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Chronic pulmonary diseases, including chronic obstructive

pulmonary disease (COPD) and asthma, are major causes of

death and reduced quality of life. Characteristic of chronic

pulmonary disease is excessive lung inflammation that occurs

in response to exposure to inhaled irritants, chemicals, and

allergens. Chronic inflammation leads to remodeling of the

airways that includes excess mucus secretion, proliferation of

smooth muscle cells, increased deposition of extracellular

matrix proteins and fibrosis. Protein kinases have been

implicated in mediating inflammatory signals and airway

remodeling associated with reduced lung function in chronic

pulmonary disease. This review will highlight the role of protein

kinases in the lung during chronic inflammation and examine

opportunities to use protein kinase inhibitors for the treatment

of chronic pulmonary diseases.
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Introduction
Obstructive pulmonary disease

Asthma and chronic obstructive pulmonary disease

(COPD) are the two most common chronic pulmonary

diseases, affecting approximately 300 million and 250 mil-

lion individuals worldwide, respectively, and causing 250

000 and 3.1 million deaths annually, respectively [1].

Asthma and COPD share symptoms of cough and dys-

pnea, the presence of chronic airway inflammation driven

by exposure to inhaled immune stimuli, airway wall

thickening, and the contribution of cellular senescence

of airway epithelium. But the two diseases differ in the

segment of the bronchial tree affected, the nature of the
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inflammation, the inciting immune stimulants, and their

long-term course.

In asthma, the entire airway is involved while in COPD,

pathologic changes are most pronounced in the small

airways. Inflammation in asthma is typically allergen-

driven and IgE-driven, and involves TH2 lymphocytes,

mast cells and eosinophils [2]. In COPD, inflammation is

driven by inhaled toxins and irritants, including those in

tobacco smoke, non-tobacco biomass smoke, air pollution,

and inhaled endotoxin, and is characterized by TH1 and

TH17 lymphocytes, CD8+ lymphocyte predominance,

neutrophil infiltration, and macrophage activation [3��].
Inhaled therapy with short-acting and long-acting beta

agonists and corticosteroids are effective in both diseases.

However, airway obstruction in asthma is usually more

reversible with beta agonist therapy and more responsive

to corticosteroid therapy than in COPD [4�]. Corticoste-

roids have been shown to reduce the rate of exacerba-

tions, airway inflammation, and the rate of quality of life

deterioration in COPD patients; however, an increased

risk of pneumonia along with local and systemic adverse

effects has also been observed [5]. Inhaled long-acting

muscarinic agonists are more effective in COPD than

asthma [6�]. More recently a growing number of

injectable biologics targeting specific inflammatory path-

ways have become available for treating subclasses of

asthma, but do not appear to be effective in most patients

with COPD. It should be noted that asthma and COPD

are both heterogenous diseases with a substantial overlap

between the two, including a defined asthma-COPD

overlap syndrome [7].

Inflammatory signals and protein kinases

The chronic release of inflammatory cytokines and

growth factors from epithelial and immune cells enhances

protein kinase signalling pathways and underlies the

pathology of asthma and COPD. Several cytokines and

growth factors are implicated in chronic pulmonary dis-

ease and include the interleukins (IL) IL-1b IL-4, IL-5,

IL-6, IL-13, IL-17A, IL-27, IL-33, interferon-g (IFN-g),
tumor necrosis factor-a (TNF-a), transforming growth

factor-b (TGF-b), epidermal growth factor (EGF), and

platelet-derived growth factor (PDGF) [8�,9–13]. Many

protein kinases have been implicated in the signal trans-

duction pathways linking inflammatory mediators and the

hyper-contractility of airways, mucus hypersecretion,

immune cell infiltration, and airway remodelling that

leads to debilitating lung function observed in chronic

pulmonary disease [14,15�]. Figure 1 summarizes protein
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Figure 1
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Kinase signalling pathways involved in obstructive pulmonary disease.

Receptor tyrosine kinases (RTK) and non-receptor tyrosine kinases

(NRTK; Abl, c-Src, Syk, Lyn) regulate mitogen-activated protein (MAP)

kinases including the extracellular signal-regulated kinases (ERK), p38

MAP kinases, and c-Jun N-terminal Kinases (JNK). MAP kinases are

activated by the MAP/ERK kinases (MEK1/2/3/4/6/7) which are

regulated by the MEK kinases (MEKK). Cytokine receptors (CR)

activate Janus kinases (JAK) and the phosphatidylinositide 3-kinases

(PI3K), which regulate protein kinase B (AKT), mechanistic target of

rapamycin (mTOR), and IkB kinase (IKK). Increased adenosine in the

lungs of asthma and COPD patients activates the A2B adenosine

receptor (A2BAR), which regulates ERK through protein kinase C (PKC)

and protein kinase A (PKA) through adenylate cyclase (AC) production

of cyclic 3050-adenosine monophosphate (cAMP). Transcription factor

(TF) targets include signal transducer and activator of transcription

proteins (STAT), nuclear factor kappa-light-chain-enhancer of activated

B cells (NF-kB), activator protein-1 (AP-1), and cAMP response

element-binding protein (CREB).
kinases that are involved in the pathology of asthma and

COPD.

Protein kinases involved in obstructive lung disease

Inflammatory signals mediate the pathology of obstruc-

tive lung disease through the activation of protein kinase

activity [16]. Cytokine receptors (CR) and receptor tyro-

sine kinases (RTK) at the plasma membrane communi-

cate cytokine and growth factor signals through several

mitogen-activated protein (MAP) kinases, phosphatidy-

linositide 3-kinases (PI3K), and Janus kinases (JAK).

Inflammation causes increased adenosine generation,

which via activation of G-protein coupled adenosine

receptors (A2BAR) and downstream kinase signalling

cascades, contributes to the pathologic changes in asthma

and COPD [17]. Gene expression associated with inflam-

mation and tissue remodelling is regulated predominantly
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by a subset of transcription factors that include nuclear

factor kappa-light-chain-enhancer of activated B cells

(NF-kB), activator protein-1 (AP-1), cAMP response ele-

ment-binding protein (CREB), and signal transducer and

activator of transcription (STAT) proteins [18].

