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Mechanisms of Corticosteroid Resistance in Type 17 Asthma

Lingzi Hong,*" Tomasz Herjan,* Katarzyna Bulek,* Jianxin Xiao,* Suzy A. A. Comhair,*
Serpil C. Erzurum,* Xiaoxia Li,* and Caini Liu*

IL-17A plays an important role in the pathogenesis of asthma, particularly the neutrophilic corticosteroid (CS)-resistant subtype
of asthma. Clinical studies suggest that a subset of asthma patients, i.e., Th17/IL-17A-mediated (type 17) CS-resistant
neutrophilic asthma, may improve with Th17/IL-17A pathway blockade. However, little is known about the mechanisms
underlying type 17 asthma and CS response. In this article, we show that blood levels of lipocalin-2 (LCN2) and serum amyloid A
(SAA) levels are positively correlated with IL-17A levels and are not inhibited by high-dose CS usage in asthma patients. In
airway cell culture systems, IL-17A induces these two secreted proteins, and their induction is enhanced by CS. Furthermore,
plasma LCN2 and SAA levels are increased in mice on a preclinical type 17 asthma model, correlated to IL-17A levels, and are not
reduced by glucocorticoid (GC). In the mechanistic studies, we identify CEBPB as the critical transcription factor responsible for
the synergistic induction of LCN2 and SAA by IL-17A and GC. IL-17A and GC collaboratively regulate CEBPB at both
transcriptional and posttranscriptional levels. The posttranscriptional regulation of CEBPB is mediated in part by Actl, the adaptor
and RNA binding protein in IL-17A signaling, which directly binds CEBPB mRNA and inhibits its degradation. Overall, our findings
suggest that blood LCN2 and SAA levels may be associated with a type 17 asthma subtype and provide insight into the molecular

mechanism of the IL-17A—Actl/CEBPB axis on these CS-resistant genes.

sthma is an inflammatory airway disease, often character-
Aized into Th2-high or Th2-low subtypes. Many studies

show that IL-17A, a cytokine released by Th17 cells, plays
a pathogenic role in a subtype of asthma characterized by neutro-
philic inflammation and corticosteroid (CS) resistance (1-7). IL-17A
signaling deficits or blockade decreases inflammation and airway
hyperresponsiveness in murine allergen-induced asthma models
(8-14). IL-17A is present in asthmatic lung tissues, and levels are
positively correlated to neutrophilic airway inflammation (2,3, 5-7,
15, 16). Single-nucleotide polymorphisms of /LI74 are linked to
asthma susceptibility (17, 18). Clinical studies support the idea of an
asthma subtype that responds to Th17/IL-17A pathway blockade
(19, 20). These preclinical and clinical findings point to the existence
of a Th17/IL-17A-mediated (type 17) CS-resistant neutrophilic
asthma that is more difficult to treat than Th2-type asthma, but little
is known of mechanisms underlying this type of asthma.

IL-17A signals through a heterogeneous IL-17R complex (com-
posed of IL-17RA and IL-17RC) to induce the production of proin-
flammatory cytokines and chemokines (21, 22). This is achieved
through the activation of transcription factors (e.g., NF-kB, C/EBPs,
IkB{) and posttranscriptional regulation, including stabilization of a
specific set of mRNAs (23). Many IL-17A-induced transcripts possess
AU-rich elements (AREs) or other stability-determining sequences in
the 3’ untranslated region (UTR). In this context, Actl (encoded by
TRAF3IP2), a proximal IL-17R adaptor molecule, directly binds
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stem-loop RNA structures through its SEF/IL-17R (SEFIR) domain
to stabilize target mRNAs on IL-17A stimulation (24). Actl binds
to the SEFIR binding element (SBE), which is located proximal to
AREs and interacts with ARE binding proteins (e.g., HuR, AridSa),
to promote the expression of IL-17A target mRNAs (24-26).
C/EBPp (encoded by CEBPB) is a transcription factor that regu-
lates gene expression in lung pathological conditions (e.g., chronic
obstructive pulmonary disease, pulmonary fibrosis, and LPS-induced
neutrophilia) (27-32). Previous studies have shown that IL-17A and
glucocorticoid (GC) signaling induce posttranscriptional modifica-
tions of CEBPB that alter its DNA binding activity for target gene
expression (30, 31). Prior studies suggest that CEBPB expression is
upregulated in asthmatics (32), and that CEBPB deficiency attenu-
ates airway neutrophilic inflammation in murine models (33, 34).
Lipocalin-2 (LCN2), originally identified as a protein secreted by
neutrophils, is produced by multiple cell types (35), and its expres-
sion is regulated by IL-17A and GC (36, 37). The LCN2 promoter
contains NF-kB and CEBP binding sites, as well as a GC response
element. LCN2 plays a pivotal role in the innate immune defense
against bacterial infection but is also an important mediator for
which both anti-inflammatory and proinflammatory functions have
been reported (38—41). In murine topical imiquimod-treated psori-
atic skin, i.p. injection of LCN2 increases the production of Th17
cytokines/chemokines and exacerbates Th17-mediated skin inflam-
mation (42). LCN2 is highly induced in inflammatory states and has
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been used as a biomarker to predict disease onset/progression in a
variety of diseases (39, 43-45), including chronic obstructive pul-
monary disease characterized by CS-resistant neutrophilic airway
inflammation.

