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ASTHMA

Oncostatin M expression induced by bacterial triggers
drives airway inflammatory and mucus secretion
in severe asthma
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Exacerbations of symptoms represent an unmet need for people with asthma. Bacterial dysbiosis and opportunistic
bacterial infections have been observed in, and may contribute to, more severe asthma. However, the molecular
mechanisms driving these exacerbations remain unclear. We show here that bacterial lipopolysaccharide (LPS) induces
oncostatin M (OSM) and that airway biopsies from patients with severe asthma present with an OSM-driven tran-
scriptional profile. This profile correlates with activation of inflammatory and mucus-producing pathways. Using
primary human lung tissue or human epithelial and mesenchymal cells, we demonstrate that OSM is necessary and
sufficient to drive pathophysiological features observed in severe asthma after exposure to LPS or Klebsiella pneumoniae.
These findings were further supported through blockade of OSM with an OSM-specific antibody. Single-cell RNA
sequencing from human lung biopsies identified macrophages as a source of OSM. Additional studies using
Osm-deficient murine macrophages demonstrated that macrophage-derived OSM translates LPS signals into asthma-
associated pathologies. Together, these data provide rationale for inhibiting OSM to prevent bacterial-associated

progression and exacerbation of severe asthma.

INTRODUCTION

Asthma is an increasingly common respiratory disease with patients
experiencing episodic acute exacerbations of disease with varying
degrees of inflammation, mucus hypersecretion, reversible airflow
obstruction, and airway hyperresponsiveness. The exact triggers and
underlying molecular mechanisms causing acute exacerbations re-
main poorly defined, although viruses, bacteria, environmental toxins,
ozone, and allergens are believed to contribute to acute exacerbations
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and progressive worsening of disease. About half of patients with
asthma develop type 2 cytokine-driven inflammation (1); most mo-
lecularly targeted therapeutic interventions target these pathways,
including interleukin-4 (IL-4) receptor (IL-4R), IL-5, IL-13, and
immunoglobulin E (IgE) (2-5). In contrast, very few treatment
options are available for patients with non-type 2 asthma, beyond
nonspecific treatments such as inhaled corticosteroids and B-adrenergic
agonists. Identifying triggers of disease exacerbation, the molecular con-
sequences of exposure to such triggers, and points of therapeutic
intervention to prevent hyperreactivity to such triggers could address
a remaining unmet need for patients living with asthma (6, 7).
Over the past decade, our appreciation and understanding of
microbial symbionts inhabiting healthy airways have grown to the
point where bacterial dysbiosis has been identified in patients with
a variety of airway diseases, including asthma (8). The quantity and
quality of bacterial components are often altered in individuals with
severe asthma, both during stable disease (9-11) and particularly in
patients experiencing exacerbations (12). It remains unclear whether
dysbiosis per se contributes to increased cellular activation; how-
ever, these observations have led to the hypothesis that bacteria
contribute to disease exacerbations. If so, the molecular pathways
triggered by bacterial components in the airways of patients with
asthma remain poorly defined. In addition to triggering exacer-
bations, bacterial components may also contribute to the develop-
ment and progression of disease because many allergens contain
bacterial-derived ligands including lipopolysaccharide (LPS) (13),
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and Toll-like receptor 4 (TLR4)-binding proteins are a constituent of
the common aeroallergen, house dust mite (HDM) (14). Preclinical
models of asthma support this notion, because bacterial ligands and
host recognition receptors are both required for allergen-induced
airway inflammation (15, 16). However, the underlying host responses
that translate bacterial triggers into asthma-associated pathologies
have remained elusive. Understanding and therapeutically targeting
bacterial driven pathways may therefore provide benefit to patients
by reducing disease development, progression, and bacterial-driven
exacerbations. The major bacterial-derived component, LPS, has been
extensively studied, from its initial binding to LPS-binding proteins
(17), formation of CD14:TLR4:myeloid differentiation factor 2 com-
plexes (18, 19), recruitment of a variety of intracellular adaptor pro-
teins, signaling transduction cascades, and transcriptional responses
(20). Much focus has been given to LPS-induced proinflammatory
mediators, such as IL-10, IL-1B, tumor necrosis factor-o (TNF-a),
and IL-8 (21); however, LPS induces a plethora of additional cyto-
kines, including oncostatin M (OSM) (22).

OSM is member of the gp130 family of cytokines, and despite its
contribution to a variety of physiological responses (23), it has been
less intensively studied than its closely related family member, IL-6.
Elevated concentrations of OSM have been frequently observed in
allergic diseases (24-26), and OSM can stimulate a variety of re-
sponses in asthma-relevant epithelial and mesenchymal cells of the
lung, including airway epithelial cells (27, 28), fibroblasts (29, 30),
and airway smooth muscle cells (ASMs) (31, 32). Both pro- and anti-
inflammatory properties of OSM have been reported. For example,
in the intestine of mice, OSM contributes to bacterial-driven in-
flammation and pathology (33), whereas anti-inflammatory prop-
erties of OSM have also been reported in models of arthritis and
diabetic wound healing (34, 35). These discrepancies may be ex-
plained by the use of recombinant human OSM in mice, which can
bind to the murine leukemia inhibitory factor (LIF) receptor (36)
instead of the dedicated OSM receptor B (OSMRP). Whether OSM
is a major driver of allergen- or bacterial-driven inflammation in
the airways and whether targeting OSM would prevent bacterial-
associated exacerbations remain unclear.

Here, we show that OSM is predicted to be a major driver of the
transcriptional response observed in severe asthma. Using primary
human epithelial and mesenchymal cells and human precision cut
lung slices (PCLSs), we identify distinct OSM-induced inflammatory
and mucus-producing pathways and provide evidence that OSM
can drive a suite of goblet cell-associated genes, promote mucus
production, and may compromise mucociliary clearance (MCC).
Gain- and loss-of-function studies in murine models of asthma
demonstrate that OSM is required for HDM-driven airway inflam-
mation. Mechanistic studies identify that LPS-induced OSM from
macrophages is both necessary and sufficient to translate bacterial-
derived signals into proallergic responses. Using a model of Klebsiella
pneumoniae, OSM blockade reduced airway neutrophilia and Muc5ac,
Muc5b, and Clcal gene expression without compromising expression
of Il1a, Il1b, and II6 or antibacterial immunity. Although experi-
mental K. pneumoniae infection does not model dysbiosis, it illustrates
an important role of bacterial-driven OSM contributing to pathology
rather than immunity. Together, these data identify OSM as an im-
portant contributor to airway inflammation and mucus hypersecre-
tion and support the therapeutic hypothesis that blocking OSM could
prevent disease progression and bacterial-associated exacerbations
without compromising antibacterial immunity.
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RESULTS

OSM:OSMR signaling is elevated in patients with

severe asthma

Bronchial airway epithelial cells (BAECs), which sit at the interface
between the host and environment, have been useful sentinels for
classifying asthma heterogeneity (37), characterizing disease severity
(38), and establishing predictive biomarkers (39). We took advan-
tage of these properties and performed a post hoc analysis of the
transcriptome derived from bronchial brushings recovered from
16 healthy volunteers, 28 individuals with mild-to-moderate asthma
(mild/mod), and 57 individuals with severe asthma (severe) (37, 39-41)
to identify molecular pathways enriched in severe asthma (table S1).
We used an upstream analysis algorithm (42) to identify putative
regulators of the observed transcriptome in individuals with severe
asthma, relative to mild/mod and healthy control transcriptomes
(table S2). This analysis identified steroids and steroid-induced genes
[dexamethasone, fluticasone propionate, and FKBP prolyl isomerase 5
(FKBP5) (43)], cytokines and cytokine receptor signaling pathways
[IL-13, transforming growth factor-f, amphiregulin, signal trans-
ducer and activator of transcription 1 (STAT1) and STAT4, IL-1A,
and IL-1R1], and erythropoietin as factors that could contribute to
the observed transcriptome in bronchial brushings obtained from
individuals with severe asthma (Fig. 1A and fig. S1A). However,
OSM was the most significant (P < 0.01) predicted upstream regu-
lator contributing to differential gene expression in bronchial
brushings from individuals with severe asthma. OSM itself was not
expressed in epithelial cells; however, in line with an OSM-driven
response, OSMR, which is up-regulated by OSM along with several
other gp130-dependent cytokine receptors, IL27RA, IL1IRA, and
GP130 (IL6ST) (Fig. 1B and fig. S1A), was differentially expressed
in individuals with severe asthma. IL-33, an early and potent epithelial-
derived inflammatory mediator observed in severe asthma (44, 45)
and also regulated by OSM (46), correlated with elevated OSMR in
severe, but not mild/mod, asthma or healthy controls (Fig. 1C). Simi-
larly, MUC5AC, MUC2, and SPDEF, a transcriptional regulator of
goblet cell differentiation and mucus hypersecretion, a major
pathology observed in severe asthma (47, 48), were up-regulated in
individuals with severe asthma (fig. S1B) and correlated with ele-
vated OSMR in severe, but not mild/mod, asthma or healthy con-
trols (Fig. 1D). Although the cellular composition of the bronchial
brushings may vary between individuals with different degrees of
asthma severity, collectively, these data point toward a role for the
OSM:OSMR axis in severe asthma, correlating with genes involved
in inflammatory and mucus-producing pathologies.