MAP kinases that respond to cellular stress, such as the c-

Jun N-terminal kinases (JNK) and p38 MAP kinases,

have long been implicated in mediating inflammatory

signals relevant to lung disease [16,19]. However, to date,

none of the JNK or p38 MAP kinase inhibitors have

shown efficacy in clinical trials and are dose limiting

due to unwanted toxicity and side effects. Targeted

inhibition of pro-inflammatory p38 MAP kinase sub-

strates such as mitogen-activated protein kinase activated

protein kinase-2 (MAPKAPK-2 or MK2) may overcome

toxicity issues associated with p38 inhibitors and treating

chronic pulmonary disease [20�]. MK2 is a mediator of

inflammatory signals such as TNF-a, IL-6, and IL-1b so

MK2 mediators might further reduce the inflammatory

response [21]. Eynott et al. provided evidence that tar-

geted inhibition of JNK could mitigate allergen-induced

inflammation and proliferation of airway epithelial and

smooth muscle cells [22]. While one phase II clinical trial

evaluating the JNK inhibitor Tanzisertib for treating

idiopathic pulmonary fibrosis ended due to lack of effi-

cacy, no JNK inhibitors are currently being tested for

asthma or COPD.

Mitogen activation of the extracellular signal-regulated

kinases (ERK) MAP kinases in airway smooth muscle

(ASM) cells stimulates cell proliferation and subsequent

airway remodelling associated with asthma [23]. This was

supported by studies that showed that serum from atopic

asthma patients enhanced the expression of cyclin D1,

which increases proliferation of human ASM cells [24].

Activated ERK signalling enhances cell proliferation by

increasing the expression of cyclin D1.

There is evidence that protein kinases associated with

deregulated angiogenesis contribute to the progression of

chronic lung disease including COPD [25�]. Angiogenic

factors such as cytokines and growth factors that are

released as a result of obstructive pulmonary disease

progression leads to the stimulation of direct and indirect

proangiogenic markers that generate and stabilize new

blood vessels [26�]. This microvascular dysfunction leads

to re-modulation and inflammation of the bronchi. Recent

studies suggest that targeted inhibition of inflammation-

mediated activation of the receptor tyrosine kinases vas-

cular endothelial growth factor receptor (VEGFR) and

fibroblast growth factor receptor-2 (FGFR-2) reduces

angiogenesis associated with lung remodelling in COPD

[26�]. Similarly, a small clinical study suggested that

inhibition of PDGF and the related c-Kit receptor tyro-

sine kinase with Masitinib is effective in severe cortico-

steroid-dependent asthma [27].
www.sciencedirect.com
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In COPD patients, protein kinases play an important role

in the loss of tissue architecture by enhancing degradation

of the extracellular matrix by proteinases such as matrix

metalloproteinases-9 (MMP-9) [28]. Proinflammatory

triggers including allergens, cigarette smoke, bacterial

lipopolysaccharides (LPS), interleukins (IL-17 and IL-

1b), and other inflammatory signals that induce an oxida-

tive stress response, activate MAP kinases and PI3K

signalling, which enhances AP-1-mediated expression

of MMP-9 [22,29,30,31�]. Another key regulator of inflam-

matory signals is the NF-kB transcription factor. Tar-

geted inhibition of the inhibitor of kB kinase (IKK) is a

potential approach to prevent NF-kB translocation to the

nucleus and inflammatory gene expression. The status of

past and current clinical trials evaluating protein kinase

inhibitors for treatment of asthma or COPD is listed in

Table 1.

Targeted inhibition of kinases in lung and
immune cells
Epithelial cells

Inflammation-inducing chemicals and irritants disrupt

airway epithelium and stimulate aberrant kinase signaling

both within epithelial cells. Increased expression of the

receptor tyrosine kinase EGFR, and its ligands have been

reported in the epithelium of asthmatic airways [39,40].

Activation of epithelial EGFR can lead to corticosteroid-

insensitivity and plays a key role in airway remodeling,

mucus secretion, and inflammation. The EGFR-tyrosine

kinase inhibitors, Erlotinib and Osimertinib, attenuate

EGFR signaling and expression of IL-6 and IL-8 in a

dose-dependent manner in human bronchial epithelial

cells in vitro stimulated with house dust mite (HDM)
Table 1

Clinical trials evaluating kinase inhibitors for treatment of asthma or 

Target Compound Stage Disease Ro

p38 MAPK Dilmapimod Phase 2 COPD Or

Losmapimod Phase 2 COPD Or

COPD Or

PH-797804 Phase 2 COPD Or

PF-03715455 Phase 2 Asthma Inh

Phase 2 COPD Inh

AZD7624 Phase 2 COPD Inh

Phase 2 Asthma Inh

p38 and Src RV-568 Phase 2 COPD Inh

PI3K GSK2269557 Phase 2 COPD Inh

Phase 2 COPD Inh

RV-1729 Phase 1 COPD Inh

RTK BIBW 2948 Phase 2 COPD Inh

Masitinib Phase 3 Asthma Or

Phase 3 Asthma Or

Imatinib Phase 2 Asthma Or

c-Kit/Abl JAK1 Imatinib Itacitinib Phase 2 Asthma Or
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allergen [41]. However, Osimertinib was more effective

than Erlotinib at inhibiting EGFR auto-phosphorylation

and downstream PI3K/AKT and STAT3 signaling [41].

In COPD patients, lung fibrosis can be caused by the

epithelial-mesenchymal transition (EMT). Giacomelli

et al. recently determined that activation of the A2B

adenosine receptor (A2BAR) decreased the expression

of epithelial marker E-cadherin while increasing the

mesenchymal markers vimentin and N-cadherin [42�].
Upon further investigation, these studies found that PKA

signaling can counteract EMT while ERK signaling can

promote EMT. The use of PKA or ERK inhibitors, which

enhanced or inhibited the EMT, respectively, suggested

that targeted manipulation of kinase signaling could be a

mechanism to control EMT related to COPD [42�].