The serum amyloid A (SAA) family includes four closely linked
genes (SAA1, SAA2, SAA3, and SAA4). SAA1l and SAA2 are
acute-phase response proteins and have been used as biomarkers
for inflammation (46, 47). Given the amino acid homology and tis-
sue distribution, mouse SAA3 is most similar to the human iso-
form SAA1 (70% amino acid identity) and is considered a human
ortholog. Although SAA proteins are highly induced in many
inflammatory states and cancers, their functions are less studied.
SAA acts as a soluble pattern recognition receptor that drives pul-
monary type 2 immunity. Recent studies suggest that SAAs pro-
mote pathogenic Th17 differentiation and IL-17A production from
CD4 T cells, leading to exacerbated Th17/IL-17A—-mediated dis-
eases (e.g., inflammatory bowel disease and experimental autoim-
mune encephalomyelitis) (48—50).

In this study, we investigate IL-17A levels in relationship to LCN2
and SAA levels in asthma patients who are on a variety of doses of
CS medications. Furthermore, we study the effects of IL-17A and
GCs on the production of LCN2 and SAA in human and mouse air-
way cells in vitro and in mice on a preclinical type 17 CS-resistant
neutrophilic asthma model. To elucidate mechanisms, we assess the
regulatory role of CEBPB in the expression of LCN2 and SAAs
and transcriptional and posttranscriptional regulation of CEBPB,
including the role of Actl, the adapter and RNA binding protein in
IL-17A signaling.

Materials and Methods

Human subjects

The study population included 27 subjects with asthma and 13 healthy con-
trol subjects. Asthma severity was defined as per the Proceedings of the
American Thoracic Society Workshop on Refractory Asthma, with major
and minor characteristics (51). Exclusion criteria included current smoking
history or smoking history within 1 y, former smokers with >5 pack-year
total history, pregnancy, and HIV infection. The protocol complies with the
Declaration of Helsinki and is approved by the Cleveland Clinic Institutional
Review Board. All participants signed an informed consent.

Cell culture

Human primary airway smooth muscle cells (ASMCs; hASMCs) were pur-
chased from ATCC (PCS-301-010). Mouse ASMCs (mASMCs) were isolated
as described previously (52). Both hASMCs and mASMCs were cultured
in DMEM/Ham's F12 medium supplemented with 10% FCS, 100 U/ml
penicillin, and 100 pwg/ml streptomycin. Murine and human IL-17A were
used at 100 ng/ml, and dexamethasone (DEX; sc-29059A; Santa Cruz) was
used at 1 pM.

Mice

Wild-type (WT) C57BL/6 mice were purchased from Jackson Laboratories.
LSL-hemagglutinin tag (HA)-Actl knock-in mice were generated by
knocking a LoxP-stop-LoxP-Traf3ip2 cDNA-HA-poly(A) cassette into the
endogenous Actl locus; LSL-HA—-Actlf/f knock-in mice were bred with
UBC-Cre-ERT2 mice to generate UBC-Cre-ERT2/LSL-HA-Actlf/+ mice
that express HA-tagged Actl (53). All animal experiments were approved by
the Institutional Animal Care and Use Committee of the Cleveland Clinic
and complied with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (National Institutes of Health Publication No.
8023, revised 1978).

House dust mite—CFA type 17 asthma model

The method was described in our previously published work (14).
Eight-week-old female WT C57BL/6 mice were sensitized s.c. with house
dust mites (HDMs; 100 pg/mouse; Dermatophagoides farina; Greer Lab-
oratories) in CFA on day 0 and subsequently challenged (intranasally)
with HDMs (100 pg/mouse) on day 14. DEX (0.3 mg/kg per mouse, i.p.)
and SBE WT or SBE mutant (SBE-mut) aptamer (5 nmol/mouse, intrana-
sally, mixed with 5 pl of TransIT-TKO reagent [Mirus Bio] and PBS in a
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total volume of 40 l) or IL-17A neutralizing mAb (100 pg i.p. per mouse;
BioXCell) were administered to mice 1 h before HDM challenge. SBE WT
and SBE-mut aptamer were ordered from Integrated DNA Technologies as
described previously (24). Bronchoalveolar lavage (BAL) cell counting and
tissue collection were performed 24 h after the last HDM challenge.

Differential cell counting and histology staining

BAL cell counts were determined using a cytospin slide preparation after a
Diff-Quik Giemsa stain. For histological analysis, mouse lung tissue was
fixed in 10% buffered formalin and then subjected to H&E staining.

RNA electrophoretic mobility shift assay

The methods for probe preparation, RNA electrophoretic mobility shift assay
(REMSA), and aptamer competition were developed and described previ-
ously (24). In brief, fragments containing the 3'-UTR sequences of mouse
Cebpb mRNA (Cebpb240: nt 143-282; Cebpb180: nt 203-382; Cebpb90: nt
293-382) were generated by PCR and cloned into the pGEM-3ZF(+) vector
(Promega) through the EcoRI and BamHI sites. Radiolabeled probes were
in vitro transcribed using T7 RNA polymerase (Promega) and 1 mM GTP,
1 mM ATP, 1 mM CTP, 0.005mM UTP, and 25 wCi of [**P]-labeled UTP.
Labeled probes (10 fmol) were incubated with increasing amounts of purified
protein. The reaction conditions were as previously described (24). For com-
petition reactions, REMSA was performed with increasing concentrations of
SBE (CxclI-SBE and SBE mutant) aptamers (24). Complexes were resolved
on either 4 or 6% nondenaturing polyacrylamide gels. The gels were dried,
and the appearance of complexes was visualized by exposure to BioMax
MR film. The expression and purification of Actl-SEFIR and Actl-SEFIR
mutant (K407/524/526/527A) were performed as previously described (24).