OSM drives inflammatory and mucus-producing pathways

in human mesenchymal and epithelial cells, respectively

To identify OSM-induced pathogenic pathways and biomarkers in
primary human disease-relevant cells of the lung, we cultured human
BAECs grown at air-liquid interface (BAEC-ALI), normal human
lung fibroblasts (NHLFs) in a three-dimensional (3D) matrix, and
human ASMs in collagen rafts and stimulated these cells with re-
combinant OSM (rOSM). rOSM treatment led to phosphorylation
of STAT3, STAT4, and STAT5 within 15 min, albeit to varying de-
grees depending on cell type (Fig. 2, A to C). After 6 hours, substan-
tial transcriptional activity was observed (Fig. 2D), and although each
cell type responded to OSM, cell type-specific responses were clear-
ly distinguishable. ASM and NHLF shared more OSM-induced re-
sponses (22.4% in common, 107 of 370) than either cell type shared
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Fig. 1. An OSM:OSMR axis correlates with IL33 and SPDEF expression in severe asthma. (A) Transcriptional data
from bronchial airway epithelial brushings isolated from healthy volunteers (HVs), patients with mild-to-moderate
asthma (mild/mod), or patients with severe asthma (severe), previously described (37,39, 47), were analyzed using
Ingenuity Pathway Analysis (IPA) to identify putative upstream regulators. OSM is highlighted in blue. (B) Expression
of OSMR is shown for bronchial airway epithelial brushings isolated from healthy volunteers, patients with mild/mod,
or patients with severe asthma (severe). Data presented as logyo relative expression (RE). Data are presented as
means + SEM. Data were analyzed by ANOVA with Dunnett’s multiple comparison correction. *P < 0.05. (C and D) Cor-
relation between OSMR and /L33 (C) or SPDEF (D) is shown for bronchial airway epithelial brushings isolated from
healthy volunteers, patients with mild/mod, or patients with severe asthma (severe). Spearman correlation (p) values
and P values are displayed on figures.

OSM-induced IL33 and histamine re-
ceptor (HRH1), both involved in asthma
pathogenesis, were observed in all three
cell types tested (Fig. 2F).

To further explore the response of
airway epithelial cells to OSM, we treated
BAEC-ALI with a single pulse of OSM
and monitored the histological and tran-
scriptional responses for 14 days. From
day 3 onward, mucus-producing cells
were clearly evident with an accumula-
tion of mucus and goblet cells throughout
the 14-day period (Fig. 2G). Function-
ally, using a fluorescent bead tracking
assay to assess MCC (51), OSM-treated
BAEC-ALI which had a significant in-
crease in mucus (P < 0.05), had signifi-
cantly reduced MCC (P < 0.05; fig. S1C),
as indicated by reduced bead move-
ment, suggesting that OSM-driven mu-
cus may compromise MCC. Between 6
and 72 hours, OSM induced expression
of IL33, SPP1, and HP expression, all
of which have been observed in severe
asthma under steady-state or during acute
exacerbations (49, 52) (Fig. 2H). Simi-
larly, cytokine and histamine receptors
were up-regulated and sustained for
3 days after a single pulse of OSM. OSM
stimulation up-regulated MUC5AC, OSMR,
and SPDEF at 6 hours, in line with ob-
servations made in ex vivo bronchial
brushings from individuals with severe
asthma (Figs. 2H and 1D). From 6 hours
onward, a suite of genes associated
with goblet cell differentiation (MUC5B,
BPIFBI1, MUCI, and MUC4) were in-
duced, providing a molecular explana-
tion for the elevated mucus observed
throughout the 14-day culture period
(Fig. 2G). These data provide clear evi-
dence that OSM is sufficient to initiate a
plethora of responses in primary human
airway epithelial and mesenchymal cells,
including an inflammatory axis with in-
duction of cytokines and chemokines, a
tissue priming response with increased
cytokine and histamine receptors in both
epithelial and mesenchymal cells, and a
mucus-producing program within the
airway epithelium, driving goblet cell

with BAEC (BAEC and ASM, 7%, 28 of 374; BAEC and NHLF, 44%, differentiation and mucus production.

21 of 455) (Fig. 2E), suggesting that OSM may have divergent func-

tions in epithelial cells compared to mesenchymal cells. For exam- OSM exacerbates allergen-driven airway inflammation

ple, haptoglobin (HP) and osteopontin (SPPI), which have bothbeen =~ OSM and other members of the IL-6 family bind to and mediate
correlated with severity of asthma (49, 50), were up-regulated in  signaling cascades in cells expressing gp130, one of two receptor
BAEC but not in ASM or NHLF. In contrast, several inflammatory  chains required for OSM-mediated signaling, along with OSMR. To
cytokines and chemokines, such as CXCL10, CCL7,IL24,and CCL11,  determine whether gp130-mediated signaling regulates responsive-
were up-regulated in NHLF and ASM but not in BAEC. In contrast, ness to the common HDM allergen, we sourced gain-of-function
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Fig. 2. OSM drives inflammatory and mucus-producing pathways
in human epithelial and mesenchymal cells. (A to C) Primary hu-
man bronchial airway epithelial cells (BAECs) grown at an air-liquid
interface (ALI). (A) Primary normal human lung fibroblasts (NHLFs)
grown in three-dimensional (3D) rafts (B) and primary human ASMs
grown in Matrigel (C) were stimulated with recombinant OSM (rOSM)
for 15 min. Whole-cell lysates were extracted and probed for phos-
phorylated STAT3 (pSTAT3), pSTAT4, or pSTAT5. pSTAT expression is
shown relative to unstimulated cells with five donors per cell type.
Data are presented as means + SD. (D) The number of differentially
expressed genes (DEGs) (P < 0.05) observed in BAEC, NHLF, and ASMs
with and without treatment with rOSM is shown. (E) A Venn diagram
shows common and unique DEGs in indicated cell types. (F) Tran-
scripts of DEGs [log; fold change (FC), relative to PBS treated, P < 0.05]
are shown with green bars proportional to FC value. Data in (D to F)
were obtained from RNA-seq of primary human BAECs, NHLFs, and
primary human ASMs after rOSM stimulation for 6 hours and represent
five donors per cell type. (G) Primary human BAECs grown at an ALI
and stimulated with rOSM for indicted time (days) are shown. Mucin
area and goblet cell count were quantified by microscopy. Red, Muc5ac;
blue, nuclei; yellow, ciliated cells. Scale bar, in all plots, 100 um. Data
are presented as means + SEM. (H) Expression of genes is shown at
indicated times after stimulation with rOSM. Data were obtained by
RNA-seq of BAEC grown at an ALl with five donors per time point. Data
are presented as means + SEM. Data were analyzed using t tests at each
time point. *P < 0.05. Reads Per Kilobase Million (RPKM).

gp130™F mice, which are hyperresponsive to all gp130-
dependent cytokines by virtue of phenylalanine knock-
in substitution at tyrosine (F) 757 in the cytoplasmic
domain of gp130 that prevents suppressor of cytokine
signaling 3 (SOCS3)-mediated negative regulation (53)
(fig. S2A). HDM sensitization and challenge of mice
carrying the gp130"*’F mutation accumulated sig-
nificantly more HDM-induced granulocytic and lym-
phocytic infiltrates in the airways, relative to wild-type
(WT) littermates (P = 0.03; Fig. 3A). Accompanylng
the increased inflammatory cells in gp130™" mice were
elevated cytokines (IL-4, IL-5, and IL-13), granulocyte-
recruiting chemokines and growth factors, C-C motif chemo-
kine 11 (CCL11) and granulocyte colony-stimulating
factor (G-CSF) (Fig. 3B), and elevated expression of
Muc5ac and Muc5b (fig. S2B). Collectively, these data
indicate that gp130-dependent signaling, including but
not exclusive to OSM, can exacerbate HDM-induced
airway inflammation.

HDM treatment of WT mice increased expression of
Osm in the lung and up-regulated Osmrin CD45 CD31~
epithelial cell adhesion molecule-positive (EpCAM™)
BAEC:s (fig. S2C), similar to observations made in epi-
thelial brushings from individuals with severe asthma
(Fig. 1A) and in BAEC-ALI cultures treated with OSM
(Fig. 2, F and H). Furthermore, Gp130”" mice, which
are hyperresponsive to all gp130-dependent cytokines,

mounted a greater response to HDM. To formally test whether
OSM could exacerbate airway inflammatory responses, we exposed
mice to HDM supplemented with rOSM (fig. S2D). Adding rOSM
to HDM amplified airway inflammation and significantly increased
airway granulocytes (eosinophils and neutrophils), lymphocytes
(P < 0.05; Fig. 3C), bronchoalveolar lavage (BAL) cytokines (IL-5,

Headland et al., Sci. Transl. Med. 14, eabf8188 (2022)
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IL-13, and IL-6), and the granulocyte chemokines and growth fac-
tors CCL11 and G-CSF (P < 0.05; Fig. 3D). These data support
previous reports demonstrating that adenovirus-driven overex-
pression of OSM can invoke cardinal features of airway allergy (54).