Goblet cells

The mucus secreting goblet cells normally provide protec-

tion to the epithelial layer of cells but, inappropriate mucus

secretion can contribute to chronic cough and sputum

production that reduces quality of life in patients with

chronic pulmonary disease. Cytokines released during lung

inflammation lead to an increase in the number of goblet

cells causing enhanced mucus production, which reduce

the airway luminal diameter and increase airway resistance.

The goblet cell number increases due to basal cell differ-

entiation shifting from a ciliated epithelial cell fate toward a

goblet cell fate. Strategies toprevent goblet cell hyperplasia

or persistent goblet cell differentiation (GCD) include

pharmacological inhibition of kinase signaling pathways

[43]. Several signaling pathways regulate goblet cell differ-

entiation; however, the EGFR family and downstream

PI3K and ERK signaling pathways are all viewed as
COPD

ute Current status Identifier

al No results posted NCT00564746

al Discontinued: not effective [32] NCT02299375

al Discontinued: not effective [33] NCT01541852

al No results posted NCT00559910

aled Terminated NCT02219048

aled Terminated NCT02366637

aled Discontinued: not effective [34] NCT02238483

aled No results posted NCT02753764

aled No results posted NCT01475292

aled Completed: acceptable safety profile

for progression to larger study [35]

NCT02130635

aled Completed: progression to phase IIb

study supported [36�]
NCT03189589

aled No results posted NCT02140346

aled Not effective [37] NCT00423137

al Ongoing NCT03771040

al Ongoing NCT01449162

al Completed: decreased airway

hyperresponsiveness, mast-cell counts,

and tryptase release [38]

NCT01097694

al Recruiting NCT04129931
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candidates for inhibition in preventing persistent GCD

[43].Unfortunately, anEGFRinhibitor (BIBW2948) failed

to show efficacy in reducing epithelial mucin in COPD

clinical trials [37]. While these studies postulated that

higher doses may improve efficacy, there is also a strong

probability for increased adverse drug events.

The role of Rho kinases in airway hyperresponsiveness

and inflammatory events has prompted their examination

as potential drug targets to treat asthma [44]. A recent

study by Zhang et al. found that Rho-kinase inhibitors can

attenuate airway mucus hypersecretion and inflammation

via the downregulation of IL-13 and AP-1 signaling in a

model of HDM-induced asthma [45�]. The studies also

provided evidence that inhibition of Rho-kinase was as

effective as dexamethasone in mitigating asthma pathol-

ogy in this model, suggesting it could be another treat-

ment option in cases of corticosteroid resistance. Rho

kinase inhibitors are currently being evaluated for the

treatment of ocular disorders [46].

Airway smooth muscle cells

Inflammatory signals in asthma and COPD lead to an

increase in ASM cell proliferation that contributes to basal

narrowing of airway lumens and bronchoconstriction

which combine to cause airway obstruction. Increased

ASM cell mass is primarily driven by growth factors such

as PDGF and EGF in cooperation with cytokines and

chemokines [47]. Since ERK signalling through the AP-1

transcription factor is a central regulator of PDGF and

EGF expression, AP-1 plays a key role in mediating

inflammatory signals associated with tissue remodelling

in asthma and COPD [48,49]. In a study by Defnet et al.,
an ATP-competitive ERK inhibitor that blocks all ERK

signalling was compared to a novel function-selective

ERK inhibitor for inhibition of ASM cell proliferation

through AP-1 [50�]. This study found that both inhibitors

effectively inhibited PDGF-mediated ASM cell prolifer-

ation, AP-1 promoter activity, collagen production, and

IL-6 secretion in ASM cells. Additionally, the function-

selective inhibitor allowed some ERK activity, which

potentially reduced selective pressure to develop drug

resistance, and caused fewer changes in protein expres-

sion compared to the ATP-competitive inhibitor suggest-

ing there would be less off-target effects [50�].

Alternatively, studies have taken a polypharmacology

approach to inhibit kinases for the treatment of patients

that have corticosteroid-resistant airway inflammation

COPD. Knobloch et al. evaluated a narrow-spectrum

protein kinase inhibitor (NSKI) referred to as RV1088

that reduces inflammatory signals by targeting p38 MAPK

and the c-Src, Syk, and JAK tyrosine kinases [51]. The

authors found that RV1088 was able to suppress cortico-

steroid-sensitive and –insensitive cytokine production in

in vitro models of COPD and are more effective than

single kinase inhibitors of p38 MAPK, Src, or Syk alone.
Current Opinion in Pharmacology 2020, 51:11–18 
However, off-target effects of these kinase inhibitors will

need further investigation as the promiscuity of some of

the current kinase inhibitors has limited their clinical

applications. A phase II clinical trial (NCT01867762)

evaluating the efficacy and safety of another NSKI

(RV568) that targets p38 MAPK and c-Src for treatment

of moderate to severe COPD has yet to post results.

Immune cells

Targeted inhibition of kinases in immune cells has poten-

tial to mitigate airway remodeling and hyperresponsive-

ness associated with obstructive pulmonary disease. Mast

cells, T-cells, eosinophils, and neutrophils all play key

roles in the inflammatory response seen in obstructive

pulmonary diseases [2]. Mast cell activation involves the

RTK c-Kit, non-receptor tyrosine kinases, such as Lyn

and Syk, PKC, and ERK MAP kinase signaling [52]. PI3K

isoforms play a prominent role in the differentiation,

proliferation, survival, and cytokine production of

immune cells [53] and pharmacological inhibition of

PI3K suppresses T-helper cell cytokine production and

eosinophil infiltration in mice challenged with ovalbumin

[54]. Similarly, inhibition of the JAK-STAT signaling

pathway suppresses the activity of neutrophils, mast cells,

eosinophils, and T-cells [55,56].

