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Lower myostatin and higher MUC1 R

levels are associated with better response
to mepolizumab and omalizumab in asthma:
a protein—protein interaction analyses
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Abstract

Introduction Biomarkers are needed to inform the choice of biologic therapy in patients with asthma
given the increasing number of biologics. We aimed to identify proteins associated with response to omalizumab
and mepolizumab.

Methods Aptamer-based proteomic profiling (SomaScan) was used to assess 1437 proteins from 51 patients

with moderate to severe asthma who received omalizumab (n=29) or mepolizumab (n=22). Response was defined
as the change in asthma-related exacerbations in the 12 months following therapy initiation. All models were
adjusted for age, sex, and pre-treatment exacerbation rate. Additionally, body mass index was included in the omali-
zumab model and eosinophil count in the mepolizumab model. We evaluated the association between molecular
signatures and response using negative binomial regression correcting for the false discovery rate (FDR) and gene set
enrichment analyses (GSEA) to identify associated pathways.

Results Over two-thirds of patients were female. The average age for omalizumab patients was 42 years and 57 years
for mepolizumab. At baseline, the average exacerbation rate was 1.5/year for omalizumab and 2.4/year for mepoli-
zumab. Lower levels of LOXL2 (unadjusted p: 1.93 x 10E—05, FDR-corrected: 0.028) and myostatin (unadjusted:

3.87 x 10E—-05, FDR-corrected: 0.028) were associated with better response to mepolizumab. Higher levels of CD9
antigen (unadjusted: 5.30 x T0E—07, FDR-corrected: 0.0006) and MUCT (unadjusted: 1.15 x 10E—06, FDR-corrected:
0.0006) were associated with better response to omalizumalb, and LTB4R (unadjusted: 1.12 x T0E—06, FDR-corrected:
0.0006) with worse response. Protein—protein interaction network modeling showed an enrichment of the TNF-

and NF-kB signaling pathways for patients treated with mepolizumab and multiple pathways involving MAPK; includ-
ing the FCER1 pathway, for patients treated with omalizumab.

Conclusions This study provides novel fundamental data on proteins associated with response to mepolizumab
or omalizumab in severe asthma and warrants further validation as potential biomarkers for therapy selection.

*Correspondence:

Ayobami Akenroye

aakenroye@bwh.harvard.edu

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12931-023-02620-1&domain=pdf

Akenroye et al. Respiratory Research (2023) 24:305

Key messages

Page 2 of 13

1. Higher levels of LOXL2 and myostatin may correlate with worse response to mepolizumab
2. Higher levels of CD9 antigen and MUC1 may correlate with better response to omalizumab.
3. The CARD-BCL10-MALTT (CBM) complex and MAPK may offer important clues into a single biomarker

for both omalizumab and mepolizumab response.

Keywords Asthma, Mepolizumab, Omalizumab, Proteomics, Network medicine, Protein—protein interaction,

Monoclonal antibodies, Systems biology, Cytokines

Introduction

With a growing number of monoclonal antibodies (‘bio-
logics’) approved for the treatment of moderate to severe
asthma, patients and their providers are having to make
an increasing number of therapeutic decisions on the
optimal therapy for patients who are eligible for two or
more of the six currently approved biologics. Given the
high overlap in eligibility for these biologics [1], and the
limited information on distinguishing biomarkers associ-
ated with treatment response [2, 3], research on biomark-
ers in this class of patients is sorely needed to optimize
use of these expensive therapies.

Omalizumab, an anti-immunoglobulin E agent, and
mepolizumab, an anti-interleukin-5 agent, were the two
biologics first approved for the treatment of moderate-
severe asthma and remain two of the most widely used
biologics worldwide [4-7]. Patients with eosinophilic
asthma, the clinical phenotype mepolizumab is approved
for, also often have allergic disease, the phenotype tar-
geted by omalizumab [1, 8]. Thus, identifying biomark-
ers associated with omalizumab and/or mepolizumab
response will be helpful to clinicians as they seek to opti-
mize treatment of their patient’s asthma.

Proteomics provides one such approach for identifying
biomarkers associated with response to omalizumab and
mepolizumab. A study of proteins and their interactions
can provide a deeper understanding of the function of
dynamic biologic systems beyond genomics which is fur-
ther upstream and immutable [9, 10]. With the increasing
availability of proteomics assays, serum protein biomark-
ers associated with response to omalizumab and mepoli-
zumab may be helpful. Proteomic profiling of nasal
samples, exhaled breath, airway epithelium, urine, and
serum have been used to probe various asthma-related
phenotypes. These include evaluating the role of T-helper
cells in pediatric obese asthma [11], identifying proteins
associated with airway inflammation [12, 13], association
of inflammasome-related proteins with susceptibility to
rhinovirus infections in patients with asthma [14], and
plasma protein biomarkers of eosinophilic and neutro-
philic asthma phenotypes [15]. While there are multiple

ongoing consortia and projects to study multi-omics of
asthma in general with an evolving focus on response to
biologic therapies, such as the Severe Asthma Research
Program (SARP) [16], the Unbiased Biomarkers Predic-
tive of Respiratory Disease Outcomes (U-BIOPRED)
[17], and the Precision Medicine Intervention in Severe
Asthma (PRISM) study [18], there is a dearth of studies
to identify protein biomarkers of response to any of the
respiratory biologics, but prescriptions for these biolog-
ics continue to increase exponentially worldwide (3, 5].

The goal of this study was to identify proteins associ-
ated with response to omalizumab and mepolizumab in a
single site cohort of patients with asthma. In addition, we
sought to identify single protein biomarker(s) that might
be helpful in identifying a patient likely to respond to
omalizumab or mepolizumab, and to identify biological
pathways associated with treatment response.

Methods

Study population and plasma samples

We obtained human plasma samples from 51 subjects
with moderate to severe asthma from the Mass Gen-
eral Brigham (MGB) Biobank. The MGB IRB-approved
Biobank has been previously described [19]. In brief, it
includes samples from individuals seen within the MGB
health care system who have volunteered or not opted
out of their samples being collected in the biobank.
Sample collection and storage follow standard biobank-
ing protocols. These plasma samples were stored at
— 80 °C with no prior freeze—thaw cycle. We identified 29
patients who initiated omalizumab and 22 who initiated
mepolizumab for severe asthma and who had ethylenedi-
aminetetraacetic acid (EDTA) plasma samples collected
prior to the date of therapy initiation. To ensure patients
initiated these biologics for control of their asthma, we
excluded patients with other comorbidities which were
alternate indications for these biologics.

