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Abstract

Background: Oncostatin M (OSM) may promote type 2 inflammation in chronic rhinosinusitis
with nasal polyps (CRSWNP) by inducing thymic stromal lymphopoietin (TSLP).

Objectives: To study the impact of OSM on TSLP synthesis and release from nasal epithelial
cells (NEC).

Methods: OSM receptors (OSMR), IL-4 receptors (IL-4R), and TSLP were evaluated in
mucosal tissue and primary NEC from CRSwNP patients by quantitative PCR (qPCR) and
immunofluorescence. Air-liquid interface (ALI) cultured NEC were stimulated with cytokines
including OSM, and gPCR, enzyme-linked immunosorbent assay (ELISA), western blot and flow
cytometry were used to assess expression of OSMR, IL-4R and TSLP.
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Results: Increased levels of OSMR, IL-4Ra,, and TSLP were observed in NP tissue and
primary epithelial cells from NP of patients with CRSwWNP, compared with control tissue or cells
from control subjects. The level of expression of OSMR] in tissue was correlated with levels of
both IL-4Ra and TSLP. OSM stimulation of NEC increased expression of OSMRp and IL-4Ra.
Stimulation with IL-4 plus OSM augmented the production of TSLP; the response was suppressed
by a STAT6 inhibitor. Stimulation of NEC with IL-4 plus OSM increased the expression of the
proprotein convertase subtilisin/kexin3 (PCSK3), an enzyme that truncates and activates TSLP.

Conclusions: OSM increases the expression of IL-4Ra and synergizes with 1L-4 to induce
the synthesis and release of TSLP in NEC. Since the combination of 1L-4 and OSM also
augmented expression of PCSK3, these results suggest that OSM can induce both synthesis and
posttranslational processing/activation of TSLP, promoting type 2 inflammation.

Capsule summary: OSM has dual effects in type 2 responses in CRS; it synergizes with
IL-4 to induce the synthesis and release of TSLP in NEC and, in parallel, it stimulates NEC
in combination with IL-4 to augment the expression of PCSK3, an enzyme that truncates and
activates TSLP to promote type 2 inflammation.
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Introduction

Chronic rhinosinusitis (CRS) is characterized by persistent inflammation of nasal and
paranasal sinus mucosae and is one of the most common chronic disorder in adults in

the United States.! CRS is typically divided into 2 major subtypes: CRS with nasal polyps
(CRSwWNP) and CRS without nasal polyps (CRSsNP), based on the presence or absence of
nasal polyps (NP). CRSWNP is usually characterized by prominent type 2 inflammation
with massive eosinophil infiltration, especially in the Caucasian population in western
countries.: 2 Type 2 cytokines promote the activation and/or recruitment of mast cells,

B cells, and eosinophils to lesional nasal mucosae, which promotes type 2 inflammatory
responses and further contributes to the hallmark features of CRSWNP.2->

Oncostatin M (OSM), a pleiotropic cytokine belonging to the IL-6 family of cytokines, has
been implicated to play a role in promotion of type 2 inflammation both in animal models
and human disorders characterized by type 2 reactions and eosinophilic inflammation.6-10
Both OSM mRNA and protein have been reported to be significantly increased in NP tissue
from patients with CRSWNP compared with uncinate tissue (UT) from control subjects.”
OSM has been demonstrated to promote airway mucosal epithelial barrier dysfunction,’
which may lead to more exposure of the tissue to environmental stimuli, including allergens,
pathogens, and pollutants. However, the exact mechanism by which OSM is involved in
type 2 inflammation in CRSWNP has not been fully elucidated. Interestingly, OSM has
been observed to mainly be expressed locally by neutrophils in CRSWNP,11 which indicates
that neutrophilic inflammation may have a role in the regulation of type 2 responses and
eosinophilic inflammation in CRSWNP.
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OSM has been shown to increase eotaxin-1 release in a dose-dependent manner in human
airway smooth muscle cells and augments eotaxin-1 release induced by either IL-4 or IL-13
by increasing the expression of IL-4Ra expression.12 IL-4Ra has strong correlations with
type 2 or eosinophilic inflammation. IL-4Ra., which is a component of receptors for both
IL-4 and IL-13, has been reported to be expressed in airway epithelial cells including
bronchial epithelial cells and nasal epithelial cells (NEC). 1314 NEC not only act as a
physical barrier, but also play a role in the regulation of immune responses by producing
cytokines and chemokines and via interaction with immune cells.1> Whether OSM can
induce IL-4Ra, and promote eosinophilic inflammation by inducing the important type 2
activating alarmins such as thymic stromal lymphopoietin (TSLP) in NEC is still unknown.