ELISA

Human IL-17A (DY317; R&D Systems), LCN2 (Hu9225; Biotang), SAAL
(ab100635; Abcam), CXCL1 (DY275; R&D Systems), and C-reactive pro-
tein (CRP; KHA0031; Invitrogen) levels were measured by using commer-
cial ELISA kits according to the manufacturer’s instructions. Mouse IL-17A,
LCN2, SAA3, and CXCLI1 levels were measured by using commercial
ELISA kits (ab199081 [Abcam], EMLCN2 [Invitrogen], EZMSAA3-12K
[EMD Millipore], and DY453 [R&D Systems]) according to the man-
ufacturer’s instructions.

Western blotting

Cells were washed with ice-cold PBS three times and lysed in lysis buffer
(1% Triton X-100, 50 mM Tris—HCI [pH 7.4], 150 mM NaCl, 12.5 mM
B-glycerophosphate, 1.5 mM MgCl,, 10 mM NaF, 2 mM DTT, 2 mM
sodium orthovanadate, 2 mM EGTA, and Protease Inhibitor Cocktail
[Roche]). Cell extracts were centrifuged at 12,000 rpm for 10 min at 4°C.
Protein concentration was normalized with Bio-Rad Protein Assay Kit. The
following Abs were used for Western blots: anti-C/EBPB (sc-7962; Santa
Cruz Biotechnology), anti—3-actin (sc-8432; Santa Cruz Biotechnology), and
goat anti-mouse IgG-HRP (7076, polyclonal; Cell Signaling Technology)
were used as secondary Abs.

mRNA decay assay

A549 or mASMCs were treated with 5 pg/ml actinomycin D (ActD) in the
presence or absence of IL-17A. Total RNA was isolated with TRIzol reagent
(Invitrogen) according to the manufacturer's instructions, then subjected to
real-time PCR (RT-PCR). The values were normalized to those of GAPDH
mRNA.

Quantitative RT-PCR

Total RNA was isolated with TRIzol reagent (Invitrogen). The cDNA was
synthesized with oligo dT (Applied Biosystems) and M-MLV reverse tran-
scriptase (Invitrogen). RT-PCR was performed with a SYBR Green PCR
Master Mix kit (Applied Biosystems). The RT-PCR primers are listed in
Supplemental Table 1.

RNA immunoprecipitation

The ability of Actl to bind to RNA in vivo was assessed as described previously
(24). In brief, 10 x 10° mASMCs isolated from UBC-Cre-ERT2/LSL-HA-
Act1”" mice were left untreated or treated with IL-17A (50 ng/ml) for 3 h.
Cells were fixed in 0.1% formaldehyde for 15 min at room temperature, where-
upon the cross-linking reaction was stopped with glycine (pH 7; 0.25 M). The
cells were harvested in 2 ml RIPA buffer and sonicated. After centrifugation,
the supernatant was immunoprecipitated overnight at 4°C with Dynabeads
(Invitrogen) preincubated with 20 pg anti-M2 (D6WS5B; Cell Signaling Tech-
nology) or anti-IgG Ab. The beads were washed five times with 1 ml RIPA
buffer and resuspended in 150 wl RNA immunoprecipitation (RIP) elution
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buffer. Cross-linking was reversed by incubation at 70°C for 45 min. RNA
was purified from immunoprecipitants with TRIzol (Invitrogen). The cDNAs
were synthesized, and 10% of the reverse transcriptase product was sub-
jected to quantitative RT-PCR (qQRT-PCR). Primers used for qRT-PCR are
forward: 5'-TCGAACCCGCGGACTGCAAG-3', reverse: 5'-CGACGAC-
GACGTGGACAGGC-3'".

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) Assay Kit (Cat# 17-295; Millipore)
was used to examine the binding of the GC receptor (GR; encoded by
NR3CI), C/EBPB, and p65 (RELA) to mouse Lcn2, Saa3, and Cebpb pro-
moters on DEX and IL-17A treatment. In brief, mASMCs were grown to
100% confluence and treated with DEX (1 uM) and/or IL-17A (100 ng/ml)
for 4 h. Cells were fixed with formaldehyde at a final concentration of 1%
for 10 min at 37°C. Cells were then harvested in SDS lysis buffer and soni-
cated to shear DNA to length 100-200 bp. The sonicated cell supernatant
was then diluted in ChIP dilution buffer and immunoprecipitated with anti-
GR Ab (Clone D6H2L; Cell Signaling Technology), anti-C/EBPB (sc-7962;
Santa Cruz), anti-p65 (sc-8008; Santa Cruz), or IgG. DNA was eluted and
purified, followed by PCR amplification with primers spanning the putative
RELA, NR3Cl, or CEBPB binding sites of Lcn2, Saa3, and Cebpb pro-
moters. The RT-PCR primers used are listed in Supplemental Table 1.

Statistics

Unless otherwise specified, statistical analysis was performed using Student #
test between two groups; one-way ANOVA (parametric) followed by
Tukey’s multiple-comparisons test or Kruskal-Wallis test (nonparametric)
followed by Dunn’s multiple-comparisons test. All bar graphs show mean
and SEM, as indicated in each figure legend. Pearson correlation test was
performed for correlation analysis. x*/Fisher’s exact test was used to com-
pare qualitative variables between groups. All tests and calculations were per-
formed using GraphPad Prism (version 9).

Results
Plasma LCN2 and SAA1 levels correlate with IL-17A levels and
resist high-dose steroids in patients with asthma

LCN2 and SAAT1 are IL-17A target genes and are considered circu-
lating biomarkers for a variety of inflammatory disorders (43, 44,
46, 47). In this study, we measured IL-17A, LCN2, and SAA1 in
plasma samples of patients with asthma (» = 27) and healthy control
subjects (n = 13) (Table I). Patients with asthma are further catego-
rized as no/low-dose and high-dose groups based on steroid usage.