Proteomics assay
We performed relative quantification of 1437 proteins
using the aptamer based SOMAScan assay. Based on
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our knowledge of asthma pathogenesis, the targets of
omalizumab and mepolizumab, and prior studies, we
preselected these 1437 proteins from a list of 7000 pos-
sible protein targets. These included proteins from
a wide range of inflammatory pathways, cytokines,
and chemokines. Assay details have been previously
described [20, 21]. In brief, modified fluorescent single
stranded DNA sequences called aptamers (SOMAmer
reagents) bind to the protein targets in the biological
sample. Subsequently, unbound proteins and nonspecifi-
cally bound SOMAmer reagents are removed in multiple
washing steps. Protein concentrations are measured by
hybridization of these SOMAmer reagents to comple-
mentary sequences on a DNA microarray and readouts
done in relative fluorescent units (RFU). The RFU is
directly proportional to each protein’s abundance within
the specific sample. Details of Somalogic’s data stand-
ardization and quality control processes have also been
previously described [20, 21]. This includes the addi-
tion of a pool of 11 matrix-matched, in this case EDTA
Plasma, adult normal donor experimental controls to
each 96-well plate to account for batch effects and buffer
background levels of the assay. Data standardization is
done using sample-specific signal normalization to over-
all signals within dilution bins and calibration to decrease
between plate variability. Intraassay coefficients of vari-
ation based on RFU are~5% suggesting good quality
measures for the measured proteins.

Defining clinical response: change in exacerbations

The primary outcome of interest was the change in
asthma-related exacerbations in the one year following
initiation of mepolizumab or omalizumab. We defined
exacerbations, in line with the National Institutes of
Health (NIH) and the Agency for Healthcare Research
and Quality recommendations, as an emergency room
visit or urgent care visit with a primary code for asthma
for which a course of steroids for >3 days was prescribed,
or an asthma-related hospitalization [22].

Identifying proteins associated with response

Using a negative binomial model, we modeled the asso-
ciation between protein abundances and the change in
exacerbations over one year of follow up. All models were
adjusted for age, sex, and pre-treatment exacerbation
rate. Additionally, body mass index was included in the
omalizumab model given that weight is included in the
determination of omalizumab’s dose and theoretically,
the volume of distribution of omalizumab may be associ-
ated with response. Eligibility for omalizumab in adults
includes an IgE level between 30 and 700 IU/ml [3]. In
patients with IgE within this range, omalizumab has
been shown to be effective regardless of IgE level [23].
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Due to this specific range of IgE in omalizumab-eligible
patients and our limited sample size, we did not adjust
for IgE level. For mepolizumab, an anti-eosinophilic
agent, we adjusted for the baseline eosinophil count.
We adjusted for the false discovery rate (FDR) using the
Benjamini-Hochberg method and adjusting for con-
founders as noted above. A false discovery rate-corrected
(FDR-c) p<0.05 was considered statistically significant
and less than 0.20 was used in exploratory analyses. We
also evaluated overlap between the significant proteins
associated with mepolizumab and with omalizumab
response. Finally, we compared the relationship between
the baseline unadjusted levels (‘high’ level- above median;
‘low’ level- below median) of the proteins significantly
associated with therapeutic response and the change in
exacerbations over follow up to the relationship between
common clinical features (body mass index, BMI>30
vs<30 kg/m?) and biomarkers (eosinophil count> 300
vs<300 cells/microliter and IgE>100 vs<100 IU/mL)
and the change in exacerbations.

Hierarchical clustering

Thereafter, unsupervised hierarchical clustering of the
identified significant proteins was done based on their
relative protein abundances in each sample. We used
the hclust package with a Euclidean distance metric and
Ward clustering method based on log2-transformed and
row-scaled protein expression and created heat maps
with the pheatmap package. All analyses were done using
R version 4.3.0.

Gene set enrichment analyses (GSEA)

GSEA was used to identify the top associated functional
pathways using the normalized enrichment score (NES)
and visualized in a network map (gene-concept-cnet
plot) [24]. The cnetplot depicts the linkages of these pro-
teins to biological concepts using the Gene Ontology
(GO) terms. The gene set enrichment analysis (GSEA)
was conducted for all measured proteins using the bio-
logical processes (BP) domain of GO terms. We used a
less conservative FDR-corrected threshold (P <0.20)
to define statistical significance for GSEA using the
pre-ranked covariate-adjusted betas from the negative
binomial model as described above. The clusterProfiler
package was used to conduct GSEA and enrichplot pack-
age to visualize the results.

Protein—protein interaction (PPI) network construction

and response module

Given extensive evidence that functionally active proteins
interact with other proteins in a PPI network, we evalu-
ated the functional and physical connections between
the proteins associated with therapeutic response using
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the Search Tool for the Retrieval of Interacting Genes
(STRING; http://string-db.org) (version 11.0) online
database [25, 26]. The STRING database is a publicly
available database for the exploration of known and pre-
dicted protein—protein interactions and includes about
70 million proteins from various organisms, includ-
ing 20,000 human proteins [26]. We limited interac-
tions between proteins to those with at least a score of
high confidence (>0.70). Clusters were generated using
the Markov Cluster Algorithm (MCL) within STRING.
Thereafter, we evaluated the enriched pathways in the
PPI network to gain systems-level insights into prot-
eomic changes associated with biologic response and
evaluated if this enrichment of the mapped therapeutic
response module was statistically significant. That is, if
the proteins associated with treatment response demon-
strate more interactions and connections than expected
of a random protein module of the same size.

Results

Characteristics of the cohort and outcome over follow up
The average age for patients who initiated mepolizumab
was 57 years, 68% of these individuals were female,
median eosinophil count was 269 cells per mcl, and
patients had 2.4 exacerbations in the year prior to therapy
initiation. The average age of the omalizumab group was
42 years, 90% of the group identified as White, mean BMI
was 28.2 kg/m?, and the individuals had 1.5 exacerbations
on average in the year prior to initiation of omalizumab
(Table 1). Over one year of follow-up, 10 (45.5%) of the
22 mepolizumab patients demonstrated some improve-
ment in exacerbations over one year of follow up with
7 (70%) of these 10 patients having a halving or more
of their baseline exacerbation rate in the one year on

Table 1 Baseline characteristics of participants
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mepolizumab. The remaining twelve patients included
six (27.3%) who had similar exacerbation rates over fol-
low up as at baseline and six patients (27.3%) who had
higher exacerbations over the first year of therapy. Over
one year of follow-up, 11 (37.9%) of the 29 omalizumab
patients had a reduction in their exacerbations over fol-
low up with 8 (73%) of these 11 patients having a halv-
ing or more of their baseline exacerbation rate. Ten of the
remaining 18 individuals had similar exacerbation rates
over follow up as at baseline and 8 fared worse in the year
on omalizumab.

Proteins associated with response: mepolizumab
Lysyl oxidase like protein-2 (LOXL2; unadjusted p:
1.93x10E—-05, FDR-corrected: 0.028) and myostatin
(MSTN; also known as GDF-8- Growth derived fac-
tor-8; unadjusted: 3.87 X 10E—05, FDR-corrected: 0.028)
were associated with increased risk of post-mepolizumab
exacerbation (Fig. 1). Eleven proteins met significance at
the FDR threshold of<0.20 (Additional file 1: Table S1).
This includes neutrophil collagenase (MMP-8), the only
protein with high levels corresponding with lower risk,
mucosa-associated lymphoid tissue lymphoma transloca-
tion protein 1 (MALT1), and interferon-related proteins
(IFNA7 and IRF4) (Fig. 1 and Additional file 1: Fig. S1).
The exacerbation rate was significantly lower in patients
with low levels (below median) of LOXL2, myostatin,
and ADAMTSL2. For MMPS, the exacerbation rate was
higher in patients with low levels (Fig. 2). While patients
with eosinophil counts of > 300 cells per mcL was associ-
ated with greater reductions in exacerbations on mepoli-
zumab, this did not reach statistical significance.