In particular, TSLP, an epithelial-derived cytokine, has been identified as an important
switch for type 2 inflammation. TSLP-activated dendritic cells (DCs) induce naive
allogeneic CD4™T cells to differentiate into Th2 cells.18 TSLP stimulation also causes
myeloid DCs (mDCs) to produce large amounts of chemokines, such as eotaxin-2, which
attracts eosinophils, as well as C-C motif chemokine ligand (CCL)17 and CCL22, which
attract Th2 cells.1’~19Additionally, TSLP induces type 2 cytokines generation by mast
cells,20 type 2 innate lymphoid cells (ILC2s),21 and CD34* hematopoietic progenitor cells,22
and can activate eosinophils?3 and basophils as well.24

TSLP is highly elevated in epithelial cells of NP and the level of TSLP in CRSWNP is
positively correlated with markers of eosinophilia and type 2 inflammation.2%:26 |t is now
known that TSLP can be truncated in NP by proprotein convertases such as furin known

as proprotein convertases subtilisin/kexin3 (PCSK3) and carboxypeptidase N, generating a
functional dimerized form of TSLP (29-124 + 131-159), having a molecular weight of
approximately 10-11 KDa in the denatured condition. The truncated form of TSLP has
enhanced pro-type 2 activity on mast cells and ILC2 compared with the native long isoform
of TSLP.27

We hypothesize that OSM may stimulate NEC to produce and release TSLP to promote
type 2 inflammation in patients with CRSwNP. In this study, we show that OSM acts on
OSMR in NEC to induce the expression of IL-4Ra., after which OSM synergizes with IL-4
in activating the synthesis, release, and posttranslational processing of TSLP.

METHODS

Patients and tissue sample collection

A total of 132 patients with CRS and control subjects were enrolled from the Allergy and
Immunology and Otolaryngology clinics of the Northwestern Medical Faculty Foundation
and the Northwestern Sinus Center at Northwestern Medicine. All CRS patients met the
criteria of CRS diagnosis as defined by the International Consensus Statement on Allergy
and Rhinology: Rhinosinusitis.28 Control subjects were those who underwent septoplasty
due to anatomic variations and had no other sinonasal diseases. NP tissue from patients with
CRSwWNP and uncinate tissues (UT) from CRS patients and control subjects were obtained
during routine nasal and/or sinus surgery. Epithelial cells of UT from control subjects were
collected by scraping and used for air-liquid interface (ALI) culture. Subjects’ characteristics
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are summarized in Table 1. The protocol for this study was approved by the Institutional

Review Board of Northwestern University Feinberg School. All subjects signed an informed
consent form.

Quantitative RT-PCR

Real-time RT-PCR was performed using the TagMan method as described previously.2®
Primer and probe sets were synthesized by Applied Biosystems (Foster City, CA)

(Table E1). Relative gene expression was calculated by using the 2-2ACT method..

The mRNA expression levels were normalized to the expression of the house keeping
genes, glucuronidase beta (GUSB) (/n vivo experiments) or Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (in cell experiments). Details can be found in the Methods section
in the Online Repository.

Immunofluorescence

Immunofluorescence was performed as previously described.1! The detailed protocol for
immunofluorescence is provided in the Online Repository.

Cell culture and treatment

ELISA

NEC from control UT were collected during surgery. NEC or normal human bronchial
epithelial (NHBE) cells purchased from Lonza (Walkersville, MD) were cultured and
expanded under ALI conditions as previously reported.2® The detailed protocol is provided
in the online supplement section.

The concentration of TSLP (R&D systems, Minneapolis, MN) in cell-free supernatants were
measured by ELISA according to the manufacturer’s instructions. The minimal detection
limit for TSLP is 31.2 pg/ml. Further detail is provided in the Methods section in the Online
Repository.

TSLP cleavage assay and western blot analysis

TSLP is cleaved to form a fragment with increased activity.2” For the TSLP cleavage assay,
1.5 pg/ml recombinant TSLP (R&D systems) was incubated with 4 pg/ml recombinant
PCSK3 (R&D systems) for 6 or 24 hours at 37 °C. Lysates of cultured NEC were evaluated
with western blot analysis using the cleaved recombinant TSLP as a standard. Further details
are provided in the Methods section in the Online Repository.

Flow cytometry

The viability of ALI cultured cells was evaluated by the Live/Dead™ Fixable Aqua Dead
Cell Stain Kit (Thermo Fisher, Waltham, MA). Then cells were stained with APC-labeled
IL-4Ra antibody (clone #25463) at a concentration 1:20 (R&D Systems) or isotype control
APC-labeled 1gG, as previously reported.! The detailed protocol is provided in the online
supplement section.
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Statistical analysis

RESULTS

All analyses were performed using software obtained from GraphPad Prism (La Jolla, CA).
Almost all data were expressed as median with interquartile range. Differences between
groups were analyzed using a nonparametric one-way ANOVA or Mann-Whitney test.
Student’s t-test was used to compare in vitro experimental data. Correlations between the
two groups were assessed by using the Spearman’s rank correlation. A p-value of less than
0.05 was accepted statistically significant.

The expression of OSMR and IL-4R; correlations between IL-4R, OSM, and OSMRB in

tissue

As in our earlier report,’ the level of OSM mRNA was significantly increased in NP tissue
compared with the level in UT from control subjects (Figure 1A). OSM mainly signals
through 2 receptors; the type 1 receptor is a heterodimer constituted by leukemia inhibitory
factor receptor (LIFR) and gp130, and the type 2 receptor is a heterodimer constituted by
OSM receptor B chain (OSMR) and gp130.30 As shown in Figure 1B, the level of OSMRP
mRNA was significantly increased in NP tissue compared with the level in UT from control
subjects. While there was a trend toward an increase in the levels of gp130 mMRNA between
NP from patients with CRSWNP and UT from control subjects, UT from patients with
CRSsNP had higher mRNA level of gp130 as compared with UT from control subjects
(Figure E1). There was no difference in LIFR mRNA among the groups (Figure E1).