CORTICOSTEROID RESISTANCE IN TYPE 17 ASTHMA

There are no significant differences in demographics (age, gender,
race, and ethnicity) between control and asthma groups or between
no/low-dose and high-dose groups. In the asthma group, plasma
IL-17A (p = 0.019) and SAAL1 (p = 0003) concentrations are con-
siderably greater than in the control group. Although high-dose ste-
roids inhibit Th2 indicators (e.g., blood eosinophils [p = 0.016],
IgE [p = 0.02], and percentage of fractional exhaled nitric oxide
(FENO) [p = 0.09]), plasma IL-17A, LCN2, and SAAI are unaf-
fected. Blood LCN2 and SAALI levels are positively correlated with
IL-17A levels in all patients with asthma (Fig. 1A—C); however, the
amount of plasma CRP, a nonspecific biomarker for inflammation, is
not. It should be noted that the high-dose steroid group has higher
sputum neutrophils and IgE than the low-dose group (45 + 7 ver-
susl6.7 + 8, p < 0.038; 2.5 + 0.1 versus 2.0 = 0.1, p < 0.02, respec-
tively), indicating the adverse effect of high-dose steroid on
asthma. The earlier evidence implicates that LCN2 and SAAI are
worth further investigation to see whether they could serve as spe-
cific molecular markers for Th17/IL-17-mediated (type 17) asthma
in humans.

LCN2 and SAAs are CS-resistant IL-17A target genes in vitro and
in vivo
In a previous study, we identified a group of IL-17A target genes
that are resistant to DEX (a synthetic GC drug) using RNA sequenc-
ing in hASMCs treated with sham placebo control, IL-17A, DEX,
or in combination (GSE135730; https://www.ncbi.nlm.nih.gov/geo/)
(14). In this study, in independent experiments, we validated LCN2
and SAAs (human SAA1 and mouse ortholog SAA3) as IL-17A tar-
get genes that are synergistically induced by DEX using RT-PCR
and ELISA in hASMCs and mASMCs (Fig. 2A-D). This is in con-
trast with the suppression of CXCL1, a well-known IL-17A—induced
chemokine. We observed a similar induction pattern in A549 cells
(a human lung epithelial cell line) (Supplemental Fig. 1A, 1B), sug-
gesting that LCN2 and SAAs can be induced by IL-17A/DEX in
multiple cell types found in the airway.

We then used a type 17 murine asthma model (induced by
HDM-CFA) that recapitulates human neutrophilic asthma to assess
IL-17A downstream targets and CS effects (Fig. 3A-D). Mice on

Table I. Demographic data of asthmatic and control participants
Asthma Based on Steroid Dose
Control (n = 13) Asthma (n = 27) p Value No/Low Dose (n = 8) High Dose (n = 19) p Value

Demographics

Age, y 383 (3.3) 453 (2.8) 0.11 38.0 (5.9) 48 (2.8) 0.08

Gender, female/male (n) 9/4 21/6 0.55 71 14/5 0.43

Race, African/others/White 2/0/11 10/2/15 0.23 3/0/5 7/2/10 0.81

Ethnicity, Hispanic/no Hispanic 0/13 2/25 0.31 0/8 2/17 0.19

Severity 63 (17) 0 (0) 89 (17) 0.0001
Lung functions

FEV,, % 73 (4) 87 (7) 69 (4) 0.022

FEV//FVC, % 82 (3) 88 (6) 80 (3) 0.263
Asthma medication

High-dose inhaled steroids, % (n) 60 (16) 0 (0) 84 (16) 0.0001

Systemic steroids, % () 15 (4) 0 (0) 21 (4) 0.159

Total high-dose steroids, % (n) 70 (19) 0 (0) 84 (16) 0.0001
Th2-related markers

Blood eosinophils, % 2.8 (0.3) 4.0 (0.5) 2.4 (0.3) 0.016

FENO, ppb 29 (3.8) 41 (12) 26 (3.2) 0.09

IgE, log kU/1 2.3(0.1) 2.0 (0.1) 2.5(0.1) 0.02
Th17-related markers

IL-17A, pg/ml 304 (3.1) 53.5(8.9) 0.019 45.0 (10.2) 57.2 (12.0) 0.45

LCN2, ng/ml 152 (7) 160 (7) 0.418 147 (8) 166 (10) 0.14

SAAL, ng/ml 15.6 (0.4) 18.6 (0.7) 0.0003 17.4 (0.8) 19.1 (0.8) 0.14

Blood neutrophils, % 59 (2) 58 (3) 59 (2) 0.82

Sputum neutrophils, % 41 (7) 16.7 (8) 45 (7) 0.038
CRP, pg/ml 1.18 (0.2) 2.07 (0.2) 0.009 2.1 (0.4) 2.1(0.3) 0.89

Data are represented as mean (SEM). FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity.
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this model exhibit prevalent neutrophilic inflammation (>80% neu-
trophils in BAL), high levels of IL-17A, and neutrophil-promoting
genes (Csf3, Cxcll, and Cxcl?), and the pathological features of the
lung are resistant to DEX treatment (14). We also found that expres-
sions of Len2 and Saa3 are highly upregulated and resistant to DEX
treatment at mRNA and protein levels in lung tissue and plasma
(Fig. 3D, 3E). In contrast, Cxcll, a steroid-sensitive IL-17A target,
is upregulated in the type 17 model but is suppressed by DEX treat-
ment. The plasma LCN2 and SAA3 levels are highly correlated to
IL-17A levels, similar to our findings in patients with asthma (Fig. 3F).