GSEA demonstrated 4 significantly enriched func-
tional groups associated with response to mepolizumab

Mepolizumab Omalizumab

N

Age in years, mean (SD)

Female, n (%)

White race, n (%)

Current smoker, n (%)

Former smoker, n (%)

BMI, kg/mz; mean (SD)

Baseline annualized exacerbation rate, mean (SD)
Blood eosinophil counts, cells/uL; median [IQR]
Immunoglobulin E (IgE), IU/uL; median [IQR]
Allergic rhinitis, n (%)

22 29
57.2(11.6) 420(15.3)
15 (68) 23(79)
17.(77) 26 (90)
1(4.5) 0(0.0)
5(227) 3(10.3)

30.5 (6.6) 28.2(7.5)
24(20) 15(16)

269 [90-395]° 121 [78-247]
213 [44-482] 92 [45-2811°
19 (86) 29 (100)

BMI, Body mass index; IQR, interquartile range; SD, standard deviation

2 All patients with eosinophil count of < 150 cells per mcl at baseline visit had counts above 150 at least once in the year prior to mepolizumab initiation

b Two patients who started omalizumab for asthma and met other criteria for omalizumab were missing baseline IgE
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Fig. 1 Proteins associated with response to mepolizumab. Modeled using negative binomial regression with post-mepolizumab exacerbation
rate as a dependent variable and adjusted for age, sex, eosinophil counts, and pre-mepolizumab annualized exacerbation rate. Proteins with false
discovery rate (FDR) < 0.20 were considered statistically significant. Diamonds indicate proteins that are significant at FDR < 0.05. Squares indicate
proteins with significant association with FDR < 0.20. Circles (‘Nong') indicate non-significant proteins. Effect sizes were presented as beta
coefficients where positive (negative) values indicate association with increased (decreased) post-mepolizumab exacerbation. The vertical dashed
lines represent no difference. The grey horizontal dashed line represents FDR < 0.20 and the black horizontal dashed line represents FDR < 0.05
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Fig. 2 Forest plot showing the relationship

between the exacerbation rate ratio and unadjusted levels of the top
5 proteins associated with mepolizumab response. Low’indicates
protein level below the median and‘high’indicates levels at or above
the median. Exacerbation rate ratios < 1.0 indicate better response

to mepolizumab, that is greater reductions asthma exacerbation.
*comparing groups, e.g., high vs low: p <0.05. BMI, body mass index;
Cl, confidence interval; Eos, eosinophil counts

(Additional file 1: Fig. S2). The strongest associations
were with extracellular matrix organization and extracel-
lular structure organization (both with NES 1.93, unad-
justed p=7.63 X 10E—05, FDR-corrected: 0.07, Additional
file 1: Table S2). The gene-concept network map high-
lighted functional groups extracellular matrix, extracel-
lular structure organization, and external encapsulating
structure organization with leading edge interactions
through LOXL2, ADAMTSL2, and CAV2 (Additional
file 1: Fig. S3).

PPI network of mepolizumab response module

We evaluated the interactome of the eleven proteins
associated with mepolizumab’s response (mepoli-
zumab response module). Five (55%) of these proteins
(IFNA7, IRF4, CD79B, and MALT1, and BIRC3) were
directly connected without including other interactors
(P for enrichment: <0.001). Three of these five proteins
(IRF4, CD79B, and MALT1) were associated with func-
tional enrichment of the B-cell receptor signaling path-
way (FDR p-value: 0.016). Including interactors in the
network resulted in ten nodes and 33 edges, the MCL
algorithm generated 5 unsupervised clusters (Fig. 3).
Three of these clusters had 3 or more proteins in its net-
work (Additional file 1: Table S3). The first cluster (PPI
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Fig. 3 Protein—Protein Interaction (PPI) network of mepolizumab response. Network including interactions with at least a score of high confidence
(>0.70), 10 interactors in first shell, and 5 in the second shell. Clusters (color-coded) were generated using the Markov Cluster Algorithm (MCL)

embedded in the STRING database

enrichment: <1.0X10E—17) included myostatin and
five other proteins involved in the activin and TGF-beta
signaling pathways (enrichment strength: 2.03, FDR
P:<0.001) and in cytokine—cytokine receptor interac-
tion (enrichment strength: 1.67, FDR P <0.001). The sec-
ond cluster was associated with enrichment in the TNF
signaling pathway and included caspase-related proteins
(RIPK1 and RIPK3). This cluster was related to cluster-5
which included CARD9 and MALT1. Cluster 4 included
two proteins: CD79A and CD79B and was enriched for
the B cell receptor signaling pathway (Additional file 1:
Table S4).

Proteins associated with response: omalizumab

For omalizumab, 172 proteins met significance at the
FDR-corrected threshold of P<0.05 and 5 of these pro-
teins at the P<0.001 threshold. Higher levels of CD9
antigen (unadjusted: 5.30xX10E—-07, FDR-corrected:

0.0006) and mucin-1: region 3 (MUCI; unadjusted:
1.15x10E—06, FDR-corrected: 0.0006) were associ-
ated with better response to omalizumab, while higher
levels of leukotriene B4 receptor 1 (LTB4R; unadjusted:
1.12x 10E—06, FDR-corrected: 0.0006), inhibitor of
growth protein 1 (ING1; unadjusted: 2.43x10E-06,
FDR-corrected: 0.0008), and the sulfotransferase fam-
ily 1A, SULT1A1 (unadjusted: 3.24x10E—06, FDR-cor-
rected: 0.0009) were associated with worse response to
omalizumab (Fig. 4 and Additional file 1: Table S5). Clus-
tering of the top 80 proteins revealed some clustering
by change in exacerbations but with no distinct cut-offs
(Additional file 1: Fig. S4).

The exacerbation rate was lower in patients with high
levels of CD9 and MUCI1. For SULT1A1, the exacerbation
rate was higher in patients with high levels (Fig. 5). The
association between IgE > 100 or <100 and the change in
exacerbations was not significantly different.



Akenroye et al. Respiratory Research (2023) 24:305 Page 7 of 13
|
41 |
|
|
D9 | LTB4R
MU§ i et
34 suLtipr®
* ) ?sz
—~ SERPINC1 | .
. HIEXI 1 : PecreaseEExacelr)batlon
uT2 PPM1B ncrease Exacerbation
E PG&1 EBLNS : SYkee None
2 ) e ¥ I JATeS
T 27 PRKAA2|PRKAB2|PRKAG1
) * :z?‘o: ‘I ¢
o
& ¢ \ | Y o 4 FOR<00s
o° 1 FDR <0.20
' . _._‘___ _Q____JI. _____________________ ® None
[ ] H [
14 u L ="
! [ ]
. 1
i
|
i
I
01 |
T T : T T
-10 -5 0 5 10
Effect Size

