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Abstract 

Background  Asthma is stratified into type 2-high and type 2-low inflammatory phenotypes. Limited success 
has been achieved in developing drugs that target type 2-low inflammation. Previous studies have linked IL-6 signal‑
ing to severe asthma. IL-6 cooperates with soluble-IL-6Rα to activate cell signaling in airway epithelium.

Objective  We sought to study the role of sIL-6Rα amplified IL-6 signaling in airway epithelium and to develop 
an IL-6+ sIL-6Rα gene signature that may be used to select asthma patients who potentially respond to anti-IL-6 
therapy.

Methods  Human airway epithelial cells were stimulated with combinations of IL-6, sIL-6Rα, and inhibitors, sgp130 
(Olamkicept), and anti-IL-6R (Tocilizumab), to assess effects on pathway activation, epithelial barrier integrity, 
and gene expression. A gene signature was generated to identify IL-6 high patients using bronchial biopsies and nasal 
brushes.

Results  Soluble-IL-6Rα amplified the activation of the IL-6 pathway, shown by the increase of STAT3 phosphorylation 
and stronger gene induction in airway epithelial cells compared to IL-6 alone. Olamkicept and Tocilizumab inhibited 
the effect of IL-6 + sIL-6Rα on gene expression. We developed an IL-6 + sIL-6Rα gene signature and observed enrich‑
ment of this signature in bronchial biopsies but not nasal brushes from asthma patients compared to healthy controls. 
An IL-6 + sIL-6Rα gene signature score was associated with lower levels of sputum eosinophils in asthma.

Conclusion  sIL-6Rα amplifies IL-6 signaling in bronchial epithelial cells. Higher local airway IL-6 + sIL-6Rα signaling 
is observed in asthma patients with low sputum eosinophils.
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Introduction
Asthma is a chronic inflammatory airway disease, clini-
cally stratified into type 2-high and type 2-low. Type 
2-high asthma is based on the presence of cytokines 
associated with type 2 inflammation (IL-4, IL-5, and 
IL-13), high levels of blood and sputum eosinophils, and 
elevated Fraction of exhaled Nitric Oxide. Type 2-low 
asthma is defined as absence of type 2 markers, but lacks 
biomarkers that could inform targeted treatment.

Limited success has been achieved in developing drugs 
that target type-2 low asthma [1]. Recently, we used 
genomics-guided drug target discovery to generate a list 
of potential novel targets that are implicated by SNPs 
associated with asthma [2]. One asthma SNP (rs4129267) 
in the IL6R gene is in high linkage disequilibrium with a 
non-synonymous SNP (rs2228145), which maps to the 
cleavage site of IL-6Rα. The risk allele for asthma (C) is 
associated with higher sIL-6Rα levels in serum [3–5]. 
Higher IL-6 levels are found in serum and sputum of 
asthma patients compared to non-asthmatic controls. 
Higher serum IL-6 levels also show association with 
metabolic syndrome and severe asthma [6–8]. IL-6 levels 
are also higher in the bronchoalveolar lavage fluid in type 
2-low asthma compared to type 2-high asthma [9].

Interleukin-6 (IL-6) pathway activation depends on the 
interaction of IL-6 with the membrane-bound receptor 
IL-6Rα in combination with membrane-bound gp130 
[10]. There are two forms of the receptor: the membrane-
bound IL-6Rα and the soluble form of IL-6Rα (sIL-6Rα). 
sIL-6Rα is produced by either alternative splicing of the 
mRNA or by cleavage of the membrane-bound protein 
isoform of IL-6Rα by ADAM10 or ADAM17 [11, 12]. 
Typically, high expression levels of IL-6Rα are found on 
inflammatory cells such as macrophages and T cells, 
whereas gp130 is ubiquitously expressed. Accordingly, 
cleavage of IL-6Rα into sIL-6Rα represents a mechanism 
for cells not expressing IL-6Rα to allow IL-6 signaling. 
This is referred to as trans-IL-6 signaling whereas canon-
ical IL-6 + IL-6Rα signaling is referred to as classic IL-6 
signaling [13].

