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Abstract

Rationale: Indirect airway hyperresponsiveness (AHR) is a
highly specific feature of asthma, but the underlying mechanisms
responsible for driving indirect AHR remain incompletely
understood.

Objectives: To identify differences in gene expression in
epithelial brushings obtained from individuals with asthma who
were characterized for indirect AHR in the form of exercise-
induced bronchoconstriction (EIB).

Methods: RNA-sequencing analysis was performed on epithelial
brushings obtained from individuals with asthma with EIB
(n=11) and without EIB (n=9). Differentially expressed genes
(DEGs) between the groups were correlated with measures of
airway physiology, sputum inflammatory markers, and airway
wall immunopathology. On the basis of these relationships, we
examined the effects of primary airway epithelial cells (AECs) and
specific epithelial cell-derived cytokines on both mast cells (MCs)
and eosinophils (EOS).

Airway hyperresponsiveness (AHR) is a
cardinal feature of asthma and a key driver of
symptomatology. Although AHR testing is
limited to individuals with sufficient baseline

lung function because of safety concerns, it
remains a critical feature of asthma at all
levels of severity (1). There are two distinct
forms of AHR (1): direct or “exogenous”

Measurements and Main Results: We identified 120 DEGs in
individuals with and without EIB. Network analyses suggested
critical roles for IL-33—, IL-18-, and IFN-y-related signaling among
these DEGs. ILIRL1 expression was positively correlated with the
density of MCs in the epithelial compartment, and ILIRL1, ILI8RI,
and IFNG were positively correlated with the density of
intraepithelial EOS. Subsequent ex vivo modeling demonstrated that
AECs promote sustained type 2 (T2) inflammation in MCs and
enhance IL-33-induced T2 gene expression. Furthermore, EOS
increase the expression of IFNG and IL13 in response to both IL-18
and IL-33 as well as exposure to AECs.

Conclusions: Circuits involving epithelial interactions with
MCs and EOS are closely associated with indirect AHR. Ex vivo
modeling indicates that epithelial-dependent regulation of these
innate cells may be critical in indirect AHR and modulating T2
and non-T2 inflammation in asthma.
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AHR, which occurs when an exogenous
stimulus such as methacholine directly
stimulates smooth muscle contraction; and
(2) indirect or “endogenous” AHR, which
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At a Glance Commentary

Scientific Knowledge on the
Subject: Despite its specificity for
asthma, the precise mechanisms
contributing to indirect airway
hyperresponsiveness (AHR) are not
entirely understood.

What This Study Adds to the
Field: Here, we perform a
transcriptomic analysis of epithelial
brushings obtained from individuals
with asthma to identify specific
pathways associated with indirect
AHR, which demonstrates a critical
role for epithelial regulation of mast
cells and eosinophils in modulating
type-2 and non-type-2 mechanisms
of airway inflammation in asthma.

occurs after a stimulus such as exercise or
allergen challenge that promotes the release
of mediators endogenous to the airways and
results in bronchoconstriction. It is
important to note that direct AHR is not
specific to asthma, as it is present in other
airway disorders and is related to changes in
airway smooth muscle, baseline lung
function, and airway geometry (2). In
contrast, indirect AHR is a highly specific
feature of asthma associated with persistent
disease and correlated with disease severity
(1, 3, 4), which has prompted our efforts to
better understand the pathobiology of
indirect AHR using a cohort of individuals
with asthma who have undergone detailed
assessments of airway physiology,
inflammatory markers from induced
sputum, and airway wall immunopathology
(5, 6). We have found that the epithelial
compartment is uniquely infiltrated by both
mast cells (MCs) and eosinophils (EOS) in
individuals with indirect AHR in the form of
exercise-induced bronchoconstriction (EIB).
We have also identified a correlation between
indirect AHR and airway T2 gene
expression, although a significant number of
individuals with asthma and indirect AHR
do not have evidence of T2 inflammation.
This suggests that both T2 and non-T2
mechanisms contribute to indirect AHR, and
it raises important questions about the
crosstalk between airway epithelial cells
(AECs) and these critical innate immune
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cells in regulating indirect AHR and airway
inflammation in asthma.

