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A B S T R A C T

Asthma is a complex airways disease with a wide spectrum which ranges from eosinophilic (Th2 driven) to
mixed granulocytic (Th2/Th17 driven) phenotypes. Mixed granulocytic asthma is a cause of concern as corti-
costeroids often fail to control this phenotype. Different kinases such as Brutons’s tyrosine kinase (BTK) and IL-2
inducible T cell kinase (ITK) play a pivotal role in shaping allergic airway inflammation. Ibrutinib is primarily a
BTK inhibitor, however it is reported to be an ITK inhibitor as well. In this study, we sought to determine the
effect of Ibrutinib on Th1, Th17 and Th2 immune responses in a cockroach allergen extract (CE)-induced mixed
granulocytic (eosinophilic and neutrophilic) mouse model in preventative mode. Ibrutinib attenuated neu-
trophilic inflammation at a much lower doses (25–75 μg/mouse) in CE-induced mixed granulocytic asthma
whereas Th2/Th17 immune responses remained unaffected at these doses. However, at a much higher dose, i.e.
250 μg/mouse, Ibrutinib remarkably suppressed both Th17/Th2 and lymphocytic/neutrophilic/eosinophilic
airway inflammation. At molecular level, Ibrutinib suppressed phosphorylation of BTK in neutrophils at lower
doses and ITK in CD4+T cells at higher doses in CE-treated mice. Further, effects of Ibrutinib were compared
with dexamethasone on CE-induced mixed granulocytic asthma in therapeutic mode. Ibrutinib was able to
control granulocytic inflammation along with Th2/Th17 immune response in therapeutic mode whereas dex-
amethasone limited only Th2/eosinophilic inflammation. Thus, Ibrutinib has the potential to suppress both
Th17/Th2 and neutrophilic/eosinophilic inflammation during mixed granulocytic asthma and therefore may be
pursued as alternative therapeutic option in difficult-to-treat asthma which is resistant to corticosteroids.

1. Introduction

Asthma is a chronic disorder of the airways in which there is airway
inflammation and reversible airflow obstruction. Airway inflammation
is characterized by increased expression of a number of cytokines,
chemokines, and various other inflammatory mediators which together
cause remodeling of the airways through resident/infiltrating immune
cells such as dendritic cells (DCs) and neutrophils [1,2]. Numerous
research documentations have pointed out that classical asthma is
predominantly a Th2-mediated inflammatory disorder, however other

inflammatory cytokines such as IL-6, IL-17A, and TNF-α play a sig-
nificant role in mixed granulocytic asthma [1–4].

Bruton’s Tyrosine Kinase (BTK) and IL-2 inducible T cell kinase
(ITK) are well known members of Tec tyrosine kinase family which
participate in B cell receptor (BCR)/toll-like receptor (TLR), and T cell
receptor (TCR) signaling respectively. BTK and ITK are present in B
cells/myeloid cells and T cells respectively [5–7]. The activation of
BCR/TCR results in the phosphorylation of BTK/ITK with the aid of
other kinases. BTK and ITK in their inactive forms are present in the
cytoplasm but on activation, they migrate to the cell membrane [6,7].
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Upon activation, BTK/ITK gets phosphorylated thereby causing induc-
tion of downstream events like the proliferation/differentiation in in-
nate (neutrophils) and adaptive (B/T cells) immune cells through nu-
merous transcription factors, e.g., NFκB, NFAT, STAT3, etc. [6,8–10].
On this basis, both of these kinases are important biological targets for
therapeutic intervention in many disorders which include inflammatory
diseases and B cell malignancies. For example, BTK and ITK inhibitors
have shown amelioration of inflammatory pathways associated with
pathogenesis of rheumatoid arthritis, systemic lupus erythematosus and
acute lung injury [11–15]. However, role of combined inhibition of BTK
and ITK in innate and adaptive immune cells respectively in the context
of mixed granulocytic asthma has not been explored earlier.