The IL-4R complex includes two distinct receptors; the type | IL-4R is composed of IL-4Ra.
and IL-2Rvy, whereas the type Il IL-4R is composed of IL-4Ra and IL-13Ral chains, and
also functions as the receptor for IL-13. Compared with UT from control subjects, the level
of IL-4Ra mRNA was significantly increased in NP tissue from patients with CRSWNP,
while the level of IL-13Ra1 mRNA was significantly increased in UT from patients with
CRSsNP (Figure 1C). The level of mRNA for IL-2R-y was significantly increased in NP
tissue and UT from CRS patients compared to UT from control subjects (Figure 1C).

When correlation analysis was conducted, we found that the levels of MRNA of both OSM
and OSMRp were positively correlated with the levels of IL-4Ra mRNA in nasal mucosa
(Figure 2A and B). In contrast, the levels of OSM mRNA did not correlate with the levels of
mMRNA of IL-13Ral or IL-2Ry in nasal mucosa (Figure E2). The level of OSMRP mRNA
was moderately positively correlated with the mRNA level of IL-13Ral in nasal mucosa
(Figure 2B), and had no correlation with the level of IL-2Ry mRNA (Figure E2).

The distribution and expression of OSMR and IL-4R in nasal polyp and NEC scrapings

We next evaluated the distribution of OSMR and IL-4R in nasal polyp tissue.
Immunofluorescent staining revealed that OSMR was mainly expressed by epithelial cells
and sparse infiltrating cells in NP, while gp130 was found to be mainly expressed in
epithelial cells (Figure 3A). Co-localization of OSMRp and gp130 was observed in nasal
epithelial cells (Figure 3A). No expression of LIFR protein, another 1L-6 family member,
was observed in nasal epithelial cells in NP tissue (data not shown). Immunofluorescent
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staining showed that IL-4Ra and IL-13Ral were expressed extensively by nasal epithelial
cells in NP, and they were expressed by scattered infiltrating cells as well (Figure 3B and
E3).

We also investigated mRNA expression of OSMRp, gp130, IL-4Ra and IL-13Ral in NEC
from scrapings. As shown in Figure 3C, the level of mRNA for OSMRp was significantly
increased in epithelial cells from NP tissue compared with UT from control subjects.

No significant difference was found in level of mRNA of gp130 or IL-13Ra.l in the
epithelial cells from the different disease groups (Figure E4). Despite the elevation in NP,
no significant difference was found in the level of IL-4Ra. mRNA in the epithelial cells
from UT from the CRS groups compared with UT from control subjects (Figure 3C).
When correlation analysis was conducted, we found that the level of OSMRP mRNA was
positively correlated with the level of IL-4Ra mRNA in scraping NEC in four groups
(Figure 3D).

Induction of IL-4R and OSMR in NEC by OSM stimulation

Based on the correlations of OSM, OSMRp and IL-4R in the clinical samples, we suspected
that OSM can induce expression of IL-4R. To test this possibility, we performed /in vitro
dose- and time-dependent stimulations with OSM of ALI cultured NEC using IL-4Ra
expression as a readout. As shown in Figure E5, OSM induced mRNA for IL-4Ra,;

based on titration, the optimal effect of OSM on IL-4Ra mRNA production occurred at

a concentration of 100 ng/ml and the optimal time duration was 12 hours. These findings
support the hypothesis that the elevation of IL-4Ra observed in CRS may be due in part to
the action of OSM. To further investigate the regulation of cytokine receptor expression in
NEC, ALI cultured NEC were stimulated with OSM or the epidermal growth factor ligand
epiregulin (EREG), another epithelial-mesenchymal transition (EMT)-inducing cytokine
that is elevated in CRSWNP, at a concentration of 100 ng/ml.31 We also used a number

of other cytokine stimuli in these experiments, including IFN-vy, IL-4, IL-13, IL-17, and
IL-6, all at a concentration of 10 ng/ml for 12 hours. As shown in Figure 4A, OSM
significantly upregulated the expression of OSMRB mRNA in ALI cultured NEC, but did
not induce either the signaling chain gp130 or the LIF receptor LIFR. In the IL-4R family,
OSM significantly enhanced the expression of IL-4Ra mRNA, but not the expression of
IL-13Ral mRNA in NEC (Figure 4B). Other cytokines known to activate various signaling
pathways in epithelial cells, such as IL-4, 1L-13, IL-17, IL-6 and EREG, had no obvious
influence on the expression in NEC of mRNA for IL-4Ra, although IFN-y trended to
upregulate its expression (Figure 4B). None of the cytokines induced IL-13Ral in NEC,
although EREG slightly reduced expression (Figure 4B). The influence of IFN-vy, IL-4,
IL-13, IL-17, OSM, IL-6, and EREG on the expression of IL-13Ra.2 in NEC was also
investigated. Normal NEC constitutively expressed mRNA for IL-13Ra.2. Both IL-4 and
IL-13 trended to increase the expression of IL-13Ra2 mRNA in NEC, while IFN-y, I1L-17,
OSM, IL-6, and EREG had no obvious impact on the expression of IL-13Ra2 mRNA in
NEC (Figure E6).

