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Background: Patients with severe asthma can present with
eosinophilic type 2 (T2), neutrophilic, or mixed inflammation
that drives airway remodeling and exacerbations and represents
a major treatment challenge. The common b (bc) receptor
signals for 3 cytokines, GM-CSF, IL-5, and IL-3, which
collectively mediate T2 and neutrophilic inflammation.
Objective: To determine the pathogenesis of bc receptor–
mediated inflammation and remodeling in severe asthma and to
investigate bc antagonism as a therapeutic strategy for mixed
granulocytic airway disease.
Methods: bc gene expression was analyzed in bronchial biopsy
specimens from patients with mild-to-moderate and severe
asthma. House dust mite extract and Aspergillus fumigatus
extract (ASP) models were used to establish asthma-like
pathology and airway remodeling in human bc transgenic mice.
Lung tissue gene expression was analyzed by RNA sequencing.
The mAb CSL311 targeting the shared cytokine binding site of
bc was used to block bc signaling.
Results: bc gene expression was increased in patients with
severe asthma. CSL311 potently reduced lung neutrophils,
eosinophils, and interstitial macrophages and improved airway
pathology and lung function in the acute steroid-resistant house
dust mite extract model. Chronic intranasal ASP exposure
induced airway inflammation and fibrosis and impaired lung
function that was inhibited by CSL311. CSL311 normalized the
ASP-induced fibrosis-associated extracellular matrix gene
expression network and strongly reduced signatures of cellular
inflammation in the lung.
Conclusions: bc cytokines drive steroid-resistant mixed myeloid
cell airway inflammation and fibrosis. The anti-bc antibody
CSL311 effectively inhibits mixed T2/neutrophilic inflammation
and severe asthma-like pathology and reverses fibrosis gene
signatures induced by exposure to commonly encountered
environmental allergens. (J Allergy Clin Immunol
2023;nnn:nnn-nnn.)
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Asthma is a chronic inflammatory disease of the lung
characterized by reversible airway obstruction and remodeling
of the conducting airways. While inhaled corticosteroids are
highly effective in treating most patients with asthma, some
patients experience severe disease because current treatments fail
to manage their symptoms. Currently, limited treatment options
are available for severe asthma, which primarily target specific
mediators in the eosinophilic/T2 inflammation pathway.1 Severe
asthma can also result in a major shift in immunopathology,
with up to 50% of patients with severe asthma presenting with
neutrophil-dominant or mixed granulocytic inflammation rather
than eosinophilic/T2 inflammation.2,3 Therapeutics that block
neutrophils (anti-IL-17 biologics and CXCR2 antagonists) have
not translated into clinical benefit,4,5 and no treatments directly
target both neutrophils and eosinophils simultaneously. Further,
in patients with severe T2-high asthma, treatment may be
confounded by phenotype overlap (eg, high IgE and blood eosin-
ophilia) and cytokine redundancy (eg, GM-CSF and IL-5), and
optimal treatment outcomes may not be achieved with therapies
that target a single molecule.6 Hence, multitarget approaches
may be necessary to treat complex diseases associatedwith exces-
sive activation of multiple myeloid cell populations.

The common b (bc) cytokine family consists of 3 cyto-
kines, GM-CSF, IL-3, and IL-5, which bind a heterodimeric
receptor comprising a ligand-specific a chain and a dimer of
bc that is shared by all 3 receptors.7 The GM-CSF receptor
a chain is ubiquitously expressed in macrophages, monocytes,
eosinophils, and neutrophils and is important for their
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TABLE I. Patient characteristics

Mild-to-moderate Severe asthma
Abbreviations used
Characteristic asthma (n 5 12) (n 5 14)
ACQ: A
sthma Control Questionnaire
AHR: A
irway hyperresponsiveness

Neutrophilic asthma, n (%) 5 (42) 7 (50)
ASP: A
spergillus fumigatus extract

Eosinophilic asthma, n (%) 2 (17) 6 (43)
BAL: B
ronchoalveolar lavage

Paucigranulocytic asthma, n (%) 5 (42) 1 (7)
BALF: B
ronchoalveolar lavage fluid

Age, y, median (IQR) 57 (48-76) 63 (38-78)
bc: C
ommon b

Sex, male/female, n 6/6 5/9
dsDNA: D
ouble-stranded DNA

Atopy, n (%) 6 (50) 8 (57)
ECM: E
xtracellular matrix

FEV1 % predicted, median (IQR) 79.5 (69.0-104.0) 75.5 (58.0-108.0)
GINA: G
lobal Initiative for Asthma

ACQ score, median (IQR) 1.2 (0-2.2) 2.3 (1.2-3.5)
GSEA: G
ene set enrichment analysis

Positive bacterial culture, n (%) 4 (33.3) 10 (71.4)
hbc: H
uman common b

BAL % neutrophils, median (range) 52.8 (1.5-94.0) 65.3 (17.5-96.0)
hbcTg: H
uman bc transgenic

BAL % eosinophils, median (range) 1.4 (0.3-28.3) 1.9 (0.5-47.3)
HDM: H
ouse dust mite extract
IQR, Interquartile range.

MT: M
asson trichrome
NET: N
eutrophil extracellular trap
functional development. IL-3 receptor a subunit is expressed by
mast cells, dendritic cells, endothelial cells, and basophils, while
IL-5 receptor a subunit is expressed mainly by basophils and eo-
sinophils.8,9 CSL311 is a fully human mAb that competitively
binds to the common cytokine binding site of human common
b (hbc), the major signaling subunit of the GM-CSF, IL-5, and
IL-3 receptors.10 The action of CSL311 has been characterized
in our previous work,10-13 but its ability to inhibit severe and
steroid-resistant asthma and associated lung fibrosis is yet to be
studied.