Corticosteroids are well established and most effective drugs to
control the symptoms of Th2-driven asthma [16–18]. However, there
are other forms of asthma which may be resistant to corticosteroids
which include neutrophilic as well as mixed granulocytic asthma phe-
notypes. Both neutrophils and eosinophils release a myriad set of in-
flammatory mediators that are responsible for the development of
mixed granulocytic asthma [19,20]. All forms of asthma exacerbation
and corticosteroid-resistant asthma are connected to the growing
numbers of neutrophils along with concomitant presence of eosinophils
in bronchoalveolar lavage fluid, sputum or lung biopsies from asthma
patients [4,20]. This is supposedly due to generation of oxidants by
neutrophils which are thought to be responsible for corticosteroids in-
sensitivity [21–23]. Therefore, there is a need for alternative therapies
that can attenuate both neutrophilic and eosinophilic airway in-
flammation concomitantly. In this context, combined inhibition of ITK/
BTK may be an attractive therapeutic approach to treat mixed granu-
locytic asthma.

Ibrutinib is a well-known inhibitor of BTK, however it has also been
reported to cause inhibition of ITK as well at a relatively higher con-
centration. Ibrutinib has been used against B cell malignancies as well
as inflammatory/autoimmune disorders such as rheumatoid arthritis,
lupus, acute lung injury [24–27]. However, its mechanism of action was
mostly reported to be based on modification of signaling functions ei-
ther in neutrophils or B cells. In this study, we wanted to assess the
effect of Ibrutinib on both innate neutrophils and T cells (Th1/Th17)
during mixed granulocytic asthmatic inflammation.

In order to understand the relevance of Ibrutinib in mixed granu-
locytic asthma, we employed cockroach allergen extract-induced mouse
model which exhibits both Th2/Th17 endotype and mixed granulocytic
inflammation, i.e. neutrophils/eosinophils [28]. Our results point to an
inhibitory effect of Ibrutinib on both BTK and ITK signaling in neu-
trophils and CD4+T cells respectively, thereby causing suppression of
Th17/Th2 as well as neutrophilic/eosinophilic inflammation in air-
ways. These results suggest that the combined inhibition of BTK/ITK by
Ibrutinib may be a potential alternative therapy against mixed granu-
locytic asthma.

2. Methods

2.1. Animals

Male Balb/c mice, 8 to 10 weeks of age (20–25 g), free of specific
pathogens, were used in the experiments. These mice were obtained
from Experimental Animal Care Center, College of Pharmacy, King
Saud University. The mice were housed under standard laboratory
conditions of 12-h light-dark cycle and 24–26 °C ambient temperature.
All experimental/ethical protocols were approved by the Animal Care
and Research Committee of College of Pharmacy, King Saud University.

2.2. Cockroach allergen extract (CE)-induced mixed granulocytic asthma
model

Cockroach extract (CE)-induced airway inflammation having both
eosinophilic as well as neutrophilic inflammation was developed as

described earlier [28]. Briefly, mice were sensitized intranasally (i.n.)
with 50 μg whole-body German cockroach (Blattella germanica) extract
(CE) from Greer Laboratories (Lenoir, NC) under light anesthesia
through days 1–5. After 10 days of 1 st sensitization, the mice were
instilled 50 μg CE/20 μl saline twice daily (morning and evening) for 7
days (from day 11 to 17). Non-sensitized control animals received only
saline with the same volumes.

To assess the role of Ibrutinib on BTK/ITK signaling and CE-induced
airway immune responses in preventative mode, Ibrutinib (Tocris, UK)
was administered i.n. once every day before morning CE challenge at a
concentration of 25–250 μg/mouse (dissolved in 20 μl dimethylsulf-
oxide) for 7 consecutive days starting day 11.

For comparative purpose in therapeutic mode, Ibrutinib and dex-
amethasone were administered, i.n. at 250 μg/mouse and 25 μg/mouse
respectively for 5 consecutive days starting day 13 once daily before
morning CE challenge.

2.3. Bronchoalveolar lavage (BAL)

The mice were sacrificed by deep isoflurane anesthesia after 12 h of
last allergen challenge followed by BAL procedure through cannulation
of trachea as stated elaborately before [28]. Recovered BAL cells were
counted in a hemocytometer chamber followed by differential count of
at least 300 cells on cytocentrifuged Diff-Quik stained slides. Data are
expressed as mean ± SEM/ml for each group.