IL-17A/DEX synergistically induce the expression of Len2 and Saa3
through upregulating CEBPB

To investigate the mechanisms of the synergistic induction of Lcn2
and Saa3 by IL-17A and DEX, we used primary mASMCs, which
are highly responsive to IL-17A and DEX. IL-17A induces gene
expression through the activation of transcription factors (e.g., NF-kB,
C/EBPs, 1kB{) and posttranscriptional stabilization of mRNA.
Although IL-17A signaling is known to regulate mRNA stability of
a set of inflammatory genes (e.g., Cxcll), it has little impact on the
transcripts of Len2 and Saa3 because both transcripts are very stable
(25, 54) (Supplemental Fig. 1C, 1D). Thus, we focused on studying
the transcriptional control of Len2 and Saa3. Using JASPAR (an
open-access database of curated, nonredundant transcription factor

binding profiles; http://jaspar.genereg.net) (55), we identified
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putative binding sites for multiple transcription factors (including
NF-kB [RELA], GR [NR3Cl1], and CEBPB) in the proximal pro-
moter regions of mouse Lcn2 and Saa3 (Fig. 4A—C). These sites are
highly conserved between human and mouse orthologs. The direct
interaction between the promoter regions of Lcn2 and Saa3 and
transcription factors (RELA, NR3C1, and CEBPB) was confirmed
by ChIP-qPCR analysis in mASMCs (Fig. 4B, 4C). IL-17A induced
the binding of both RELA and CEBPB to Lcn2 and Saa3 promoters.
While DEX suppressed RELA binding, it enhanced the binding of
CEBPB and NR3Cl1 to the promoter regions of Lcn2 and Saa3.
Interestingly, we observed synergistic induction of CEBPB binding
to Len2 and Saa3 promoters when mASMCs were costimulated with
DEX and IL-17A, suggesting this is a key mechanism responsible
for the synergistic induction of Len2 and Saa3 by IL-17A and DEX.

We next investigated the role of Cebpb in the synergistic induc-
tion of Len2 and Saa3 by IL-17A and DEX. We found that CEBPB
itself was a CS-resistant IL-17A target gene from our previous
RNA sequencing study using human ASMCs (14). We confirmed
that IL-17A/DEX could synergistically induce Cebpb at both RNA
and protein levels in mASMCs (Fig. 4D, 4E). In addition, Cebpb
knockdown abolished synergistic induction of Lcn2 and Saa3 by
IL-17A/DEX (Fig. 4F-H), implicating that Cebpb is the critical
transcription factor that is responsible for the synergy between
IL-17A and DEX on the expression of Lcn2 and Saa3. In contrast,
knockdown of Cebpb mRNA did not abolish the induction of Cxcl/
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FIGURE 3. The expressions of Lcn2 and Saa3 were resistant to steroid treatment in the preclinical type 17 severe asthma model. (A—C) Eight-week-old
female WT C57BL/6 female mice were subjected to the HDM-CFA acute asthma model. PBS or DEX was administered to the mice (as described in Materials
and Methods). Twenty-four hours after the challenge, total cell and neutrophil counts in the BAL were quantified (B), representative BAL cells were prepared by
cytospin, and lung tissues were subjected to histochemical staining as indicated (C). All scale bars (red), 100 wm. (D) mRNA expression of lung tissues was
quantified by RT-PCR. (E) Plasma LCN2, SAA3, and IL-17A levels were measured using ELISA. One-way ANOVA was performed, followed by Tukey’s
multiple-comparisons test or Kruskal-Wallis test (nonparametric) followed by Dunn’s multiple-comparisons test. (F) The correlation between plasma LCN2
or SAA3 and IL-17A was performed using the Pearson correlation test. For (B), (D) and (E), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. AU,

fold induction relative to unchallenged control mice.

by IL-17A or the suppression of Cxc/l by DEX, implying
Cebpb is not the critical transcription factor for Cxcll in
response to IL-17A and DEX. We also performed CEBPB
knockdown in hASMCs and human airway epithelial cell line
A549 to examine the importance of CEBPB in the synergistic
induction of LCN2 and SAAI by IL-17A and DEX (Supplemental
Fig. 2A-C). Likewise, we found that CEBPB mRNA knockdown
abolished the induction of LCN2 and SAA1 by IL-17A/DEX, while
having no significant effect on the production of CXCLI in human
cells.

The promoter of CEBPB contains binding sites for C/EBP and
NR3C1 (Fig. 4F), suggesting that CEBPB may cooperate with
NR3CI1 on its own promoter to amplify itself. Using ChIP-qPCR anal-
ysis in mASMCs, we found that IL-17A and DEX induced CEBPB
binding to its own promoter in a synergistic manner (Fig. 4F). These
results indicate that IL-17A and DEX cooperatively upregulate
CEBPB expression at the transcriptional level through induction of
CEBPB binding to its own promoter.