Here, we performed the RNA
sequencing (RNA-seq) of epithelial
brushings obtained from this well-
characterized cohort of individuals with
asthma and identified differentially expressed
genes (DEGs) between individuals with and
without indirect AHR. We then correlated
the expression of these DEGs with measures
of airway physiology, induced sputum
inflammatory markers, and the precise
location of MCs and EOS in the airway wall
of endobronchial tissue. On the basis of these
results, we conducted ex vivo modeling to
examine the effects of primary AECs and
epithelial cell-derived cytokines on both
MC:s and EOS. Overall, we identify several
novel pathways by which the epithelium
modulates MC and EOS gene expression to
support T2 and non-T2 inflammation.

Methods

Study Population

We conducted a cross-sectional study of
individuals with asthma who have been
described previously (5, 6). Briefly, all
participants underwent assessment of direct
AHR by means of methacholine challenge
testing and endogenous AHR in the form of
EIB through a dry-air exercise challenge.
Participants were required to have a positive
methacholine challenge test (provocation
concentration causing a 20% fall in FEV,
<8 mg/ml), have mild to moderately severe
asthma, and remain off controller therapy for
the duration of the study. Individuals were
determined to have indirect AHR in the
form of EIB by a =10% decrease in FEV,
after an exercise challenge. Study participants
underwent induced sputum testing for
sputum cytology analysis. To assess airway
T2 gene expression in this cohort, the
expression levels of IL4, IL5, and IL13 in
induced sputum cells were centered, scaled,
and combined into the summary T2 gene
mean (T2GM) metric as previously
described (5, 7). Using this metric,
participants are considered to have T2-high
asthma if the T2GM value is >2 SD from the
mean of the healthy control population,
which has been previously described (5).
Finally, participants underwent research
bronchoscopy, which included the collection
of epithelial brushings and endobronchial
biopsies (see Figure E1 in the online
supplement). All participants provided

informed consent, and the study protocol
was approved by the University of
Washington Institutional Review Board.

Bronchoscopic Collection of
Epithelial Brushings

Research bronchoscopy was conducted, and
four epithelial brushings were obtained from
second- to fifth-generation airways of the left
lower lobe and lingula using a 3-mm nylon
cytology brush (8). The four brushings from
individual participants were pooled and
placed in TRIzol reagent, and then RNA was
isolated using the Direct-zol RNA MiniPrep
Kit (Zymo Research). Epithelial brushings
were available from 20 individuals with
asthma (9 individuals without EIB and

11 individuals with EIB).

RNA-Seq of Airway

Epithelial Brushings

RNA-seq was performed at the University of
Washington’s Northwest Genomics Center
(https://nwgc.gs.washington.edu/). Briefly,
library generation was performed with the
TruSeq Stranded mRNA Library Prep Kit
(Mumina), using 1 pg total RNA. Sequencing
was performed using an Illumina HiSeq 4000
instrument. Sequences were aligned to
GRCh37 using STAR, v2.5.3a. Transcript
abundances were quantified using Kallisto,
v0.43.1. Genes with a raw count of at least 10
went into further analysis, leaving 26,373
unique genes.

Bioinformatics Analysis

Differential gene expression analysis between
asthmatic individuals with and without EIB
was performed using the DESeq2 program in
R (9). DEGs were defined as those with a
log(fold change) =1.0 or <—1.0 and a false
discovery rate <0.1 using the Benjamini-
Hochberg procedure. The functional
associations and biological significance of
DEGs were assessed using WebGestalt (the
Web-based Gene Set Analysis Toolkit) (10).
Gene Ontology biologic processes, molecular
functions, and cellular components, as well
as canonical pathways from the Kyoto
Encyclopedia of Genes and Genomes and
Reactome, were used as databases. Ingenuity
Pathway Analysis (QIAGEN; www.qiagen.
com/ingenuity) was performed on DEGs
and was used to construct regulatory
networks (11).
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Table 1. Baseline Characteristics of the Study Groups

Characteristic

General
Age, yr, mean = SD
Male, n (%)

BMI, kg/m?, mean + SD

Airway physiology, mean = SD
FEV4, % predicted
FVC, % predicted
FEV,/FVC ratio
Methacholine PCyq

Exercise challenge. mean = SD
Maximum fall in FEV; (%)

Severity of EIB (AUC30)

Induced sputum markers, mean = SD
T2GM
Sputum eosinophils, x10%/ml
Sputum eosinophils, %

Airway wall morphometry, mean = SD
Epithelial MCs, no./mm?
Subepithelial MCs, no./mm?
Epithelial EOS, no./mm?
Subepithelial EOS, no./mm?