The link of the asthma susceptibility SNP in IL6R to 
sIL-6Rα levels prompted us to further investigate IL-6 
trans-signaling. Moreover, a direct comparison of IL-6 
classic and trans-signaling in airway epithelial cells and 
the effect of IL-6 pathway inhibitors has not been per-
formed. Therefore, we sought to study the role of classic 
and trans IL-6 signaling in asthma in further detail and 
to use this information to develop an IL-6 gene signature 
that may be used to select potential patients for anti-IL-6 
treatment. Specifically, we aimed to define the role of 
IL-6 classic versus IL-6 trans-signaling in airway epithe-
lial cells and clarify their transcriptional and functional 
differences. Furthermore, we evaluated the association 

of an IL-6 signaling signature to different asthma-related 
phenotypes in bronchial biopsies and nasal brushes of 
asthma patients and controls.

Methods (detailed information can be found 
in Additional file 1 and Additional file 2).
Harvesting and culturing of hAECs
Primary human airway epithelial cells (hAECs) were col-
lected from the trachea and main bronchus segments of 
lung transplant donors [14, 15].

For air–liquid interface (ALI) cultures, cells were sub-
sequently seeded onto collagen-coated trans-well inserts. 
Subsequently, cells were exposed to air by removing the 
apical medium and refreshing the basolateral medium 
every other day to promote differentiation [14]. Cells 
were incubated at 37 °C; CO2 5% for two weeks and stim-
ulated with cytokines for 24 h following this 2-week dif-
ferentiation period.

Culturing BEAS‑2B
Human bronchial epithelial cells (BEAS-2B) [16] were 
cultured in RPMI medium supplemented with 10% (v/v) 
FBS and 1% penicillin/streptomycin. Cells were incu-
bated at 37 °C; CO2 5%.

Stimulation
Cells were stimulated with either a combination of 10 ng/
ml of recombinant human IL-6 (R&D, 206-IL-010), 
100  ng/ml of recombinant human IL-6Rα, 1000  ng/ml 
sgp130Fc (Olamkicept) [17, 18], or 1000  ng/ml Toci-
lizumab for 24  h (Additional file  1: Table  S1). The con-
centrations of IL-6 and IL-6Rα were chosen based on 
Garbers et  al. [19]. The concentrations of Olamkicept 
and Tocilizumab were based on Lin et al. and Lokau et al. 
respectively [20, 21].

Protein extraction and Western blotting
BEAS-2B cultures were stimulated with IL-6, sIL-6R, 
Olamkicept, and Tocilizumab for 15 min. Samples were 
resolved using 10% SDS-PAGE, blotted onto Nitrocellu-
lose membranes (Millipore), and probed with antibodies: 
STAT3, pSTAT3, α-tubulin, and GAPDH. Bands were 
visualized using the chemiluminescence substrate. The 
experiment used six biological replicates. The target pro-
tein levels were normalized to loading control (α-tubulin 
and GAPDH) and relatively compared to IL-6.

xCELLigence
The xCELLigence®RTCA MP system was used. The 
96-well E-plate was collagen-coated. The cellular imped-
ance of the hAEC submerged culture was assessed every 
15 min for a minimum of 24 h following stimulation. A 
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Normalized Cell Index was defined as the mean cell 
index before stimulation.

Transepithelial electrical resistance (TEER)
An Epithelial Voltammeter [22] (Millicell ERS-2 Vol-
tohmmeter, Merck) was used to evaluate the epithelial 
barrier integrity in ALI culture by measuring the resist-
ance (Ω) produced by the cultured cells. The measure-
ments were taken before and after 24 h of stimulation.

RNA extraction and RNA‑seq analysis
Total RNA was isolated using NucleoSpin RNA purifica-
tion kit (Macherey–Nagel 740955, Germany) according 
to the manufacturer’s guide. RNA-seq was conducted 
using the Illumina NovaSeq 6000 sequencer by Geno-
meScan (https://​www.​genom​escan.​nl/). The procedure 
included data quality control, adapter trimming, align-
ment of short reads, and feature counting. The human 
reference GRCh37.75 was used for alignment. Differen-
tial expression was assessed using DESeq2 (v1.26.0) with 
a donor-adjusted linear model. Benjamini–Hochberg 
multiple testing correction was used for significance.

IL‑6 + sIL‑6Rα signature generation
Genes were separated into quartiles depending on their 
baseline expression [23], then sorted depending on the 
log fold change within each quartile, and the top 5% taken 
of each set as potential candidates for a gene signature.