The significant role of the JAK-STAT signaling pathway

in the expression of cytokines and interferons involved

in pulmonary disease makes it an attractive therapeutic

target. Previous work utilized an orally administered

JAK1/2 inhibitor in a mouse model of asthma that

showed promising physiological changes, but due to

systemic side effects, it did not move into patients

[57,58]. To address this setback, Dengler et al. synthe-

sized an inhalable small molecule JAK1 inhibitor called

iJak-381 for local JAK1 inhibition in the lung [55]. This

inhibitor shows local inhibition of ovalbumin-induced

JAK1 activity in rodents with no observed changes in

systemic JAK1 activity. Furthermore, iJAK-381 sup-

pressed STAT6 and IL-13, reduced airway hyperrespon-

siveness in mice, and was more potent than corticoste-

roids in suppressing neutrophil-driven inflammation

caused by clinically relevant allergens [55]. As indicated

above, new clinical trials evaluating oral JAK1 inhibitors

for asthma therapy began recruiting patients at the end

of 2019. Time will tell whether systemic side effects

due to oral delivery will limit the efficacy of these

compounds.

Conclusions and future directions
Currently, obstructive lung disease treatments focus on

counteracting episodes of bronchospasm and reducing

allergic inflammation through corticosteroids, which,

although such strategies have shown success, they neither

cure nor prevent disease progression [59�,60�,61]. Kinase

inhibitors could provide a more targeted therapeutic

option to meet this unmet need.
www.sciencedirect.com
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The effectiveness of protein kinases inhibitors will

likely depend on delivery methods that limit off-target

effects. The ubiquitous functions of protein kinases in

many cell types have prompted new approaches to

deliver inhibitors through an inhaled route and reduce

systemic off-target effects when the drugs are taken

orally. Promising clinical results with Nemiralisib

(GSK2269557), a PI3Kd isoform-selective inhibitor, sup-

port the efficacy of the inhaled route of delivery [36�].
Bach et al. have identified potent pan-JAK inhibitors that

show good retention in the lung following intra-tracheal

administration [62]. Importantly, these compounds

reduced LPS-induced lung inflammation in a mouse

model and had poor oral bioavailability suggesting

reduced unwanted systemic effects [62].

Mitigation of off-target effects of kinase inhibitors

requires new approaches to block kinase functions asso-

ciated with disease but preserve functions that may be

desirable. Most protein kinases have dozens of substrates

with some involved in promoting a response such as

proliferation or inflammation while other substrates are

inhibiting that response. To date, nearly all small mole-

cule protein kinase inhibitors approved for clinical use

compete with ATP in the catalytic site, which blocks all

enzymatic activity. Not only does this approach block

desirable kinase functions but given the highly conserved

nature of the ATP binding site on kinases, ATP-compet-

itive inhibitors are generally non-specific and affect the

activity of other kinases. In addition, cells invariably

develop resistance to ATP-competitive kinase inhibitors.

One approach to mitigate off-target effects and the devel-

opment of drug resistance is to identify compounds that

are function-selective. Currently, this approach is being

used to develop inhibitors of the ERK and p38 MAP

kinases [50�,63�,64�]. These approaches use structural

information on the interactions between kinases and

substrates and apply computational predictions and

experimental testing to identify compounds that disrupt

specific interactions between the kinase and substrates

involved in disease. In the context of obstructive pulmo-

nary disease, the goal would be to identify compounds

that block pro-inflammatory signals that cause tissue

damage and remodeling while preserving beneficial

anti-inflammatory signals.

Alternatively, polypharmacology approaches could miti-

gate tissue remodelling in chronic obstructive pulmonary

disease. Targeted inhibition of signalling pathways that

regulate key transcription factors involved in the pathol-

ogy of asthma and COPD may provide therapeutic ben-

efits. For example, ERK activation of AP-1 promotes

increased ASM cell proliferation, while activation of

the retinoic acid receptor (RAR) is a negative regulator

of AP-1 and ASM cell proliferation [65,66]. Loss of

retinoic acid (RA) signaling has been linked to hypertro-

phy and hypercontractility of ASM cells, suggesting
www.sciencedirect.com 
defects in RA may contribute to obstructive pulmonary

disease [67]. Thus, combining ERK inhibitors and RAR

agonists could effectively control ASM cell proliferation

and airway remodeling in asthma.

Obstructive lung diseases pose many therapeutic chal-

lenges due to the diversity of inflammatory signals

released and cell types affected. Further, chronic inflam-

mation leads to airway remodeling and exacerbation of

airflow obstruction. However, protein kinases play a key

role in regulating transcription factors that modulate the

proliferative and secretive functions of airway cells. As

such, appropriately designed and targeted kinase inhibi-

tors may mitigate airway remodeling and pathology of

obstructive pulmonary disease. Further research on the

basic mechanisms involved in the pathology of obstruc-

tive lung disease will help identify the most appropriate

kinase targets, the best approach to design selective

inhibitors, and the development of efficacious drugs to

combat obstructive lung diseases.

Credit author statement
Amy E. Defnet, Jeffery D. Hasday, and Paul Shapiro all

contributed to the writing, review, and editing.

Conflicts of interest statement
Nothing declared.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Collaborators GBDCRD: Global, regional, and national deaths,
prevalence, disability-adjusted life years, and years lived with
disability for chronic obstructive pulmonary disease and
asthma, 1990-2015: a systematic analysis for the global
burden of disease study 2015. Lancet Respir Med 2017, 5:691-
706.

2. KleinJan A: Airway inflammation in asthma: key players beyond
the th2 pathway. Curr Opin Pulmonary Med 2016, 22:46-52.

3.
��

Barnes PJ: Targeting cytokines to treat asthma and chronic
obstructive pulmonary disease. Nat Rev Immunol 2018, 18:454-
466.

This comprehensive review covers several approaches to target type
2 immunity, neutrophilic inflammation, pro-inflammatory cytokines, and
chemokines for the treatment of asthma and COPD. The figures and
tables in this review provide great insight into possible targets, as well as a
comprehensive list of clinical studies of cytokine inhibitors for the treat-
ment of airway diseases.