Fig. 4 Proteins associated with response to omalizumab. Modeled using negative binomial regression with post-omalizumab exacerbation

rate as a dependent variable and adjusted for age, sex, body mass index, and pre-omalizumab annualized exacerbation rate. Proteins with false
discovery rate (FDR) <0.20 were considered statistically significant. Diamonds indicate proteins that are significant at FDR < 0.05. Squares indicate
proteins with significant association with FDR < 0.20. Circles (‘None') indicate non-significant proteins. Effect sizes were presented as beta
coefficients where positive (negative) values indicate association with increased (decreased) post-omalizumab exacerbation. The vertical dashed
lines represent no difference. The grey horizontal dashed line represents FDR < 0.20 and the black horizontal dashed line represents FDR < 0.05
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Fig. 5 Forest plot showing the relationship

between the exacerbation rate ratio and unadjusted levels of the top
5 proteins associated with omalizumab response.‘Low’indicates
protein level below the median and 'high’indicates levels at or above
the median. Exacerbation rate ratios < 1.0 indicate better response

to mepolizumab, that is greater reductions asthma exacerbation..
*comparing groups, e.g., high vs low: p <0.05. BMI, body mass index;
Cl, confidence interval; IgE, immunoglobulin E

GSEA demonstrated 60 significantly enriched func-
tional groups at FDR-corrected P<0.05 and 145 at
P<0.20 associated with response to omalizumab (top
5 gene sets represented in Additional file 1: Fig. S5; top
20 gene sets shown in Additional file 1: Table S6). The
strongest associations were with intracellular transport
(NES 2.02, unadjusted p=4.63 x 10E—08, FDR-corrected:
0.0001), peptidyl-threonine phosphorylation (NES 2.08,
unadjusted p=6.49x10E—06, FDR-corrected: 0.0036),
and phosphorus metabolic process (NES 1.52, unadjusted
p=8.43x10E—06, FDR-corrected: 0.0036). The network
map highlighted functional groups intracellular trans-
port, phosphorylation, phosphate-containing compound
metabolic process, and cellular macromolecule metabolic
processes with leading edge interactions through INGI,
MAPK3, SYK, HEXIM1, DERLI1, and SULT1A1. (Addi-
tional file 1: Fig. S6 and Table S6).

PPI network of omalizumab response module

The omalizumab response module included 428
nodes and 1864 edges with a P-value for enrichment
of <1.0x 10E-17. Unsupervised MCL clustering gener-
ated 87 clusters with 40 of these clusters (46%) having a
node degree of 3 or more, that is had at least two interac-
tions within the network. When limited to proteins that
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met the FDR corrected significance threshold of<0.05,
there were 187 nodes, 204 edges, and 20 clusters with>3
proteins in the network (Fig. 6 and Additional file 1:
Table S7). The top 4 clusters had 8 or more proteins. The
core of Cluster 1 (20 proteins) and Cluster 4 (8 proteins)
demonstrated multiple functionally enriched pathways
involving protein kinases which included the AKT ser-
ine-threonine protein kinase family (AKT1 and AKT?2),
the Mitogen-activated protein kinase (MAPK) signal-
ing pathway (MAPK1, MAPK3, MAPKS8, MAPK14),
and the Protein Kinase C family (PRKCA and PRKCB,
and PRKCQ). Cluster 2 (9 proteins) included MUCI,
and two members of the casein kinase-1I (CK2) class of
the serine-threonine protein kinase family (CSNK2A1
and CSNK2B) (Additional file 1: Table S7). The enriched
pathway with the highest strength was the Fc epsilon
R1 signaling pathway (FDR P 2.88x10E—-21) (Addi-
tional file 1: Table S8). Proteins involved in this pathway
included multiple MAPK and AKT genes and the phos-
pholipases: PLA2G4A and PLCG2.

Overlap between mepolizumab and omalizumab

At the FDR-corrected p-value threshold < 0.05, no protein
was associated with both omalizumab and mepolizumab
response. At an FDR-corrected P<0.20 threshold, the
mucosa-associated lymphoid tissue lymphoma transloca-
tion protein was associated with both omalizumab and
mepolizumab response (Fig. 7). Higher levels of MALT1
were associated with poorer response to both mepoli-
zumab (unadjusted P 0.00047, FDR-corrected: 0.15) and
omalizumab (p 0.048, FDR-corrected: 0.17). MALT1 in
addition to CARD9 made up Cluster 5 in the PPI net-
work of mepolizumab response module and was closely
related to Cluster 2 which included BIRC3, TNFRSFI1,
and the serein/threonine-protein kinases, RIPK1 and
RIPK3 (Additional file 1: Table S3). For omalizumab,
MALT1 was part of the core enrichment of 11 of 52 gene
sets significant at the FDR-corrected p<0.05 level but
was not part of the top 20 clusters associated with the
omalizumab response module.

Discussion

In this study, we measured 1437 proteins in plasma sam-
ples collected prior to therapy initiation from 51 patients
with moderate to severe asthma who had received omali-
zumab or mepolizumab and sought to identify protein
profiles at baseline associated with reductions in exac-
erbations over the twelve months of follow up. Higher
levels of myostatin and LOXL2 were associated with a
poor response to mepolizumab. The dichotomized lev-
els of these proteins differentiated those with a reduc-
tion in exacerbations over follow up better than the
baseline eosinophil count (>300 vs <300 cells per mcL).
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A higher level of LTB4R was associated with worse
response to omalizumab while higher levels of CD9
antigen and MUC1 correlated with better response to
omalizumab. The level of IgE, omalizumab’s target, was
not significantly associated with the change in exacer-
bations. In GSEA, proteins associated with extracellu-
lar matrix organization were the most associated with
mepolizumab response. For omalizumab, intracellular
transport and metabolic processes involving phospho-
rylation and phosphate-containing compound processes
were the most enriched. We evaluated the protein—pro-
tein interactions between the proteins associated with
mepolizumab and omalizumab response to gain mecha-
nistic insights into the functions of these proteins and the
biological processes associated with response to these
therapies. The TNF signaling, NF-kappa B signaling, and
B cell receptor signaling pathways were enriched in the
mepolizumab response module and included multiple
receptor-interacting serine/threonine-protein kinases
(RIPK). For omalizumab, similarly to the results of the
GSEA, we found an enrichment of kinase pathways
including SMAD proteins and mitogen-activated protein
kinases (MAPKs), PRKC, and the CK2 protein kinase
families, with the high affinity IgE receptor signaling
pathway as the pathway with the strongest enrichment.
To date, there has been limited information on plasma
biomarkers associated with mepolizumab or omalizumab
response beyond the currently available biomarkers like
the peripheral eosinophil count. Thus, these results give
fundamental information for potential biomarkers pre-
dictive of response to omalizumab and mepolizumab,
two of the most used biologics worldwide.