To validate the genes in the highest 4th expression 
quartile, a gene set enrichment analysis (GSEA) [24] was 
conducted and included the core enrichment genes. Nor-
malized RNA-seq expression data of IL-6 + sIL-6Rα ver-
sus control generated in our study and IL-6 + sIL-6Rα 
versus the control condition derived from Jevnikar et al. 
[25] were used (Additional file  1: Table  S2). Genes that 
were previously reported to be sensitive to stimulation 
with the type-2 cytokines IL-4 and IL-13 were excluded 
[25].

Study population
To identify the asthma patient subgroup associated with 
the IL-6 + IL-6Rα pathway signature, bronchial biopsies 
from clinically well-characterized subjects were used. 
The subjects with current asthma were recruited from 
INDURAIN cohort (n = 77)  [26], and non-asthma from 
NORM study (n = 66)  [27]. The ATLANTIS study data 
is collected from nasal brushes and used to predict the 
signature enrichment in asthma patients (n = 362) against 
non-asthma (n = 58)  [28].

Results
Effect of IL‑6 and sIL‑6Rα on airway epithelial cells
To investigate the effect of IL-6 and sIL-6Rα on airway 
epithelial cells, we assessed their influence on IL-6 sign-
aling pathway activation, gene regulation, and cellular 
integrity.

To test the activation of the IL-6 + JAK/STAT3 sign-
aling pathway, we stimulated BEAS-2B cells with IL-6 
(10  ng/ml), sIL-6Rα (100  ng/ml), and the combination 
of both for 15 min. A significantly stronger STAT3 phos-
phorylation (pSTAT3) was detected after stimulation of 
BEAS-2B cells with IL-6 + sIL-6Rα complexes compared 
to IL-6 alone (Fig. 1A, Additional file 1: Table S3). Stim-
ulation with sIL-6Rα alone showed a slight induction of 
STAT3 phosphorylation compared to the control.

To investigate the effect of IL-6, alone and in combina-
tion with sIL-6Rα on the integrity of the epithelial barrier, 
we performed TEER measurements after 24 h of stimula-
tion of hAEC ALI cultures. The integrity of the epithe-
lial barrier was not affected (Fig.  1B, Additional file  1: 
Table S4). We also performed a stimulation for 24 h on 
submerged hAEC to assess the growth properties of the 
cells in real-time using the xCELLigence. The outcome 
also showed that cell index (CI = impedance at time point 
n – impedance without cells/nominal impedance value) 
was not affected (Fig. 1C, Additional file 1: Table S5). The 
two experiments’ results suggest that 24 h of stimulation 
does not impair epithelial barrier integrity or cell viabil-
ity, making these time points and concentrations suitable 
for further studies into gene regulation.

To identify the genes regulated by IL-6, IL-6Rα, or 
IL-6 + IL-6Rα, we stimulated hAEC ALI cultures for 
24  h with these individual stimulations, followed by 
a differential gene expression analysis. In total, 1364 
genes (q < 0.05) were found to be significantly differen-
tially expressed between IL-6-stimulated cells vs. con-
trol (Fig. 1D, Additional file 1: Table S6). No genes were 
affected by sIL-6Rα alone and 2247 genes were signifi-
cantly differentially expressed by IL-6 + sIL-6Rα vs. con-
trol (Fig. 1E, Additional file 1: Table S7). Highly induced 
genes were SERPINB4, TGM1, PLAT, and ATP6V1C2. 
Among these genes, 1058 were upregulated including 
asthma genes such as IL4R, SMAD3, IL33, MUC5AC, and 
IL1RL1. Two of the top five terms identified in network 
analysis (Additional file 1: Table S8) were the interleukin-
33-mediated signaling pathway and negative regulation 
of T-helper 1 type immune response.

We next investigated the effect of sIL-6Rα on gene 
expression to study whether the addition of sIL-6Rα 
causes a unique molecular signature or merely amplifies 
IL-6 pathway signaling.