Allergen skin prick testing, mean = SD
No. of positive allergens

Individuals with Asthma

Without EIB (n=9)

25.6+5.3
2 (22.2)
227+27

93.4+9.7
96.0 = 8.6
0.82 £0.06
1.97+1.32

27*x29
—-09x71.3

—0.76 = 0.67
7.3*6.9
1.48 =1.47

31.4+43.8
377.0 +276.6
54+84
1,795.3 = 1,962.6

4.0x5.0

With EIB (n=11) P Value
24.8+75 0.81
3 (27.3) 0.40
23.8+3.9 0.48
90.2+11.5 0.51
102.9+ 6.0 0.05
0.75 = 0.09 0.04
0.85+ 1.89 0.15

24.7+8.8 <0.0001

544.3 + 251.2 <0.0001
~0.15+0.37 0.04
11.9+11.3 0.30
1.46 = 1.76 0.99

262.2+171.4 0.004

559.3 + 478.4 0.35
20.1 +23.1 0.07
3,461.8 +5,121.1 0.32
74+28 0.11

Definition of abbreviations: AUC30 = area under the curve of FEV4 versus time curve during exercise challenge; BMI =body mass index;
EIB = exercise-induced bronchoconstriction; EOS = eosinophils; MCs = mast cells; PC,q = provocative concentration required to reduce FEV, by

20%; T2GM =type-2 gene mean.

Values are expressed as means + SD for continuous variables and number and relative frequencies for categorical variables. P values represent

the result of unpaired t tests.

Immunohistochemistry and
Design-based Stereology

We previously used design-based stereology
to precisely quantify the density and
determine the location of both EOS
(available in n = 19 individuals, 9 without EIB
and 10 with EIB) and MCs (available in

n =18 individuals, 8 without EIB and 10 with
EIB) in the epithelium and subepithelial
space of endobronchial tissue in this study
population (5, 6).

Primary AEC-MC Coculture Studies
AECs were isolated from tracheal segments
of individuals without known airway or
lung disease as previously described (5, 12).
AEC air-liquid interface (ALI) organotypic
cultures were differentiated in PneumaCult-
ALI Medium (STEMCELL Technologies)
on 12-mm (0.4-um-pore) permeable
polyester membrane Transwell inserts
(Corning). Human MC (HuMC) cultures
included either the Laboratory of Allergic
Diseases-2 (LAD2) MC line (13) or
HuMCs developed from CD34 + cells
isolated from the peripheral blood of
human donors and maintained in cell
culture for 10-12 weeks as previously

described (14). LAD2 MCs or HuMCs
were transferred to the basolateral
compartment at a concentration of

0.2 X 10° cells per milliliter. Coculture
assays were performed in a 1:1 mixture of
PneumaCult-ALI Medium and media
specific for either LAD2 MCs or HuMCs.
Human IL-33 (Peprotech) and
dexamethasone (Sigma-Aldrich) were
added to the cell culture media. RNA was
isolated from MCs, and quantitative PCR
analysis was conducted using TagMan
primer probe sets with quantification of
IL4, IL5, and IL13 genes relative to the
endogenous control gene HPRT1 using the
ACt method.

Ex Vivo EOS Stimulation Studies
Blood samples were obtained from
individuals with a physician diagnosis of
asthma and/or allergic rhinoconjunctivitis.
Granulocytes were isolated from peripheral
blood by density gradient centrifugation,
followed by negative immunomagnetic
selection of EOS (6). EOS were treated with
human IL-18 (R&D Systems) and/or IL-33
(Peprotech). RNA was isolated from EOS,
and qPCR analysis was conducted using
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TagMan primer probe sets with
quantification of IL13, IL18, and IFNG genes
relative to the endogenous control gene
HPRT1 using the ACt method.

Primary AEC-EOS Coculture Studies
AECs isolated from tracheal segments of
individuals without known airway or lung
disease were differentiated at the ALI as
described earlier. EOS isolated from
peripheral blood, as described earlier, were
transferred to the basolateral compartment at
a concentration of 0.5 X 10° cells per
milliliter in a 1:1 mixture of PneumaCult-
ALI Medium and RPMI with 2% fetal calf
serum.