Myostatin levels positively correlate with levels of the
neutrophil chemoattractant, CCL20, a Th17 cells chem-
oattractant to inflammatory sites [27]. Glucocorticoids, a
main component of treatment of persistent asthma, pro-
mote CCL20 expression in keratinocytes [28] and in the
airway epithelium [29]. In the airway epithelium, CCL20
is associated with mucus hypersecretion in asthma and
promotes Thl7-mediated neutrophilic airway inflam-
mation, an asthma endotype that is associated with
decreased response to glucocorticoids [29, 30]. CCL20 is
also higher in individuals with overweight/obese asthma
and may explain the corticosteroid resistance observed in
these patients [29, 31]. Our finding that higher myosta-
tin levels are associated with poorer response to mepoli-
zumab might imply that these patients met criteria for
eosinophilic asthma based on their peripheral eosinophil
counts but that the underlying mechanism driving their
asthma is neutrophilic or mixed granulocytic [13, 32]. A
recent study of nasal proteomics in patients within the
endotype of non-eosinophilic asthma (ENDANA) study,
replicated in U-BIOPRED, found that many pathways
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enriched in type 2 ‘T2’ asthma are also enriched in neu-
trophilic non-T2 asthma suggesting that there are over-
lapping pathways within patients of eosinophilic and
neutrophilic asthma. Multiple other studies of nasal,
salivary, and plasma proteomes in children and adults
with asthma have shown that protein profiles differ by
the presence or absence of asthma and by the degree of
asthma control [13, 33, 34]. In one such study in which
findings from the next gen proteomics approach was vali-
dated by enzyme-linked immunosorbent assay (ELISA),
SERPINA3 was found to be higher in patients with
asthma and was particularly higher in patients with an
acute exacerbation of their asthma [34]. In enrichment
analyses, the pathways most enriched and associated
with mepolizumab response were those pertaining to the
extracellular matrix organization and structure. LOXL2,
which we found to be associated with poor response to
mepolizumab, oxidizes lysine to allysine which crosslinks
extracellular matrix (ECM) proteins [35]. A prior murine
study showed that administration of the lysyl oxidase
inhibitor p-aminoproprionitrile (BAPN) to TGF-B1-
treated mice blocked airway collagen deposition, thereby
showing the importance of this enzyme in ECM deposi-
tion, a fundamental component of airway remodeling in
asthma [36].

Higher levels of CD9 antigen and MUCI corre-
lated with better response to omalizumab. CD9 is an

extracellular vesicle (EV) associated protein demonstra-
ble in multiple biological fluids, including the serum,
plasma, urine, and airway [37, 38]. EVs are associated
with many physiological processes and diseases, includ-
ing lung diseases like asthma [37-39]. In a recent cohort
study, EV miRNA expression profiles distinguished
patients with obese type 2-low asthma from non-obese
patients with type 2 low asthma [40], and in another
study using the sputum lipidome from 211 patients with
asthma and 41 healthy controls from U-BIOPRED [41],
EV secretion by eosinophils and neutrophils was asso-
ciated with increased lipid in the epithelial lining of the
asthma patients. MUC1, which was also associated with
better response to omalizumab, is important in allergen
response as well as corticosteroid response in asthma
patients [42, 43]. MUC1 knock-out mice are resist-
ant to the anti-inflammatory effects of corticosteroids
[42], and in a study of patients with asthma sensitized to
pigeon, MUCI1 was upregulated when these patients were
exposed to the pigeon allergen [43]. Though the pres-
ence of perennial allergen sensitivity is one of the eligibil-
ity criteria for omalizumab, those with high plasma CD9
antigen and MUCI levels may represent a subgroup of
these patients that are continuously exposed to their trig-
gers or who have clinically important perennial allergen
sensitivity, and thus with better response to omalizumab.
However, we found that LTB4R, also known as BLT1,
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was associated with worse response to omalizumab. In
murine studies, blocking LTB4R led to the inhibition of
both early-phases [44] and late-phases [45] of allergen-
induced airway inflammation. These mixed effects war-
rant further investigation.

In unadjusted analyses, MALT1 was found to be asso-
ciated with a poorer response to both mepolizumab
and omalizumab. These effects met the FDR-corrected
threshold 0of<0.20 but not the stringent threshold
of <0.05. In PPI analyses, MALT1 and caspase activation
and recruitment domain-9 (CARD9) formed the fifth
cluster associated with the mepolizumab response mod-
ule, and MALT1 was a main component of the enriched
NF-kB and the B cell receptor signaling pathways. Mul-
tiple MAPKs (1, 3, 8, and 14) were associated with the
omalizumab response module. CARD?9 is expressed in
neutrophils and antigen presenting cells including den-
dritic cells and macrophages and is involved in immune
responses to the environment [46]. As part of the CARD-
BCL10-MALT1 (CBM) complex, CARD activates the
MAPK and the NF-kB pathways downstream [46], and
favors a Th1/Th17 polarization [47, 48]. MAPKs are at
the intersection of multiple signaling and inflammatory
pathways in the airways and many studies in mice and
humans have shown that MAPK inhibitors can restore
corticosteroid sensitivity in patients with asthma [49, 50].
MALT1 levels, on the other hand, have been shown to
be higher in children with a higher frequency of asthma
exacerbations and to correlate positively with T2 asthma
but negatively with T2 low asthma [51]. Taken together,
if replicated in future studies, these results suggest that
MALT1 or the CBM complex, may offer important clues
towards the identification of a single biomarker that
might reflect if an individual who meets criteria for both
an anti-IL5 and anti-IgE is likely to respond to mepoli-
zumab and omalizumab or not.

Our results should be interpreted with caution. This
was a small single center study. Thus, statistical power
was limited, and our results may not be generalizable to
other cohorts. For instance, our population is predomi-
nantly White and might not be generalizable to more
diverse populations. Our results need to be validated in
larger and more diverse cohorts. However, many of the
findings are biologically plausible and supported by prior
asthma literature. Secondly, asthma is a heterogeneous
disease and some of our findings may be related to other
factors such as the underlying disease severity, other con-
comitant medications, and/or medication adherence. To
limit this variability, we limited our cohort to patients
with moderate to severe asthma, on maintenance ther-
apy, and excluded patients with other indications which
may or may not be more likely to be compliant with their
medications. Third, we evaluated only the baseline levels
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of these proteins. However, the proteome is dynamic and
longitudinal changes to the proteome might be more
powerful in identifying a useful biomarker. Fourth, we
did not confirm our findings with a direct immunoas-
say method such as ELISA and some of the associations
found may be off target. Furthermore, we did not have a
control group and despite our best efforts there is con-
cern for confounding by indication in which these pro-
tein associations may be associated with the presence of
asthma or not, or with asthma severity, rather than solely
with therapeutic response. Nonetheless, this study lays
foundational work that can be built open by larger stud-
ies and/or studies with more sophisticated study designs.

Conclusion

In this small cohort, we found multiple proteins to be
associated with mepolizumab or omalizumab response.
Some of these proteins or identified pathways are asso-
ciated with the extracellular matrix, some with airway
response to allergens, and some with corticosteroid
response or resistance. These findings warrant further
research as we seek to optimize use of these biologic
therapies in clinical practice.
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Additional file 1: Figure S1. Heat map of proteins associated with exac-
erbations after initiation of mepolizumab. Patients are presented on the
x-axis by risk difference defined as the difference between the individual’s
exacerbation rate in the one year after starting mepolizumab and the
exacerbation rate in the year prior to mepolizumab initiation. Proteins

are presented on the y-axis using hierarchical clustering with Euclidean
distance and the Ward clustering based on log2-transformed and row-
scaled protein expression. Heat map colors ranged from lower (purple) to
higher (yellow) protein expression. Figure S2. Functional annotation of
corresponding genes of proteins associated with the change in exacerba-
tions on mepolizumab. The gene set enrichment analysis (GSEA) was
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conducted using the biological processes (BP) domain of Gene Ontology
(GO). GO term with false discovery rate (FDR) < 0.20 were considered
statistically significant. GSEA enrichment plot of top 4 significant gene