2.4. Flow cytometry

For detection Th1/Th2/Th17/neutrophilic markers in different
pulmonary immune cells, single-cell suspensions of lung were prepared
as detailed earlier [28,29]. Cells were first labeled with antibodies
against cell surface markers such as CD4, Ly6G conjugated to FITC/PE/
APC (BioLegend, USA). After wash, cells were then fixed/permeabilized
for intracellular staining as per manufacturer’s protocol (BioLegend,
USA). Specific antibodies against intracellular proteins such as, IL-5,
IFN-γ, GATA-3, IL-17A, p-STAT3, IL-23R, iNOS, nitrotyrosine, p-BTK, p-
ITK/p-BTK (p-ITK), conjugated to PE or FITC or APC (BioLegend/San-
taCruz Biotech/BD Biosciences, USA) were utilized. At least 10,000
immunostained cells were acquired on a flow cytometer (Beckman
Coulter, USA) and analyzed for the expression of phenotypic markers
using Cytomics FC 500 software as described earlier [28,29].

2.5. Real-time PCR

Total RNA was isolated from the lungs followed by its conversion
(0.5 μg) into cDNA using High Capacity cDNA archive kit (Applied
Biosystems, USA) as per to the manufacturer’s protocol as detailed
earlier [28,29]. mRNA levels were measured by real-time PCR analysis
using the ABI PRISM 7500 sequence detection system (Applied Bio-
systems) using Taqman inventoried assays-on-demand probes for IL-5,
GATA-3, STAT3, IL-17A, and iNOS (Applied Biosystems, USA). The fold
difference in expression of target cDNA was determined using the
comparative CT method as stated before [30].

2.6. Antigen recall assay in lung draining lymph nodes

Single cell suspensions were prepared from lung-draining lymph
nodes at the end of the experiment, i.e. on day 18 from the groups
treated preventively with Ibrutinib. Briefly, single cell suspensions were
cultured in RPMI-1640 containing penicillin-streptomycin as described
earlier [28]. The cells were then re-stimulated in vitro with CE (10 μg/
ml) for 2 days, followed by measurement of IL-17A, IL-5, and IFN-γ in
the culture supernatant as described below.
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2.7. Measurement of cytokines levels by ELISA

Protein levels of Th1/Th2/Th17 cytokines in the lung samples/
lymph node cell cultures were assayed using ELISA kits from Biolegend
(USA), and R&D Systems (USA).

2.8. Evaluation of myeloperoxidase activity

Myeloperoxidase (MPO) activity in the pulmonary supernatants as a
marker of neutrophil inflammation was carried out as detailed earlier
[29].

2.9. Lung histology

Lungs were dissected from the thoracic cavity at the of the experi-
ment and fixed in 10% phosphate buffered formalin. Thereafter, sec-
tioning of fixed lungs (5 μm thick sections) was carried out for assess-
ment of general inflammation and mucus production by using
haematoxylin and eosin (H&E), and Periodic Acid Schiff (PAS) stains
respectively. Stained sections were inspected under bright-field micro-
scopy.

2.10. Chemicals

All chemicals were procured from Sigma Chemicals (USA) unless
stated otherwise and were of the highest quality.

2.11. Statistical analysis

The data were expressed as mean ± SEM and derived from two
independent experiments. Comparisons among different groups were
analyzed by one-way ANOVA (analysis of variance) followed by
Tukey’s multiple comparison tests. A ‘P’ value of less than 0.05 was
considered significant for all statistical tests. All the statistical analyses
were performed using Graph Pad Prism statistical package.