Similar to observations made in epithelial brushings from indi-
viduals with severe asthma (Fig. 1A) and in BAEC-ALI cultures
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Fig. 3. Exogenous OSM exacerbates murine HDM-induced airway inflammation. (A and
B) C57BL/6 gp130™ or gp130"™"" mice were treated with house dust mite (HDM; 10 ug in
25 ul) by the intratracheal route on days 0, 3, 7, 10, and 14 and analyzed on day 15 for
bronchoalveolar lavage (BAL) fluid infiltrates (A) and BAL cytokine and chemokine se-
cretions (B). n=5 mice per group, one of three representative experiments is shown. (C to
E) C57BL/6 mice were treated with HDM (10 pg in 25 ul) on days 0, 3, and 7 followed by

HDM (10 ug in 25 ul) with or without rOSM (50 ng) on days 10 and 14, as indicated. Addi-
tional control mice were treated with rOSM (50 ng) on days 10 and 14 only, by the intra-
tracheal route. Mice were analyzed on day 15 for BAL cellular infiltrates (C), BAL cytokine

and chemokine secretions (D), and Osmr, 1133, and Muc5ac gene expression in whole lung B
tissue (E). Data in (E) are presented as FC relative to PBS-treated mice.n =5 mice per group,
one of two representative experiments is shown. Data are presented as means + SEM.

Data were analyzed using Mann-Whitney tests. *P < 0.05.

treated with OSM (Fig. 2, F and H), OSM-supplemented HDM led
to greater Osmr, 1133, and Muc5ac expression in the lung (Fig. 3E).
rOSM alone was sufficient to invoke airway infiltration of eosino-
phils, with accompanying increases in IL-5 and CCL11 in BAL and
increased expression of Osmr and I133. HDM-specific recall re-
sponses in local draining lymph nodes remained largely unaltered,
suggesting that OSM-amplified responses were largely restricted to
the lung, with little impact on T cell-derived cytokines (fig. S2E).
These data support an OSM:OSMR axis contributing to a more se-
vere form of airway inflammation and asthma, with evidence of both
OSM-exacerbated inflammatory and mucus-producing responses
in the airways.

Osm is required for allergen-driven airway inflammation

and bacterial ligand-exacerbated airway inflammation
Several reports have identified elevated concentrations of OSM in
biofluids and biopsies from patients with asthma (26) and elevated
concentrations of OSM in preclinical airway inflammation mod-
els (55). As we show above, exogenous OSM can amplify allergen-
induced airway inflammation; however, whether endogenous OSM
is necessary for allergen-induced airway inflammation is unclear. We
therefore asked whether OSM was required for HDM-induced air-
way inflammation using Osm ™'~ mice. After HDM exposure, Osm ™~
mice had significantly fewer inflammatory cells in their airways
(P < 0.05; Fig. 4A) and reduced secretion of airway cytokines (P <
0.05; Fig. 4B), compared to Osm-sufficient WT littermates. In agree-
ment with the observation that OSM-induced MUC5AC, MUC5B,
and IL33 in human airway epithelial cells (Fig. 2H), Osm™'~ mice
had significantly reduced expression of Muc5ac, Muc5b, and 1133 in
lung tissue (P < 0.05; Fig. 4C), indicating that OSM is a critical com-
ponent of the HDM-driven response.

Bacterial components can induce OSM (22), which led us to hy-
pothesize that OSM could be an important conduit translating bac-
terial triggers into more severe airway inflammatory responses. The
presence of bacterial LPS in HDM could explain some of these re-
sults (13); however, we formally tested this hypothesis using LPS-
supplemented HDM-induced airway inflammation, to better model
bacterial-associated exacerbations and severe disease. Briefly, mice
were sensitized to HDM by the intratracheal airway exposure, fol-
lowed by HDM and LPS airway challenges. As expected, we ob-
served severe airway inflammation, with a robust neutrophilic influx,
accompanied by 5 to 10% eosinophils and lymphocytes (Fig. 4D),
reflective of severe human asthma (56). Under these more severe
conditions, Osm ™~ mice were protected to an even greater degree
(about 80% reduction in BAL neutrophils, compared to about 55%
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reduction in eosinophils in HDM model without LPS supplementa-
tion), with significantly fewer 1nﬁltrat1ng neutrophlls eosinophils,

lymphocytes, and BAL cytokines in Osm ™~ mice (P < 0.05; Fig. 4D).

This treatment regimen also led to the secretion of IL-6, G-CSF, and
C-X-C motif chemokine ligand 10 (CXCL10) into the airways, all
of which were dependent on OSM (Fig. 4E). These cytokine and
chemokines were also directly inducible by OSM in BEAC-ALI cul-
tures in vitro (Fig. 2F), suggesting that HDM/LPS induction of OSM
was contributing to these responses. These data support the thesis

50f 15



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A

2 1% 105 d 2 4x105 . 830x10°
[=% [=% (8]
2 £ 2
2 5x10° 3 2x10° g15x10°
[0} j =
2 3
& 0 5 T 00
HDM - + — + HDM - + — + HDM—+—+
+H+ - +H+ - e
Osm Osm Osm
B 60 * 300 - 200 .
Y=~ Q- Q@
=E =2E =2E
_i>30 _i> 150 _i>100
o Io <&
m m m
0
HDM — + — + HDM — + — + HDM — + — +
- - D
Osm Osm Osm
(o —~ —~ —
2300 « Q30 « Qs *
o _QL'L o
8 o [tole} [ R]
8 =150 S= 15 -4
st =2 e
€ o £ o €,
HDM - + — + HDM — + — + HDM — + — +
+/+ —/— +/+ —— +/+ —/—
Osm Osm Osm
D w5 0108 * 230x10° 85.0x10°
= S . =2
Q. Q [$]
e Q e
325x108 215x%10° g25x10°
5 ° s
-
& 00 & < 00
HDM:LPS— + — +

HDMLPS - + — +

=

HOMIBS — + = +

==

+/+ —- +/+ +/+

Osm Osm Osm
E 1000 * u 1900 o 800 .
e= QE 3=
=€ 035 750 E
> 500 8 & 400
<L < ge
o 23] <
0 HOMLPS =+ =+ B 9
HDM:LPS — + + ' o HDM:LPS - + — +

Fig. 4. Osm deficiency protects mice from type 2 (eosinophilic) and type 1 (neutrophilic) HDM-induced airway
inflammation. (A to C) C57BL/6 Osm™" or C57BL/6 WT mice were treated with intratracheal HDM (10 ugin 25 ul) on
days 0, 2, 4, 14, 16, 28, and 30 and analyzed on day 31 for BAL cellular infiltrates (A), BAL cytokine and chemokine
secretions (B), and Muc5ac, Muc5b, and 1133 gene expression in whole lung tissue (C). n=5 mice per group, one of
three representative experiments is shown. *P < 0.05. (D and E) C57BL/6 Osm™~ or C57BL/6 WT mice were treated
with intratracheal HDM (10 ug in 25 pl) supplemented with LPS (5 ug per mouse) on days 0, 2, 4, 14, 16, 28, and 30 and
analyzed on day 31 for BAL infiltrates (D) and BAL cytokine and chemokine secretions (E). n =5 mice per group, one
of three representative experiments is shown. Data are presented as means + SEM. Data were analyzed using

Mann-Whitney tests; *P < 0.05. Keratinocytes-derived chemokine (KC).

that OSM is an important component of allergen-driven and bacterial-
associated severe airway inflammation.