To assess the impact of epithelial cell differentiation on OSM responses, ALI cultured NEC
were stimulated for various periods of time with OSM to determine the impact on IL-4Ra
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protein expression as assessed by flow cytometry. An incubation of 24 hours was selected
as the optimal period for OSM induction of IL-4Ra (Figure E7). Data in the right panel

of Figure 4C display the average of four independent experiments, and show that IL-4Ra
protein was constitutively expressed by NEC, and OSM stimulation significantly increased
the expression of IL-4Ra protein in differentiated NEC.

OSM alone and in combination with IL-4 induced TSLP expression in NEC; OSMRB
correlated with TSLP levels in vivo

During the course of these studies, we observed that OSM induced expression of the
alarmin TSLP, which is known to profoundly promote type 2 responses. Previous studies
by several groups, including ours, have shown that TSLP is highly elevated in CRS.25:26
As confirmation of this observation, Figure 5A shows that TSLP mRNA levels were
significantly increased in NP tissue in comparison to control UT. The level of TSLP mRNA
was also significantly increased in epithelial cells from NP tissue compared to UT from
control subjects (Figure E8). We showed above (Figures 1B, 2B, 3C and D) that OSMRp
was elevated in NP tissue and in epithelial cells from NP tissue, and OSMR correlated
with levels of IL-4Ra. We therefore tested whether elevations of TSLP and OSM mRNA in
vivo might be correlated, and whether the level of mMRNA for OSMRp was correlated with
the level of TSLP mRNA in nasal mucosa. We found a strong correlation between mRNA
for TSLP and OSMR (r=0.45, /£<.001) in the four tissue groups, supporting the hypothesis
that OSM signaling may play a role in expression of TSLP /n vivo (Figure 5B). Since OSM
was able to upregulate the expression of IL-4Ra in epithelial cells (see above), we tested
whether OSM could induce TSLP Jn vitro, alone or in combination with IL-4 or IL-13. As
shown in Figure 5C, OSM alone significantly upregulated the expression of TSLP mRNA
in NEC. Interestingly, the expression of TSLP mRNA induced by the combination of OSM
plus IL-4 was significantly higher than that induced by only IL-4 or only OSM, suggesting
additive effects. Although the same trend was evident with OSM plus IL-13, TSLP mRNA
induced by OSM plus IL-13 was not significantly higher than that induced by OSM alone,
although it was higher than 1L-13 alone (Figure 5C). Induction of TSLP by OSM may be of
importance in type 2 responses, prompting us to investigate the response further.

Previous studies by Kato et al. in our group have shown that TSLP is released after
stimulation with STAT6 activating cytokines and after stimulation of TLR3 by dsRNA or
respiratory virus; these two classes of stimuli synergistically induce TLSP.32 Other studies
by Kato have shown that TSLP can be truncated and activated by PCSK3.25: 27 |n order to
confirm the induction of TSLP protein by OSM, and to test whether additive, or possibly
synergistic, induction of TSLP mRNA by OSM plus IL-4 occurs at the protein level, we
assessed the levels of TSLP in the supernatants of stimulated NEC from control UT by
ELISA. We also assessed levels of the truncated form of TSLP in stimulated NEC by
western blot. We first determined the kinetics of TSLP release in ALI cultured NEC exposed
to various stimuli. The highest levels of TSLP release were observed at 24 hours after
stimulation, the longest period tested (Figure 6A). These data confirm the gPCR findings at
the protein level, and also indicate that OSM combined with IL-4 synergistically induced
TSLP production and release at the protein level. Interestingly, the ELISA assay failed to
detect TSLP in supernatants from cells stimulated with IL-13 or IL-13 plus OSM, even
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though TSLP was detected after IL-13 stimulation by western blot (see below). Figure 6B
shows the appearance of native TSLP on a western blot (far left) and truncated TSLP after
incubation for 6h or 24h with PCSK3 (see legend); also shown is TSLP formed by epithelial
cells after no stimulation (control) or simulation with the cytokines under investigation,
alone and in combination. As can be seen in Figure 6B, a truncated form of TSLP was
detectable in both untreated and stimulated NEC and made up the bulk of the detected
TSLP. However, the intensity of the truncated TSLP band measured in 4 experiments using
densitometry was dramatically increased in the NEC stimulated by IL-4 plus OSM when
compared with stimulation by IL-4 or OSM only (right side of Figure 6B). Compared

with stimulation by IL-13 or OSM alone, IL-13 plus OSM also increased the expression

of truncated TSLP, though the effect was variable and did not reach statistical significance
(Figure 6B). In a study by Nagarkar DR et al, it was determined that the cleavage product is
only very weakly recognized in the ELISA assay.2®

In order to elucidate the mechanism by which the truncated form of TSLP could be
produced in NEC, we investigated the expression of PCSK3, the furin protease previously
implicated in TSLP post translational processing in NEC.27 As shown in Figure 6C, NEC
constitutively expressed PCSK3 mRNA. Stimulation with IL-4 plus OSM increased the level
of PCSK3 mRNA significantly, compared with stimulation with IL-4 or OSM alone (Figure
6C). A similar pattern was observed with OSM plus IL-13, which trended toward even
higher levels of the protease. Nasal polyp tissue manifested significantly higher expression
of PCSK3 mRNA compared with UT from control subjects (Figure 6D).