3. Results

3.1. Effect of Ibrutinib on CE-induced mixed granulocytic airway
inflammation and related parameters employing preventive strategy

As Ibrutinib is known to inhibit both BTK and ITK which are im-
portant regulators of both innate and adaptive immunity respectively,
therefore we first wanted to evaluate its effects on lymphocytic, neu-
trophilic and eosinophilic airway inflammation in mixed granulocytic
asthma model in mice. Our data show that Ibrutinib blocked neu-
trophilic inflammation/MPO activity at almost all doses (25–250 μg),
but had limited effect on eosinophilic/ lymphocytic inflammation at
lower doses, i.e. 25–75 μg (Fig. 1A–E). However, at a dose of 250 μg,
Ibrutinib also remarkably attenuated eosinophilic and lymphocytic
airway inflammation (Fig. 1D–E). Reduction in lymphocytic, neu-
trophilic and eosinophilic inflammation at the highest dose was asso-
ciated with a reduction in overall inflammation as reflected by BAL
counts, H&E and PAS staining (Fig. 1A, F & G). There was no significant
difference in mixed airway inflammation other inflammatory markers
between Ibrutinib-treated control and vehicle-treated control groups
(Fig. 1A–G); therefore, Ibrutinib-treated control group was not included
in further experiments. Overall, these data propose that Ibrutinib has
the potential to suppress both neutrophilic and eosinophilic airway
inflammatory changes during mixed granulocytic asthma model.

3.2. Effect of Ibrutinib on ITK phosphorylation and Th17/ Th2/Th1
markers during mixed granulocytic inflammation employing preventive
strategy

Since Ibrutinib attenuated both neutrophilic and eosinophilic

inflammation, we next determined its effect on ITK phosphorylation
during mixed granulocytic inflammation as ITK is known to control Th2
and Th17 immune responses. Our data show that Ibrutitnib caused
significant attenuation of CE-induced phosphorylated ITK in pulmonary
CD4+T cells at the highest dose, 250 μg but not at 25/75 μg dose
(Fig. 2A & D). We next asked the question whether Ibrutinib was able to
cause attenuation of Th2/Th17 immune responses. Our results reveal
that Ibrutinib caused reduction in Th2 as well as Th17 cells and related
markers at the highest dose, i.e. 250 ug. This was evidenced by
downregulation of CE-induced GATA3, and IL-5 expression in Th2 cells
by Ibrutinib at 250 μg (Fig. 2B–C & F–G). Similarly, Ibrutinib caused
downregulation of CE-induced p-STAT3, IL-17A, and IL-23R expression
in Th17 cells at 250 μg (Fig. 3A–C and E–G). Ibrutinib also caused
marked attenuation of both IL-5 and IL-17A protein levels in lung
homogenates of CE-treated mice (Fig. 2 D and 3D). We also measured
Th1 related marker in the lungs of different groups (Vehicle, CE, and
CE+ Ibrutinib treated mice). Although, CE administration led to sig-
nificant upregulation of Th1 responses as depicted by increased % of
IFN-γ+CD4+T cells and IFN-γ protein levels in pulmonary compart-
ment; however, Ibrutinib at any dose did not cause any significant at-
tenuation of CE-induced upregulation of IFN-γ levels (Fig. 4A and B).
These data show that neutrophilic and eosinophilic inflammation at the
highest dose could be a result of inhibition of Th2 and Th17 related
markers which is probably due to ITK inhibition.

3.3. Effect of Ibrutinib on Th17/ Th2/Th1 related cytokines in antigen
recall assay employing preventive strategy

Additionally, we explored if Th17/Th2/Th1 related markers are
affected during antigen recall assay in mice preventively treated with
Ibrutinib. Our data show that CE-restimulated lung draining lymph
node cells from CE-sensitized and challenged mice had increased re-
lease of Th17/Th2/Th1 related cytokines, i.e. IL-17A, IL-5 and IFN-γ
respectively, however Ibrutinib treatment only at the highest dose, i.e.
250 μg caused significant attenuation of IL-17A and IL-5 but not IFN-γ
(Fig. 4C–E). These data further confirm in vivo findings and demonstrate
that Ibrutinib treated allergic mice show considerable reduction in Th2
and Th17 related cytokines even during in vitro re-stimulation with the
CE allergens.