set. The curves indicated the running cumulative enrichment score. Red
(blue) line represented biological process associated with higher (lower)
exacerbation. The barcode plot presented the position of genes related to
the gene set. Figure S3. Represented a gene set (a GO term). The smaller
node represented each gene with color indicating ranked metric ranged
from red (higher exacerbations) to green (lower exacerbations). Edge
indicated the membership of gene set. The gene set enrichment analysis
(GSEA) was conducted using the biological processes (BP) domain of
Gene Ontology (GO). GO term with false discovery rate (FDR) < 0.20 were
considered statistically significant. Figure S4. Heat map of top 80 proteins
associated with exacerbations after initiation of omalizumab. Patients

are presented on the x-axis by risk difference defined as the difference
between the individual's exacerbation rate in the one year after starting
omalizumab and the exacerbation rate in the year prior to omalizumab
initiation. Proteins are presented on the y-axis using hierarchical cluster-
ing with Euclidean distance and the Ward clustering based on log2-
transformed and row-scaled protein expression. Heat map colors ranged
from lower (purple) to higher (yellow) protein expression. Figure S5.
Functional annotation of corresponding genes of proteins associated with
the change in exacerbations on omalizumab. The gene set enrichment
analysis (GSEA) was conducted using the biological processes (BP) domain
of Gene Ontology (GO). GO term with false discovery rate (FDR) <0.20
were considered statistically significant. GSEA enrichment plot of top

4 significant gene sets. The curves indicated the running cumulative
enrichment score. Red line represented biological process associated
with higher exacerbation. The barcode plot presented the position of
genes related to the gene set. Figure S6. Gene-Concept network plot for
omalizumab group. The cnetplot presented the network of interacting
genes among top 5 significant gene sets. The yellow node represented a
gene set (@ GO term). The smaller node represented each gene with color
indicating ranked metric ranged from red (higher exacerbation) to white
(lower exacerbation). Edge indicated the membership of gene set. The
gene set enrichment analysis (GSEA) was conducted using the biological
processes (BP) domain of Gene Ontology (GO). GO term with false dis-
covery rate (FDR) < 0.20 were considered statistically significant. Table S1.
Proteins associated with change in exacerbations in the mepolizumab
group. Table S2. Enriched gene sets in the mepolizumab group using
Gene ontology (GO). Table S3. Markov Algorithm-based Clusters associ-
ated with mepolizumab response. Table S4. Top KEGG pathways enriched
in association with mepolizumab response. Table S5. Proteins associated
with change in exacerbations in the omalizumab group. Table S6. Top 20
enriched gene sets in the omalizumab group using Gene Ontology (GO).
Table S7. Markov Algorithm-based Clusters associated with omalizumab
response. Table S8. Top 22 KEGG pathways enriched in association with
omalizumab response.

Author contributions

AA: conceptualization, analysis, visualization, writing-original draft; TN: analysis,
visualization, writing—reviewing and editing; LC: analysis, writing—reviewing
and editing; MM: analysis, visualization, writing—reviewing and editing; STW:
methodology, writing—reviewing and editing, supervision.

Funding

Dr. Akenroye is supported by the Harvard Diversity Inclusion and Commu-
nity Partnership (DICP) Fellowship Award and by the Brigham and Women'’s
Hospital Minority Faculty Career Development Award. Dr. Moll is supported
by KO8HL159318 from NHLBI. Dr. Weiss is supported in part by ROTHL161362
from NHLBI.

Availability of data and materials
The data used for this study can be requested by collaborators following
approval by the Mass General Brigham Institutional Review Board.

Page 12 of 13

Declarations

Ethical approval and consent to participate

This study was approved by the Mass General Brigham Institutional Review
Board (#2021P003536) and a waiver was granted for the need for consent of
participants. All research activities were conducted in accordance with the
Declaration of Helsinki.

Competing interests
The authors have no competing interests relevant to this article to disclose. Dr.
Weiss receives royalties from UpToDate and is on the board of Histolix.

Author details

'Division of Allergy and Clinical Immunology, Brigham and Women's Hospital,
60 Fenwood Road, Boston, MA 02115, USA. 2Channing Division of Network
Medicine, Brigham and Women'’s Hospital, 60 Fenwood Road, BostonBoston,
MA 02115, USA. 3Division of Pulmonary and Critical Care Medicine, Brigham
and Women'’s Hospital, 60 Fenwood Road, Boston, MA 02115, USA.

Received: 13 November 2023 Accepted: 28 November 2023
Published online: 06 December 2023

References

1. Akenroye A, McCormack M, Keet C. Severe asthma in the US population
and eligibility for mAb therapy. J Allergy Clin Immunol. 2020;145(4):1295-
1297.e6. https://doi.org/10.1016/jjaci.2019.12.009.

2. Drazen JM, Harrington D. New biologics for asthma. N Engl J Med.
2018;378(26):2533-4. https://doi.org/10.1056/NEJMe1806037.

3. Brusselle GG, Koppelman GH. Biologic therapies for severe asthma. N Engl
J Med. 2022;386(2):157-71. https://doi.org/10.1056/NEJMra2032506.

4. Milushewa P, Doneva M, Petrova G. Availability and reimbursement of
biological products for severe asthma in Bulgaria. SAGE Open Med.
2020;8:2050312120951067. https://doi.org/10.1177/2050312120951067.

5. Akenroye AT, Heyward J, Keet C, Alexander GC. Lower use of biologics
for the treatment of asthma in publicly insured individuals. J Allergy Clin
Immunol. 2021. https://doi.org/10.1016/jaip.2021.01.039.

6. Menzies-Gow AN, McBrien C, Unni B, et al. Real world biologic use
and switch patterns in severe asthma: data from the international
severe asthma registry and the US CHRONICLE study. J Asthma Allergy.
2022;15:63-78. https://doi.org/10.2147/jaa.s328653.

7. Inselman JW, Jeffery MM, Maddux JT, Shah ND, Rank MA. Trends and
disparities in asthma biologic use in the United States. J Allergy Clin
Immunol. 2019. https://doi.org/10.1016/}jaip.2019.08.024.

8. Cox L. Biologics and allergy immunotherapy in the treatment of allergic
diseases. Immunol Allergy Clin North Am. 2020;40(4):687-700. https://doi.
org/10.1016/j.iac.2020.06.008.

9. Al-Amrani S, Al-Jabri Z, Al-Zaabi A, Alshekaili J, Al-Khabori M. Proteom-
ics: concepts and applications in human medicine. World J Biol Chem.
2021;12(5):57-69. https://doi.org/10.4331/wjbc.v12.5.57.

10. Messner CB, Demichev V, Wang Z, et al. Mass spectrometry-based high-
throughput proteomics and its role in biomedical studies and systems
biology. Proteomics. 2023;23(7-8): €2200013. https://doi.org/10.1002/
pmic.202200013.

11. Yon C, Thompson DA, Jude JA, Panettieri RA Jr, Rastogi D. Crosstalk
between CD4(+) T cells and airway smooth muscle in pediatric obesity-
related asthma. Am J Respir Crit Care Med. 2023;207(4):461-74. https://
doi.org/10.1164/rccm.202205-09850C.