In this study, we analyzed expression of bc (CSF2RB) in
bronchial biopsy specimens of patients with asthma stratified
based on disease severity. Furthermore, we used a novel trans-
genic mouse model engineered to express the hbc receptor
instead of mouse bc receptors, referred to herein as human bc
transgenic (hbcTg) mice12 to block hbc signaling in acute
steroid-resistant and chronic asthma models featuring mixed-
granulocytic airway inflammation, airway fibrosis, and airway
hyperresponsiveness (AHR). Blocking hbc signaling markedly
reduced immunopathology, AHR, and fibrotic lung remodeling
in preclinical models and asthma that displayed mixed granulo-
cytic inflammation.
METHODS

Asthma cohort analysis
Gene expression of CSF2RB and procollagen COL1A1 was

measured in bronchial biopsy specimens from a cohort of patients
with asthma (n 5 26; 12 with mild-to-moderate asthma and 14
with severe asthma) classified by Global Initiative for Asthma
(GINA) definitions.14 Patient characteristics are presented in
Table I.
Animals
All animal experiments undertaken received RMIT University

ethics approval and University of South Australia ethics approval
in accordance with the guidelines of Animal Research: Reporting
of In Vivo Experiments and National Health and Medical
Research Council of Australia. Transgenic mice devoid of murine
bc/bIL-3 receptors and expressing the hbc receptor (hbcTgmice)
were used in this study, which respond to mouse GM-CSF and
IL-5, but not IL-3, as previously described.12
Mouse airway inflammation and fibrosis models
To model steroid-refractory severe asthma, 8- to 12-week-old

female hbcTg mice were sensitized with subcutaneous injection
of 100 mg of house dust mite extract (HDM) (Dermatophagoides
pteronyssinus; Stallergenes Greer, Lenoir, NC) in CFA (Sigma-
Aldrich, St Louis, Mo). Mice were further challenged 8 days later
with intranasal administration of 25mg of HDM for 4 consecutive
days. A human mAb against bc (CSL311; CSL Ltd, Melbourne,
Victoria, Australia) ormatching isotype control (BM4 clone; CSL
Ltd) (50 mg/kg) was therapeutically administered intravenously
via the tail vein on day 8 and day 10 before the HDM challenge.
Mice were analyzed 24 hours after the last HDM challenge. For
the chronic Aspergillus fumigatus extract (ASP) exposure model,
mice were treated with 50 mg of ASP (item XPM3D3A25, lot
365084; Stallergenes Greer) once a week for 4 weeks followed
by 20 mg of ASP twice a week for 4 weeks as described previ-
ously.15 Isotype and CSL311 groups received intravenous injec-
tion of antibody (50 mg/kg) for the final 4 weeks. Mice were
analyzed 48 hours after the last ASP challenge.
Data analysis
All data were analyzed using GraphPad Prism 9 (GraphPad

Software, Boston, Mass). Animal data are presented as the
mean6 SEM. Where detailed and appropriate, unpaired Student
t test, one-way analysis of variance with Sidak or Bonferroni post
hoc test, or Pearson correlation was performed. Nonparametric
data from the clinical samples is reported as median (interquartile
range) and was analyzed byMann-Whitney test or Spearman cor-
relation. P < .05 is considered to be statistically significant. Gene
set enrichment analysis (GSEA) analysis (GSEA v4.3.2; https://
www.gsea-msigdb.org/gsea/index.jsp) was performed using
GSEA and default parameters in a ranked list analysis. Raw anal-
ysis data and output were visualized using RStudio (Posit Soft-
ware, Boston, Mass) with ggplot2 v3.3.6 (https://cran.r-project.
org/web/packages/ggplot2/index.html).

See additional methods in this article’s Methods section in the
Online Repository at www.jacionline.org.

https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
https://cran.r-project.org/web/packages/ggplot2/index.html
https://cran.r-project.org/web/packages/ggplot2/index.html
http://www.jacionline.org
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FIG 1. Expression of CSF2RB and COL1A1 is increased in the lungs of patients with severe asthma. (A-C)

Bronchial biopsy specimens were collected from a cohort of asthma patients classified according to the

GINA guidelines into mild-to-moderate and severe groups. Patient ACQ scores (A), patient FEV1 (% pre-

dicted) (B), and CSF2RB mRNA expression (C) are shown. (D-F) CSF2RB mRNA expression in bronchial bi-

opsy specimens was further analyzed in patients based on bacterial detection status (D) or atopy status (E)
and correlation with ACQ score (F). (G-I) COL1A1mRNA expression wasmeasured in bronchial biopsy spec-

imens and compared in mild-to-moderate and severe groups (G) and assessed for correlation with ACQ

scores (H) and CSF2RB mRNA expression (I). (J-L) CSF2RB (J) and COL1A1 (K) mRNA expression was

also assessed in BAL cells of asthma patients (GSE74986) and subjected to correlation analysis (L). Analysis
includes nonparametric Mann-Whitney U test (A-E and G), Kruskal-Wallis test (J and K), and Spearman cor-

relation (D, F, G, I, and L). Data are expressed as individual data points with median. *P < .05, **P < .01,

