p < 0.05 was considered
statistically significant.
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