Actl stabilizes Cebpb mRNA through direct binding to the 3'-UTR
of Cebpb transcript

In addition to transcriptional regulation, we investigated the stabili-
zation mechanisms of synergistic induction of Cebpb by IL-17A/
DEX. IL-17A stabilizes mRNA posttranscriptionally (24, 26, 56-58).
We performed a Cebpb mRNA decay assay using ActD (a transcrip-
tion inhibitor) followed by DEX treatment in mASMCs (Fig. 4G).
Cebpb mRNA decayed at a slower rate in the presence of IL-17A as
compared with that in the absence of IL-17A, indicating that IL-17A
signaling enhanced the stability of DEX-induced Cebpb transcript.
We previously showed that Actl, the adapter molecule of IL-17R, is
an RNA binding protein that can directly bind to 3'-UTR of the select
transcripts to promote mRNA stabilization (24). To determine
whether Cebpb mRNA is a new binding target of Actl, we stimulated
primary mASMCs isolated from UBC-Cre-ERT2/LSL-HA-Act1”"
mice (expressing HA-tagged Actl) with or without IL-17A, followed
by RIP with anti-HA Ab. As shown in Fig. 4H, Cebpb mRNA was
selectively retained by anti-HA Ab, but not isotype control IgG; in
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FIGURE 4. IL-17A/DEX synergistically induces the expression of Lcn2 and Saa3 through upregulating CEBPB. (A—C) Schematic diagrams showing the
putative binding sites for multiple transcription factors (including NF-kB, NR3C1, and C/EBP) in the mouse and human LCN2 and SAA promoters. (B and C)
ChIP-gPCR of RELA, CEBPB, and NR3C1 occupancy at the promoter of mouse Lcn2 and Saa3. Nucleic extracts from untreated (CTRL) and treated
mASMCs were immunoprecipitated with IgG, anti-RELA, anti-CEBPB, or anti-GR, followed by DNA purification and RT-PCR quantitation with primers
spanning the putative RELA, CEBPB, or NR3C1 binding sites of the Saa3 and Lcn2 promoter. (D and E) mASMCs were untreated (CTRL) or treated with
IL-17A (100 ng/ml), DEX (1 M), or IL-17A+DEX for 24 h. mRNA expression of Cebpb was measured by RT-PCR analysis (D). Protein levels were exam-
ined by Western blotting (E). (F and G) mASMCs were transfected with pooled small interfering RNAs (siRNAs) targeting CEBPB or scrambled control and
treated as indicated for 24 h. The mRNA and protein levels were then analyzed by RT-PCR (F) and ELISA (G), respectively. (H) Western blot analysis of
CEBPB in mASMCs transfected with pooled siRNAs targeting Cebpb or scrambled control and treated as indicated for 24 h. (I) mASMCs were pretreated
with DEX for 4 h and then treated with ActD (5 wM) either alone (CTRL) or in the presence of IL-17A (100 ng/ml) for 25, 50, 70, and 100 min, then sub-
jected to RT-PCR analysis (» = 3 independent plates of cells). The indicated mRNA levels were normalized to those of Gapdh and are presented as half-life.
Data represent mean = SEM (n = 3 biological replicates). (J) Primary mASMCs isolated from UBC-Cre-ERT2/LSL-HA-Act1”* mice were treated with
IL-17A or sham control (CTRL) for 3 h and subjected to RIP with IgG or anti-HA. Cebpb mRNA was analyzed by qRT-PCR. Relative values normalized
against IgG control are shown. (K) ChIP analysis of IL-17A/DEX-induced binding of CEBPB and NR3C1 to Cebpb promoter as described in (B) and (C).
(L) REMSA for the binding of purified recombinant Actl SEFIR to the serial-deletion mutants of Cebpb240 (142-382 nt). For (D), data represent mean +
SEM. One-way ANOVA was performed, followed by Tukey’s multiple-comparisons test. For (B), (C), and (K), data represent mean + SEM. Two-way
ANOVA was performed to compare each treated group with the control group, followed by Dunnett's multiple-comparisons test. For (F) and (G), statistical
analysis was performed using two-tailed Student ¢ test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For (I) and (J), data represent mean = SEM.
Statistical analysis was performed using a two-tailed Student’s ¢ test. *p < 0.05, **p < 0.01, ***p < 0.001. All data are representative of three independent
experiments. AU, fold induction relative to unchallenged control mice; TS, transcription start site.

addition, the association of Cebpb transcript with Actl was increased Cebpb mRNA was also confirmed by REMSA using purified
after IL-17A stimulation, indicating Cebpb mRNA is an Actl bind- Actl-WT protein (Fig. 4I). We mapped the Actl binding region
ing target. The interaction between Actl protein and the 3'-UTR of of Cebpb mRNA 3'-UTR to nt 293-382, which is evolutionarily
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FIGURE 5. Blocking Actl binding to Cebpb transcript reduces expression of Lcn2 and Saa3 in mice on type 17 severe asthma model. (A) SBE RNA
aptamers (Cxc/I-SBE and SBE mutant) were used to compete with Cebpb probe (203—-382 nt) for binding to Actl SEFIR. (B) Confocal imaging of RFP-Actl
and fluorescein amidite—labeled SBE aptamer (SBE-FAM) in transfected mouse ASMCs. Blue, DAPI nuclear staining. Scale bars, 20 pm. (C—F) mASMCs
transfected with 100 pmol SBE RNA aptamers or no oligonucleotide control were subjected to stimulation with DEX+IL-17A for 0, 6, or 24 h. mRNA expres-
sion of Cebpb (C) was then analyzed by RT-PCR. Protein levels were measured by Western blot (D). The mRNA and protein levels of Lcn2 and Saa3 were ana-
lyzed by RT-PCR (E) and ELISA (F). (G-I) Eight-week-old WT C57BL/6 female mice were sensitized and challenged with HDM, then subjected to treatment
as indicated (n = 5 mice/group). Total and neutrophil cell numbers in the BAL of the indicated mice (» = 5 mice/group) were quantified (G). mRNA expression
of lung tissues was quantified by RT-PCR (H). The levels of IL-17A, SAA3, and LCN2 in the serum were measured using ELISA (1). For (C), (E), and (F), data
represent mean = SEM. Two-way ANOVA was performed to compare each treated group with no oligo group, followed by Dunnett's multiple-comparisons test.
For (G)—(1), data represent mean = SEM. One-way ANOVA was performed, followed by Tukey’s multiple-comparisons test. All data are representative of three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (J) Model of IL-17A and glucocorticoid signaling for the induction of
steroid-resistant IL-17A target genes (CEBPB, LCN2, and SAA). On stimulation with glucocorticoid, IL-17A—induced NF-kB was inhibited, and instead GR
cooperates with CEBPB to amplify the expression of SR genes. In addition, IL-17A induces Actl binding and stabilization of CEBPB mRNA to enhance gene