A potent anti-OSM blocking antibody prevents
allergen-driven airway inflammation and bacterial
ligand-exacerbated airway disease

The observations in Osm ™~ mice prompted us to develop an anti-
OSM blocking antibody (24.A8) to test whether therapeutic block-
ade of OSM in mice with established airway disease could reduce
further allergen-driven inflammation. The hybridoma-derived anti-
body 24.A8 was generated by immunizing hamsters with murine

Headland et al., Sci. Transl. Med. 14, eabf8188 (2022) 12 January 2022

OSM, and then the molecularly cloned
antibody was reformatted into murine
IgG2a for further studies. Binding ki-
netics were determined using surface plas-
mon resonance. Clone 24.A8, which had
a fast on-rate and slow off-rate, had pico-
molar monovalent binding affinity for
murine OSM (Fig. 5A). Using the mouse
MLg fibroblast cell line, which is fully
responsive to rOSM [half-maximal re-
sponse; median effective concentration
(ECs0); 2 ng/ml; Fig. 5B], we determined
0 median inhibitory concentration (ICsp)
values for 24.A8 in the 1 nM range (Fig. 5C).
To test the pharmacodynamic (PD) prop-
erties of 24.A8, we treated mice with
24.A8 (20 mg/kg) by intraperitoneal in-
jection, 24 hours before administering
rOSM by the intratracheal route. We
then measured phosphorylated STAT3
(pSTAT3) and pSTATS5 in whole lung
tissue lysates 15 min after OSM treat-
ment. At 20 mg/kg, 24.A8 completely
blocked OSM-induced pSTAT3 and
pSTATS5 (Fig. 5, D and E), highlighting
the in vitro and in vivo potency of 24.A8.
Pharmacokinetics (PKs) of 24.A8 were
characterized after a single intravenous
dose of 10 or 30 mg/kg in female C57BL/6
mice. 24.A8 demonstrated apparent bi-
phasic distribution characterized by a
rapid initial distribution phase followed
by a slower elimination phase (Fig. 5F).
Linear and dose-proportional [C,,x and
AUC (area under the concentration-
time curve)] PKs were observed between
10 and 30 mg/kg, with clearance rang-
ing from 2.9 to 3.5 ml/day per kilogram
(table S3). After the favorable charac-
terization of 24.A8 in vitro and in vivo,
we tested the therapeutic potential of
blocking OSM in mice with established
HDM-driven and HDM/LPS-driven se-
vere airway inflammation. As expected,
HDM rechallenge induced significant
airway eosinophilia (P < 0.01), whereas
HDM/LPS rechallenge induced severe
neutrophilic inflammation (Fig. 5, G
and H). In both cases, blockade of OSM with 24.A8 before rechal-
lenge with HDM or HDM/LPS significantly reduced granulocytic
inflammation (P < 0.05; Fig. 5, G and H). Accompanying the re-
duction in airway granulocytes was a significant reduction in
inflammatory cytokines and chemokines (IL-4, IL-5, IL-13, and
CCL11 in HDM alone; IL-6, G-CSF, CXCL10, and CXCL1 in
HDMY/LPS) (P < 0.05; Fig. 51 and fig. $3). Collectively, these data
indicate that OSM, whether endogenous, exogenous, or func-
tional only during rechallenge, contributes to airway inflammation
and more profoundly during bacterial endotoxin-exacerbated
airway inflammation.

BAL, IL-13
(pg/ml)
o
o

BAL, CXCL1 (KC)
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OSM contributes to LPS-induced airway inflammation

and drives broad inflammatory responses in tissue

Bacterial dysbiosis and bacterial components are frequently detected in
individuals with severe asthma both during stable disease (9, 10) and
in patients suffering exacerbations of disease (12). In preclinical models,
bacterial components and TLR4 are required for allergen-induced
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Fig. 5. Anti-OSM antibody characterization, pharmacodynamics, pharmacokinetics,
and efficacy. (A) Binding kinetics of anti-mouse OSM (24.A8) determined using sur-
face plasmon resonance, showing fast on-rate (association, K,), slow off-rate (disso-
ciation, Kg), and picomolar monovalent binding affinity (Kp). Data are presented as
relative units (RUs). (B) ECso values for anti-OSM were determined in mouse MLg
fibroblast cell lines stimulated with rOSM (ECso, 2 ng/ml) by measuring pSTAT3.
(€) ICs0 values were determined for anti-OSM in mouse MLg fibroblast cell lines stim-
ulated with rOSM (2.5 ng/ml). Iso indicates isotype control antibody. Data are pre-
sented as means + SEM. (D and E) Pharmacodynamic (PD) properties of anti-OSM
antibody were determined in mice treated with anti-OSM (20 mg/kg, ip) 24 hours
before administering rOSM (50 ng in 25 pl) by the intratracheal route. pSTAT3 (D)
and pSTATS5 (E) were measured in whole lung tissue lysates after 15 min. Data are
presented as means + SEM. Data were analyzed using Mann-Whitney test. (F) Phar-
macokinetic (PK) properties of anti-OSM were characterized after a single intrave-
nous dose of 10 or 30 mg/kg in female C57BL/6 mice. (G to I) C57BL/6 WT mice were
treated with intratracheal HDM (10 pg in 25 pl) or HDM supplemented with LPS (5 ug
per mouse), as indicted, on days 0, 2, 4, 14, 16, 28, and 30 and analyzed on day 31 for
BAL infiltrates (G and H) and BAL cytokine and chemokine secretions (l). Mice
were given an isotype control (Iso; 20 mg/kg, mouse anti-gp120) or anti-OSM on
days 27 and 29, 1 day before HDM or HDM:LPS challenge. N =5 mice per group, one
of three representative experiments is shown. Data in (G) to (I) are presented as
means + SEM. Data were analyzed using Mann-Whitney tests. *P < 0.05.

airway inflammation (15, 16); however, the molecular mechanisms
translating these microbial triggers into allergen-related airway dis-
ease remained unclear. The observations that OSM was required for
both HDM-induced and, in particular, HDM/LPS-induced airway
inflammation (Figs. 4 and 5) led us to test the hypothesis that OSM
is a critical component that translates LPS exposure to asthma-like
manifestations. We simplified the airway inflammation model to a
single LPS exposure to test whether LPS induced OSM in vivo and,
if so, the nature of OSM-dependent LPS responses. After acute LPS
exposure, Osm was significantly increased in the lungs of WT, but
not Osm™"~, mice (P < 0.01; Fig. 6, A and B), validating this experi-
mental setup. Transcriptional analysis of lung tissue at 4 hours after
LPS exposure identified differences between in gene expression be-
tween WT and Osm ™~ mice (P < 0.05; Fig. 6, C to F). The absence
of Osm resulted in fewer differentially expressed genes (DEGs)
(3624 DEGs in WT compared to 2118 DEGs in Osm™; Fig. 6D),
and although 1560 LPS-induced genes were unaffected by the ab-
sence of Osm (Fig. 6E and fig. S4), we identified 2064 DEGs that
were OSM dependent (differentially regulated in WT, but not in
Osm™'~ mice) (Fig. 6F). Of particular note, LPS induced OSM-
dependent inflammatory genes (I136a, Aldhla3, Traf2, Crp, Ccr2,
Ccr4 and Cxcr4, 1112rb, 111871, and l1r1), including many genes with
a clear type 2, proallergic bias (II5, 1133, 1116, 1119, 1l13ra2, Il31ra,
Osm, Ccl17, and Gfil) (57), supporting the mechanistic explanation
of LPS-induced OSM as an important component of an asthma-like
response in the airways. Furthermore, airway delivered LPS-induced
systemic responses, including serum G-CSF and IL-5, which were
both significantly reduced in the absence of OSM (P < 0.05; fig. S4).
Beyond inflammatory genes, LPS induced expression programs in-
volved in nitric oxide signaling (Hmgal, Ifgr2, Nos2, Ikbke, Jakl,
Jak3, Ly96, and Stat1), microbial recognition and responsiveness
(TIr1, Tir4, Tlr9, and Camp, encoding cathelicidin antimicrobial
peptide), and tissue injury and remodeling (Coll1a2, Coll3al,
Col22al, Pgf, Dio2, Muc4, Mmp3, Mmp14, and Adam17) (Fig. 6F),
all of which were dependent on OSM.
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These data indicate that OSM is an important and nonredun-
dant component of the host response to bacterial LPS. To test
whether OSM contributes to airway inflammatory responses after a
live, metabolically active bacterial infection and whether OSM is
necessary for antibacterial immunity, we infected WT mice with 10*
K. pneumoniae and treated mice with anti-OSM or anti-gp120 control
antibody. Anti-OSM-treated mice had significantly fewer airway
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Fig. 6. OSM drives tissue inflammation after exposure to en-
dotoxin signals. (A) C57BL/6 Osm™" or C57BL/6 WT mice were
given LPS (5 ug) by the intranasal (i.n.) route and LPS-induced re-
sponses measured after 4 hours. (B to F) Transcriptional responses
in the lung after LPS treatment were determined by RNA-seq.
(B) Osm expression in whole lung tissue is shown. Data are presented
as means = SEM. Data were analyzed using Mann-Whitney
test. (C) DEGs in lung tissue from C57BL/6 Osm™" or C57BL/6 WT
mice after LPS treatment are shown. N.C., No change. (D) The Venn
diagram showing common and unique DEGs in C57BL/6 Oosm™~
or C57BL/6 WT mice. (E) Common and quantitative DEGs in lung
tissue after LPS treatment are shown as FC values. (F) OSM-
dependent DEG in lung tissue after LPS treatment is shown in the
table. (G) Human precision cut lung slices (PCLSs) were stimulated
with LPS in the presence of anti-human OSM-blocking antibody
or an isotype control antibody. Three human PCLS donors were
used with three technical replicates. (H) Induction of OSM in
human PCLS is shown as FC relative to PBS-treated donor-matched
PCLS. Data are presented as means = SEM. Data were analyzed
using paired t test. (I to K) Transcriptional responses in PCLS after
LPS treatment were determined by RNA-seq. () The Venn diagram
shows common and unique DEGs in PCLS treated with LPS in the
presence of anti-human OSM-blocking antibody or an isotype con-
trol antibody. LPS-induced, OSM-dependent (J), and OSM-regulated
(K) genes are shown. (L) Expression of OSM (top) and OSMR (bot-
tom) on individual cell types is shown using scRNA-seq of healthy
human lung tissue. tSNE, t-distributed Stochastic Neighbor Embed-
ding; NK, natural killer; DC, dendritic cell. (M and N) LPS-induced
OSM secretion from primary human MDMs (M) or mouse bone
marrow-derived macrophages (BMDM:s) (N) is shown. Data are
presented as means + SEM. Data were analyzed using Mann-Whitney
tests. (0) The requirement of OSM from donor LPS-activated BMDM
(top) and the requirement of OSM in recipient mice (bottom) were
evaluated in vivo. i.t., intratracheal. (P) Osm expression was mea-
sured in isolated lung tissue from recipient C57BL/6 Osm™~ or
C57BL/6 WT mice given WT or Osm™~ BMDM treated with LPS or
PBS, as indicated. (Q) Expression of Muc5ac, 1133, IL5, IL6, II1b, and
11369 was measured in isolated lung tissue in recipient C57BL/60sm ™~
or C57BL/6 WT mice given WT or Osm™~ BMDM treated with LPS or
PBS, as indicated. n=5 mice per group with one of two represents
experiments shown. Data in (P) and (Q) are presented as FC relative
to group 1. Means + SEM are shown. Data were analyzed using
Mann-Whitney tests. *P < 0.05.