***P < .001, ****P < .0001. ns, Not significant.
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RESULTS

Gene expression of CSF2RB and COL1A1 was

increased in lungs of patients with severe asthma
Bronchial biopsy specimens collected from a cohort of patients

with asthma as previously reported14 were used to quantify the
mRNA expression of the bc receptor gene CSF2RB. Asthma
Control Questionnaire (ACQ) scores were confirmed to be signif-
icantly increased in patients with severe asthma, which is
consistent with the GINA definition of asthma severity (Fig 1,
A). In contrast, FEV1 was not significantly altered in patients
with severe asthma (Fig 1, B), which is also consistently reported.
There was a 2-fold increase in CSF2RB expression in patients
with severe asthma compared with patients with mild-to-
moderate asthma (P < .05) (Fig 1, C). CSF2RB gene expression
was also significantly higher in asthmatic patients with positive
bacterial culture (3-fold,P <.0001) (Fig 1,D), but not in asthmatic



A B

C D

E F

G

FIG 2. CFA-HDM-treated hbcTg mice demonstrate a mixed granulocytic lung inflammation, which was

reduced by bc antagonism. (A) Schematic of CFA-HDMmodel and treatment regimen. (B) Bloodmonocytes

and neutrophils were analyzed using CellDyn Emerald, and (C) BAL cell differentials were enumerated. (D)

Lung neutrophils, eosinophils, alveolar macrophages, and interstitial macrophages were analyzed by flow

cytometry. (E) Levels of dsDNA (left panel) and myeloperoxidase activity (right panel) in BALF were

measured as NET markers. (F) Total protein (left panel) and lactate dehydrogenase (right panel) in BALF

were measured as lung injury markers. (G) Frozen lungs were subjected to quantitative RT-PCR analysis
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patients with atopy (Fig 1, E), and was positively associated with
ACQ scores (P5 .05) (Fig 1,F). Of interest, expression of procol-
lagen gene COL1A1was increased in patients with severe asthma
by 6-fold compared with patients with mild-to-moderate disease
(P < .0001) (Fig 1, G), and this expression was positively corre-
lated with both worse asthma symptoms (high ACQ score) and
high CSF2RB expression (both P < .01) (Fig 1, H and I). Further-
more, in bronchoalveolar lavage (BAL) cells (data from
GSE74986), CSF2RB and COL1A1 transcripts were also found
to be elevated in patients with severe asthma relative to both pa-
tients with moderate asthma and healthy control subjects (Fig 1, J
and K), and a positive correlation was detected between CSF2RB
and COL1A1 expression (Fig 1, L).
Blockade of hbc by CSL311 reduced lung

inflammation in a mouse model of severe asthma
To investigate the role of bc signaling in airway inflammation

and pathology in vivo, we first evaluated the role of bc signaling
in an established preclinical model of severe asthma16 using
hbcTg mice and therapeutically administering the CSL311 anti-
body to block hbc signaling during the HDM challenge phase
(Fig 2, A). In mice treated with HDM and isotype control anti-
body, a systemic inflammatory response consisting of increased
blood monocytes and neutrophils was detected (Fig 2, B)
compared with saline-treated control mice. This response was
accompanied by BAL inflammation dominated by infiltrating
macrophages, neutrophils, and eosinophils (Fig 2, C). In lung
tissue, leukocyte (CD451) infiltration was also observed with
significant increases in neutrophils (Ly6GhighCD11b1), eosino-
phils (F4/801CD11clowSiglecFhigh), alveolar macrophages (F4/
801CD11chighSiglecFhigh), and monocyte-derived interstitial
macrophages (F4/801CD11c1CD11b1) (Fig 2, D). Remark-
ably, CSL311 effectively prevented the expansion of blood
monocytes and neutrophils (Fig 2, B) and significantly reduced
BAL and lung infiltration of all types of leukocytes measured
(Fig 2, C and D). In CFA-HDM isotype–treated mice, markers
of neutrophil extracellular traps (NETs), double-stranded DNA
(dsDNA) and myeloperoxidase, and markers of lung injury,
bronchoalveolar lavage fluid (BALF) protein and lactate dehy-
drogenase, were detected, all of which were reduced by
CSL311 (Fig 2, E and F). TH2/TH17 cytokines Il4, Il13, and
Il17 were induced by CFA-HDM and suppressed by CSL311,
whereas TH1 cytokines Ifng and Il12b induced by CFA-HDM
were preserved in CSL311- treated mice (Fig 2, G). T-cell che-
mokine Ccl17 induced by CFA-HDM was also suppressed by
CSL311 (Fig 2, G).
Blockade of hbc by CSL311 reduced AHR and

airway fibrosis in a mouse model of severe asthma
We further assessed the respiratory mechanics of the CFA-

HDM-treated hbcTg mice. AHR was apparent after CFA-HDM
treatment with increases in total respiratory system resistance
after aerosol methacholine challenge (Fig 3, A and B), which
to measure mRNA expression of TH2/TH17 cytokines I
T-cell chemokine Ccl17. n 5 9 per group. Data are exp