12 Kokelj S, Ostling J, Fromell K, et al. Activation of the complement and
coagulation systems in the small airways in asthma. Respiration. 2023.
https://doi.org/10.1159/000531374.

13. Agache |, Shamji MH, Kermani NZ, et al. Multidimensional endotyping
using nasal proteomics predicts molecular phenotypes in the asthmatic
airways. J Allergy Clin Immunol. 2023;151(1):128-37. https://doi.org/10.
1016/j,jaci.2022.06.028.

14 Radzikowska U, Eljaszewicz A, Tan G, et al. Rhinovirus-induced epithelial
RIG-I inflammasome suppresses antiviral immunity and promotes inflam-
mation in asthma and COVID-19. Nat Commun. 2023;14(1):2329. https://
doi.org/10.1038/541467-023-37470-4.


https://doi.org/10.1016/j.jaci.2019.12.009
https://doi.org/10.1056/NEJMe1806037
https://doi.org/10.1056/NEJMra2032506
https://doi.org/10.1177/2050312120951067
https://doi.org/10.1016/j.jaip.2021.01.039
https://doi.org/10.2147/jaa.s328653
https://doi.org/10.1016/j.jaip.2019.08.024
https://doi.org/10.1016/j.iac.2020.06.008
https://doi.org/10.1016/j.iac.2020.06.008
https://doi.org/10.4331/wjbc.v12.i5.57
https://doi.org/10.1002/pmic.202200013
https://doi.org/10.1002/pmic.202200013
https://doi.org/10.1164/rccm.202205-0985OC
https://doi.org/10.1164/rccm.202205-0985OC
https://doi.org/10.1159/000531374
https://doi.org/10.1016/j.jaci.2022.06.028
https://doi.org/10.1016/j.jaci.2022.06.028
https://doi.org/10.1038/s41467-023-37470-4
https://doi.org/10.1038/s41467-023-37470-4

Akenroye et al. Respiratory Research (2023) 24:305

20

21

22

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

Kere M, Klevebro S, Hernandez-Pacheco N, et al. Exploring proteomic
plasma biomarkers in eosinophilic and neutrophilic asthma. Clin Exp
Allergy. 2023;53(2):186-97. https://doi.org/10.1111/cea.14229.

Li X, Hawkins GA, Moore WG, et al. Expression of asthma susceptibil-

ity genes in bronchial epithelial cells and bronchial alveolar lavage

in the Severe Asthma Research Program (SARP) cohort. J Asthma.
2016;53(8):775-82. https://doi.org/10.3109/02770903.2016.1158268.
Kermani NZ, Adcock IM, Djukanovi¢ R, Chung F, Schofield JPR. Systems
biology in asthma. Adv Exp Med Biol. 2023;1426:215-35. https://doi.org/
10.1007/978-3-031-32259-4_10.

Lee JH, Dixey P, Bhavsar P, et al. Precision medicine intervention in severe
asthma (PRISM) study: molecular phenotyping of patients with severe

asthma and response to biologics. ERJ Open Res. 2023. https://doi.org/10.

1183/23120541.00485-2022.

Castro VM, Gainer V, Wattanasin N, et al. The Mass General Brigham
Biobank Portal: an i2b2-based data repository linking disparate and high-
dimensional patient data to support multimodal analytics. J Am Med
Inform Assoc. 2022;29(4):643-51. https://doi.org/10.1093/jamia/ocab264.
Candia J, Cheung F, Kotliarov Y, et al. Assessment of variability in the
SOMAscan assay. Sci Rep. 2017;7(1):14248. https://doi.org/10.1038/
541598-017-14755-5.

Pietzner M, Wheeler E, Carrasco-Zanini J, et al. Synergistic insights

into human health from aptamer- and antibody-based proteomic
profiling. Nat Commun. 2021;12(1):6822. https://doi.org/10.1038/
s41467-021-27164-0.

Busse WW, Morgan WJ, Taggart V, Togias A. Asthma outcomes workshop:
overview. J Allergy Clin Immunol. 2012;3:51-8.

Bousquet J, Rabe K, Humbert M, et al. Predicting and evaluating response
to omalizumab in patients with severe allergic asthma. Respir Med.
2007;101(7):1483-92. https://doi.org/10.1016/j.rmed.2007.01.011.

Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment analysis:

a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci USA. 2005;102(43):15545-50. https://doi.org/
10.1073/pnas.0506580102.

Szklarczyk D, Kirsch R, Koutrouli M, et al. The STRING database in 2023:
protein-protein association networks and functional enrichment
analyses for any sequenced genome of interest. Nucleic Acids Res.
2023;51(D1):D638-d646. https://doi.org/10.1093/nar/gkac1000.
Szklarczyk D, Gable AL, Lyon D, et al. STRING v11: protein-protein
association networks with increased coverage, supporting functional
discovery in genome-wide experimental datasets. Nucleic Acids Res.
2019;47(D1):D607-d613. https://doi.org/10.1093/nar/gky1131.

Fennen M, Weinhage T, Kracke V, et al. A myostatin-CCL20-CCR6 axis reg-
ulates Th17 cell recruitment to inflamed joints in experimental arthritis.
Sci Rep. 2021;11(1):14145. https://doi.org/10.1038/541598-021-93599-6.
Wang L, Yang M, Wang X, et al. Glucocorticoids promote CCL20 expres-
sion in keratinocytes. Br J Dermatol. 2021;185(6):1200-8. https://doi.org/
10.1111/bjd.20594.

Zijlstra GJ, Fattahi F, Rozeveld D, et al. Glucocorticoids induce the produc-
tion of the chemoattractant CCL20 in airway epithelium. Eur Respir J.
2014;44(2):361-70. https://doi.org/10.1183/09031936.00209513.

Faiz A, Weckmann M, Tasena H, et al. Profiling of healthy and asthmatic
airway smooth muscle cells following interleukin-1( treatment: a novel
role for CCL20 in chronic mucus hypersecretion. Eur Respir J. 2018.
https://doi.org/10.1183/13993003.00310-2018.

Bjorkander S, Klevebro S, Hernandez-Pacheco N, et al. Obese asthma
phenotypes display distinct plasma biomarker profiles. Clin Trans| Allergy.
2023;13(3): €12238. https://doi.org/10.1002/clt2.12238.

Svenningsen S, Nair P. Asthma endotypes and an overview of targeted
therapy for asthma. Front Med (Lausanne). 2017;4:158.

Poachanukoon O, Roytrakul S, Koontongkaew S. A shotgun proteomic
approach reveals novel potential salivary protein biomarkers for asthma.
J Asthma. 2022;59(2):243-54. https://doi.org/10.1080/02770903.2020.
1850773.

Zhou Y, Kuai S, Pan R, et al. Quantitative proteomics profiling of plasma
from children with asthma. Int Immunopharmacol. 2023;119: 110249.
https://doi.org/10.1016/j.intimp.2023.110249.

Requena JR, Levine RL, Stadtman ER. Recent advances in the analysis of
oxidized proteins. Amino Acids. 2003;25(3-4):221-6. https://doi.org/10.
1007/500726-003-0012-1.