Statistics

Statistical methods are explicitly discussed in
the individual figure legends and are detailed
in the online supplement.

Results
Study Population Characteristics

The characteristics of individuals with
asthma with EIB (n=11) and without EIB
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Figure 1. RNA-sequencing analysis of epithelial brushings obtained from individuals with and without exercise-induced bronchoconstriction
(EIB). (A) A volcano plot showing the significance and fold-change differences in gene expression between individuals with and without EIB.
Red indicates genes that have significantly higher expression, and blue indicates genes that have significantly lower expression in individuals
with EIB. False discovery rate (FDR), <0.1; log,(fold change), =1.0 or <—1.0. (B) Gene Ontology biologic processes, cellular components,
and molecular functions as well as pathways from the Kyoto Encyclopedia of Genes and Genomes and Reactome databases that were
overrepresented among the 120 differentially expressed genes (DEGs) between asthmatic individuals with and without EIB using WebGestalt
(FDR <0.05, represented by a red dashed line). (C) Network analysis of DEGs using Ingenuity Pathway Analysis. Genes indicated in red have
significantly higher expression, and genes indicated in blue have significantly lower expression in individuals with EIB relative to individuals
without EIB. Genes indicated in black are not DEGs identified in our RNA-sequencing analysis but were added to the network to demonstrate
interactions between key cytokines of interest (/L4, IL5, IL13, IL18, and /L33) and DEGs.
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(n=9), from whom we obtained epithelial
brushings for RNA-seq analysis, are
presented in Table 1. There were no
significant differences in the age, sex, body
mass index, baseline FEV; percent
predicted, direct AHR, sputum
eosinophilia, density of MCs or EOS in
the subepithelial space, or number of
positive allergens on skin prick testing.
Individuals with EIB had more airflow
obstruction measured by the FEV,/FVC
ratio, increased airway expression of T2
genes measured by the sputum T2GM,
and increased densities of MCs and EOS
within the epithelial compartment of the
airway wall relative to individuals

without EIB.

Significant Differential Gene
Expression Identified Between
Individuals with Asthma on the Basis
of the Presence or Absence of
Indirect AHR in the Form of EIB

On comparing gene expression profiles of
epithelial brushings obtained from asthmatic
individuals with and without EIB, we
identified 120 DEGs at a false discovery rate
=<0.1 and with a log,(fold change) =1.0 or
=< —1.0 (Figure 1A; see Table E1 in the online
supplement). Forty-seven DEGs had
relatively decreased expression, and 73 DEGs
had relatively increased expression in
individuals with EIB. These included
increased expression of classic T2
inflammatory genes (CLCA1, POSTN,
SERPINB2, and NOS2) (15) and MC-related
genes (KIT, CPA3, TPSABI, TPSG1, and
SIGLECS) (16). ILIRLI (encoding the IL-33
receptor) was increased in individuals with
EIB and has previously been implicated as a
central regulator of T2 inflammation in
asthma (17, 18). We also identified increased
expression of genes encoding the IL-18
receptor (IL18R1) and IFN-y (IFNG) in
individuals with EIB, which have previously
been implicated in non-T2 mechanisms of
airway inflammation (19). Overall, these
DEGs were enriched in pathways for
“leukocyte activation,” “immune response,”
“cytokine production,” “regulation of JAK-
STAT cascade,” “regulation of IL-12
production,” and “regulation of KIT
signaling” (Figure 1B). A regulatory network
analysis suggested that IL-33, IL-18, and
IFN-v, as well as key T2 cytokines (IL-4,
IL-5, and IL-13), serve central roles within
this gene set implicated in indirect AHR
(Figure 1C).

DEGs Demonstrate Unique
Associations with Airway Physiology,
Airway Inflammatory Markers, and the
Location of MCs and EOS in the
Airway Wall