3.4. Effect of Ibrutinib on BTK phosphorylation and oxidative stress in
neutrophils during mixed granulocytic inflammation employing preventive
strategy

Since there was an inhibitory effect of Ibrutinib on neutrophilic
inflammation at the lower doses, i.e. 25/75 μg as well, we further
evaluated its effect on BTK phosphorylation (p-BTK) and oxidative
stress markers in pulmonary neutrophils. Our data show that there was
remarkable upregulation of phosphorylated BTK expression in pul-
monary neutrophils of CE-treated mice as reflected by an increase in p-
BTK+GR-1+ cells (Fig. 5A & D). Ibrutinib caused downregulation of
p-BTK levels at much lower levels (25/75 μg) than what was observed
for p-ITK in CD4+T cells (Fig. 5A & D). Next we examined the effect of
Ibrutinib on iNOS/nitrotyrosine levels in neutrophils. Ibrutinib caused
downregulation of iNOS/nitrotyrosine expression at much lower levels
(25/75 μg) similar to inhibition of p-BTK (Fig. 5B–C & E–F). These data
reveal that downregulation of p-BTK along with decrease in oxidative
stress in neutrophils could be responsible for attenuated neutrophilic
inflammation at lower doses of Ibrutinib during CE-induced granulo-
cytic asthma.

3.5. Comparison of Ibrutinib with dexamethasone on mixed granulocytic
airway inflammation and related parameters employing therapeutic strategy

Further to reflect the scenario of clinical situation where asthma is
treated post development of airway inflammation, effect of ibrutinib
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was compared with dexamethasone on mixed airway inflammation in
therapeutic mode. Our data exhibit that Ibrutinib was able to control
both neutrophilic and eosinophilic inflammation even in therapeutic
model whereas dexamethasone failed to inhibit neutrophilic in-
flammation but was successful in limiting eosinophilic inflammation up
to some extent (Fig. 6). This was evident from total leukocytic counts,
neutrophilic counts, eosinophilic counts, and H&E staining (Fig. 6A–D).
This confirms our above discussed observations that Ibrutinib is a po-
tential candidate for controlling both neutrophilic and eosinophilic
inflammation during mixed granulocytic asthma.

3.6. Comparison of Ibrutinib with dexamethasone on CE-induced Th17 and
Th2 markers during mixed granulocytic inflammation employing therapeutic
strategy

Next, we wanted to confirm if dexamethasone was able to control
Th2 and Th17 immune responses similar to Ibrutinib. Our data reveal
that dexamethasone controlled CE-induced Th2 immune responses but
failed to control Th17 immune responses. However, Ibrutinib controlled
both Th2 as well as Th17 immune responses even in the therapeutic
mode (Fig. 7A–F). This was evident from reduction in CE-induced ele-
vation in IL-5 and IL-17A protein levels by Ibrutinib (Fig. 7). Th2

Fig. 1. Effect of different doses of Ibrutinib (BTK/ITK inhibitor) on CE-induced mixed granulocytic airway inflammation in preventive mode. (A) Total leukocytes
count in BALF, B) Neutrophilic count in BALF, C) Pulmonary MPO activity, D) Eosinophilic count in BALF, E) Lymphocyte count in BALF, F) H&E staining of the lung
sections, and G) PAS staining of the lung sections. Values are expressed as mean ± SE, n=9/group from three independent experiments. *P < 0.05, vs. CE group.
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Fig. 2. Effect of different doses of Ibrutinib (BTK/ITK inhibitor) on CE-induced ITK phosphorylation and Th2 markers in pulmonary CD4+T cells in preventive
mode. (A) % p-ITK+CD4+T cells in the lung, B) % GATA-3+ CD4+T cells in the lung, C) % IL-5+ CD4+T cells in the lung, D) IL-5 protein levels in the lung, E)
Representative flow plot exhibiting p-ITK expression in CD4+T cells in the lung, F) Representative flow plot exhibiting GATA3 expression in CD4+T cells in the
lung, and G) Representative flow plot exhibiting IL-5 expression in CD4+T cells in the lung. Values are expressed as mean ± SE, n=6–9/group from three
independent experiments. *P < 0.05, vs. CE group.
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Fig. 3. Effect of different doses of Ibrutinib (BTK/ITK inhibitor) on CE-induced Th17 markers in pulmonary CD4+T cells in preventive mode. (A) % p-
STAT3+CD4+T cells in the lung, B) % IL-17A+CD4+T cells in the lung, C) % IL-23R+CD4+T cells in the lung, D) IL-17A protein levels in the lung, E)
Representative flow plot exhibiting p-STAT3 expression in CD4+T cells in the lung, F) Representative flow plot exhibiting IL-17A expression in CD4+T cells in the
lung, and G) Representative flow plot exhibiting IL-23R expression in CD4+T cells in the lung. Values are expressed as mean ± SE, n=6–9/group from three
independent experiments. *P < 0.05, vs. CE group.
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(GATA3/IL-5) and Th17 (STAT3/IL-17A) related markers at mRNA
level were also greatly attenuated by therapeutic treatment with Ibru-
tinib (Fig. 7C and F). This further shows a greater potential of Ibrutinib
in controlling both Th2 and Th17 immune responses than corticoster-
oids during mixed granulocytic asthma.