.001 ISO vs SAL and #P < .05, ##P < .01, ###P < .001

A.U., Arbitrary units; i.n., intranasal; ISO, isotype; i.v., in
density; SAL, saline; s.c., subcutaneous.
were abolished by CSL311. At baseline, CFA-HDM treatment
led to a downward shift in the pressure-volume curve (Fig 3,
C) as well as reduction in quasi-static compliance (Fig 3, D)
and an increase in respiratory system elastance (Fig 3, E),
demonstrating a restrictive respiratory pattern that is suggestive
of tissue stiffness and pulmonary fibrosis.17,18 Consistently,
CSL311 partially rescued this baseline lung function abnormal-
ity (Fig 3, C-E). Underlying these functional alternations,
marked histopathology associated with peribronchiolar and
alveolar inflammation was detected in CFA-HDM-treated
mice (Fig 3, F and H). Masson trichrome (MT)–stained lung tis-
sue sections also identified larger regions of intense collagen
staining around their airways (Fig 3, G and I). A significant in-
crease in the expression of type I collagen gene (Col1a1) (Fig 3,
J) further supported the establishment of pulmonary fibrosis in
CFA-HDM-treated mice. In line with the improvements in
lung function, CSL311 significantly reduced alveolar and peri-
bronchiolar inflammation and airway fibrosis (Fig 3, G and I).
Lung expression of Col1a1 was also reduced to control levels
(Fig 3, J).
Airway remodeling is inhibited by CSL311 following

chronic ASP challenge
To further investigate the role of bc signaling in asthma and

fibrosis in response to chronic allergen exposure, we used an es-
tablished chronic model of airway inflammation involving sensi-
tization of mice by intranasal administration of 50 mg of ASP
once a week for 4 weeks followed by intranasal administration
of 20 mg of ASP twice a week for an additional 4 weeks.15

Chronic ASP exposure induces airway remodeling and a mixed
lymphocytic and granulocytic lung infiltrate consisting of both
eosinophils and neutrophils.15 To investigate the effect of block-
ing hbc, we administered CSL311 intravenously for the last 4
weeks of the model (Fig 4, A). Exposure to ASP induced
fibrosis-associated changes in lung function including increased
respiratory system elastance, static compliance, and associated
pressure volume curves. CSL311 was again able to rescue ASP-
associated lung function changes, returning their values to those
similar to saline-treated animals (Fig 4, B-D). We next assessed
visual changes to the airway using microscopy analysis of MT
staining of lung sections. Tissue inflammation was induced by
ASP and was significantly inhibited by CSL311 (Fig 4, E and
F). ASP exposure also induced remodeling and increased
collagen content around the conducting airways (Fig 4,G), which
were strongly inhibited by CSL311 (Fig 4, G and H). We next
compared the action of CSL311 with neutralizing antibodies
against mouse IL-5 andmouse GM-CSF. ASP again induced peri-
bronchial and alveolar cellular inflammation that was inhibited by
CSL311, but not by anti-IL-5 or anti-GM-CSF alone (Fig E1, A
and B, in the Online Repository at www.jacionline.org). Interest-
ingly, CSL311 reduced both bronchiolar lavage eosinophils and
neutrophils, whereas anti-IL-5 tended to reduce eosinophils
(P 5 .053), but not neutrophils, and anti-GM-CSF reduced neu-
trophils (P 5 .042), but not eosinophils (Fig E1, C). ASP-
l4, Il13, and Il17; TH1 cytokines Ifng and Il12b; and
ressed as mean 6 SEM. *P < .05, **P < .01, ***P <

ISO vs CSL311 by one-way analysis of variance.

travenous; LDH, lactate dehydrogenase;OD, optical

http://www.jacionline.org
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FIG 3. CFA-HDM-treated hbcTg mice develop AHR and airway fibrosis, which were reversed by bc antago-

nism. Respiratory mechanics were measured in anesthetized mice using flexiVent FX1, where baseline lung

function parameters were first obtained, followed by additional measurements in response to increasing

concentrations of nebulised methacholine. (A and B) Dose-response curves of respiratory system
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induced collagen deposition was again reduced by CSL311, but
not by either anti-IL-5 or anti-GM-CSF alone (Fig E1, D and
E). Overall, these data indicate that CSL311 effectively blocks
both airway inflammation and remodeling, which is more effec-
tive than blocking individual cytokines alone.
CSL311 results in global normalization of gene

expression and extracellular matrisome signatures

in ASP-challenged mice
To obtain further insight into the inflammatory pathways and

structural changes in the lung that were inhibited by CSL311, we
performed RNA sequencing on lung tissue from groups of saline-
treated control hbcTg mice, ASP isotype–treated hbcTg mice,
and ASP CSL311–treated hbcTg mice. ASP treatment resulted
in upregulation of 728 genes and downregulation of 315 genes.
Intravenous administration of CSL311 to ASP-treated mice re-
sulted in 459 genes differentially regulated, with the majority
(432 genes) downregulated (Fig 5, A). Of the 670 genes upregu-
lated by ASP treatment, 268 were downregulated by CSL311,
indicating that CSL311 broadly inhibits ASP-associated changes
in gene expression (Fig 5, B). The effect of CSL311 on gene
expression is depicted as a volcano plot with downregulated genes
in blue and upregulated genes in orange (Fig 5, C). Of the ASP
upregulated genes that were downregulated by CSL311, the
most enriched Kyoto Encyclopedia of Genes and Genomes
pathway19 was cytokine-cytokine receptor interaction (31 genes,
P5 1.33 10214). The top gene ontology biological process was
the immune system process (50 genes,P5 4.23 10227) followed
by adaptive immune response (35 genes, P 5 2.9 3 10223) and
positive regulation of T-cell activation (13 genes, P 5
3.4 3 10214). The genes enriched in these biological processes
consisted primarily of genes encoding surface receptors including
Cd3d, Cd4, and Cd8a that are expressed on T cells and the acces-
sory molecule Cd79a that is expressed on B cells; several MCH
class II genes; and the antigen-presenting cell–expressed costi-
mulatory molecule CD86. Of note, Arg1 and Chil3, markers of
M2macrophages, andEar2 andPrg2,which are highly expressed
by eosinophils, were also decreased by CSL311 treatment.
Notably, Ccr4 that is highly expressed by TH2 and TH17 cells
was also increased byASP and reduced by CSL311, accompanied
by the same pattern of expression for the CCR4 ligand gene
Ccl17. Prediction of cell types from the gene signatures using
xCell20 analysis also indicated that TH2 cells and dendritic cell
signatures were decreased following CSL311 treatment (Fig E2
in the Online Repository at www.jacionline.org). GSEA further
demonstrated the marked dependency of bc signaling for inflam-
mation following ASP exposure with strong enrichment of the
hallmark inflammatory response gene set among the genes down-
regulated by CSL311 (Fig 5, D). Identification of differentially
resistance (A) andmaximum respiratory system resista