To assess the generalizability of the effect observed in NEC, we used ELISA to test whether
IL-4 plus OSM can also induce the release of TSLP protein in NHBE. As shown in Figure
7A, IL-4 significantly increased TSLP release from NHBE, and IL-4 plus OSM further
increased the release of TSLP compared with stimulation by IL-4 or OSM only. As with the
earlier time course experiment (Figure 6A), IL-13 alone and OSM alone or in combination
with IL-13 failed to release TSLP detectable by the ELISA.

The synergistic effect of IL-4 plus OSM on TSLP was suppressed by an inhibitor of STAT6

NEC or NHBE cells were pre-treated with the STAT6 inhibitor AS1517499 or equivalent
DMSO buffer alone for 2 hours, and then stimulated with 1L-4 and OSM together for 24
hours. As shown in Figure 7B, the level of TSLP measured by ELISA in the supernatants of
NEC or NHBE stimulated by IL-4 plus OSM was dramatically increased compared with that
in the supernatants of control-treated cells. However, the release of TSLP from the NEC or
NHBE cells stimulated by IL-4 plus OSM was completely blocked by the STAT6 inhibitor
AS1517499 but not the DMSO buffer control (Figure 7B). The inhibitor also reduced
expression of truncated TSLP when the stimulus was the combination of OSM and I1L-13
(data not shown). As a negative control, NHBE cells were pre-treated with STAT6 inhibitor
AS1517499 or equivalent DMSO buffer control for 2 hours, stimulated with dsRNA for 24
hours, and then 1L-8 was measured in the supernatant by ELISA. The release of IL-8 was
not blocked by the STAT6 inhibitor AS1517499, suggesting that the inhibitory effect is not
non-specific (data not shown).33
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The expression of IL-4 mRNA in tissue correlates with TSLP

As in our former report,2° the level of 1L-4 mRNA was significantly increased in NP
tissue compared with UT from control subjects (Figure 8A). Moreover, we found that the
level of TSLP mRNA was strongly positively correlated with the level of IL-4 mMRNA

in nasal mucosae (r=0.65, p< .0001; Figure 8B). These data support a hypothesis that
there is a positive feedback between TSLP and IL-4 in nasal polyps that promotes type 2
inflammation.

DISCUSSION

OSM has been implicated in type 2 and eosinophilic inflammation of the airways in diseases
such as asthma and CRSwWNP; however, the underlying mechanisms and receptor utilized
are not fully elucidated.5-10 Our interest has been in CRSWNP, where we suspect that OSM
plays a role in EMT and epithelial dysfunction. In the present study, we demonstrated

that among OSM receptors, OSMRB/gp130 (type 2 OSMR) is elevated in disease, while
LIFR/gp130 (type 1 OSMR) is not, suggesting that the former may mediate OSM responses
and confirming our earlier studies.” OSM stimulation in vitro increased OSMRp expression
in NEC, indicating that OSM may augment its own function in an autologous manner by
induction of its own receptor in NEC. Increased levels of OSM and OSMRp were mainly
observed in NP tissue from patients with CRSWNP. Higher levels of OSMRB mRNA were
also found in epithelial cell scrapings taken from NP compared to epithelial cells scraped
from UT from CRS patients and control subjects, and immunofluorescent study showed
OSMRp was mainly expressed by epithelial cells, indicating that OSM may exert its effects
on the relevant nasal epithelial cells in CRSwWNP through OSMRp. Though the distribution
of OSMRp and gp130 were somewhat distinct within epithelial cells, according to our
former study, gp130 is expressed in nasal polyps.3# Therefore, gp130 may combine with
OSMRB in the epithelial cell membrane.

IL-4Ra., which can dimerize with IL-13Ra1 to form the type 2 receptor activated by both
IL-4 and IL-13, plays an important role in the pathogenesis of disorders characterized by
type 2 inflammation. The anti-1L-4Ra antibody dupilumab has been approved for treatment
of moderate to severe atopic dermatitis and uncontrolled asthma.3> Dupilumab has also
received approval from the Food and Drug Administration (FDA) for the treatment of
inadequately controlled CRSWNP in the United States.38 This strongly suggests that one or
both IL-4/1L-13 receptors that utilize IL-4Ra are centrally involved in CRS.

We report here that OSM stimulation increased expression of IL-4Ra mRNA and protein
in NEC, as previously reported in human airway smooth muscle cells,12 suggesting the
possibility that OSM may enhance the action of IL-4 and IL-13 on NEC by increasing the
expression of IL-4Ra.. OSM has been reported to increase the release of eotaxin in mouse
fibroblasts and human airway smooth muscle cells, but we did not observe this effect in
NEC (data not shown).12: 37 In clinical samples from CRSWNP patients, we found higher
IL-4Ra expression in NP tissue in comparison with UT from control subjects, and its
expression was mainly in epithelial cells. In addition, levels of mMRNA for both OSM and
OSMR in tissue were positively correlated with the level of IL-4Ra mRNA, indicating a
potential relationship between higher IL-4Ra expression in NP tissue and OSM signaling.
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These findings also support the possibility that IL-4Ra is induced /7 vivo by the action

of OSM in CRSwWNP. In total, these findings suggest that OSM may be part and parcel

of a type 2 response in CRSWNP. Further supporting this hypothesis, we found that OSM
up-regulates the expression of TSLP mRNA in NEC, even though it did not increase TSLP
release or intracellular expression of TSLP protein in NEC. This finding indicates that OSM
may only be a partial stimulus and may only regulate the transcription of TSLP but not