3.7. Comparison of Ibrutinib with dexamethasone on CE-induced
neutrophilic oxidative stress during mixed granulocytic inflammation
employing therapeutic strategy

Lastly, we wanted to compare the effect of dexamethasone with
Ibrutinib on neutrophilic oxidative stress which is a contributing factor
for corticosteroid insensitivity. Our data reveal that dexamethasone
failed to significantly attenuate CE-induced neutrophilic oxidative
stress, whereas Ibrutinib markedly attenuated oxidative markers both
in the neutrophils/lung in the therapeutic mode. This was evident from
reduction in CE-induced elevation in iNOS and nitrotyrosine levels by
Ibrutinib (Fig. 8A–C). This confirms that corticosteroids may be poor
controllers of mixed granulocytic asthma due to lack of attenuation of
neutrophilic inflammation. Further, Ibrutinib may be a successful al-
ternative therapy to treat mixed granulocytic asthma due to down-
regulation of both neutrophilic and eosinophilic inflammation.

4. Discussion

Mixed granulocytic inflammation is predominant in patients with
severe asthma. Previous studies demonstrated that both eosinophils and
neutrophils play a regulatory role in mixed granulocytic asthma, since
they synthesize and release an array of inflammatory mediators that
trigger the development of severe asthma [19,20,31]. The mechanisms
behind these diverse inflammatory profiles are quite complex in
asthma, but a Th17/neutrophilic presence might be indicative of a
disease pathogenesis that is not driven by Th2 cells alone. Neutrophilic
presence also contributes to the amount of oxidative stress in the air-
ways which accounts for corticosteroid insensitivity in patients with

severe asthma [18,21,28]. Our study shows that Ibrutinib has the po-
tential to regulate neutrophilic and eosinophilic airway inflammation
thorough differential regulation of BTK and ITK in different immune
cells during mixed granulocytic asthma both in preventative and ther-
apeutic mode.

Corticosteroids are used as mainstream anti-inflammatory drug
treatment in asthma. Corticosteroids predominantly dampen in-
flammation in the lungs by repressing the transcription of inflammatory
mediators through several mechanisms [17,32]. Generally, symptoms
of classical asthma in most patients can be very well managed by cor-
ticosteroids, however a subset of patients are resistant to the anti-in-
flammatory actions of corticosteroids (steroid resistant asthma). Ap-
proximately 10–25% of asthmatics are steroid resistant, which could be
due to multiple factors [16,23,28]. A number of studies reveal that
steroid resistant asthma in humans and mice is characterized by huge
presence of neutrophils and Th17 cells in the airways along with Th2
cells and eosinophils. Neutrophils and Th17 cells have been found to be
elevated in the bronchial tissues, sputum, serum, and BALF in such
patients [21,28,33–35]. Our study also exhibited only limited potential
of dexamethasone in controlling mixed granulocytic airway in-
flammation. Therefore, alternative therapies are required can control
both Th2/Th17 and eosinophilic/neutrophilic inflammation during
mixed granulocytic asthma.