(C-E) Changes in baseline pressure-volume curve (C) w
piratory system elastance (E) after CSL311 treatment

stained with hematoxylin and eosin (F) or MT (G) and

analyzed with cellSens Dimension software. (H and I)

(I) around the airways were quantified. (J)mRNA expre

by quantitative RT-PCR. n5 9 per group. Data are expre

ISO vs SAL and #P < .05, ###P < .001 ISO vs CSL311 by o

Ers, respiratory system elastance; ISO, isotype; Mch, m
system resistance; SAL, saline.
regulated gene modules using IPA (Qiagen, Hilden, Germany)
showed that TH1, TH2, and IL-17 signaling pathways were en-
riched in the ASP-challenged isotype–treated group compared
with the saline-challenged control group. In contrast, when we
compared the ASP-challenged CSL311–treated group with the
saline-challenged control group, activation of these pathways
was not observed (TH2 and IL-17 signaling) or was lessened
(TH1). Comparison of the ASP-challenged isotype–treated group
with the ASP-challenged CSL311–treated group confirmed that
IL-17 signaling was significantly reduced by inhibition of bc
signaling (Fig 5, E).

Abnormal extracellular matrix (ECM) deposition is one of the
main pathological processes that results in tissue remodeling and
fibrosis, and our analysis indicates that blocking bc strongly in-
hibits ASP-induced airway remodeling and changes in airflow
indicative of loss of airway tissue compliance (Fig 4). To investi-
gate how CSL311 protects against airway remodeling, we next
identified which ECM components were altered by ASP exposure
and CSL311 treatment using gene sets derived from the matri-
some project database.21,22 We found that CSL311 significantly
reduced ASP-induced changes to the lung tissue ECM signature
and that the effect was most evident for ECM regulators and
matrisome-associated genes (Fig 6,A). Unsupervised hierarchical
clustering of the matrisome genes shows that the ASP-induced
ECM regulatory program is largely normalized toward that in
saline-challenged animals following treatment with CSL311
(Fig 6, B) with both ASP-upregulated (green module) and ASP-
downregulated (blue module) genes returned to levels more
similar to saline-treated animals. GSEA analysis of these gene
sets confirmed that both ECM regulators and matrisome-
associated genes were strongly enriched in the CSL311-
downregulated gene list (Fig 6, C) and included Mmp12 and
Mmp13 and Tgfb1 and Thbs4 (Fig 6, D). Of the 744 known
ECM components and ECM regulators in the matrisome data-
base, approximately 8%were upregulated (59 genes) and approx-
imately 8% were downregulated (64 genes), and in each case the
majority of these were significantly rescued (toward levels de-
tected in saline-challenged mice) by CSL311. Interestingly, there
was a positive enrichment of genes in both core matrisome and
collagen gene signatures in CSL311-treated animals, indicating
that some ECM signatures were also increased by CSL311.
Further interrogation of the collagen gene signature showed that
a discrete set of collagen genes was expressed in the ASP isotype
group compared with the ASP CSL311 group (Fig 6, E, and Fig
E3 in the Online Repository at www.jacionline.org). Notably,
ASP exposure was associated with expression of collagen genes
that encoded exclusively fibril-forming collagen species (10/10
genes) (Fig E3). In contrast, treatment of ASP-exposed mice
with CSL311 was associated with expression of collagen genes
that encoded mostly non-fibril-forming collagen species (6/8
nce (B)were assessed after methacholine challenge.

ith reduced static compliance (D) and increased res-

were demonstrated. (F and G) Lung sections were

scanned with a VS-120 Olympus slide scanner and

Inflammation score (H) and collagen-positive area

ssion of Col1a1 in mouse lung tissue was measured

ssed asmean6 SEM. *P < .05, **P < .01, ***P < .001

ne-way analysis of variance. Cst, Static compliance;

ethacholine; ROI, region of interest; Rrs, respiratory

http://www.jacionline.org
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A

B C D

E F

G H

(cmH2O)

FIG 4. Chronic intranasal ASP challenge induces airway inflammation, impaired airway function, and

remodeling that is reduced by bc antagonism. (A) Schematic of ASP model and treatment regimen. At 48

hours after the last ASP challenge, tracheotomy was done on the mice, and airway function assessed using

mechanical ventilation with a flexiVent. (B-D) Measurement of respiratory system elastance (B), static
compliance (C), and pressure-volume curves (D). (E) Whole-lung lobe images of tissue sections stained

with MT. (F) Inflammation score. (G) Airway tissue stained with MT in which collagen is stained blue. (H)

Quantitation of collagen positive pixels. n 5 3 SAL, n 5 7 ISO, n 5 7 CSL311. Data are expressed as

mean 6 SEM. *P < .05, **P < .01, ***P < .001 ISO vs SAL and #P < .05, ##P < .01 ISO vs CSL311 by one-

way analysis of variance. Cst, Static compliance; Ers, respiratory system elastance; i.n., intranasal; ISO, iso-

type; i.v., intravenous; SAL, saline.