neutrophils compared to anti-gp120-treated mice (P <
0.05; fig. S5A) and had significantly lower expression
of Muc5ac, Muc5b, Clcal/Gob5, Cxcl10, and Cxcll at
multiple time points after infection (P < 0.05; fig. S5B).
These data support an important and nonredundant
role for OSM in bacterial-driven airway inflammation
and mucus hypersecretion. Illa, Il1b, and 116 were
similar between anti-gp120- and anti-OSM-treated
mice (fig. S5C), and there was no difference in bacterial
colony-forming units per lung in anti-OSM-treated mice
(fig. S5D). These data align with what we observed

with LPS alone in WT versus Osm ™~ mice (Fig. 6, A to E) and suggests
that, although some inflammatory pathways are mediated by OSM,
antibacterial immunity per se may not be compromised in the absence
of OSM activity.

To test whether OSM contributed to LPS-induced responses in the
human lung, we treated PCLSs obtained from healthy human do-
nors with LPS for 4 (fig. S6A) or 24 hours (Fig. 6G) in the presence
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or absence of anti-human OSM. As observed in murine lungs, LPS
induced OSM in human PCLS (Fig. 6H) and led to both quantitative
and qualitative transcriptional differences between PCLS treated
with LPS or LPS + anti-OSM (Fig. 6I; P < 0.05). The overlap of
LPS-induced, OSM-dependent genes in human PCLS and LPS-
induced, OSM-dependent genes in mouse lung at 4 hours was very
small (fig. S6A), which may be due to different cellular composi-
tions between human PCLS and live mice, blocking function of
commercially available anti-human OSM, or species differences in-
cluding the use of OSMR and leukemia inhibitory factor receptor
alpha (LIFR) with gp130 in human tissues, compared to OSMR and
gp130 in mice. Nevertheless, many LPS-induced, OSM-dependent
(Fig. 6]), and OSM-regulated (Fig. 6K) genes were identified in hu-
man PCLS. In particular, we identified OSM-dependent inflamma-
tory genes [CCL15, TNFRSF9 (4-1BB), CCL2, CCL5, CCL7, CCL22,
CCL24, CSF1, CD274 (PDL1), and CD200] and genes involved in
microbial recognition and responsiveness (CD14 and TLR2) (Fig. 6]).
Unlike preclinical murine studies (Fig. 6E), human OSM contributed
to LPS-induced IL1A, ILIB, CXCL10, CCL4, and CXCL3, in addi-
tion to IL19 and CCLI (Fig. 6K). Collectively, these data identify a
previously underappreciated role for OSM in translating bacterial
endotoxin recognition into inflammatory responses in both murine
and human lung tissue.

Last, to identify putative LPS-responsive OSM-producing cells
in the lung and to test how these cells could translate bacterial endo-
toxin recognition into inflammatory responses, we performed single-
cell RNA sequencing (scRNA-seq) on fresh human lung tissue and
identified macrophages as the dominant cell type expressing OSM,
with BAEC and type II airway epithelial cells, smooth muscle cells,
and fibroblasts (F) expressing the OSMR (Fig. 6L). Confirming pre-
vious reports, LPS potently induced OSM in human monocyte-
derived macrophages (MDMs) and murine bone marrow-derived
macrophages (BMDMs) (Fig. 6, M and N), suggesting that lung
macrophages could be responsible for recognizing bacterial com-
ponents and translating these into local inflammatory responses
by the secretion of OSM. To test this hypothesis in vivo, we gen-
erated BMDM from WT and Osm ™'~ mice and treated them with
phosphate-buffered saline (PBS) or LPS in vitro for 2 hours before
adoptively transferring them into the lungs by intratracheal deliv-
ery (Fig. 60). In lungs isolated 4 hours after macrophage transfer,
Osm transcripts were significantly increased in mice receiving WT,
but not Osm™"~ BMDM, suggesting that transferred macrophages were
the dominant source of Osm in this experimental system (P < 0.05;
Fig. 6P). Mice receiving LPS-treated WT or Osm™'~ BMDM showed
comparable expression of 116, 111b, and 1136g in lung tissue; however,
mice receiving WT BMDM showed significantly more Muc5ac, 1133,
and II5 expression relative to mice receiving Osm™'~ BMDM (P <
0.05; Fig. 6Q). Serum G-CSF and IL-5 were also significantly greater
after infusion of WT BMDM, relative to Osm™'~ BMDM (P < 0.05;
fig. S6B), supporting the notion that macrophage-derived OSM is
both necessary and sufficient to translate bacterial recognition into
proallergic inflammatory responses.

DISCUSSION

Respiratory diseases including asthma are increasingly common and,
at times, incapacitating. Acute exacerbations of disease, often leading
to hospitalization with increased inflammation, mucus hypersecre-
tion, and airway hyperreactivity, are approvable clinical endpoints
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for new therapeutics, highlighting the importance and impact of
such events on patients’ lives. Identifying the triggers of acute exac-
erbations, the molecular consequences of exposure to such triggers,
and points of therapeutic intervention to prevent acute exacerba-
tions is a major unmet need for people with asthma (6, 7).

Opportunistic bacterial infections or microbial dysbiosis has been
reported in a variety of airway diseases, including asthma (8-10, 12, 58),
during influenza infections (59) and, more recently, in patients with
severe coronavirus disease 2019 (COVID-19) (60). Furthermore, an
endotoxin challenge can invoke an airway inflammatory response
(61-63), supporting the hypothesis that bacterial infections may drive
disease progression or acute exacerbations (64) in patients with
asthma. Many allergens contain bacterial products, such as LPS (13)
or LPS mimics (14) and preclinical models of asthma requiring LPS
and LPS recognition receptors for allergen-induced airway inflam-
mation (15, 16), further supporting the notion that bacterial compo-
nents contribute to the development, progression, and exacerbation
of asthma. Responses to LPS have been extensively studied, particu-
larly the induction of proinflammatory mediators such as IL-1a, IL-1B,
TNF-0, and IL-8 (21). However, it has also been appreciated for
many years that bacterial components induce OSM through a p38/
mitogen-activated protein kinase-activated protein kinase 2-dependent
pathway (65) with elevated plasma OSM correlating with plasma
LPS in patients with severe COVID-19 (60). Despite these observa-
tions, it remained unclear whether OSM and bacterial-driven OSM
contribute to the development, progression, or exacerbation of
asthma and other inflammatory airway diseases.

OSM is elevated in a subset of patients with severe asthma
(24, 26), is secreted by a variety of immune cells observed in patients
with asthma (22, 24, 66, 67), and has been proposed as a disease
biomarker (68). As we report here, OSM may also be a mechanistic
contributor to disease pathogenesis. In this study, we provide evi-
dence that LPS-induced OSM is a critical conduit, connecting bac-
terial exposure to many of the pathophysiological responses
observed in severe asthma, including airway inflammation and
mucus hypersecretion. Using ex vivo human biopsies from patients
with asthma, scRNA-seq data from human lung biopsies, and pri-
mary human and mouse cells, we found that lung macrophages rep-
resent a major source of OSM and that OSM-driven responses in
epithelial and mesenchymal cells recapitulate many key features ob-
served in patients with severe asthma, including inflammatory and
mucus-secreting responses. Supporting a scientific rationale for tar-
geting OSM, we demonstrate using Osm ™'~ mice and an anti-OSM
blocking antibody that OSM is an important nonredundant path-
way in HDM, LPS, HDM + LPS, and K. pneumoniae—driven airway
inflammation and mucus production. Mechanistically, using LPS-
stimulated WT or Osm-deficient macrophages, we demonstrate that LPS
drives OSM secretion from human and murine macrophages and
that macrophage-derived OSM is both necessary and sufficient to induce
local mucus production and local 1133 expression and to invoke sys-
temic granulocyte-recruiting responses, including G-CSF and IL-5.