BTK has a crucial role in BCR signaling during normal B cell de-
velopment. Aberrant BCR signaling is associated with autoimmune
diseases and B cell malignancies, such as rheumatoid arthritis and
chronic lymphocytic leukemia respectively [10,15,36]. In addition,
BTK is also expressed in myeloid cell populations, including neu-
trophils, monocytes/macrophages, and mast cells. These innate cells
infiltrate the tissue and produce inflammatory cytokines, aggravating
inflammatory symptoms. In myeloid cell populations, BTK functions
downstream of innate receptors such as TLRs or Fcγ receptors or Fcε
receptors. In the absence of BTK, oxidant/cytokine pathways are im-
paired due to hampering in innate receptor signaling [26,37,38]. Col-
lectively, these data suggest that BTK signaling plays an important role

Fig. 4. Effect of different doses of Ibrutinib (BTK/ITK inhibitor) using preventive strategy on CE-induced Th1 marker in the lung (in vivo), and Th17/Th2/Th1 related
cytokines in lung draining lymph node cells (LDNCs) during antigen recall assay (in vitro). (A) % IFN-γ+CD4+T cells in the lung, B) IFN-γ protein levels in the lung,
C) IL-17A protein levels in culture supernatant from CE-treated LDNCs, D) IL-5 protein levels in culture supernatant from CE-treated LDNCs, and E) IFN-γ protein
levels in culture supernatant from CE-treated LDNCs. Values are expressed as mean ± SE, n=6/group from three independent experiments. *P < 0.05, vs. CE
group.

A. Nadeem, et al. Pharmacological Research 148 (2019) 104441

7



in different inflammatory processes in innate immune cells. Our study
further shows that BTK signaling serves a crucial function in develop-
ment of neutrophilic inflammation during mixed granulocytic asthma

BTK plays a crucial role in neutrophils as its activation causes in-
duction of multiple pathways which are necessary for neutrophil re-
cruitment/ infiltration during inflammation [39,40]. BTK activation
along with inflammatory mediators and pulmonary inflammation are
increased in murine models of acute lung injury such as those induced

by trauma-hemorrhagic shock or LPS [11,41]. Knocking down BTK in
neutrophils or its pharmacological inhibition in the lung cause reduc-
tion in pulmonary neutrophilic inflammation, microvascular perme-
ability, pulmonary edema and other inflammatory markers such as
iNOS/NFκB expression in these lung injury models [11,41,42]. Other
models involving organ injury such as liver damage following re-
perfusion injury also show amelioration of disease symptoms by BTK
inhibition due to attenuation of neutrophilic recruitment and activation

Fig. 5. Effect of different doses of Ibrutinib (BTK/ITK inhibitor) on CE-induced BTK phosphorylation and oxidative stress in the pulmonary neutrophils in preventive
mode. (A) % p-BTK+ Ly6G+ cells in the lung, B) % iNOS+Ly6G+ cells in the lung, C) % Nitrotyrosine+ Ly6G+ cells in the lung, D) Representative flow plot
exhibiting p-BTK expression in Ly6G positive cells in the lung, E) Representative flow plot exhibiting iNOS expression in Ly6G positive cells in the lung, and F)
Representative flow plot exhibiting nitrotyrosine expression in Ly6G positive cells in the lung. Values are expressed as mean ± SE, n=6/group from three in-
dependent experiments. *P < 0.05, vs. CE group.
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[43]. Our study further reveals that Ibrutinib has the potential to cause
significant reduction in neutrophilic inflammation through down-
regulation of BTK in neutrophils at doses which did not affect ITK
phosphorylation in CD4+T cells.

ITK signaling has also been shown to be involved in multiple in-
flammatory pathways in different disease models. Therefore, deficiency
of ITK either by knock-out approach or pharmacological inhibition has
shown potential benefit against various inflammatory conditions such
as multiple sclerosis, asthma and rheumatoid arthritis [5,13–15,44,45].
Recently, it has been shown that Ibrutinib not only inhibits BTK but also

ITK, however at a relatively higher concentration [24,27,36]. Our study
also shows that Ibrutinib could differentially affect BTK and ITK sig-
naling in neutrophils and CD4+T cells respectively. It inhibits BTK in
neutrophils at much lower concentration than ITK in CD4+T cells,
thus potentiating the overall efficacy of this compound on mixed
granulocytic airway inflammation. It is obvious from marked inhibition
of both Th2/Th17 and eosinophilic/neutrophilic inflammation at the
highest dose used in this study; whereas at lower doses it only caused
downregulation of neutrophilic inflammation during mixed granulo-
cytic asthma.