J ALLERGY CLIN IMMUNOL

nnn 2023

8 WANG ET AL



FIG 5. ASP challenge induces inflammation-associated gene expression that is normalized by bc antago-

nism. Mice were challenged with ASP or saline and treated with CSL311 or isotype control antibody as

shown in Fig 4. At 48 hours after the last ASP challenge, the lungs were removed, and RNA was extracted

before whole-transcriptome analysis by RNA sequencing. (A and B) Number of genes upregulated (orange)
and downregulated (blue) are shown for the indicated comparisons. (C) Volcano plot showing genes differ-

entially regulated by treatment with CSL311. (D) Gene set enrichment analysis of genes differentially regu-

lated by CSL311 showing a reduction in hallmark inflammatory response genes. (E) Pathway enrichment

analysis showing loss of TH1, TH2, and IL-17 pathway activation following CSL311 treatment. n 5 3 SAL,

n 5 5 ISO, and n 5 5 CSL311. DEG, Differentially expressed gene; ISO, isotype; SAL, saline.
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genes) (Fig E3). Overall, inhibition of bc signaling resulted in
broad suppression of the ECM organization Gene Ontology
network (Fig E4 in the Online Repository at www.jacionline.
org), and based on pathway hierarchy analysis in IPA, the key pro-
tein transcripts being targeted include Mmp12, Mmp13, and
Mmp19; cathepsin lysosomal proteases Ctsl, Ctsk, and Ctss;
Lgals3 (encoding galectin-3); and Fmod, the gene for fibromodu-
lin. Together, these data indicate that blocking bc cytokine
signaling inhibits chronic ASP-induced airway remodeling by
regulating genes involved in ECM turnover and deposition.
DISCUSSION
In addition to frontline corticosteroids, therapies targeting

individual T2 mediators are now available to treat eosinophilic
asthma. However, patients with a T2-low or mixed-granulocytic
profile cannot be managed by T2 blockers alone.23 Receptors and
their respective ligands that converge on multiple inflammatory
pathways represent an appealing therapeutic target, as they have
the potential benefit of treating a broader spectrum of asthma en-
dotypes. In this study, we identified that the expression of the bc
receptor subunit shared byGM-CSF, IL-5, and IL-3 was increased
in patients with severe asthma, where CSF2RB expression was
closely associated with profibrotic gene COL1A1 expression.
We also demonstrated for the first time that bc antagonism with
CSL311 simultaneously reduced T2 and neutrophilic inflamma-
tion and inhibited AHR and airway fibrosis in 2 allergen exposure
models with extracts from the clinically relevant microorganisms
house dust mite and Aspergillus. House dust mite exposure corre-
lates with asthma symptoms,24 and sensitization to house dust
mite is associated with severe asthma.25 Aspergillus sensitization
also correlates with asthma,26 with between 12% and 78% of

http://www.jacionline.org
http://www.jacionline.org


FIG 6. ASP challenge induces fibrosis-associated changes to ECM gene expression, which are normalized

by bc antagonism. RNA sequencing on lung tissue following 8 weeks of ASP exposure with or without

CSL311 as shown in Fig 5. (A) Pathway enrichment analysis of matrisome genes catalogued as shown in

the labels on the left. (B) Heatmap representation of ECM genes ordered by unsupervised hierarchical clus-

tering. (C) GSEA analysis of ECM regulators and matrisome-associated gene sets. (D) Bar graphs showing

expression of genes involved in tissue remodeling measured by RNA sequencing. (E) Expression of
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patients with asthma found to be sensitized to Aspergillus in
different studies.27 Aspergillus exposure also causes pulmonary
fibrosis in both asthmatic patients and mouse models.15,28

There are currently no therapies to treat patients with severe
asthma with persistent neutrophilic or mixed neutrophilic and
eosinophilic inflammation. We have previously shown that
blockade of G-CSF receptor selectively inhibits neutrophilic
inflammation in a mouse model of influenza-driven severe
asthma, although this strategy did not suppress T2 inflamma-
tion.29While the regulation of neutrophilic inflammation by GM-
CSF is well characterized in pulmonary diseases such as chronic
obstructive pulmonary disease and respiratory infection,6,30 this
axis is inadequately defined in severe asthma. In our present study,
bc antagonism reduced neutrophil lung infiltration and NET for-
mation, the latter of which may also have contributed to the
observed reduction in T2 and TH17 cytokines, as NETs have
been implicated in lung recruitment of monocyte-derived den-
dritic cells and downstream TH2 cell activation31 and TH17 cell
differentiation.32 In mice, genetic deletion of Csf2rb or Gmcsfr
has been shown to block the induction of type 2 conventional den-
dritic cells, which preferentially activate TH17 cells needed for
promoting HDM-induced lung neutrophilia.33 CSL311 therefore
may represent an alternative and effective treatment that sup-
presses TH17 signaling and lung neutrophilia. An advantage of
bc antagonism is the concurrent inhibition of the monocytic pop-
ulation that is increasingly recognized to be pathogenic in asthma.
In patients with severe, but not mild or moderate, asthma, blood
monocytes were increased34 and acquired a steroid-resistant
proinflammatory profile.35,36 Following lung recruitment, mono-
cytes give rise to interstitial macrophages that can become alter-
natively activated (alternatively activated macrophages) under
the influence of the T2 cytokines IL-4 and IL-13.37,38 Interstitial
macrophages are considered pathogenic, as they produce
collagen39 and promote fibroblast proliferation,40 and their num-
ber positively correlate with lung function decline and asthma
severity.41 Fibrocytes of monocyte origin have also been shown
to expand in the circulation of patients with severe asthma.42