The DGE results show 1068 overlapping genes with dif-
ferential expression in both the IL-6 vs. control and the 

https://www.genomescan.nl/
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IL-6 + sIL-6Rα vs. control comparisons (Fig. 2). We then 
plotted the fold change versus control of all genes, com-
paring the effect of IL-6 alone with that of IL-6 in combi-
nation with sIL-6Rα. As shown in Fig. 2, the differential 
expression levels of genes vs. the control are highly cor-
related among these two conditions with higher differ-
ential expression vs. the control when stimulated with 
IL-6 + sIL-6Rα. An interaction analysis showed no signifi-
cant interaction between the presence or absence of sIL-
6Ra and IL-6. These findings suggest that sIL-6Rα causes 
an amplification of the IL-6 pathway on the molecular 
level in airway epithelial cells leading to an amplification 
of IL-6 target gene expression without a distinct classic 
versus trans IL-6 signaling gene expression signature.

To confirm this contention further, we used 2 drugs, 
Tocilizumab and Olamkicept, that are used to inhibit 
IL-6 signaling through distinct mechanisms. Toci-
lizumab is an anti-IL-6R antibody that targets both, 
classic and trans IL-6 signaling. On the other hand, Ola-
mkicept (sgp130Fc) chelates the IL-6 + sIL-6Rα complex 

preventing it from binding to membrane-bound gp130, 
thus inhibiting IL-6 trans-signaling specifically. The addi-
tion of Olamkicept to the cultures completely blocked 
the gene expression changes induced by IL-6 + sIL-6Rα, 
with 0 genes (q < 0.05) differentially expressed com-
pared to the control. Similarly, the addition of Tocili-
zumab almost completely abrogated the gene expression 
changes induced by IL-6 + sIL-6Rα, leaving only 39 genes 
to be significantly differentially expressed compared to 
the control. At the pathway activation level, both Olamki-
cept and Tocilizumab showed a trend towards inhibition 
of STAT3 phosphorylation in BEAS-2B cells, however, 
it did not reach significance compared to the IL-6 + sIL-
6Rα condition (Additional file 2: Fig. S2).

IL‑6 + sIL‑6Rα gene signature in asthma
A gene signature for IL-6 + sIL-6Rα was generated by 
using the quartile method [23], and the core enrichment 
genes from GSEA (Fig. 3A) which yielded an IL-6 + sIL-
6Rα pathway signature of 5 genes (S100A9, SERPINB1, 

Fig. 1   sIL-6R amplifies activation of the IL-6 pathway signaling and amplifies gene regulation in the airway epithelial cells. A Western blot analysis 
of BEAS-2B cells stimulated for 15 min solely or in combination with 10 ng/mL IL-6, 100 ng/mL sIL-6Rα, or a combination of both IL-6 and sIL-6Rα. 
Western blots were stained for pSTAT3 and quantified. Western blots represent six experiments. Statistically significant differences are indicated 
*p < 0.05; ****p < 0.0001. B Normalized TEER and C, xCELLigence show no effect of IL-6 and sIL-6Rα on the integrity of the epithelial barrier 
after and during 24 h of stimulation respectively. Differential gene expression analysis of D IL-6 vs. control and E IL-6 + sIL-6Rα vs control
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LRG1, IFITM3, CLCA2). We investigated the effect of 
Olamkicept and Tocilizumab on this signature in IL-6/
IL-6R stimulated ALI cultured hAECs. All 5 genes were 
significantly downregulated by the addition of these 
drugs in all tested samples compared to IL-6 + sIL-6Rα 
stimulation (Fig. 3B, Additional file 1: Table S9). Olamki-
cept had a stronger inhibitory effect than Tocilizumab on 
the expression of these genes.

The gene signature was then used as a potential 
approach to understand the significance of IL-6 signal-
ing in human asthma (Additional file 1: Table S10), rea-
soning that high expression of this gene signature may 
reflect local epithelial IL-6 activation. Transcriptomic 
data from bronchial biopsies were used, which included 
two cohorts: Indurain (asthma patients, n = 77) [26], 

and NORM (non-asthmatic control subjects, n = 82) 
[27]. The IL-6 + sIL-6Rα gene signature score was sig-
nificantly increased in transcriptomes from bronchial 
biopsies in asthma patients compared to healthy con-
trols (Fig.  4A, Additional file  1: Table  S11). However, 
no significant enrichment was detected in Atlantis 
cohort (asthma patients, n = 361 and controls, n = 57) 
(Additional file 1: Table S12), using nasal brushes as the 
source material [29]. We then stratified asthma patients 
based on the gene signature expression, into four quar-
tiles to explore associations between the highest and 
lowest quartile with clinical features (Fig. 4B). Sputum 
eosinophil counts were found to be significantly lower 
in asthma patients with high expression of the IL-6 high 
gene signature compared to those with low expression 
of the gene signature in bronchial biopsies (Table 1).