We performed simple linear regression
analyses to correlate individual normalized
log, counts of the 120 DEGs with matched
measurements of baseline lung function,
direct and indirect AHR, airway T2 gene
expression, sputum eosinophilia, and the
precise location of MCs and EOS within the
airway wall (Table 2; see Table E2 in the
online supplement). Only two genes were
associated with reduced FEV, (TCNI and
DUOXA?2), but several genes were associated
with baseline airflow obstruction as
measured by the FEV,/FVC ratio, including
CD22, CEACAMS5, GZMA (encoding
granzyme A), NTRK2, CHRNA1, FETUB,
and several MC-related genes (CPA3,
SIGLEC6, and TPSG1). CEACAMS5 and
FETUB were also associated with more
severe direct AHR to methacholine. Nearly
all DEGs with increased expression in
individuals with EIB were correlated with the
severity of indirect AHR. Multiple DEGs
were positively correlated with airway T2
gene expression, including CLCA1,
SERPINB2, several MC-related genes (KIT,
TPSABI1, CPA3, and SIGLEC6), and the
IL-33 receptor (ILIRLI). The density of MCs
within the epithelial compartment of the
airway wall was positively correlated with
multiple MC-related genes (e.g., KIT and
CPA3) and genes associated with T2
inflammation (CLCA1, POSTN, SERPINB?2,
NOS2, and ILIRLI). Finally, 41 DEGs were
positively correlated with the density of EOS
within the epithelial compartment and
included genes associated with MCs (KIT,
TPSABI, TPSGI1, CPA3, SIGLECS), airway
mucins (MUC2), prostaglandin synthesis
(PTGS1), and T2 inflammation (ILIRLI).
However, the density of intraepithelial EOS
was also positively correlated with IL18R1
and IFNG expression, suggesting that AEC-
EOS interactions may include non-T2
mechanisms.

AECs Induce Sustained T2
Inflammation in MCs

Given the correlations between intraepithelial
MCs and ILIRLI expression (Figure 2A), we
were interested in exploring the relationship
between MCs and AECs in the context of
treatment with IL-33. LAD2 MCs exposed to
primary AECs for 48 hours demonstrated
increased expression of genes encoding
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critical T2 cytokines, primarily IL4 and IL5,
but also modest increases in IL13 expression
(Figures 2B-2D). Additionally, IL-33
stimulation of MCs alone did not alter MC
T2 gene expression at 48 hours, but IL-33
stimulation in the presence of AECs
significantly enhanced MC T2 gene
expression. This phenomenon of epithelial-
dependent, sustained T2 gene expression in
MCs after treatment with IL-33 was only
partly attenuated by adding maximal ex vivo
doses of dexamethasone (Figure 2E), which
we also validated in HuMC:s (Figure 2F) (20).
Overall, these findings suggest that AECs and
IL-33, a critical epithelial cell-derived
alarmin and central regulator of T2
inflammation, promote sustained T2 gene
expression in MCs that is only partially
suppressed by corticosteroids.

IL-18, IL-33, and AECs Induce
Expression of IL-13 and IFN-y in EOS
ILIRLI expression was also positively
correlated with the density of intraepithelial
EOS, suggesting that IL-33 and AECs may
similarly induce T2 gene expression in EOS
(Figure 3A). However, the density of
intraepithelial EOS was also positively
correlated with expression of the IL-18
receptor and IFN-vy (Figures 3B-3C), and
ILIRLI and ILI8RI expression were each
positively correlated with IFNG expression
(Figures 3D-3E). IL-18 is known to induce
IFN-vy through the IL-18 receptor (21),
which has been implicated in non-T2
mechanisms of airway inflammation in
asthma but has not previously been
investigated in EOS. Similarly, IL-33 has
been shown to induce IFN-y production in
natural Killer cells and vy T cells (22), but
this also has not been demonstrated in EOS.
Given that airway eosinophilia has classically
been associated with T2 inflammation,

we assessed the effects of IL-33, IL-18,

and coculture with primary AECs on T2 and
non-T2 gene expression by EOS. IL-18 and
IL-33 both increased the expression of IL13,
IFNG, and IL18 in EOS (Figures 4A-4C),
and we found that primary AECs also induce
IFNG expression in EOS (Figure 4D). IL13
expression increased in two EOS donors and
decreased in one EOS donor cocultured with
AECs, suggesting that AEC effects on EOS
T2 gene expression may be heterogeneous
across individual donors (Figure 4E).
Overall, these findings implicate EOS as
sources of T2 and non-T2 cytokines in