the translation of TSLP in NEC. Interestingly however, we found that OSM was additive
with or synergized with IL-4 to increase both the expression of TSLP mRNA (additive)

and synthesis of TSLP protein (synergistic) in NEC. In contrast, we found that 1L-13 gave
variable results compared to IL-4 in combination with OSM; in some cases, it increased the
signal (expression of TSLP mRNA, TSLP protein fragments) and in others it did not (ELISA
assay for protein). Since the cleavage product was very weakly detected by the commercial
ELISA kit, as reported by Nagarkar et al., we speculate that the ELISA data reflect the
residual, non-cleaved, portion of TSLP in the samples and that for some reason, there is little
or no residual native TSLP remaining when IL-13 is used along with OSM.

The enhancement of TSLP synthesis and release in NEC by the combination of stimulation
with IL-4 and OSM is clearly shown in Figures 5C, 6A and 6B. Since OSM increased the
expression of IL-4Ra,, this effect may in part have occurred secondary to the induction of
the IL-4Ra by OSM in NEC. Since IL-4 and IL-13 utilize distinct receptors (both type |

and Il for IL-4 and only type Il for IL-13), we considered the possibility that the differential
effects of IL-4 and IL-13 may reflect different receptor usage in epithelial cells. Our studies
of receptor expression revealed that IL-2Ry mRNA was expressed in tissue and elevated

in disease groups. Future studies would be warranted to determine whether the effects of
IL-4 to promote TSLP synthesis and release were mediated via the type Il receptor (IL-4Ra/
IL-13Ral) or the type I receptor (IL-4Ra/IL-2Ry) in NEC.

IL-4 signaling via IL-4Ra/IL-13Ral activates the Janus kinase-signal transducer and
activator of transcription (JAK-STAT) pathway, specifically employing STAT6.38:39 |t has
been reported that the IL-4Ra—-STAT6 axis plays an important role in development of the
asthma phenotype in animal models of allergic airway disease, as neutralization of STAT6
inhibits eosinophilia, remodeling, and hyperresponsiveness (AHR) of airway.*%:41 In the
current study, we demonstrate that the combination of IL-4 plus OSM induces significant
TSLP release, suggesting that the presence of OSM, in an inflammatory environment that
is already skewed toward type 2, can potentiate type 2 inflammation further by inducing
this important type 2 activating alarmin. In our studies, the effect of the combination was
blocked by a STAT6 inhibitor, which supports the role of 1L-4 receptors in driving TSLP
production. We also found that IL-4 plus OSM induced the release of TSLP from NHBE
as well as NEC, suggesting that this response may be relevant in both the upper and lower
airways.

We were at first surprised that the ELISA experiments failed to detect production of TSLP
when the cells were stimulated with 1L-13 plus OSM but did detect it when IL-4 plus OSM
was used as the stimulus. If accepted at face value, this result would seem to suggest that
IL-4 is signaling in a different manner than IL-13 in the epithelial cells. Current dogma
holds that structural cells, such as epithelial cells, fibroblasts, endothelial cells etc., primarily
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express the type 2 receptor, that responds to both cytokines, while many lymphoid and
myeloid cells express the type 1 receptor or both receptors. The finding that only IL-4 plus
OSM induces TSLP detectable by ELISA would suggest that perhaps the type 1 receptor is
present and influencing the response that we have observed. This conclusion doesn’t fit with
our observation that IL-13 plus OSM induced TSLP mRNA just as well as IL-4 plus OSM,
that IL-13 plus OSM induced TSLP detected by western blot just as well and that I1L-13
plus OSM induced PCSKS3 just as well (or better) than IL-4 plus OSM. We also found that
OSM plus IL-13-induced truncated TSLP was blocked by the STAT6 inhibitor, suggesting
that IL-13 is signaling through STAT6 in this system. Together, these findings suggest that
a more likely explanation of the discrepancy mentioned above is that the ultimate form of
TSLP produced when IL-13 plus OSM is the stimulus may be processed slightly differently
than that made after stimulation with IL-4 plus OSM, and that using 1L-13 plus OSM the
product is nearly completely converted to the fragment. Since the fragment is very weakly
detected by the antibody used in the ELISA experiments, but is detected by the antibody
used in the western blot studies,2® this would lead to the conclusion that IL-13 is equal

in strength as a stimulus to IL-4, alone or in combination with OSM, and that for an
unknown reason, TSLP is more completely processed when IL-13 is the STAT6 activating
stimulus. Further studies evaluating the samples for TSLP biological activity and using
mass spectrometry-based sequencing to identify the molecular forms of native and processed
TSLP will be necessary to resolve this important question.

The reason why the truncated form of TSLP is detected in the lysate of both untreated

and stimulated NEC may be that NEC constitutively express PCSK3, which can truncate
the long-isoform of TSLP into a truncated form with enhanced pro-type 2 capacity.2’ Both
IL-4 plus OSM and IL-13 plus OSM increased the expression of PCSK3 in NEC, leading
to the appearance of truncated TSLP. In addition, in this study our western blot assay

failed to detect much of the long (full length) isoform of TSLP (15KDa) in the lysate of
either untreated or stimulated NEC, as reported by Nagarkar et al and Poposki et al.25: 27
The conditions of the cultures in the present study appear to have promoted processing of
TSLP. A truncated TSLP band approximately 10-11 KDa was detected in both treated and
untreated NEC. We hypothesize that IL-13 may be a slightly better inducer of PCSK3 than
IL-4, leading to more complete processing. We did not perform protein sequencing or mass
spectrometry to determine the sequence of the truncated TSLP in this study and to quantitate
the conversion rate, so it’s identity has yet to be established.