4.
�

McCracken JL, Veeranki SP, Ameredes BT, Calhoun WJ:
Diagnosis and management of asthma in adults: a review.
JAMA 2017, 318:279-290.

This review summarizes the current treatment options that are available,
what their benefits are, and appropriate treatment plans for asthma. It
also discusses new approaches to the management of asthma including
muscarinic and biologic agents that directly target the proteins that are
involved in disease pathogenesis.

5. Yang IA, Shaw JG, Goddard JR, Clarke MS, Reid DW: Use of
inhaled corticosteroids in copd: improving efficacy. Expert Rev
Respir Med 2016, 10:339-350.

6.
�

Vogelmeier CF, Criner GJ, Martinez FJ, Anzueto A, Barnes PJ,
Bourbeau J, Celli BR, Chen R, Decramer M, Fabbri LM et al.:
Current Opinion in Pharmacology 2020, 51:11–18

http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0005
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0005
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0005
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0005
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0005
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0005
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0010
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0010
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0015
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0015
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0015
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0020
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0020
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0020
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0025
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0025
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0025
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0030
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0030


16 Respiratory
Global strategy for the diagnosis, management, and
prevention of chronic obstructive lung disease 2017 report.
Gold executive summary. Am J Respir Crit Care Med 2017,
195:557-582.

The authors provide an extremely informative and thorough report on the
diagnosis, assessment, prevention, maintenance, rehabilitation, treat-
ments, and comorbidities of COPD.

7. Alshabanat A, Zafari Z, Albanyan O, Dairi M, FitzGerald JM:
Asthma and copd overlap syndrome (acos): a systematic
review and meta analysis. PLoS One 2015, 10:e0136065.

8.
�

Lambrecht BN, Hammad H, Fahy JV: The cytokines of asthma.
Immunity 2019, 50:975-991.

This review covers several current approaches to targeting cytokines in
asthma including highlighting recent clinical studies and the specific parts
of the airway that can be targeted to prevent the progression and
worsening of the disease.

9. Cohn L, Homer RJ, Niu N, Bottomly K: T helper 1 cells and
interferon gamma regulate allergic airway inflammation and
mucus production. J Exp Med 1999, 190:1309-1318.

10. Bellini A, Marini MA, Bianchetti L, Barczyk M, Schmidt M, Mattoli S:
Interleukin (il)-4, il-13, and il-17a differentially affect the
profibrotic and proinflammatory functions of fibrocytes from
asthmatic patients. Mucosal Immunol 2012, 5:140-149.

11. Zhao J, Lloyd CM, Noble A: Th17 responses in chronic allergic
airway inflammation abrogate regulatory t-cell-mediated
tolerance and contribute to airway remodeling. Mucosal
Immunol 2013, 6:335-346.

12. Yang M, Kumar RK, Hansbro PM, Foster PS: Emerging roles of
pulmonary macrophages in driving the development of severe
asthma. J Leukocyte Biol 2012, 91:557-569.

13. Chung KF: Cytokines in chronic obstructive pulmonary
disease. Eur Respir J Suppl 2001, 34:50s-59s.

14. Barnes PJ: Kinases as novel therapeutic targets in asthma and
chronic obstructive pulmonary disease. Pharmacol Rev 2016,
68:788-815.

15.
�

Pirozzi F, Ren K, Murabito A, Ghigo A: Pi3k signaling in chronic
obstructive pulmonary disease: mechanisms, targets, and
therapy. Curr Med Chem 2019, 26:2791-2800.

This review summarizes the current progress in targeting PI3K signaling in
COPD patients which has been shown to be strongly correlated with an
increased susceptibility to lung infections. The current knowledge of PI3K
enzymes in pathophysiology of COPD and recent preclinical and clinical
results of novel therapeutics for COPD are also discussed.

16. Blease K, Lewis A, Raymon HK: Emerging treatments for
asthma. Expert Opin Emerg Drugs 2003, 8:71-81.

17. Caruso M, Varani K, Tringali G, Polosa R: Adenosine and
adenosine receptors: their contribution to airway
inflammation and therapeutic potential in asthma. Curr Med
Chem 2009, 16:3875-3885.

18. Barnes PJ: Transcription factors in airway diseases. Lab Invest
2006, 86:867-872.

19. Kumar S, Boehm J, Lee JC: P38 map kinases: key signalling
molecules as therapeutic targets for inflammatory diseases.
Nat Rev Drug Discov 2003, 2:717-726.

20.
�

Singh RK, Najmi AK: Novel therapeutic potential of mitogen-
activated protein kinase activated protein kinase 2 (mk2) in
chronic airway inflammatory disorders. Curr Drug Targets 2019,
20:367-379.

This review focused on the proinflammatory role MK2 kinase signalling in
the p38MAPK pathway for the treatment of chronic inflammatory airway
diseases including asthma, idiopathic pulmonary fibrosis, acute lung
injury, and acute respiratory distress syndrome. Taking into account
recent studies, MK2 inhibition has similar or better efficacy compared
to p38 inhibitors with less systemic toxicity.

21. Singh RK, Najmi AK, Dastidar SG: Biological functions and role
of mitogen-activated protein kinase activated protein kinase 2
(mk2) in inflammatory diseases. Pharmacol Rep 2017, 69:746-
756.

22. Eynott PR, Nath P, Leung SY, Adcock IM, Bennett BL, Chung KF:
Allergen-induced inflammation and airway epithelial and
Current Opinion in Pharmacology 2020, 51:11–18 
smooth muscle cell proliferation: Role of jun n-terminal
kinase. Brit J Pharmacol 2003, 140:1373-1380.

23. Hershenson MB, Naureckas ET, Li J: Mitogen-activated
signaling in cultured airway smooth muscle cells. Can J Physiol
Pharmacol 1997, 75:898-910.

24. Du CL, Xu YJ, Liu XS, Xie JG, Xie M, Zhang ZX, Zhang J, Qiao LF:
Up-regulation of cyclin d1 expression in asthma serum-
sensitized human airway smooth muscle promotes
proliferation via protein kinase c alpha. Exp Lung Res 2010,
36:201-210.