expression.
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conserved and forms a secondary stem-loop structure (Supplemental
Fig. 3A). As a specificity control, Actl RNA binding mutant (that
lost RNA binding activity) (24) failed to bind Cebpb mRNA 3'-UTR
(Supplemental Fig. 3B). The binding region is adjacent to the reported
ARESs, which are one of the major cis-regulatory elements that medi-
ate its mRNA destabilization (Supplemental Fig. 3C).

Blocking Actl binding to Cebpb transcript reduces blood LCN2 and
SAA3 in mice in the type 17 severe asthma model

We developed an SBE RNA aptamer derived from Actl’s SBE on
the 3’-UTR of Cxcll, which can disrupt the interaction between
Actl and its inflammatory target transcripts (24). The SBE on the
3’-UTR of Cebpb shares a similar secondary stem-loop structure to
that on the 3’-UTR of Cxc/l. We found that this SBE aptamer (but
not SBE-mut, which lost binding to Actl) can outcompete Actl
SEFIR's binding to the Cebpb 3'-UTR in REMSA (Fig. 5A). In
addition, the transfected fluorescent SBE aptamers colocalized with
Actl in the cytoplasm of mASMCs (Fig. 5B). Moreover, SBE RNA
aptamer (but not SBE-mut) inhibits 1L-17A/DEX-induced Cebpb
expression at both RNA and protein levels (Fig. 5C, 5D), resulting
in reduced expression of Lcn2 and Saa3 in mASMCs, while having
no effect on the production of Cxc/I in mASMCs (Fig. SE, 5F).

Previously, we showed intranasal administration of SBE RNA
aptamer enabled efficient tissue penetration (24). We hence exam-
ined the efficacy of this RNA aptamer for inhibiting IL-17A/DEX—
induced CEBPB and its targets (LCN2 and SAA3) in physiological
conditions. We treated mice with SBE aptamer, DEX, anti—IL-17A
neutralizing Ab, or in combination in the HDM-CFA type 17 severe
asthma model. Administration of SBE aptamer to mice suppressed
the expression of Cebpb, Lcn2, and Saa3 in the lung tissues and
inhibited blood LCN2 and SAA3 levels regardless of DEX treat-
ment. Furthermore, SBE aptamer decreased neutrophilic inflamma-
tion in the airway (as measured by BAL cell counts) and enhanced
DEX sensitivity to the same extent that anti-IL-17A neutralizing
Ab did (Fig. 5G-I). Taken together, these findings suggest that the
IL-17A—-Act1-CEBPB axis is responsible for CS-resistant IL-17A
targets that promote the type 17 severe asthma, opening the possibil-
ity of targeting Actl binding to CEBPB mRNA in future therapeutic
approaches (Fig. 5J).

Discussion

There are only limited human studies that demonstrate the beneficial
effects of Th17/IL-17 blockage on asthma, even though genetic and
preclinical mouse studies have provided strong evidence that IL-17A
signaling is a targetable mechanism for the treatment of asthma (59).
This is partly due to the lack of molecular biomarkers for patient
classification and identification of better responders to IL-17A target
treatments. In a randomized, double-blind, placebo-controlled phase
II study, the administration of brodalumab (a human mAb that binds
to the IL-17RA) did not show any treatment effects in the overall
study population (composed of inadequately controlled moderate-to-
severe asthmatics); however, a positive response was seen in patients
with high bronchodilator reversibility in one dose group (19). In a
case study, a patient with persistent asthma and psoriasis showed
improved asthma-associated inflammation and was no longer depen-
dent on asthma maintenance medications after treatment with usteki-
numab, a human mAb that inhibits Thl and Th17 by binding the
p40 subunit of IL-12 and IL-23 (20). In this study, we found that
IL-17A induces the production of two secreted proteins, LCN2 and
SAAI, in airway cells, and that this induction is greatly enhanced
when CSs are present. Blood IL-17A levels and LCN2 or SAA levels
have a strong positive correlation in preclinical and human research.
Furthermore, CS does not reduce plasma LCN2 or SAA levels. Th2
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indicators, including blood eosinophils and FENO, in contrast, are
reduced by CS. As a result, LCN2 and SAAs, which are CS-resistant
IL-17A targets, could be useful molecular indicators for endotyping
type 17 asthma for therapies targeting IL-17A.

Mechanistically, IL-17A and GC collaboratively regulate tran-
scription and mRNA stability of CEBPB, the crucial transcription
factor that is responsible for the synergistic induction of LCN2 and
SAA by IL-17A and GC. Actl, the adaptor and RNA binding pro-
tein in IL-17A signaling, directly binds CEBPB mRNA and inhibits
its degradation. Both IL-17A and GC induce CEBPB protein modi-
fications, alter its DNA-binding ability, and thus regulate expression
of their target genes (30, 31). LCN2 and SAA transcripts are very
stable, and CEBPB-dependent transcriptional regulation is pivotal to
their cumulative expression. In contrast, CEBPB mRNA is not sta-
ble and requires IL-17A-mediated posttranscriptional stabilization
that involves direct binding of CEBPB mRNA by Actl. Overall,
these findings identify the IL-17A/Actl-CEBPB axis as a critical
mechanism in the synergistic induction of proinflammatory targets
LCN2 and SAAs.