the airways, particularly EOS within the
epithelial compartment where they are in
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Figure 2. Airway epithelial cells (AECs) promote mast cell (MC) type-2 (T2) gene expression at baseline and enhance sustained T2 gene
expression in response to IL-33. (A) Simple linear regression analysis of the density of MCs in the epithelial compartment (Epi MC) versus
IL1RL 1 expression identified from the epithelial brushings of matched study participants. A solid linear regression line is shown, with the 95%
confidence interval indicated with dotted lines. (B-D) Quantitative PCR analysis for expression of /L4 (B), IL5 (C), and IL13 (D) (in comparison
with the housekeeping gene HPRTT) in the Laboratory of Allergic Diseases-2 (LAD2) MCs cultured for 48 hours in the presence or absence of
AECs obtained from five healthy adult AEC donors and/or IL-33 (10 ng/ml). Individual data points represent the mean value of four LAD2 MC
replicates, and each replicate was the result of three PCR reactions. Thus, data columns with AECs have five individual data points, each
representing four LAD2 MC replicates cocultured with a single AEC donor. Mean values are indicated, with error bars representing the SEM.

P values represent the result of one-way ANOVAs with repeated measures. (E) Quantitative PCR of LAD2 MCs (n=4; each replicate was the
result of three PCR reactions) cocultured with a single healthy adult AEC donor in the presence of IL-33 (10 ng/ml) or dexamethasone (1 wM).
Mean values are indicated, with error bars representing the SEM. P values represent the result of a one-way ANOVA. (F) Human MCs derived
from CD34+ cells isolated from the peripheral blood of a single donor were cocultured with primary AECs from a single healthy adult donor for
48 hours in the presence or absence of IL-33 (10 ng/ml) and/or dexamethasone (1 wM). n=3 per condition, and each data point is the result of
three PCR reactions. Mean values are indicated, with error bars representing the SEM. P values represent the result of a one-way ANOVA.
*P<0.05, **P<0.01, **P<0.001, and ****P<0.0001.

immediate proximity to AECs and epithelial
cell-derived cytokines.

Discussion

Here, we aimed to identify the key
mechanisms and intercellular signaling
pathways responsible for indirect AHR and
inflammation in asthma by performing
transcriptomic analyses of epithelial
brushings obtained from a well-characterized

cohort of individuals with asthma. We
identified 120 DEGs between individuals
with asthma with and without indirect AHR
in the form of EIB, which included several
novel genes of interest in addition to genes
that have previously been implicated in
asthma, and used regression analyses to
correlate expression of individual genes with
measures of airway physiology, airway
inflammatory markers, and airway
immunopathology. Our analysis implicates
IL-33 as a key regulator of MC interactions

Murphy, Lai, Liu, et al.: Epithelial-Innate Cell Interactions in Asthma

with AECs. This prompted further ex vivo
coculture modeling that demonstrated that
AECs promote basal T2 gene expression in
MCs and a marked epithelial-dependent
increase in MC T2 gene expression after
treatment with IL-33. Our analysis also
implicated IL-33 and IL-18 in promoting T2
and non-T2 responses in EOS. Subsequent
ex vivo modeling unexpectedly revealed that
both IL-33 and IL-18 induce EOS IL13 and
IFNG expression and that AECs also induce
this response in EOS. Together, these results
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Figure 3. Eosinophils (EOS) within the epithelial compartment are positively correlated with expression of IFN-y and the receptors for IL-33 and
IL-18. (A-C) Simple linear regression analyses of the density of EOS within the epithelial compartment (Epi EOS) and expression of ILTRL1 (A),
IL18R1 (B), and IFNG (C) identified from the epithelial brushings of matched study participants. (D and E) Simple linear regression analyses of
IFNG expression and expression of IL1RL1 (D) and IL18R1 (E) identified from the epithelial brushings of matched study participants. A solid

linear regression line is shown, with the 95% confidence interval indicated with dotted lines.

identify specific pathways associated with
indirect AHR in asthma and reveal a critical
role for epithelial regulation of MCs and
EOS in modulating T2 and non-T2
mechanisms of airway inflammation in
asthma.