Discussion
Previous genome-wide association studies along with 
clinical studies have shown an association between IL-6 
signaling and asthma [25, 30, 31]. In this study, we inves-
tigated the effect of sIL-6Rα on cultured airway epithe-
lial cells. The results of our work define the IL-6 and 
IL-6 + sIL-6Rα transcriptomic responses in airway epi-
thelial cells and clarify both the nature of each of these 
responses and the question as to whether classic and 
trans-signaling in epithelial cells are distinct. This appears 
not to be the case; rather, sIL-6Rα amplifies IL-6 signal-
ing without a unique trans-signaling response. Moreover, 
we generated a gene signature to predict the presence of 
active IL-6 + sIL-6Rα signaling in asthma patients and 
showed this to be enriched in asthma patients with low 
eosinophil counts.

Our results indicate that the IL-6 signaling pathway is 
activated by stimulating bronchial epithelial cells with 
IL-6 alone, which indicates that airway epithelial cells 
express functional IL-6Rα which is in line with a previ-
ous study [32]. We also examined the effect of IL-6 in 
combination with sIL-6Rα on the transcriptional level 
and found a large increase in the number and the effect 
size of up and down-regulated genes in comparison to 
the control, with no evidence of interaction between IL-6 
and sIL-6Rα. These results indicate that the genes regu-
lated by sIL-6Rα in combination with IL-6 are not dis-
tinct from the genes that were regulated by IL-6 alone. 
Therefore, a unique molecular IL-6 + sIL-6Rα trans-sign-
aling pathway signature does not appear to exist in air-
way epithelial cells. This is in line with our findings that 
show that the presence of sIL-6Rα increases IL-6 path-
way activation leading to increased phosphorylation of 
STAT3. These results match those mentioned in earlier 
studies by Jevnikar et.al. which showed an increase in 
STAT3 phosphorylation and the number of significantly 

Fig. 2  Scatter plot of the Log2 foldchanges of the differential gene 
expression analyses. Six fully differentiated hAEC were stimulated 
by IL-6, IL-6 + sIL-6Rα, or left unstimulated (control). Differential gene 
expression analyses were conducted using RNA-seq data of each 
of the stimulated conditions and compared against the control. 
Log2 foldchanges of the significant differentially expressed 
genes of both IL-6 and IL-6 + sIL-6Rα are shown in the scatterplot 
and directly compared to each other. The colors indicate in which 
analysis the gene was significant (q < 0.05). The dotted line represents 
a hypothetical correlation of y = x. The orange line is the linear fit of all 
the significant genes showing a trend towards the y-axis (y = 1.2x 
− 0.00869). NS; non-stimulated, DEG; differentially expressed genes
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regulated genes in the presence of sIL-6Rα in hAEC [25]. 
It should be noted though that the relationship between 
gene expression and function is not necessarily linear, 
and as such, the combination of IL-6 with sIL-6Rα may 
produce a distinct effect at the functional level.

A previous IL-6 trans gene signature was generated by 
Jevnikar et.al by stimulating bronchial epithelial cells in 
ALI cultures with IL-6 and sIL-6Rα [25]. Using the sig-
nature, a sub-group of asthma patients specifically char-
acterized by high IL-6 trans-signaling was identified 