Fig. 6. Comparison of Ibrutinib (BTK/ITK inhibitor) and dexamethasone on CE-induced mixed granulocytic airway inflammation in therapeutic mode. (A) Total
leukocytes count in BALF, B) Neutrophilic count in BALF, C) Eosinophilic count in BALF, and D) H&E staining of the lung sections. Values are expressed as
mean ± SE, n=6–9/group from three independent experiments. *P < 0.05, vs. CE group.

Fig. 7. Comparison of Ibrutinib (BTK/ITK inhibitor) and dexamethasone on CE-induced Th2/Th17 markers in pulmonary CD4+T cells in therapeutic mode. (A) %
IL-5+ CD4+T cells in the lung, B) IL-5 protein levels in the lung, C) mRNA levels of GATA3 and IL-5 in the lung, D) % IL-17A+CD4+T cells in the lung, E) IL-17A
protein levels in the lung, and F) mRNA levels of STAT3 and IL-17A in the lung. Values are expressed as mean ± SE, n=6–9/group from three independent
experiments. *P < 0.05, vs. CE group.
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ITK signaling is needed for Th2/Th17 immune responses through
activation of various downstream pathways in CD4+T cells. ITK has
been shown to regulate GATA3 which is an essential transcription
factor for Th2 cell differentiation [46,47]. ITK signaling has been also
reported cause differentiation of Th17 cells through STAT3 dependent
and independent mechanisms [47–49]. On the other hand, both Th2
and Th17 related markers have shown to be affected by ITK inhibition/
deficiency [47,48,50,51]. Further, ITK deficiency also causes suppres-
sion of Th2/Th17 immune responses in animal models of asthma;
whereas ITK deficiency in a mouse model of allergic asthma or ITK
inhibition by Ibrutinib in mouse model of cutaneous leishmaniasis do
not cause downregulation of Th1 related markers [13,14,27,44,45,48].
Ibrutinib, also led to marked attenuation of CE-induced upregulation in
Th2/Th17 responses, whereas it failed to inhibit CE-induced Th1 re-
sponse in the lung. This could be due to suppression of p-ITK expression
in CE-treated CD4+T cells by Ibrutinib. This suggests that Ibrutinib
has the potential to control Th2/Th17 immune responses while sparing
Th1 immune response during mixed granulocytic airway inflammation.

Ibrutinib is known to be quite efficacious in mice models of arthritis,
lupus, brain ischemia/reperfusion model, and graft-versus host disease
[24,26,52]. Ibrutinib has also been useful earlier in amelioration of
allergy. Mast cells isolated from BTK/ITK double knockout mice or
ibrutinib-treated basophils have defective degranulation and cytokine
secretion responses downstream to FcεR signaling [53–55]. However,
our study revealed its potential in combating mixed granulocytic
airway inflammation having Th2/Th17 immune responses in an al-
lergen driven mouse model of asthma for the first time.

Based on our results, Ibrutinib may have the potential as an alter-
native therapy for mixed granulocytic airway inflammation which is
resistant to corticosteroids. As evident from the current data, it leads to
downregulation of neutrophilic inflammation both in preventive and
therapeutic mode. Neutrophilic inflammation and oxidative stress are
known perpetrators for the development of corticosteroid resistance
[16,21,28]. Our study shows that Ibrutinib attenuates neutrophilic
oxidative stress through inhibition of BTK signaling. Therefore, in-
hibition of both neutrophilic and eosinophilic inflammation by

Ibrutinib may confer a better protection against mixed granulocytic
airway inflammation which is not the case with corticosteroids.

Overall, our study shows that Ibrutinib, through differential in-
hibition of two different kinases, i.e. BTK and ITK can be a useful
compound to inhibit both Th17/Th2 and neutrophilic/eosinophilic
immune responses during mixed granulocytic asthma. Therefore,
Ibrutinib may be an alternative therapy to manage difficult-to-treat
asthma phenotypes having mixed granulocytic inflammation.
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