OSM activates a variety of cells in the lung and induces many of
the inflammatory and pathological features observed in severe asthma
(27-32). In our cohort of patients with severe asthma, BAEC had
elevated OSMR, IL33, and SPDEF expression, all of which are in-
duced by OSM, supporting an OSM-driven feed-forward loop lead-
ing to inflammatory and mucus-producing pathways. Coupled with
many observations reporting dysbiosis in patients with severe asthma
(64), these data support a model where bacterial dysbiosis in the lung
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of patients with asthma may be a key driver of OSM, contributing to
disease progression.

Of the many factors induced by OSM, IL33 was elevated in pri-
mary human airway epithelial cells, fibroblasts, and ASMs and has
emerged as an attractive therapeutic target in asthma (69). In addition
to its role in type 2 biology, IL-33 contributes to IL-13-independent
(70) and non-type 2 airway responses (71), suggesting that signals
beyond classical type 2 biology, including bacterial-associated sig-
nals, may be drivers of IL-33 in asthma. IL-33 and soluble interleukin 1
receptor like 1 (ST2), a receptor for IL-33, contribute to a variety of
antibacterial responses (72), including LPS tolerance (73) and neu-
trophil migration during sepsis (74). Although IL33 may be induced
by a variety of factors beyond OSM, in both allergen- and LPS-driven
airway inflammatory settings presented here, I133 induction was de-
pendent on OSM, suggesting that OSM is a regulator of IL-33 in
these settings. OSM-driven IL-33 in the lungs of mice, after ad-
ministration of an adenovirus-encoding OSM, has previously been
observed (46), but the dependency and requirement of physiologi-
cal and endogenous OSM for IL-33 had not been established. Data
presented here, demonstrating that LPS-induced IL-33 is dependent
on OSM, identify OSM as an attractive therapeutic target for air-
way diseases where IL-33 has previously been implicated (69, 71).

Mucus hypersecretion is a major disease trait in many patients
with asthma, cystic fibrosis (CF), chronic obstructive pulmonary
disease, and non-CF bronchiectasis, and identifying factors driving
mucus hypersecretion has been a major focus for therapeutic inter-
vention for many years (75). We observed that both mutant mice
with a gain-of-function mutation in gp130 and gp130”* and WT
mice given exogenous rOSM had increased Muc5ac expression in the
lung, suggesting that gp130 signaling and OSM contribute to mucus
hypersecretion. Furthermore, using loss-of-function approaches, in-
cluding Osm™"~ mice, WT mice given anti-OSM blocking antibodies,
or WT mice given Osm™'~ macrophages, we demonstrated that air-
way mucus production was dependent on OSM and that macrophage-
derived OSM may be an important source of OSM after LPS exposure.
These data, and previous studies with adenoviral vectors overex-
pressing OSM leading to increased mucus (54), indicate that OSM
both can contribute to mucus hypersecretion and is necessary for
mucus secretion in allergen-exposed mice. However, these data do
not identify whether OSM is a direct or indirect driver of mucus in
the airways. Primary human BAECs grown at an ALI treated with
OSM led to phosphorylation of STAT3, STAT4, and STAT5 within
15 min; up-regulated a suite of genes involved in goblet cell differ-
entiation within 6 hours, including MUC5B, BPIFB1, MUCI, and
MUC4; and adopted goblet cell staining characteristics with extra-
cellular mucus secretion after 3 days and for up to 14 days. These
data demonstrate that, in addition to IL-13 (76), OSM is a direct
inducer of mucus secretion from airway epithelial cells adding to
the appeal of OSM as a therapeutic target to treat inflammatory air-
way diseases associated with mucus hypersecretion.

IL-6 has been proposed as a therapeutic target for severe asthma
(77). As we show here, OSM is also a potent inducer of IL6 in pri-
mary human lung fibroblasts and ASMs. We also show that secre-
tion of IL-6 into the airways of mice after HDM/LPS exposure is
dependent on OSM. It has also previously been demonstrated that
OSM-driven pulmonary inflammation is dependent on IL-6 (78).
Although there are likely to be many drivers of IL-6, determining
whether blocking OSM also reduces IL-6 in the clinic could identify
an additional benefit of targeting OSM.
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Our study has several limitations. Further studies should deter-
mine the expression of OSM in the BAL fluid, lung tissue, and plas-
ma of patients with severe asthma during stable disease, during a
bacterial-associated exacerbation of symptoms, and after the reso-
lution of symptoms. Antagonizing OSM in the clinic has identified
an important role for OSM in maintaining systemic platelet con-
centrations. Although this is dose dependent and reversible, close
monitoring of platelets would be required.

Nevertheless, OSM blockade reduced many of the pathophysio-
logical features associated with asthma in vitro and in vivo; however,
OSM blockade did not affect critical antibacterial pathways such as
IL-10, IL-1B, and TNF-o (21) and did not compromise antibacterial
immunity. Together, these results provide a scientific rationale support-
ing the clinical development of therapeutics targeting OSM to prevent
asthma progression and bacterial-driven exacerbations of disease.

MATERIALS AND METHODS

Study design

The objective of this study was to identify pathways that may con-
tribute to severe asthma from patient biopsies and to test these can-
didate using in vitro and in vivo preclinical models. For all
experiments, the number of replicates and statistical test used are
reported in the figure legends. The reported replicates refer to bio-
logical replicates. All in vitro experiments in the main text were per-
formed at least three times, and no outliers or other data points were
excluded. For in vivo experiments, cages of mice were randomly
assigned to treatment groups. The scientists treating the mice were
not blinded to the names of treatment groups.

Human clinical cohorts

Patients with moderate asthma and healthy controls were partici-
pants in the Study of the Mechanisms of Asthma (NCT00595153)
(79). Biomarkers in Corticosteroid-refractory Asthma (BOBCAT)
(41) was a multicenter observational study conducted in the United
States, Canada, and the United Kingdom of 67 adult patients with
moderate-to-severe asthma. Inclusion criteria required a diag-
nosis of moderate-to-severe asthma (confirmed by a forced expira-
tory volume in 1 s) between 40 and 80% of predicted value and
evidence within the past 5 years of >12% reversibility of airway ob-
struction with a short-acting bronchodilator or methacholine sen-
sitivity (PC20 < 8 mg/ml) that was uncontrolled [as defined by at
least two exacerbations in the prior year or a score of >1.50 on the
Asthma Control Questionnaire 5 (ACQ5) while receiving a stable
dose regimen (>6 weeks) of a high dose of inhaled corticosteroids
(>1000-pug fluticasone or equivalent per day)] with or without a
long-acting B-agonist. Post hoc analysis of datasets generated from
bronchial brushings from healthy controls or patients with mod-
erate and severe asthma was performed using Ingenuity Pathway
Analysis (IPA) (42).

Mice

C57BL/6 WT, C57BL/6 Osm ™~ (C57BL/6N-A"5 Qs ™ 1PKOMPIWEiy
JMmucd; Mutant Mouse Resource and Research centers (MMRRC)
stock number 048921-UCD), and gp130F/F female mice (53), 4 to
8 weeks old, were used for our studies. Mice were kept in a stan-
dard 12-hour light/12-hour dark cycle under specific pathogen—free
conditions and were allowed free access to sterile food and water. All
mouse experimentation protocols were approved by the Laboratory
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Animal Resources Committee at Genentech Inc. and adhered to the
National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

In vivo PD and airway inflammation efficacy models

For PD studies, mice were treated with 24.A8 or isotype control anti-
body [20 mg/kg, intraperitoneally (ip)] on day 0, followed by 50 ng
of recombinant murine OSM by the intratracheal route. After 15 min,
mice were euthanized with lungs aseptically removed, and cell lysates
were recovered and used for pSTAT3 assay using Meso Scale Discov-
ery (MSD) assays, following the manufacturer’s recommendations.

For acute HDM-induced airway inflammation, mice were anes-
thetized with an intraperitoneal injection of ketamine (40 mg/kg)
with dexmedetomidine (1 mg/kg). Once anesthetized, mice were
treated with HDM (Greer, 10 pg in 25 pl) by the intratracheal route.
After HDM treatment, mice were administered an intraperitoneal
injection of atipemazole (5 mg/kg) to accelerate recovery from an-
esthesia. Using a submaximal model to identify whether OSM could
increase airway inflammation, mice were given HDM on days 0, 3,
7,10, and 14 and analyzed on day 15 for airway infiltrates. In some
experiments, mice were given HDM supplemented with recombi-
nant murine OSM (50 ng) on days 10 and 14 and analyzed on day 15.