Despite the specificity of indirect
AHR for asthma, the precise mechanisms
contributing to indirect AHR are not entirely
understood (1). We have recently shown that
the epithelial compartment of the airway wall
is uniquely infiltrated by MCs and EOS in
asthmatic individuals with indirect AHR and
that the presence of intraepithelial MCs and
EOS is associated with airway T2 gene
expression (5, 6). We have also demonstrated
that indirect AHR is overall associated with
airway T2 gene expression, but several
individuals in our cohort with indirect AHR
do not have an elevated sputum T2GM,
suggesting that non-T2 mechanisms may

1572

play a role in indirect AHR either alone or
in addition to T2 mechanisms. Here, our
sequencing analysis identified increased
expression of genes associated with T2
inflammation (CLCA1, POSTN, SERPINB?2,
and NOS2) in individuals with EIB.
However, we also found increased expression
of several genes associated with non-T2
inflammation, such as ILI8RI and IFNG,
implicating specific non-T2 mechanisms in
indirect AHR. Additionally, we identified
increased expression of MC-related genes in
individuals with EIB, including KIT, CPA3,
TPSABI, TPSGI, and SIGLEC6. Of note,
increased expression of the genes encoding
the MC proteases carboxypeptidase 3
(CPA3) and tryptase is consistent with prior
studies that identified an MC population
with high expression of CPA3, persistent
expression of tryptase, and loss of chymase
expression (MCrycpas) as a unique

subpopulation found in individuals with
T2-high asthma (5, 23). We did not identify
increased expression of EOS-specific genes
(such as IL5RA, CCR3, CLC, MBP, or ECP)
in our analysis, which is potentially due to
the smaller difference in the density of
intraepithelial EOS between individuals
with and without EIB that were included in
the transcriptomics analysis for this study.
Overall, our sequencing analysis implicates
both T2 and non-T2 mechanisms of airway
inflammation in indirect AHR, is consistent
with prior studies demonstrating the
importance of intraepithelial MCs in indirect
AHR, and supports the role of unique MC
subpopulations in the airways of individuals
with asthma.

Given the heterogeneous composition
of the epithelial compartment of individuals
with asthma, we performed regression
analyses between the expression of individual
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Figure 4. IL-18, IL-33, and airway epithelial cells (AECs) induce IFN-y and type-2 (T2) gene expression in eosinophils (EOS). (A-C) Quantitative
PCR analysis for expression of IFNG (A), IL13 (B), and IL18 (C) (in comparison with the housekeeping gene HPRTT) in EOS isolated from the
peripheral blood of four human donors cultured for 2 hours in the presence or absence of IL.-18 (10 ng/ml) or IL-33 (10 ng/ml). Individual data
points represent the mean value of four EOS replicates per EOS donor; each replicate was the result of three PCR reactions. Mean values are
indicated, with error bars representing the SEM. (D and E) Quantitative PCR analysis for expression of IFNG (D) and IL13 (E) in EQS isolated
from the peripheral blood of three human donors cultured for 8 hours in the presence or absence of primary AECs from a single healthy adult
donor. Individual data points represent the mean value of three EOS replicates per EOS donor; each replicate was the result of three PCR
reactions. Mean values are indicated, with error bars representing the SEM. P values represent the result of two-way ANOVAs. *P<0.05,

**P<0.01, *™*P<0.001, and ***F<0.0001.

DEGs and the density of intraepithelial MCs
and EOS to guide further investigations into
the role of the epithelium and epithelial
cell-derived cytokines in regulating MC- and
EOS-specific immune responses relevant to
indirect AHR. We found strong correlations
between expression of the gene encoding the
IL-33 receptor (ILIRLI) and intraepithelial

MCs, which is highly relevant to asthma
pathogenesis, as IL-33 is a critical epithelial
cell-derived alarmin released in response to
proteolytic allergens and respiratory viral
infections (17, 24). This prompted further
ex vivo coculture studies demonstrating that

AECs increase basal MC T2 gene expression.

Additionally, although prior studies have

Murphy, Lai, Liu, et al.: Epithelial-Innate Cell Interactions in Asthma

shown that IL-33 induces MC T2 responses
(5), we show that this effect does not persist
at 48 hours. However, IL-33 stimulation of
MCs cocultured in the presence of AECs
demonstrates a sustained increase in
expression of T2 cytokines. Finally, we found
that this novel epithelial cell-dependent,
persistent T2 response in MCs after IL-33
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stimulation is only partially suppressed by
maximal dose corticosteroids, implicating
this pathway as a potentially critical source of
persistent T2 inflammation in individuals
with asthma that fail to respond to inhaled
corticosteroids (25, 26). These findings also
add to the growing evidence of the important
role that AEC:s play in regulating MC
function, including reducing degranulation
(27) and promoting distinct changes in cell
surface markers and gene expression profiles
(28, 29).