25.
�

Kropski JA, Richmond BW, Gaskill CF, Foronjy RF, Majka SM:
Deregulated angiogenesis in chronic lung diseases: a possible
role for lung mesenchymal progenitor cells (2017 grover
conference series). Pulm Circ 2018, 8 2045893217739807.

This study investigates the role of angiogenesis in chronic lung diseases,
including pulmonary fibrosis and COPD, which has been shown to
worsen disease prognosis, decrease survival, and limit treatment options.
The authors describe the influence of lung mesenchymal progenitor cells
on the capillary microvasculature and the imbalance in lymph and
capillary angiogenesis that leads to disease progression and tissue
remodeling.

26.
�

Laddha AP, Kulkarni YA: Vegf and fgf-2: promising targets for
the treatment of respiratory disorders. Respir Med 2019,
156:33-46.

This study showed that VEGF and FGF-2 are strong activators of angio-
genesis and are involved in several lung disorders, including COPD and
asthma, making them potential therapeutic targets.

27. Humbert M, de Blay F, Garcia G, Prud’homme A, Leroyer C,
Magnan A, Tunon-de-Lara JM, Pison C, Aubier M, Charpin D et al.:
Masitinib, a c-kit/pdgf receptor tyrosine kinase inhibitor,
improves disease control in severe corticosteroid-dependent
asthmatics. Allergy 2009, 64:1194-1201.

28. Zhou L, Le Y, Tian J, Yang X, Jin R, Gai X, Sun Y: Cigarette
smoke-induced rankl expression enhances mmp-9
production by alveolar macrophages. Int J Chron Obstruct
Pulmon Dis 2019, 14.

29. Dragon S, Rahman MS, Yang J, Unruh H, Halayko AJ, Gounni AS:
Il-17 enhances il-1beta-mediated cxcl-8 release from human
airway smooth muscle cells. Am J Physiol Lung Cell Mol Physiol
2007, 292:L1023-1029.

30. Tian X, Xie G, Ding F, Zhou X: Lps-induced mmp-9 expression is
mediated through the mapks-ap-1 dependent mechanism in
beas-2b and u937 cells. Exp Lung Res 2018, 44:217-225.

31.
�

Barnes PJ: Inflammatory endotypes in copd. Allergy 2019,
74:1249-1256.

This review highlights the recent progress in trying to discern the different
endotypes of COPD in order to better manage the underlying inflamma-
tion that is largely corticosteroid-resistant in patients.

32. Pascoe S, Costa M, Marks-Konczalik J, McKie E, Yang S,
Scherbovsky PS: Biological effects of p38 mapk inhibitor
losmapimod does not translate to clinical benefits in copd.
Respir Med 2017, 130.

33. Fisk M, Cheriyan J, Mohan D, Forman J, Maki-Petaja KM,
McEniery CM, Fuld J, Rudd JHF, Hopkinson NS, Lomas DA et al.:
The p38 mitogen activated protein kinase inhibitor
losmapimod in chronic obstructive pulmonary disease
patients with systemic inflammation, stratified by fibrinogen: a
randomised double-blind placebo-controlled trial. PLoS One
2018, 13:e0194197.

34. Patel NR, Cunoosamy DM, Fageras M, Taib Z, Asimus S,
Hegelund-Myrback T, Lundin S, Pardali K, Kurian N, Ersdal E et al.:
The development of azd7624 for prevention of exacerbations
in copd: a randomized controlled trial. Int J Chron Obstruct
Pulmon Dis 2018, 13.

35. Cahn A, Hamblin JN, Begg M, Wilson R, Dunsire L,
Sriskantharajah S, Montembault M, Leemereise CN, Galinanes-
Garcia L, Watz H et al.: Safety, pharmacokinetics and dose-
response characteristics of gsk2269557, an inhaled pi3kdelta
inhibitor under development for the treatment of copd. Pulm
Pharmacol Ther 2017, 46.

36.
�

Wilson R, Templeton A, Leemereise C, Eames R, Banham-Hall E,
Hessel EM, Cahn A: Safety, tolerability, and pharmacokinetics
www.sciencedirect.com

http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0030
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0030
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0030
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0030
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0035
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0035
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0035
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0040
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0040
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0045
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0045
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0045
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0050
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0050
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0050
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0050
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0055
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0055
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0055
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0055
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0060
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0060
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0060
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0065
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0065
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0070
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0070
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0070
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0075
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0075
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0075
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0080
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0080
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0085
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0085
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0085
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0085
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0090
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0090
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0095
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0095
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0095
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0100
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0100
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0100
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0100
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0105
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0105
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0105
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0105
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0110
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0110
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0110
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0110
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0115
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0115
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0115
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0120
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0120
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0120
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0120
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0120
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0125
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0125
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0125
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0125
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0130
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0130
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0130
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0135
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0135
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0135
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0135
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0135
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0140
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0140
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0140
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0140
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0145
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0145
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0145
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0145
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0150
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0150
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0150
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0155
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0155
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0160
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0160
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0160
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0160
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0165
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0165
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0165
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0165
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0165
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0165
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0165
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0170
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0170
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0170
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0170
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0170
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0175
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0175
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0175
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0175
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0175
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0175
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0180
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0180


Kinase inhibitors in obstructive lung disease Defnet, Hasday and Shapiro 17
of a new formulation of nemiralisib administered via a dry
powder inhaler to healthy individuals. Clin Ther 2019, 41:1214-
1220.

This study investigated the delivery of a phosphoinositide 3-kinase d
inhibitor (Nemiralisib) with anti-inflammatory properties via an Ellipta dry
powder inhaler. These data supported the progression of Nemiralisib to a
Phase IIb study in patients with COPD.

37. Woodruff PG, Wolff M, Hohlfeld JM, Krug N, Dransfield MT,
Sutherland ER, Criner GJ, Kim V, Prasse A, Nivens MC et al.:
Safety and efficacy of an inhaled epidermal growth factor
receptor inhibitor (bibw 2948 bs) in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 2010, 181:438-
445.