Fig. 3  Generation of the IL-6 + sIL-6Rα Gene signature. The IL-6 + IL-6Rα Gene signature generation was generated from the significantly regulated 
genes in human airway epithelial cells by IL-6 + sIL-6Rα stimulation after passage through 3 filters. The core enrichment genes generated by GSEA  
[24], are genes that contribute to the leading-edge subset within the gene set. This is the subset of genes that contributes most to the enrichment 
result. B, The effect of Olamkicept and Tocilizumab on the IL-6 + sIL-6Rα gene signature expression in the presence of IL-6 + sIL-6Rα stimulation. DEG; 
differentially expressed genes, Th2; T helper type-2
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who had frequent exacerbations and submucosal infil-
tration of T cells and macrophages. In addition, this sig-
nature has been associated with neutrophil extracellular 
trap formation and Haemophilus infection in COPD 
[33]. Our method for the signature generation was dif-
ferent from the one presented in this paper. Jevnikar et.
al. based it on the selection of genes forming a cluster 
in a subset of patients which was then referred to as IL-
6TS–high. We also found that some of the selected genes 
had low baseline expression in cultured airway epithelial 
cells which made it difficult to be detected using qPCR 
(data not shown). Finally, some of the genes were highly 

co-expressed, such as S100A8, S100A9, and S100A12. To 
overcome the problem of selecting genes that have very 
low baseline expression we selected the top 5% DEG of 
the highest baseline-expression quartile [34]. After filtra-
tion based on GSEA analysis, five genes (S100A9, SER-
PINB1, LRG1, IFITM3, CLCA2) were selected to identify 
the activation of the IL-6 + sIL-6Rα pathway. The signa-
ture was carefully chosen to exclude genes activated by 
type-2 cytokine signaling such as IL-4 and IL-13. The 
signature was significantly enriched in bronchial biopsies 
from asthma patients in comparison with non-asthma 
patients (Fig. 4A), which demonstrates functional enrich-
ment of the IL-6 + sIL-6Rα pathway in asthma. A previ-
ous study showed that gene expression networks in nasal 
brushes reflect gene expression networks in bronchial 
brushes [35]. Since we did not find an association with 
our IL-6 + sIL-6Rα signaling signature in nasal brushes 
obtained from asthma patients, this suggests a local role 
for IL-6 + sIL-6Rα signaling in the lower, but not in the 
upper airways. Alternatively, the IL-6 + sIL-6Rα gene 
expression signature may be dependent on cell types pre-
sent in bronchial biopsies that are not present in epithe-
lial brushes. This implicates that we cannot use this gene 
signature on nasal brushes to define IL-6-high asthma 
patients. We performed an additional exploratory analy-
sis to understand the clinical characteristics of the patient 
subgroup that has high activation of the IL-6 + sIL-6Rα 
pathway based on the gene signature expression signa-
ture. We found that patients with high gene signature 
expression showed significantly lower sputum eosino-
phils compared to patients with low gene signature 
expression. Our results also show a trend toward lower 
sputum neutrophil numbers and blood eosinophil counts 
in patients characterized by high IL-6 + sIL-6Rα gene 
expression suggesting an association between IL-6 + sIL-
6Rα signaling and paucigranulocytic or type-2 low 
asthma that warrants further investigation.

The genes associated with the IL-6 + sIL-6Rα gene 
expression signature (S100A9, SERPINB1, LRG1, 
IFITM3, and CLCA2) each play distinct roles in asthma. 
S100A9 is an intracellular cytoplasmic protein released 
following cellular damage that exhibits elevated levels in 
blood and sputum of neutrophilic asthma patients  [36, 
37], particularly in uncontrolled cases  [38], contribut-
ing to innate immune responses and indicating its crucial 
role in neutrophilic airway inflammation  [39]. Elevated 
S100A9 levels in severe asthma suggest involvement 
in disease progression  [40]. SERPINB1, a proteinase/
elastase inhibitor, protects against Pseudomonas aer-
uginosa lung infection in mice and may serve as a bio-
marker for cystic fibrosis-related inflammation  [41, 42], 