For models of established airway inflammation, mice were treated
with HDM (Greer, 10 pg in 25 pl) on days 0, 2, 4, 14, 16, 28, and 30
and analyzed on day 31. In some experiments, mice were treated
with HDM (Greer, 10 pg in 25 pul) supplemented with LPS (5 ug per
mouse) on days 0, 2, 4, 14, 16, 28, and 30 and analyzed on day 31.
For isolation of airway epithelial cells at day 31, mice were eutha-
nized and perfused, and lungs are excised. Lungs were digested with
collagenase, dispase II (Roche), and deoxyribonuclease 1 (DNase 1)
(New England Biolabs), before washing, staining, and fluorescence-
activated cell sorting (FACS). For histology, lungs were fixed in 10%
neutral-buffered formalin, trimmed, processed, and paraffin-embedded,
and 4-um sections were stained with Alcian blue-periodic acid-
Schiff (AB-PAS). Airway goblet cell hyperplasia severity was scored
blinded to treatment group using a semiquantitative scale from 0 to
3, subjectively reflecting none, <25, 25 to 50, and >50% airway epi-
thelial coverage by AB-PAS" goblet cells.

For LPS-induced airway responses, mice were anesthetized with
an intraperitoneal injection of ketamine (40 mg/kg) with dexmede-
tomidine (1 mg/kg), given LPS (Sigma-Aldrich; 5 ug per mouse) by
the intranasal route, and then given an intraperitoneal injection of
atipemazole (5 mg/kg) to accelerate recovery from anesthesia. Mice
were euthanized after 4 hours for analysis.

For K. pneumoniae infection studies, BALB/c mice were anesthe-
tized with an intraperitoneal injection of ketamine (75 to 80 mg/kg)
with xylazine (7.5 to 15 mg/kg), given 10* bacteria by the intranasal
route, and treated with anti-OSM or anti-gp120 control antibody.
Cohorts of mice were analyzed at 24, 72, and 168 hours after infec-
tion for airway inflammation, gene expression, and bacterial burden,
as previously described (80).

For macrophage transfer experiments, BMDMs were generated
from C57BL/6 WT or C57BL/6 Osm ™'~ mice, as described in the “Cell
culture” section, and stimulated with LPS (50 ng/ml) or PBS in
suspension. After 2 hours, BMDMs were washed three times with
10 volume washes of PBS before 1 x 10° BMDMs were transferred,
by the intratracheal route in 25 pl, to anesthetized recipient C57BL/6
WT or C57BL/6 Osm™'~ mice. After a further 4 hours, mice were
euthanized.
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In all experiments, mice were euthanized with pentobarbital so-
dium (390 mg/ml) and phenytoin sodium (50 mg/ml; Euthasol,
Virbac Animal Health) (200 mg/kg) with blood recovered during
terminal exsanguination. Serum was separated using serum separator
tubes (Starstedt). Total BAL cells and differential cell counts were
determined from two BAL washes. First, 500 pl of ice-cold PBS
was used to lavage the airspaces for cellular and analyte analyses. A
second lavage of 2 x 500 ul was used for additional cellular recovery.
Lungs were recovered in RNAlater and stored at 4°C for 24 hours,
before longer storage at —80°C before RNA recovery.

Reagents, Luminex, and pSTAT analysis

Human and murine chemokine and cytokine concentrations were
assayed by Luminex technology using Bio-Plex Pro (Bio-Rad Labo-
ratories) according to the manufacturer’s instructions. Fluores-
cence intensities (FIs) from the labeled beads were read using
FlexMaps instrument (Luminex Corp). FIs from diluted standards
were used to construct standard curves using Bio-Plex Manager
software (Bio-Rad Laboratories) using either 4- or 5-pl regression
type. Data are presented as average of duplicate measurements. Re-
combinant human and mouse OSM was Spurchased from R&D
Systems. Murine and human pSTAT3 (Tyr70 ), pPSTAT4 (Tyr693), and
pSTAT5a and pSTAT5b (Tyr®*) were measured in either murine lung
tissue lysates 15 min after intratracheal delivery of rOSM, in MLg
fibroblast cell lysates after treatment with rOSM with or without
anti-OSM (24.A8), or in lysates from primary human BAECs, pri-
mary human fibroblasts, or primary human ASMs according to the
manufacturer’s instructions (MSD).

RNA-seq, scRNA-seq, IPA, and quantitative reverse
transcription polymerase chain reaction

Tissue and cell samples were collected RN Alater (Qiagen) for storage
or directly into TRIzol (Thermo Fisher Scientific) for processing.
After tissue dissociation and lysis, lysates were mixed with chloro-
form and centrifuged at 13,000g for 15 min. The resulting aqueous
phase was mixed with a 1.5x volume of absolute ethanol before puri-
fication using Qiagen RNeasy columns following the manufacturer’s
recommendations. RNA integrity was assessed using a bioanalyzer
before RNA-seq or quantitative reverse transcription polymerase chain
reaction. Purified RNA (100 ng) was reverse-transcribed using iScript
(Bio-Rad) following the manufacturer’s instructions, and the fol-
lowing TagMan probes (Thermo Fisher Scientific) were used: mu-
rine Muc5ac (MmO01276718_m1), Muc5b (Mm00466391_m1), 1133
(MmO00505403_m1), I15 (Mm00439646_m1), Il6 (Mm00446190_m1),
1116 (Mm00434228_m1), I136g (I11f9)(MmO00463327_m1), and Osmr
(MmO01307326_m1); human OSM (Hs00171165_m1). For RNA-seq,
transcriptome profiles were generated using TruSeq RNA Access
technology (Illumina). RNA-seq reads were processed using the
HTSeqGenie R package (v.4.2.2). Briefly, RNA-seq reads were first
aligned to ribosomal RNA sequences to remove ribosomal reads.
The remaining reads were aligned to the mouse reference genome
(GRCm38) using Genomic Short-read Nucleotide Alignment Pro-
gram (GSNAP) (1, 2) version 2013-11-10, allowing a maximum of
two mismatches per 75-base sequence (parameters: -M 2 -n 10 -B
2-11-N1-w 200000 -E 1-pairmax-rna = 200000 —clip-overlap). To
quantify gene expression, we counted the number of reads aligning
within exons of gene models provided by GENCODE basic (v.27). We
used the DESeq2 package (https://doi.org/10.1186/s13059-014-0550-8)
to determine differential expression between test and control samples.
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We used package defaults for size factor calculation, dispersion es-
timation, and model fitting.

Human scRNA-seq sample preparation, library construction,
and analysis

After BAL, fresh lung tissue samples from transplant rejections were stored
in complete media containing high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) with 10% heat-inactivated fetal bovine serum (FBS),
2 mM 1-glutamine, and 0.5% penicillin-streptomycin on wet ice over-
night. The tissue was washed in Hanks’ balanced salt solution (HBSS)
and then thoroughly minced in digestion buffer [HBSS; collagenase
D (2.5 mg/ml) and DNAse (100 pg/ml)]. Minced tissue was rocked
for 45 min at 37°C. Residual tissue material was transferred into fresh
digestion buffer and rocked for another 45 min at 37°C. Single cells
from both rounds of digest were combined and used for down-
stream analyses.

Single-cell preparations were labeled with a cocktail of fluores-
cently labeled antibodies including CD45 brilliant ultraviolet 421
(1:200 dilution; BD Biosciences, catalog no. 563792), EpCAM phyco-
erythrin (PE) (1:100 dilution; BD Biosciences, catalog no. 566841),
CD31 PE-CY7 (1:100 dilution; BD Biosciences, catalog no. 563651),
CD90 allophycocyanin (1:200 dilution; BD Biosciences, catalog no.
561971), and Live/Dead eFluor 780 (1:1000; Invitrogen, 65-0865-14)
diluted in PBS containing 1% FBS for 20 min and then subjected to
FACS to isolate specific populations. scRNA-seq library prepara-
tion was performed using the 10x Genomics Chromium platform
with a Single Cell 3’ Library and Gel bead kit v2 following the man-
ufacturer’s user guide (10x Genomics). In brief, the cell density and
viability of single-cell suspension were determined by a Vi-CELL XR
cell counter (Beckman Coulter). All of the processed samples had
high percentage of viable cells. The cell density was used to impute
the volume of single-cell suspension needed in the reverse tran-
scription master mix, aiming to achieve about 6000 cells per sample.
Complementary DNAs and libraries were prepared following the
manufacturer’s user guide (10x Genomics). Libraries were profiled
by a Bioanalyzer High-Sensitivity DNA kit (Agilent Technologies)
and quantified using the Kapa Library Quantification Kit (Kapa
Biosystems). Each library was sequenced in one lane of HiSeq 4000
(Illumina) following the manufacturer’s sequencing specification
(10x Genomics).

Sequencing reads were assembled and aligned against the
GRCh38 human reference using Cell Ranger v3.0.2 (10x Genomics).
Expression count matrices were analyzed using the Seurat v3.1 (81)
R package (82). Only cells with >500 features and <5% total mito-
chondrial feature counts were retained for analysis. Normalization
was performed using the log-normalization method. About 4000
highly variable features were selecting using the mean/variance re-
gression method for sample integration and clustering after removal
of immunoglobulin and T cell receptor variable domain features
from the highly variable feature set. Sample integration and batch
correction were performed using the anchor-based sample integra-
tion workflow. Clustering was performing using 20 principal com-
ponents analysis components on a k = 20 shared nearest-neighbor
(SNN) graph using the Louvain algorithm. Uniform manifold ap-
proximation and projection for dimensional reductions were per-
formed using umap-learn v0.3.10 (83) on the same SNN graph used
for clustering. Marker selection was performed using the Wilcoxon
rank sum test on the integrated sample data for each cluster against
all clusters. Cell type annotations were performed manually on the
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basis of inspection of canonical marker expression and differentially
expressed cluster markers.