38. Cahill KN, Katz HR, Cui J, Lai J, Kazani S, Crosby-Thompson A,
Garofalo D, Castro M, Jarjour N, DiMango E et al.: Kit inhibition by
imatinib in patients with severe refractory asthma. N Engl J
Med 2017, 376:1911-1920.

39. Hamilton LM, Puddicombe SM, Dearman RJ, Kimber I,
Sandstrom T, Wallin A, Howarth PH, Holgate ST, Wilson SJ,
Davies DE: Altered protein tyrosine phosphorylation in
asthmatic bronchial epithelium. Eur Respir J 2005, 25:978-985.

40. Polosa R, Puddicombe SM, Krishna MT, Tuck AB, Howarth PH,
Holgate ST, Davies DE: Expression of c-erbb receptors and
ligands in the bronchial epithelium of asthmatic subjects. J
Allergy Clin Immunol 2002, 109:75-81.

41. Pan HH, Hsiao YP, Chen PJ, Kang YT, Chao YH, Sheu JN, Lue KH,
Ko JL: Epithelial growth factor receptor tyrosine kinase
inhibitors alleviate house dust mite allergen der p2-induced il-
6 and il-8. Environ Toxicol 2019, 34:476-485.

42.
�

Giacomelli C, Daniele S, Romei C, Tavanti L, Neri T, Piano I, Celi A,
Martini C, Trincavelli ML: The a2b adenosine receptor
modulates the epithelial- mesenchymal transition through the
balance of camp/pka and mapk/erk pathway activation in
human epithelial lung cells. Front Pharmacol 2018, 9.

The authors demonstrated that A2BAR signaling regulates epithelial-
mesenchymal transition involved in lung disease progression. A2BAR
stimulation modulated the cAMP/PKA and MAPK/ERK pathways, which
play key roles in the balance between inhibition and activation, respec-
tively, of EMT.

43. Reid AT, Veerati PC, Gosens R, Bartlett NW, Wark PA, Grainge CL,
Stick SM, Kicic A, Moheimani F, Hansbro PM, Knight DA:
Persistent induction of goblet cell differentiation in the
airways: therapeutic approaches. Pharmacol Ther 2018,
185:155-169.

44. Schaafsma D, Gosens R, Zaagsma J, Halayko AJ, Meurs H: Rho
kinase inhibitors: a novel therapeutical intervention in
asthma? Eur J Pharmacol 2008, 585:398-406.

45.
�

Zhang W, Li X, Zhang Y: Rho-kinase inhibitor attenuates airway
mucus hypersecretion and inflammation partly by
downregulation of il-13 and the jnk1/2-ap1 signaling pathway.
Biochem Biophys Res Commun 2019, 516:571-577.

This paper presents evidence that Rho-kinase inhibition will decrease
airway hyperresponsiveness and reduce inflammation in a house dust
mite sensitized mouse model through the downregulation of IL-13
expression and decreased expression of JNK and AP-1 phosphorylation.

46. Tanna AP, Johnson M: Rho kinase inhibitors as a novel
treatment for glaucoma and ocular hypertension.
Ophthalmology 2018, 125:1741-1756.

47. Bentley JK, Hershenson MB: Airway smooth muscle growth in
asthma: Proliferation, hypertrophy, and migration. Proc Am
Thoracic Soc 2008, 5:89-96.

48. Loke TK, Mallett KH, Ratoff J, O’Connor BJ, Ying S, Meng Q,
Soh C, Lee TH, Corrigan CJ: Systemic glucocorticoid reduces
bronchial mucosal activation of activator protein
1 components in glucocorticoid-sensitive but not
glucocorticoid-resistant asthmatic patients. J Allergy Clin
Immunol 2006, 118:368-375.

49. Caramori G, Casolari P, Adcock I: Role of transcription factors in
the pathogenesis of asthma and copd. Cell Commun Adhes
2013, 20:21-40.

50.
�

Defnet AE, Huang W, Polischak S, Yadav SK, Kane MA, Shapiro P,
Deshpande DA: Effects of atp-competitive and function-
www.sciencedirect.com 
selective erk inhibitors on airway smooth muscle cell
proliferation. FASEB J 2019, 33:10833-10843.

The authors describe a novel function-selective ERK inhibitor that is
effective at inhibiting PDGF-mediated airway smooth muscle cell pro-
liferation. The function-selective ERK inhibitor caused fewer changes in
protein expression as compared to ATP-competitive ERK inhibitors
providing a molecular basis to develop partial ERK antagonists to
mitigate airway remodeling in asthma with reduced potential for off-
target effects.

51. Knobloch J, Jungck D, Charron C, Stoelben E, Ito K, Koch A:
Superior anti-inflammatory effects of narrow-spectrum
kinase inhibitors in airway smooth muscle cells from subjects
with chronic obstructive pulmonary disease. J Allergy Clin
Immunol 2018, 141:1122-1124 e1111.

52. Bingham CO 3rd, Austen KF: Mast-cell responses in the
development of asthma. J Allergy Clin Immunol 2000, 105:S527-
534.

53. Koyasu S: The role of pi3k in immune cells. Nat Immunol 2003,
4:313-319.

54. Duan W, Aguinaldo Datiles AM, Leung BP, Vlahos CJ, Wong WS:
An anti-inflammatory role for a phosphoinositide 3-kinase
inhibitor ly294002 in a mouse asthma model. Int
Immunopharmacology 2005, 5:495-502.

55. Dengler HS, Wu X, Peng I, Rinderknecht CH, Kwon Y, Suto E,
Kohli PB, Liimatta M, Barrett K, Lloyd J et al.: Lung-restricted
inhibition of janus kinase 1 is effective in rodent models of
asthma. Sci Transl Med 2018, 10.