Fig. 4  Expression of the IL-6 + sIL-6Rα gene signature in asthma. The 
IL-6 + sIL-6Rα gene signature was investigated in asthma patients 
and controls to study enrichment. A Enrichment plot of the Gene 
signature in asthma patients vs. controls, including the profile 
of the running enrichment score, and positions of gene-set 
members on the rank-ordered list. B patients were ranked based 
on the expression of the gene signature and divided into four 
quantiles. The IL-6 + sIL-6Rα high and IL-6 + sIL-6Rα low quartiles were 
used to inform the analyses reported in Table 1
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with its role in asthma yet to be explored. Leucine-rich 
α-2 glycoprotein 1 (LRG1) is a secreted member of the 
family of leucine-rich repeat proteins, and is proposed 
as a biomarker for pneumonia and asthma-related air-
way inflammation  [43, 44], potentially contributing to 
mucous overproduction through IL13-driven trans-
differentiation of bronchial epithelial cells to goblet cells 
in asthma patients  [44]. Interferon-induced transmem-
brane protein 3 (IFITM3), while unexplored in human 
allergic asthma, has been shown to drive and exacerbate 
Th2-cell responses in mouse studies  [45], with genome 
studies linking IFITM2/3 variants to basophil counts and 
lung function  [46, 47]. Chloride Channel Accessory 2 
(CLCA2) has been implicated in airway diseases and con-
tributes to secretory functions of airway epithelial cells in 
physiological and pathological processes, particularly in 
respiratory diseases like asthma and COPD  [48].

In this study, two drugs, Olamkicept and Toci-
lizumab, were used to block the IL-6 pathway. 

Olamkicept (sgp130) is a drug that was generated with 
the objective of blocking the IL-6 trans-signaling path-
way activated via sIL-6Rα by chelating the IL-6 + sIL-
6Rα protein complex. On the other hand, Tocilizumab 
is a drug that binds and neutralizes IL-6Rα (both 
membrane-bound and soluble) in order to block the 
IL-6 pathway. At the gene expression level, both Ola-
mkicept and Tocilizumab were able to effectively block 
all or most of the significantly regulated genes by IL-6 
and sIL-6Rα, respectively. Thus, either drug was able to 
block IL-6 effects, at least at the transcriptional level. 
It is important to mention that the 2 drugs did not 
regulate any genes when present alone (data available 
upon request). Olamkicept tended to be more effective 
in reversing the gene expression signature than Tocili-
zumab, which could indicate more effective inhibition 
by the trans-signaling specific inhibition strategy. How-
ever, higher concentrations of Tocilizumab may have 
led to stronger inhibition of the effects; and we were 

Table 1  Comparison of clinical asthma phenotypes of patients with high expression of the IL-6 + sIL-6Rα gene signature versus low 
expression of gene signature

Data are presented as percentages, means ± SDs. For P values, the Mann–Whitney U test was used

 *Statistically significant (P ≤ 0.05). ICS inhaled corticosteroids, FEV1 forced expiratory volume in 1 s, FVC forced vital capacity, NO nitric oxide