Consistent with these reports, we observed a marked increase in
blood monocytes and lung interstitial macrophages in hbcTg
mice treated with CFA-HDM. This finding was associated with
prominent airway fibrosis, characterized by collagen fiber deposi-
tion and altered lung mechanics consistent with pulmonary
fibrosis that are inhibited bybc signaling blockade. ASP exposure
induced genes encoding collagen species known to form fibrillar
structures, whereas blocking bc signaling resulted in preferential
expression of nonfibrillar collagens. Airway fibroblasts and myo-
fibroblasts produce ECM components that remodel the airway
and reduce tissue elasticity via deposition of ECM components
including collagen.43 Expression of the gene encoding TGF-b1
was increased following ASP exposure and was decreased by
CSL311 treatment. TGF-b1 induces collagen production by fi-
broblasts44 and can be produced by both eosinophils45 and neutro-
phils.46 In addition, members of the matrix metalloproteinase,
thrombospondin, and cathepsin families remodel the ECM and
regulate tissue fibrosis,47-49 several of which are upregulated by
ASP exposure and inhibited by blocking bc signaling. As a major
collagen genes represented in a heatmap ordered by un

5 isotype, n5 5 CSL311. Data are mean6 SEM. *P < .05

CSL311 by one-way analysis of variance. ISO, Isotype;
source of these proteins are cells of themyeloid lineage, it is likely
that both IL-5 and GM-CSF contribute to airway remodeling via
their effects on eosinophils, neutrophils, and macrophages.

In summary, our study reveals bc signaling as a major effector
pathway deployed by GM-CSF and IL-5 to collaboratively drive
T2 inflammation and neutrophilic inflammation in severe asthma.
Antagonizing bc signaling with a single antibody (CSL311) rep-
resents a novel treatment paradigm in severe asthma, as it effec-
tively inhibits multiple myeloid populations including
interstitial macrophages, neutrophils, and eosinophils and thereby
prevents pathological fibrosis and airway remodeling.
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Key messages

d Expression of the bc receptor for cytokines IL-3, IL-5,
and GM-CSF is associated with severe asthma.

d Signaling by the common b receptor promotes airway
inflammation and fibrosis that can be blocked by the
anti-bc antibody CSL311.

d The anti-bc antibody CSL311 normalizes fibrosis-
associated ECM gene expression.
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METHODS

Analysis of publicly available human data
RNA microarray data from BAL cells (GSE74986) were

downloaded from Gene Expression Omnibus. This dataset
included RNA samples obtained from 12 healthy donors,
28 patients with moderate asthma, and 46 patients with severe
asthma. The Agilent Technologies (Santa Clara, Calif) signal
intensity was normalized and log2 transformed using limma
v3.54.2 (https://bioconductor.org/packages/release/bioc/html/
limma.html) in RStudio (Posit Software, Boston, Mass).

Lung function
Respiratory mechanics were measured in vivo using a flexiVent

system (flexiVent FX1; SCIREQ Scientific Respiratory Equip-
ment, Montreal, Quebec, Canada). Briefly, mice were anesthe-
tized with ketamine (125 mg/kg) and xylazine (25 mg/kg) or
pentobarbital (65 mg/kg) before being tracheostomized and can-
nulated. Mice were then connected to the flexiVent, and baseline
compliance and elastance parameters were first obtained. This
was followed by the stepwise delivery of nebulized saline and
increasing doses of methacholine (3-50 mg/mL) to the lungs to
assess respiratory resistance.

BAL and tissue collection
After lung function testing, mice were euthanized by

pentobarbital overdose. This was followed by BAL to collect
BALF and BAL cells, and total cells recovered were counted
using a hemocytometer. Cells were put on slides by cytocen-
trifugation and stained with a Hemacolor Rapid staining kit
(Merck KGaA, Darmstadt, Germany) for differential cell
analysis. BALF was then centrifuged to collect the cell-free
supernatant for biochemical assays. Blood was drawn by cardiac
puncture for hematologic analysis (CELL-DYN Emerald;
Abbott Laboratories, Abbott Park, Ill). Lungs were perfused
free of blood with ice-cold PBS. The superior lobe of the lungs
was excised for flow cytometry analysis, and the left lobe was
fixed in 10% neutral-buffered formalin for histologic analysis.
The remaining lung lobes were snap-frozen in liquid nitrogen
before 2808C storage.

Flow cytometry
The superior lung lobe was finely minced and digested in

Liberase TM (Sigma-Aldrich, St. Louis, Mo) at 378C with con-
stant shaking. Single cell suspensions were prepared by passing
the digested tissue through a 21-gauge needle and then a 40-mm
cell strainer. This cell suspension was centrifuged and treated
with ammonium-chloride-potassium red blood cell lysis buffer.
After blocking with CD16/CD32 antibody, cells were stained
with a myeloid cell antibody cocktail consisting of FITC-CD45,
PE-Siglec F, APC-F4/80, eFluor 450-CD11b, PE/Cy7-CD11c,
PerCp/eFluor710-Ly6G, and LIVE/DEAD Fixable Yellow Dead
Cell Stain (Thermo Fisher Scientific, Waltham, Mass). Following
staining, cells were fixed with an IC Fixation Buffer (Thermo
Fisher Scientific) before being analyzed on a BD FACSAria
flow cytometer (BD Biosciences, Franklin Lakes, NJ). All anti-
bodies and reagents were obtained from Thermo Fisher Scientific
unless otherwise stated. Data were analyzed with FlowJo v10.7.2
software (BD Biosciences).
Histology and immunofluorescence staining
The left lung lobe was fixed in 10% neutral-buffered formalin