56. Pernis AB, Rothman PB: Jak-stat signaling in asthma. J Clin
Invest 2002, 109:1279-1283.

57. Zak M, Hurley CA, Ward SI, Bergeron P, Barrett K, Balazs M,
Blair WS, Bull R, Chakravarty P, Chang C et al.: Identification of c-
2 hydroxyethyl imidazopyrrolopyridines as potent jak1
inhibitors with favorable physicochemical properties and high
selectivity over jak2. J Med Chem 2013, 56:4764-4785.

58. Hanan EJ, van Abbema A, Barrett K, Blair WS, Blaney J, Chang C,
Eigenbrot C, Flynn S, Gibbons P, Hurley CA et al.: Discovery of
potent and selective pyrazolopyrimidine janus kinase
2 inhibitors. J Med Chem 2012, 55:10090-10107.

59.
�

Mei D, Tan WSD, Wong WSF: Pharmacological strategies to
regain steroid sensitivity in severe asthma and copd. Curr Opin
Pharmacol 2019, 46:73-81.

This review highlights the challenges of corticosteroid resistance in the
treatment of asthma and COPD and the cellular and molecular mechan-
isms underlying insensitivity. It also summarizes recent discoveries of
signaling pathways and therapeutic strategies to increase histone dea-
cetylase levels and restore sensitivity to steroid therapy.

60.
�

Hodge G, Hodge S: Therapeutic targeting steroid resistant pro-
inflammatory nk and nkt-like cells in chronic inflammatory
lung disease. Int J Mol Sci 2019, 20.

This study investigated the role of natural killer T cell like cells and
innate natural killer cell cells as important mediators of the innate and
adaptive immune responses in COPD that leads to the initiation and
progression of inflammation. The authors suggest therapeutic strategies
using combinations of drugs currently available to overcome drug
resistance.

61. Montuschi P, Barnes PJ: New perspectives in pharmacological
treatment of mild persistent asthma. Drug Discov Today 2011,
16:1084-1091.

62. Bach J, Eastwood P, Gonzalez J, Gomez E, Alonso JA,
Fonquerna S, Lozoya E, Orellana A, Maldonado M, Calaf E et al.:
Identification of 2-imidazopyridine and 2-aminopyridone
purinones as potent pan-janus kinase (jak) inhibitors for the
inhaled treatment of respiratory diseases. J Med Chem 2019,
62:9045-9060.

63.
�

Shah NG, Tulapurkar ME, Ramarathnam A, Brophy A, Martinez R
3rd, Hom K, Hodges T, Samadani R, Singh IS, MacKerell AD Jr
et al.: Novel noncatalytic substrate-selective p38alpha-
specific mapk inhibitors with endothelial-stabilizing and anti-
inflammatory activity. J Immunol 2017, 198:3296-3306.

The authors identified a novel compound that specifically targets p38a
MAP kinase on a unique substrate-docking site, blocks proinflammatory
signals in endothelial cells, and reduces acute LPS-induced lung injury in
Current Opinion in Pharmacology 2020, 51:11–18

http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0180
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0180
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0180
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0185
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0185
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0185
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0185
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0185
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0185
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0190
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0190
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0190
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0190
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0195
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0195
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0195
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0195
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0200
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0200
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0200
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0200
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0205
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0205
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0205
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0205
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0210
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0210
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0210
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0210
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0210
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0215
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0215
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0215
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0215
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0215
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0220
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0220
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0220
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0225
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0225
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0225
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0225
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0230
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0230
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0230
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0235
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0235
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0235
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0240
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0240
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0240
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0240
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0240
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0240
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0245
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0245
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0245
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0250
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0250
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0250
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0250
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0255
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0255
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0255
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0255
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0255
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0260
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0260
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0260
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0265
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0265
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0270
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0270
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0270
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0270
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0275
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0275
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0275
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0275
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0280
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0280
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0285
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0285
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0285
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0285
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0285
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0290
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0290
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0290
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0290
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0295
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0295
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0295
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0300
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0300
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0300
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0305
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0305
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0305
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0310
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0310
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0310
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0310
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0310
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0310
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0315
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0315
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0315
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0315
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0315


18 Respiratory
a mouse model. These studies provide proof of principle that selective
inhibition of p38a functions will overcome toxicities associated with
catalytic site inhibitors that blocked all p38 activity.

64.
�

Sammons RM, Ghose R, Tsai KY, Dalby KN: Targeting erk
beyond the boundaries of the kinase active site in melanoma.
Mol Carcinog 2019, 58:1551-1570.

The authors provide an excellent summary of the complex signaling
events regulated by ERK MAP kinase signaling that promote or inhibit
disease. Novel approaches to target unique docking sites to inhibit
protein–protein interactions involved in disease are discussed.
Current Opinion in Pharmacology 2020, 51:11–18 
65. Zhou XF, Shen XQ, Shemshedini L: Ligand-activated retinoic
acid receptor inhibits ap-1 transactivation by disrupting c-jun/
c-fos dimerization. Mol Endocrinol 1999, 13:276-285.

66. Day RM, Lee YH, Park AM, Suzuki YJ: Retinoic acid inhibits
airway smooth muscle cell migration. Am J Respir Cell Mol Biol
2006, 34:695-703.

67. Chen F, Shao F, Hinds A, Yao S, Ram-Mohan S, Norman TA,
Krishnan R, Fine A: Retinoic acid signaling is essential for
airway smooth muscle homeostasis. JCI Insight 2018, 3.
www.sciencedirect.com

http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0320
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0320
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0320
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0325
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0325
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0325
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0330
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0330
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0330
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0335
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0335
http://refhub.elsevier.com/S1471-4892(20)30008-4/sbref0335

	Kinase inhibitors in the treatment of obstructive pulmonary diseases
	Introduction
	Obstructive pulmonary disease
	Inflammatory signals and protein kinases
	Protein kinases involved in obstructive lung disease

	Targeted inhibition of kinases in lung and immune cells
	Epithelial cells
	Goblet cells
	Airway smooth muscle cells
	Immune cells

	Conclusions and future directions
	Credit author statement
	Conflicts of interest statement
	References and recommended reading