Refractory CRSWNP is often characterized by severe eosinophilic inflammation mixed with
neutrophils.#2:43:44 And it has been also reported that neutrophils in CRSWNP make it

more resistant to steroid therapy.#> Neutrophilia in patients with asthma associates with
more severe diseases as well, perhaps because neutrophils are not particularly responsive

to corticosteroid therapy.*6 However, little is known about the exact pathophysiological

role of neutrophils in eosinophilic mucosal diseases like CRSWNP and asthma. Here

we demonstrate that OSM, which we have previously shown is secreted by neutrophils,
may exacerbate type 2 responses and eosinophilic inflammation in CRSwNP, in part by
collaborating with IL-4 to induce TSLP, and inducing PCSK3 to cause metabolism of the
TSLP generated to an active fragment.
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As a member of the IL-6 family of cytokines, OSM can be generated by innate immune
response to infection or environmental stimuli. Whether the OSM pathway is activated
once nasal polyps have formed or just as part of a secondary innate immune response

to colonizing bacteria or other stimuli in the nasal cavity needs to be elucidated. TSLP
is regarded as a switch for type 2 inflammation, and its expression can be affected by
many factors. Although dupilumab, an anti-IL-4Ra antibody, is effective in treating diseases
characteristic of type 2 inflammation and has been approved for inadequately controlled
CRSwWNP by the FDA, whether it suppresses the expression of TSLP is not clear. An
antibody against TSLP was reported to reduce asthma exacerbations and decrease type
2 inflammatory biomarkers in patients with asthma with or without NP#7, so TSLP is
considered to be a promising target for the treatment of CRSwNP.

When the 75th percentile of normal controls was used as the cut-off value, we found that NP
from CRSWNP patients with high OSMRB mRNA levels indeed had more revision surgeries
than those with lower OSMR levels (Table E2). Since we had very limited data on allergy,
asthma and CRS exacerbations and biological treatments in this cohort of patients, we are
interested in exploring the relationship between OSMRp and presence of allergy and asthma
and CRS exacerbations and benefit of biological treatments in future studies.

In summary, our results have shown that OSM, predominantly secreted by neutrophils

in CRSWNP, can synergize with IL-4, and perhaps IL-13, to induce the synthesis and
release of TSLP in nasal and bronchial epithelial cells. IL-4 plus OSM augments the
expression of PCSK3 in NEC, which can truncate the TSLP, producing a more effective
type 2 inflammation-promoting cytokine. TSLP has been implicated as an inducer of type 2
responses and eosinophilic inflammation in both CRSWNP and asthma.252748 The present
study suggests that some of these actions may result from enhancement of responses to IL-4
and IL-13 by OSM-induction of IL-4Ra in epithelial cells. Concurrently, OSM can augment
its own function by inducing the expression of its receptor OSMR in epithelium and can
act in concert and/or synergistically with IL-4 and IL-13. This study may have uncovered a
highly interactive feed forward system CRS and asthma.
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Key messages:

1. The type 2 OSM receptor (OSMRB/gp130) is expressed in epithelial cells and
is increased in nasal polyps.

2. OSM induces the expression of IL-4Ra in ALI cultured NEC.

3. IL-4 synergizes with OSM to induce the synthesis and release of TSLP in
NEC, a response blocked by a STATG6 inhibitor.

4, Stimulation of NEC with both IL-4 and OSM augmented the expression of
PCSK3, an enzyme that truncates and activates TSLP; effects expected to
promote type 2 inflammation.
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Figure 3.

Tk?e distribution of OSMRp, IL-4Ra in nasal polyp, and the mRNA expression of OSMRf
and IL-4Ra, and the correlation between them in scraping NEC. The distribution of OSMRf
and gp130 in nasal polyp, the two yellow arrows represent the co-stains of OSMRp and
gp130 (A); the distribution of IL-4Ra in nasal polyp (B); the mRNA expression of OSMRp,
IL-4Ra in scraping NEC (C), the correlation between OSMRp and IL-4Ra in scraping NEC
from patients with CRS and control UT. NEC, nasal epithelial cells (D). *P< .05, ***P<
.001, ****pP < ,0001.
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The expression of OSMR, IL-4R in ALI culture NEC from control UT stimulated by OSM
or other cytokines. The mRNA expression of OSMR, gp130, LIFR in NEC stimulated by
100 ng/ml OSM for 12h, n =5 (A); the mRNA expression of IL-4Ra, IL-13Ral in NEC
stimulated by OSM or EREG at a concentration of 100 ng/ml, or by IFN-y, I1L-4, IL-13,
IL-17, or IL-6 respectively at a concentration of 10 ng/ml for 12h, n =5 (B); the protein
expression of IL-4Ra detected by flow cytometry in NEC stimulated by OSM (100 ng/ml)
for 24h, n = 4 (C); NEC, nasal epithelial cells; *P< .05, **P< .01, ***P < .001.
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Figure 5.
The correlation between TSLP and OSM, OSMRB, and IL-4Ra in tissue, and the expression