Asthma

Phenotypes High-Quartile Low-Quartile P-value

Mean (± SD) #N Mean (± SD) #N

IL-6 + sIL-6Rα gene signature Z-score 0.79 ± 0.2 18 − 0.69 ± 0.32 19 2.2e−7

Age (y) 47 ± 9 18 49.16 ± 14 19 0.26

Male (N) 10 18 10 19 0.86

Smokers (N) 13 18 13 19 0.8

ICS users (N) 5 18 3 19 0.37

Body mass index (kg/m2) 28 ± 5.4 18 26.34 ± 5.17 19 0.15

Sputum eosinophils (106) 0.009 ± 0.018 13 0.21 ± 0.35 15 0.0005*

Sputum eosinophils (%) 0.88 ± 1.2 13 6.3 ± 10.6 16 0.005*

Sputum neutrophils (106) 0.77 ± 0.61 13 4.8 ± 12.1 15 0.053

Sputum neutrophils (%) 53 ± 23.6 13 57.6 ± 16.1 16 0.79

FEV1 (% predicted) 80.7 ± 21 18 83 ± 18.3 18 0.69

FEV1.FVC (%) 0.8 ± 0.02 18 0.8 ± 0.03 19 0.36

Total IgE (kU/L) 170 ± 303 11 240 ± 342 13 0.25

Alveolar concentration NO (ppb) 5.77 ± 2.71 13 7.46 ± 4.9 14 0.71

Bronchial flux of NO (nL/s) 0.59 ± 0.6 13 1.03 ± 0.73 14 0.48

CD3 T cells biopsy (cells/mm2) 74 ± 45 18 75.3 ± 55.8 19 0.94

CD4 T cells biopsy (cells/mm2) 21.85 ± 15.3 18 19.4 ± 16.5 19 0.48

CD8 T cells biopsy (cells/mm2) 29 ± 21.8 18 32.5 ± 23.2 19 0.53

CD68 macrophages biopsy (cells/mm2) 13.7 ± 11.7 18 15 ± 13.3 19 0.76

Blood eosinophils (%) 3.1 ± 2 17 4.3 ± 2 18 0.07

Blood basophils (%) 0.55 ± 0.65 17 0.8 ± 1 18 0.44

Blood lymphocytes (%) 35.49 ± 11.15 17 32.62 ± 9.8 18 0.39

Blood neutrophils (%) 56.48 ± 9.6 17 58.3 ± 10 18 0.54

Blood monocytes (%) 4.1 ± 3.5 17 3.843 ± 2 18 1
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not able to relate our gene expression effects to other, 
functional readouts of airway epithelial cells. Thus, the 
functional consequence of the slightly lower inhibition 
of the gene expression effect of Tocilizumab compared 
to Olamkicept remains to be established.

Previous studies indicated a pleiotropic role for IL-6 
signaling in asthma. One of the factors that determine 
the role of IL-6 is the receptor form expressed by the 
target cell. The IL-6Rα membrane-bound receptor 
activates IL-6 classic signaling, which is known for its 
anti-inflammatory activities like promoting the regen-
eration of epithelial cells through transcription factor 
STAT3 [49], preventing epithelial cell apoptosis and 
inducing the hepatic acute phase response [50]. On 
the other hand, the soluble form of IL-6Rα (sIL-6Rα) 
activates IL-6 trans-signaling, which not only ampli-
fies IL-6 signaling as we show in our paper but also 
transactivates IL-6 signaling in non-IL-6Rα expressing 
cells. This is known to lead to pro-inflammatory effects 
through the recruitment of mononuclear cells [51]. In 
addition, it negatively affects the restoration of tissue 
integrity and function by inhibiting TGF-β–induced 
Treg differentiation and inhibiting T-cell apoptosis [52, 
53]. It has been reported that sIL-6Rα is elevated in the 
airways of asthma patients, and an association exists 
with severe asthma exacerbations in both children and 
adults [54, 55]. Although previous efforts attempted to 
target the IL-6 pathway in asthma, none targeted sIL-
6Rα. The fact that tocilizumab and olamkicept in this 
study have comparable effects in blocking the induction 
of genes does not necessarily mean that these are clini-
cally equally effective. It is possible that the selective 
blockade of sIL-6Rα prevents the recruitment of IL-6 
transactivated cellular responses, whilst preserving 
the beneficial classic IL-6Rα driven signaling. Notably, 
Tocilizumab has shown its effectiveness in a range of 
inflammatory diseases in which IL-6 signaling plays a 
role, such as rheumatoid and juvenile idiopathic arthri-
tis [56]. However, it wasn’t successful in suppressing 
the magnitude of the late asthmatic response in mild 
asthma patients, recorded between 3h and 7h after 
allergen challenge,   or of the  early asthmatic response 
(recorded between 20 min and 2 h after allergen chal-
lenge) [57]. Olamkicept, on the other hand, selectively 
inhibits the trans-signaling pathway and is currently 
being developed for ulcerative colitis. In 2021, phase 
2 clinical trials have been conducted to evaluate ola-
mkicept in patients with active ulcerative colitis. The 
trials succeeded to demonstrate the clinical efficacy of 
olamkicept in the targeted patients which promises fur-
ther development of the drug [58]. Our results suggest 
that a specific subgroup of IL-6 + sIL-6Rα high asthma 

patients exists. It would be an attractive hypothesis 
worth pursuing to investigate whether repurposing 
Olamkicept to this patient group may have clinical 
benefit.

Abbreviation
sIL-6Rα	� Soluble form of IL-6Rα
hAECs	� Human airway epithelial cells
ALI	� Air liquid interface
RPMI	� Roswell Park Memorial Institute medium
FBS	� Fetal bovine serum
GAPDH	� Glyceraldehyde 3-phosphate dehydrogenase
TEER	� Trans-Epithelial Electrical Resistance
RNA	� Ribonucleic acid
GSEA	� Gene set enrichment analysis
pSTAT3	� Phosphorylated STAT3
COPD	� Chronic obstructive pulmonary disease
qPCR	� Quantitative polymerase chain reaction
DEG	� Differentially expressed genes
FEV1	� Forced expiratory volume
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