We also identified novel associations
between the density of intraepithelial EOS
and the expression of ILIRL1, IL18R1, and
IFNG, suggesting that interactions between
the epithelium and EOS are critical to
indirect AHR and are mediated through both
T2 and non-T2 mechanisms. EOS have long
been implicated in T2-high asthma as
sources of T2 cytokines but are also known
to produce non-T2 mediators such as IFN-y,
although the specific role of EOS-derived
IFN-v in asthma has not previously been
studied in humans (30, 31). Prior studies
have also investigated the effects of epithelial
cells on EOS using coculture systems,
demonstrating EOS activation after exposure
to necrotic epithelial cells (32) and
modulating EOS inflammatory responses to
antimicrobial peptides (33). More recently,
an esophageal epithelial cell line was shown
to enhance EOS survival, promote EOS
migration, and alter EOS gene expression
profiles (34). Here, we show that both AECs
and IL-33 not only stimulate IL13 expression
in EOS but can also induce IFNG expression,
suggesting that IL-33 serves as a pleiotropic
proinflammatory alarmin capable of
inducing both T2 and non-T2 responses in
EOS. We also demonstrate that IL-18
induces EOS expression of both IL13 and
IFNG, again implicating EOS in T2 and
non-T2 mechanisms in asthma and further

suggesting that specific non-T2 mechanisms
are critical for indirect AHR. IL-18 is a
pleiotropic proinflammatory cytokine that
signals through the IL-18 receptor and is
capable of inducing IFN-vy in multiple cell
types and T2 cytokines in basophils and MCs
(21, 35). Multiple studies have previously
implicated IL-18 and IFN-vy in asthma, but
their precise roles and cellular sources are
not well understood. Higher serum IL-18
levels are present in individuals with

asthma (36-39), IL18 and IL18R1 gene
polymorphisms have been associated with
asthma (40-42), and airway biopsies of
individuals with fatal asthma have increased
immunostaining of IL-18 and the IL-18
receptor within the airway wall (43). A recent
study also identified IL-18-mediated
signaling as a critical mechanism for a subset
of individuals with severe asthma and mixed
T1/T2 inflammation (19). In murine models,
IFN-vy has been shown to play a key role in
promoting AHR (44, 45). In humans, IFN-y
has most frequently been implicated in
individuals with severe asthma receiving
corticosteroid therapy, who have higher
expression of IENG and numbers of IFN-y™
staining cells in BAL (43) and airway biopsy
samples (46). In contrast, our study
population had mild to moderately severe
asthma and were not exposed to
corticosteroids for the duration of the study,
suggesting that IFN-+y plays a critical role in
indirect AHR and that EOS may be a novel
source of this classical non-T2 mediator.

In summary, we performed
transcriptomic analyses on epithelial
brushings obtained from individuals with
asthma who were further characterized for
indirect AHR in the form of EIB. Individuals
with EIB had higher expression of genes
associated with both T2 and non-T2
mechanisms of airway inflammation, as well
as specific MC genes previously implicated in

indirect AHR and T2-high asthma. We
correlated the expression of individual DEGs
increased in individuals with EIB with airway
wall morphometry, which implicated specific
mechanisms by which the airway epithelium
and epithelial cell-derived cytokines could
modulate inflammatory signaling in both
MCs and EOS. Finally, we modeled these
potential mechanisms using ex vivo coculture
systems, revealing that AECs sustain T2 gene
expression in MCs after IL-33 stimulation,
which is only partially suppressed by
corticosteroids. We further discovered that
AECs, IL-33, and IL-18 each promote both
IL13 and IFNG expression in EOS. However,
here, we utilized AECs obtained from
previously healthy donors rather than AECs
obtained from individuals with asthma
phenotyped for EIB. We have recently
characterized the differential effects of AECs
obtained from children with asthma in
comparison with AECs obtained from
healthy children on LAD2 MC gene
expression (47) and suspect that there may
also be phenotype-specific changes in
epithelial signaling in adult populations with
asthma that further modulate interactions
with MCs and EOS, which should be the
focus of future studies. Collectively, these
findings represent novel and potentially
targetable mechanisms through which the
airway epithelium regulates MCs and EOS
within the epithelial compartment to
promote indirect AHR and drive both T2 and
non-T2 airway inflammation in asthma.
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