of TSLP in ALI culture NEC from control UT stimulated by OSM or other cytokines. The
MRNA expression of TSLP in tissue (A); the correlation between TSLP and OSM, OSMR,
and IL-4Ra in tissue (B); the mRNA expression of TSLP in NEC stimulated by OSM or
EREG at a concentration of 100 ng/ml, or by IFN-y, IL-4, IL-13, IL-17, or IL-6 respectively
at a concentration of 10 ng/ml, or IL-4 (10 ng/ml) plus OSM (100 ng/ml), or IL-13 (10
ng/ml) plus OSM (100 ng/ml) for 12h, n =5 (C); NEC, nasal epithelial cells; *~ < .05.
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Figure 6.

The expression of truncated TSLP in ALI cultured NEC from control UT stimulated by
OSM, IL-4, IL-13, IL-4 plus OSM, or IL-13 plus OSM. The release of TSLP in supernatant
of NEC stimulated by IL-4 (10 ng/ml), IL-13 (10 ng/ml), OSM (100 ng/ml), IL-4 (10

ng/ml) plus OSM (100 ng/ml), or I1L-13 (10 ng/ml) plus OSM (100 ng/ml) in time-dependent
manner for 0, 6, 12, 24h, was analyzed by ELISA, n = 4 (A); the expression of native TSLP
and TSLP after incubation with PCSK3/Furin for 6h or 24h. The expression of truncated
TSLP in lysate of NEC stimulated by I1L-4 (10 ng/ml), IL-13(10 ng/ml), OSM (100 ng/ml),
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IL-4 (10 ng/ml) plus OSM (100 ng/ml), or IL-13 (10 ng/ml) plus OSM (100 ng/ml) for 24h,
n =4 (B); the mRNA expression of PCSK3 in the NEC stimulated by IL-4 (10 ng/ml), I1L-13
(10 ng/ml), OSM (100 ng/ml), IL-4 (10 ng/ml) plus OSM (100 ng/ml), or 1L-13 (10 ng/ml)
plus OSM (100 ng/ml) for 12h, n =5 (C); and the mRNA expression of PCSK3 in control
UT and NP tissue (D); NEC, nasal epithelial cells; UT; N.D, no detection; *£< .05, **P<
.01.

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

A

Supernatant TSLP (pg/mL)

250+
200+
150
1004

[

=3

=]
]

1004

“+—H
Supernatant TSLP (pg/mL)
=
T
I< |

5o 3 50-
| ND ND ND N.D | ND_N.D N.D
I S - S O N N
&Y y S S S S IO S S
& Y Y g &o o & ,&‘o 2 O
R ¥ &
&
N
N
»
Figure 7.

3001

2004

1004

Supernatant TSLP (pg/mL)

Page 25

NHBE

| Np ND N.D
&S
¢ X
¥ &
S O
&
R

The release of TSLP in supernatant of ALI cultured NHBE cells stimulated by OSM, IL-4,
IL-13, IL-4 plus OSM, or IL-13 plus OSM, and the synergistic effect of IL-4 plus OSM on
TSLP was suppressed in NEC from control UT and NHBE cells by an inhibitor of STATS6.
The release of TSLP in supernatant of NHBE cells stimulated by IL-4 (10 ng/ml), IL-13(10
ng/ml), OSM (100 ng/ml), IL-4 (10 ng/ml) plus OSM (100 ng/ml), or IL-13 (10 ng/ml) plus
OSM (100 ng/ml) for 24h, n = 4 (A). NEC or NHBE cells stimulated by IL-4 (10 ng/ml)
plus OSM (100 ng/ml) for 24h, or pretreated with DMSO or STAT6 inhibitor (AS1517499,
50 nM) for 2 hours, then IL-4 (10 ng/ml) plus OSM (100 ng/ml) for further 24h. TSLP
release in culture supernatant was analyzed by ELISA, n =4(B). N.D, no detection. *P < .05.
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The expression of IL-4 in tissue, and the correlation between IL-

2-AACT)

4 and TSLP in tissue. The

MRNA expression of IL-4 in tissue (A); the correlation between IL-4 and TSLP in tissue

(B).
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Patients’ demographics

Table 1.

Control subjects

Patients with CRSsNP

Patients with CRSwWNP

Total no. of subjects

Age(y), median (range)

Atopy
Asthma
Methodology used
Tissue PCR
Age (y), median (range)
Scraping NECs PCR
Age (y), median (range)
Culture NECs
Age (y), median (range)
Culture NHBE
Age (y), median (range)

n = 49 (20M)
39 (20-87)

n =15 (4M)
52 (28-70)
n=12 (6M)
33.5 (23-87)
n =22 (10M)
36 (20-73)
n=28(6M)
30 (22-45)

n =24 (15M)
42,5 (26-73)

n =13 (8M)
51 (26-73)
n=11(7M)
36 (26-72)

n =59 (36M)
45 (24-71)
Y N U
21 10 22
23 33 3

n =35 (20M)
50 (25-71)
n =24 (16M)
42.5 (24-66)

Y, yes; N, no; U, unknown; M, male.
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