LCN2 and SAAs have been reported to play important roles in
Th17/IL-17A-mediated inflammation (42, 48, 49). LCN2 adminis-
tered i.p. increases Th17 cytokines/chemokines (e.g., IL-17A, IL-22,
CCL20, CXCL1) expression and exacerbates Thl7-mediated skin
inflammation (42). The SAAs have been found to promote a distinct
pathogenic Th17 cell polarization (48) and boost the expression of
IL-17A in both CD4 T cells and v8 T cells in a chronic mouse
model of SAA exposure (49), presumably giving positive feedback
on the Th17/IL-17A axis. Through feed-forward processes, the syn-
ergistic production of LCN2 and SAAs by IL-17A and DEX may
further enhance type 17 airway inflammation.

The expression and biological functions of LCN2 and SAAs in
asthma have been described. LCN2 level is lower in nasal secretions
of patients with asthma than that in healthy controls (60). In contrast,
LCN2 expression of PBMCs is higher in neutrophil-predominant
asthma as compared with that in other asthma phenotypes (61).
LCN2 has been found to serve a protective role in a type 2 allergic
asthma model because of its proapoptotic action on lung inflamma-
tory cells (62). SAAI acts as a soluble pattern recognition receptor
for conserved fatty acid—binding protein present in common mite
allergens that activate type 2 immunity at mucosal surfaces, prompt-
ing the epithelial release of the type 2—promoting cytokine IL-33
(63). However, the specific role of LCN2 and SAAs in type 17
asthma needs to be further explored by using genetically defective
animals and Th17/IL-17A-mediated neutrophilic asthma patients.
Interestingly, a recent study implies that the SAA1 level is a possible
biomarker for neutrophilic airway inflammation in adult patients
with asthma, which is congruent with our findings (64).

The Cxcll mRNA-derived SBE RNA aptamer used in this study
was previously shown to suppress the expression of several inflam-
matory genes (including Cxcll) and reduce neutrophil infiltration in
the type 17 murine asthma model (24). Although DEX treatment can
effectively inhibit neutrophil-mobilizing chemokine Cxc/I expression,
it fails to inhibit neutrophilic airway inflammation, suggesting that
there must be other CS-resistance mechanisms operating in type 17
asthma. In this study, our findings point to the IL-17A/DEX—induced
transcription factor CEBPB as a mechanism for the observed CS
resistance. In support of this, destabilization of Cebpb mRNA by
SBE aptamer inhibition is sufficient to reduce the expression of its
downstream targets (LCN2 and SAAs) in both in vitro cell culture
and in vivo mouse studies. Importantly, administration of SBE
aptamer resulted in reduced neutrophilic inflammation in the air-
way and rendered DEX sensitivity in mice on the type 17 asthma
model, which parallels findings of anti—IL-17A neutralizing Ab
in clinical trials (65). This opens the possibility for targeting Actl
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binding to the CEBPB transcript as a potential new therapy for type
17 asthma.

Despite lack of clinical studies on IL-17A signaling inhibition in
type 17 CS-resistant neutrophilic asthma, Abs targeting IL-17A or
IL-17R (secukinumab, ixekizumab, brodalumab) have been proven
to be very effective for the treatment of IL-17A—dependent inflam-
matory diseases, such as psoriasis, psoriatic arthritis, and ankylosing
spondylitis (66—70). However, increasing evidence reveals that sys-
temic inhibition with IL-17A/IL-17R Abs may impair host defense
and lead to adverse effects. RNA aptamers offer several advantages
over Abs (e.g., small size for better tissue penetration, low produc-
tion cost, easy chemical modification, and lack of immunogenicity)
and are emerging as a promising new class of drugs (70). The SBE
RNA aptamer used in this study may offer advantages over IL-17A
or IL-17RA neutralizing Abs (which target global IL-17A signaling)
because the aptamer selectively inhibits the IL-17A—mediated mRNA
stability pathway and attenuates the expression of only a subset of
IL-17A target genes (e.g., LCN2, SAAs, CEBPB), thus minimizing
side effects associated with anti—IL-17A/IL-17R biologics. Although
the direct functions of IL-17A, SAAs, LCN2, and CEBPB in type
17 CS-resistant neutrophilic asthma remain to be further explored,
our studies provide potential background evidence for alternate ther-
apeutics not currently in use for type 17 inflammatory diseases,
including CS-resistant neutrophilic asthma.

In the human study, there is no difference in plasma levels of
IL-17A, LCN2, and SAAI between asthmatics on low and high
doses, indicating these proteins are resistant to steroid treatment.
However, we did not observe that LCN2 level is enhanced in asthma
patients as we saw in type 17 asthmatic mice. This may be because
of the limited sample size and heterogeneity of human patients. The
failure to observe the elevated LCN2 and SAAs on steroid treatment
in patients and mice demonstrates the more complex regulatory
mechanisms in in vivo settings. Nonetheless, our results warrant fur-
ther investigation to see whether LCN2 and SAAs can be used as
molecular markers for defining type 17 asthma, given their steroid-
resistance character and association with IL-17A levels. Future
clinical studies with a larger cohort of patients will elucidate the rela-
tionship between these CS genes and type 17 CS-resistant neutro-
philic asthma.
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