before being processed, paraffin-embedded, and sectioned at 4mm.
Sectionswere stainedwith hematoxylin and eosin for assessment of
lung injury and MT for quantification of airway collagen. Stained
whole-lung sections were scanned using a VS-120 Olympus slide
scanner and Olympus cellSens Dimension software (Olympus
LifeScience,Waltham,Mass), or aNanozoomer2.0-HTslide scan-
ner (Hamamatsu, Shizuoka, Japan) and QuPath software.E1 Lung
inflammation was scored in a blinded manner on a scale of 0 to 3
(none to severe) in peribronchial, perivascular, and interstitial/alve-
olar regions individually based on the degree of inflammatory cell
infiltration. Morphometric evaluation of airway collagen was
analyzed on a minimum of 4 bronchioles per section (100-350
mm diameter). A 30-mm band (region of interest) was circled
around the subepithelial layer of the selected bronchioles. The
MT-positive area was quantified within the region of interest and
expressed as region-of-interest fractions.

Quantitative RT-PCR and BALF assays
Total RNA was extracted from snap-frozen lung tissue with an

RNeasy kit (Qiagen,Hilden,Germany) and converted tocDNAwith
a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific). Quantitative PCR was performed using bio-
informatically validated TaqMan Assays (Thermo Fisher Scienti-
fic). The threshold cyclevalues (Ct) of target geneswere normalized
to a reference gene (Gapdh), and the relative fold changewas calcu-
lated using the DDCt method. To measure markers of NETs, MPO
activity in the BALF was determined using o-Dianisidine peroxi-
dase substrate (Sigma-Aldrich) and dsDNA levels were quantified
using a Quant-iT PicoGreen dsDNA Assay (Thermo Fisher Scien-
tific). To assess lung injury, cell deathmarker lactate dehydrogenase
was determined in the BALF using a Cytotoxicity Detection Kit
(Sigma-Aldrich), and total protein contents were measured using
a BCA Protein Assay Kit (Thermo Fisher Scientific).

RNA sequencing
RNA was purified from non-perfused mouse lungs by homog-

enizing freshly recovered lung tissue with a FastPrep tissue
homogenizer (MP Biomedicals, Santa Ana, Calif) in Invitrogen
TRIzol (Thermo Fisher Scientific) followed by phenol/chloroform
extraction and then RNA cleanup using RNeasy Plus Micro Kit
columns (Qiagen). Sequencing libraries were prepared using
KAPA HyperPrep Kits (Roche Diagnostics, Indianapolis, Ind),
and sequencing (1 3 75bp) was done on a NextSeq 500 System
(Illumina, San Diego, Calif). Read quality was assessed using
FastQC, and reads were mapped to the mouse reference genome
mm10 using STAR aligner software.E2 Differentially expressed
genes were calculated using EdgeR software.E3 The threshold for
assignment of differentially expressed genes was set at a false dis-
covery rate < .05 and an absolute log2 fold-change >1. GSEAwas
done with GSEA 4.3.2.E4 Gene network analysis was done using
IPA (Qiagen).
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FIG E1. bc blockade provides superior protection against ASP-induced airway inflammation and remodel-

ing comparedwith IL-5 or GM-CSF neutralization alone. All mice were treatedwith 50 mg of ASP once aweek

for 4 weeks followed by 20 mg of ASP twice a week for 4 weeks as shown in Fig 4, A. ISO, CSL311, anti-IL-5

(clone TRFK5), and anti-GM-CSF (clone MP1-229E) groups received intravenous injection of 20 mg/kg anti-

body via the tail vein twice a week for the final 4 weeks of the model. BAL and lung tissue recovery were

done 48 hours after the last ASP challenge. (A) Representative whole-lung lobe images of tissue sections

stained with MT. (B) Inflammation score. (C) BAL cell counts. (D) Collagen is stained in blue with represen-

tative images from isotype, CSL311, anti-IL-5 and anti-GM-CSF treatment groups shown. (E)Quantitation of

collagen positive pixels. n 5 4 for ISO and CSL311, and n 5 5 for anti-IL-5 and anti-GM-CSF. Data are ex-

pressed as mean6 SEM. #P < .05, ISO vs CSL311 by one-way analysis of variance. ISO, Isotype; ROI, region
of interest.
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FIG E2. Prediction of cellular enrichment using xCell. (A-C) TH2 cells (A), conventional dendritic cells (B), and
activated dendritic cells (C). * indicates that the cellular signature is significantly different for the indicated

comparisons. From RNA sequencing data shown in Figs 5 and 6. aDC, Activated dendritic cells; cDC, con-
ventional dendritic cells; CSL, CSL311; ISO, isotype.
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FIG E3. Collagen gene expression in mouse lung after ASP challenge.

Collagen gene expression in SAL vs ISO and ISO vs CSL311 groups. From

RNA sequencing data shown in Figs 5 and 6. ISO, Isotype; SAL, saline.
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FIG E4. ECM organization gene network is suppressed by CSL311. (A and B) Network constructed based on

gene ontology term: ECM organization with ASP-ISO treatment group compared with SAL control treat-

ment (A) and ASP-ISO treatment group compared with the ASP-CSL311 treatment group (B). The majority

of the ASP-associated remodeling network is predicted to be suppressed by CSL311. From RNA-Seq data

shown in Figs 5 and 6. CSL, CSL311; ISO, isotype; SAL, saline.
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