Cell culture

BAECs were purchased from Lonza (CC-2540S), expanded in bron-
chial epithelial growth media (CC-3170), and seeded on 6.5-mm
Transwell plates in a humidified incubator at 37°C with 5% CO,.
After forming a confluent monolayer, media were lifted from the cells,
and the media in the lower chamber were changed to pneumacult-
ALI medium (Stem Cell Biotechnology, 05001) to allow cells to
differentiate. After 21 days, beating cilia could be observed on 60 to
80% of the Transwell surface. BAEC-ALIs were then stimulated
with recombinant human OSM (50 ng/ml) at this time (T0) and
then collected at 6, 12, 24, 72, 168, and 336 hours after stimulation.
For mucin area analysis and goblet cell count, BAEC-ALI cultures
were fixed in 4% paraformaldehyde (PFA) for 15 min at room tem-
perature, diluted to 1% PFA overnight, processed the following day,
and embedded in paraffin. Four-micrometer sections were collected
on glass slides and then stained overnight at 4°C with the following
antibodies: anti-CC10 (Santa Cruz Biotechnology, sc-365992; 1:100
dilution), anti-Muc5b (Santa Cruz Biotechnology, sc-20119; 1:500),
anti-acetylated tubulin (Santa Cruz Biotechnology, sc-23950; 1:400), and
anti-Muc5ac (Thermo Fisher Scientific, MA1-38223; 1:100) before
washing with PBS and secondary staining with donkey anti-goat
Alexa Fluor 488 (AF488) (Invitrogen, A11055; 1:1000), donkey anti-
rabbit AF647 (Invitrogen, A31573; 1:750), and donkey anti-mouse
AF555 (Invitrogen, A31570; 1:1000). Slides were counterstained with
4’,6-diamidino-2-phenylindole mounted with Prolong hardset with
images collected with an autostainer 360 (Thermo Fisher Scientific),
and the area of the mucin-positive channel and the number of goblet
cells (intact cells within the ciliated cell layer containing mucin) were
normalized to the length of the permeable polycarbonate membrane
on which the BAEC-ALI are grown using ImageJ software.

Fully differentiated BAEC-ALI cultures were treated with OSM
at concentrations ranging from 0.1 ng/ml to 1 ug/ml for 7 days. Cul-
tures were then incubated with PBS for 15 min at 37°C, and excess
mucus and PBS were aspirated from the apical surface. On day 8, 50 ul
of 2 pm of tetramethyl rhodamine isothiocyanate fluorescent beads
(Thermo Fisher Scientific; diluted in PBS; 1:50,000) was added to the
apical surface and allowed to settle into the mucus. Bead movement
was imaged with a 4x Plan Fluor objective [numerical aperture, 0.13;
Nikon] on a Nikon Ti-E inverted microscope equipped with a Neo
Scientific Complementary metal-oxide-semiconductor (scMOS)
camera (Andor), 37°C, 5% CO, environmental chamber (Okolab),
all run by NIS Elements software (Nikon). Bead displacement was
calculated and normalized as a percentage of maximum bead dis-
placement in Imaris by spot tracking (Bitplane) and averaged across
three wells.

NHLFs were purchased from Lonza (CC-2512) and cultured for
a single passage in FGM-2 Fibroblast medium (CC-3132) before being
incorporated into Lonza collagen rafts (200,000 cells per raft) per the
manufacturer’s instructions. Primary human ASMs were purchased
from Lonza (CC-2576) and cultured for a single passage in SmGM-2
medium (CC-3182) before 30,000 cells were plated with Matrigel that
had been defrosted overnight on wet ice and diluted 1:5 with SmGM-2
media. Matrigel was polymerized by placing the seeded constructs at 37°C,
before 1 ml of complete SmMGM-2 media was added 30 min later.

For generation of BMDM, bone marrow was recovered from the
femur and tibia of adult mice and red blood cells lysed with cell lysis
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buffer (Cell Signaling Technology). After lysis, bone marrow cells were
cultured on non-cell culture-treated plates in DMEM supplemented with
10% FBS, GlutaMAX (Gibco), penicillin-streptomycin-glutamine
(Thermo Fisher Scientific), and mouse macrophage colony-
stimulating factor (M-CSF; 50 ng/ml; PeproTech). Suspended cells
were removed with adherent cells provided with fresh medium on
days 3 and 5. BMDM cells were harvested on days 7 to 10. BMDM:s were
stimulated with LPS (50 ng/ml; Sigma-Aldrich), where indicated.

For human MDMs, peripheral blood mononuclear cells were
isolated from blood and cultured on non-cell culture-treated plates
in DMEM containing 10% FBS, GlutaMAX (Gibco), and human
M-CSF (50 ng/ml; PeproTech). Suspended cells were removed with
adherent cells provided with fresh medium on days 3 and 5. Human
MDMs were harvested on day 7.

Preparation of human PCLSs

Healthy whole lungs were received from the National Disease Re-
search Interchange. The smallest lobe was cut free, exposing its main
bronchiole, and inflated with 2% (w/v) low-melting point agarose
solution. Once the agarose had solidified, the lobe was sectioned.
Cores of 8 mm in diameter were made in which a small airway was
visible. The cores were placed in a Krumdieck tissue slicer (Alabama
Research & Development model no. MD4000), and the speed
was set to produce slices at about 1 per 30 s. PCLSs (thickness, 250 jum)
were transferred in sequence to wells containing Ham's F-12 medium
to identify contiguous airway segments. Suitable airways on slices
were selected on the basis of the following criteria: presence of a full
smooth muscle wall (cut perpendicular to direction of airway),
presence of beating cilia and internal folding of epithelium to elim-
inate blood vessels, and presence of unshared muscle walls at airway
branch points to eliminate possible counteracting contractile forces.
Slices were then incubated at 37°C on a rotating platform in a hu-
midified air/CO, (95%/5%) incubator. PCLSs were cultured in com-
plete DMEM and stimulated with LPS (1 pg/ml) with or without
anti-human OSM (10 pg/ml; Clone 10G8).

Anti-OSM antibody generation and PK evaluation

The hybridoma-derived antibody 24.A8 was generated by immu-
nizing hamsters with murine OSM. Then, the molecularly cloned
antibody was reformatted into murine IgG2a for further studies.
Binding kinetics were determined using surface plasmon resonance
on a Biacore (Cytiva) instrument. The PKs of 24.A8 after single in-
travenous dose of 10 or 30 mg/kg were conducted at Charles River
Laboratories, using naive female C57BL/6 mice, age 6 to 8 weeks.
Blood samples were collected by retro-orbital bleeds, and the termi-
nal blood sample was collected by a cardiac stick from each animal
in each dosing group at various time points up to 14 days after dose
with three mice per time point and processed to collect serum. PK
properties are shown in table S3. Serum samples were analyzed for
test article concentrations by enzyme-linked immunosorbent assay.
Mouse anti-mouse IgG2a (BD Biosciences) was used as the captur-
ing reagent, and anti-mouse IgG2a-specific antibody conjugated to
horseradish peroxidase (GeneTex) was used as the detection re-
agent. The serum concentration versus time data were used to cal-
culate PK parameters in mouse using noncompartmental analysis
(Phoenix WinNonlin, version 6.4.0.768; Certara). Nominal sample
collection times and nominal dosing solution concentrations were
used in the data analysis. Mouse anti-human OSM (clone 10G8) was
used to block human OSM.
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Statistical analysis

All raw, individual-level data are presented in data file S1. Statistical
analysis was performed using GraphPad Prism v9 (GraphPad). Un-
less stated otherwise, data are presented as means + SEM. Variable
differences between two experimental groups were assessed using
paired or unpaired ¢ tests or Mann-Whitney tests, as indicated in
figure legends. One-way analysis of variance (ANOVA) followed by
Dunnett’s test was used for comparisons of multiple treatment
groups with the control group. P values were used to determine sta-
tistical significance and are shown in figure legends.

SUPPLEMENTARY MATERIALS
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Figs.S1to S6

Tables S1to S3

Data file S1
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Abstract

One-sentence summary: Bacterial-associated LPS drives oncostatin M-dependent airway inflammation and
mucus hypersecretion in severe asthma.

Editor’s Summary:
Addressing asthma

Severe asthma is thought to be driven by bacterial dysbiosis, but the mechanism linking the two remains un-
clear. Headland et al. sought to understand this mechanism, identifying oncostatin M as a mediator of severe
asthma. Blocking oncostatin M with an antibody reduced severe asthma-related symptoms in mice after ex-
posure to bacterial stimuli. Together, these findings support further development of antibodies and other
drugs targeting oncostatin M as a treatment for severe asthma.
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