Page 13 of 13

36. Kenyon NJ, Ward RW, McGrew G, Last JA. TGF-betal causes airway fibrosis
and increased collagen | and Il MRNA in mice. Thorax. 2003;58(9):772-7.
https://doi.org/10.1136/thorax.58.9.772.

37 Pastor L, Vera E, Marin JM, Sanz-Rubio D. Extracellular vesicles from airway
secretions: new insights in lung diseases. Int J Mol Sci. 2021. https://doi.
0rg/10.3390/ijms22020583.

38. van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19(4):213-28. https://doi.
org/10.1038/nrm.2017.125.

39. Comfort N, Bloomquist TR, Shephard AP, et al. Isolation and characteriza-
tion of extracellular vesicles in saliva of children with asthma. Extracell
Vesicles Circ Nucl Acids. 2021,2:29-48. https://doi.org/10.20517/evcna.
2020.09.

40. Alhamdan F, Greulich T, Daviaud C, et al. Identification of extracellular
vesicle microRNA signatures specifically linked to inflammatory and
metabolic mechanisms in obesity-associated low type-2 asthma. Allergy.
2023. https://doi.org/10.1111/all.15824.

41. Brandsma J, Schofield JPR, Yang X, et al. Stratification of asthma by lipid-
omic profiling of induced sputum supernatant. J Allergy Clin Immunol.
2023;152(1):117-25. https://doi.org/10.1016/jjaci.2023.02.032.

42. Milara J, Morell A, de Diego A, Artigues E, Morcillo E, Cortijo J. Mucin
1 deficiency mediates corticosteroid insensitivity in asthma. Allergy.
2019;74(1):111-21. https://doi.org/10.1111/all.13546.

43. Mavi AK, Spalgais S, Singh K, Kumar U, Kumar R. Expression profile of
MUCT protein in Pigeon allergens positive asthmatic. Immunobiology.
2021;226(3): 152086. https://doi.org/10.1016/j.imbio.2021.152086.

44. Miyahara N, Takeda K, Miyahara S, et al. Requirement for leukotriene
B4 receptor 1 in allergen-induced airway hyperresponsiveness. Am J
Respir Crit Care Med. 2005;172(2):161-7. https://doi.org/10.1164/rccm.
200502-2050C.

45. Waseda K, Miyahara N, Kanehiro A, et al. Blocking the leukotriene B4
receptor 1 inhibits late-phase airway responses in established disease.
Am J Respir Cell Mol Biol. 2011;45(4):851-7. https://doi.org/10.1165/rcmb.
2010-04550C.

46. DeVore SB, Khurana Hershey GK. The role of the CBM complex in allergic
inflammation and disease. J Allergy Clin Immunol. 2022;150(5):1011-30.
https://doi.org/10.1016/jjaci.2022.06.023.

47. Gross O, Gewies A, Finger K, et al. Card9 controls a non-TLR signalling
pathway for innate anti-fungal immunity. Nature. 2006;442(7103):651-6.
https://doi.org/10.1038/nature04926.

48. Wang X, Wang W, Lin Z, et al. CARD9 mutations linked to subcutaneous
phaeohyphomycosis and TH17 cell deficiencies. J Allergy Clin Immunol.
2014;133(3):905-8.€3. https://doi.org/10.1016/j.jaci.2013.09.033.

49. Bhavsar P, Khorasani N, Hew M, Johnson M, Chung KF. Effect of p38 MAPK
inhibition on corticosteroid suppression of cytokine release in severe
asthma. Eur Respir J. 2010;35(4):750-6. https://doi.org/10.1183/09031936.
00071309.

50. Pelaia G, Cuda G, Vatrella A, et al. Mitogen-activated protein kinases and
asthma. J Cell Physiol. 2005;202(3):642-53. https://doi.org/10.1002/jcp.
20169.

51. LiuL, GaoY,SiY, etal. MALTT in asthma children: a potential biomarker for
monitoring exacerbation risk and Th1/Th2 imbalance-mediated inflam-
mation. J Clin Lab Anal. 2022;36(5): €24379. https://doi.org/10.1002/jcla.
24379.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1111/cea.14229
https://doi.org/10.3109/02770903.2016.1158268
https://doi.org/10.1007/978-3-031-32259-4_10
https://doi.org/10.1007/978-3-031-32259-4_10
https://doi.org/10.1183/23120541.00485-2022
https://doi.org/10.1183/23120541.00485-2022
https://doi.org/10.1093/jamia/ocab264
https://doi.org/10.1038/s41598-017-14755-5
https://doi.org/10.1038/s41598-017-14755-5
https://doi.org/10.1038/s41467-021-27164-0
https://doi.org/10.1038/s41467-021-27164-0
https://doi.org/10.1016/j.rmed.2007.01.011
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1038/s41598-021-93599-6
https://doi.org/10.1111/bjd.20594
https://doi.org/10.1111/bjd.20594
https://doi.org/10.1183/09031936.00209513
https://doi.org/10.1183/13993003.00310-2018
https://doi.org/10.1002/clt2.12238
https://doi.org/10.1080/02770903.2020.1850773
https://doi.org/10.1080/02770903.2020.1850773
https://doi.org/10.1016/j.intimp.2023.110249
https://doi.org/10.1007/s00726-003-0012-1
https://doi.org/10.1007/s00726-003-0012-1
https://doi.org/10.1136/thorax.58.9.772
https://doi.org/10.3390/ijms22020583
https://doi.org/10.3390/ijms22020583
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.20517/evcna.2020.09
https://doi.org/10.20517/evcna.2020.09
https://doi.org/10.1111/all.15824
https://doi.org/10.1016/j.jaci.2023.02.032
https://doi.org/10.1111/all.13546
https://doi.org/10.1016/j.imbio.2021.152086
https://doi.org/10.1164/rccm.200502-205OC
https://doi.org/10.1164/rccm.200502-205OC
https://doi.org/10.1165/rcmb.2010-0455OC
https://doi.org/10.1165/rcmb.2010-0455OC
https://doi.org/10.1016/j.jaci.2022.06.023
https://doi.org/10.1038/nature04926
https://doi.org/10.1016/j.jaci.2013.09.033
https://doi.org/10.1183/09031936.00071309
https://doi.org/10.1183/09031936.00071309
https://doi.org/10.1002/jcp.20169
https://doi.org/10.1002/jcp.20169
https://doi.org/10.1002/jcla.24379
https://doi.org/10.1002/jcla.24379

	Lower myostatin and higher MUC1 levels are associated with better response to mepolizumab and omalizumab in asthma: a protein–protein interaction analyses
	Abstract 
	Introduction 
	Methods 
	Results 
	Conclusions 

	Key messages 
	Introduction
	Methods
	Study population and plasma samples
	Proteomics assay
	Defining clinical response: change in exacerbations
	Identifying proteins associated with response
	Hierarchical clustering
	Gene set enrichment analyses (GSEA)
	Protein–protein interaction (PPI) network construction and response module

	Results
	Characteristics of the cohort and outcome over follow up
	Proteins associated with response: mepolizumab
	PPI network of mepolizumab response module
	Proteins associated with response: omalizumab
	PPI network of omalizumab response module
	Overlap between mepolizumab and omalizumab

	Discussion
	Conclusion
	Anchor 26
	References


