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Abstract

Chronic obstructive pulmonary disease (COPD) is a chronic lung disease characterised by airway inflammation and
progressive obstruction of the lung airflow. Current pharmacological treatments include bronchodilators, alone or
in combination with steroids, or other anti-inflammatory agents, which have only partially contributed to the inhi-
bition of disease progression and mortality. Therefore, further research unravelling the underlying mechanisms is
necessary to develop new anti-COPD drugs with both lower toxicity and higher efficacy. Extrinsic signalling pathways
play crucial roles in COPD development and exacerbations. In particular, phosphoinositide 3-kinase (PI3K) signalling
has recently been shown to be a major driver of the COPD phenotype. Therefore, several small-molecule inhibitors
have been identified to block the hyperactivation of this signalling pathway in COPD patients, many of them showing
promising outcomes in both preclinical animal models of COPD and human clinical trials. In this review, we discuss
the critically important roles played by hyperactivated PI3K signalling in the pathogenesis of COPD. We also critically
review current therapeutics based on PI3K inhibition, and provide suggestions focusing on PI3K signalling for the

further improvement of the COPD phenotype.

© 2021 The Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a pro-
gressive, multifactorial and irreversible disease that
affects airways in afflicted people. In COPD, progressive
airflow obstruction occurs as a result of exposure to ciga-
rette smoke, air pollution and fossil fuels, leading to
abnormal stimulation of mucosal secretion and narrowing
of the small airways [1,2]. Chronic cough, chest pain, dys-
pnoea, intolerance for physical exercise, sputum overpro-
duction and hypersecretion, depression and weight loss
are among the most common complaints of COPD
patients [3]. It seems that COPD is a consequence of the
interaction of environmental factors with genetic factors
[4]. Smoking is the primary cause of COPD, particularly
in Western societies. Other factors, such as gender,
chronic bronchitis, the use of fossil fuels for cooking
and some microbial infections, are also considered as
COPD risk factors. In fact, factors such as genetics, epige-
netics, sex, immune system and microbiome are

© 2021 The Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

considered as background or predisposing factors [5],
whereas cigarette smoke, air pollution, biomass smoke
and microbial infections are risk factors [6]. The risk fac-
tors mainly induce oxidative stress [7,8], thereby influenc-
ing predisposing factors to develop the pathophysiology
of the disease. These collective factors might lead not only
to COPD but also to disorders such as atherosclerosis, car-
diovascular disease and lung cancer (Figure 1). COPD
exhibits an increasing trend in terms of both morbidity
and mortality [9,10]. Although many diseases with high
rates of mortality, such as coronary heart disease and
stroke, show decreasing trends in mortality, COPD is
the only primary cause of death showing an increasing
trend [9]. In 2008, the World Health Organisation placed
COPD as the fourth main cause of global mortality from
non-communicable diseases and estimated that it would
become the third ranked by 2020. However, COPD
became so prevalent that it became the third main cause
of worldwide mortality in 2016 [11], highlighting the
rapid pace with which people get, and die of, COPD.
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Figure 1. COPD development from risk factors and predisposing fac-
tors to the full-blown disease. Several risk factors, especially ciga-
rette smoke, trigger the induction of oxidative stress in the lungs.
The resulting oxidative stress will have different clinical conse-
quences depending on genetic differences, sex, microbiome, etc.
COPD development seems to result from interactions of risk factor
with predisposing elements. The net consequence is the develop-
ment of clinical manifestations that are typical of COPD.

The available treatments for COPD differ depending
on disease severity and aetiology, and include smoking
cessation, avoiding highly polluted urban areas, amelio-
rating medications, such as oral or inhaled bronchodila-
tors, oral or inhaled corticosteroids, respiratory
rehabilitation, antibiotics, oxygen therapy and, in spe-
cific cases, surgery [12,13]. However, these treatments
are not sufficiently effective in most cases and it is there-
fore essential to develop new treatments that are both
safe and highly effective. To identify new effective med-
icines, it is important to identify the molecular mecha-
nisms underlying COPD pathophysiology, enabling the
design of targeted and efficacious therapies for COPD.

In response to extrinsic factors stimulating the devel-
opment of COPD, different molecular processes interact
with each other to induce widespread changes in the
gene regulatory network in epithelial and other cell types
in the lung, which subsequently give rise to the damage
seen in COPD [14]. In all cells, gene regulatory networks
consist of tightly interconnected networks of chromatin
regulators, transcription factors, metabolites, regulatory
RNAs and signalling pathways [15-18]. These mole-
cules engage in a dynamic interplay, whose net effect
is the unique behaviour any cell elicits. Notably, extrin-
sic signalling pathways ripple through a cell’s gene reg-
ulatory network, thereby shaping key cellular decisions
and behaviours. The network in lung cells and COPD
is composed of the same regulatory components men-
tioned above. However, as exogenous factors exert
widespread effects on the development of this disease,
the gene regulatory network in COPD is more pro-
foundly affected by environmental cues and extrinsic
signalling pathways [19-21].

Diverse signalling pathways, including trans-
forming growth factor-p (Smad signalling pathway),

© 2021 The Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org
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mitogen-activated protein kinase (MAPK), nuclear fac-
tor kappa B (NF-xB) and phosphoinositide 3-kinase
(PI3K), are reported to alter the gene regulatory network
in COPD [22-25]. The interaction of these extrinsic
pathways and endogenous regulatory networks deter-
mines how the diseased lung cells will behave and how
COPD will proceed. As these pathways have major
effects on COPD physiopathology, specific drugs have
been developed to target the mediators of these path-
ways, including PI3K signalling [26].

PI3K signalling is among the key pathways in almost
all cells. In fact, this pathway influences all cells in at
least one stage during their lifetime [27]. PI3K signalling
is activated by a series of extracellular factors,
e.g. insulin and insulin-like growth factor (IGF), which
bind specific cell-surface receptor tyrosine kinases
(RTKSs), stimulating several downstream mediators of
this signalling [28]. These mediators in turn regulate
many downstream substrates involved in critical pro-
cesses, such as cell growth, cell cycle, protein synthesis
and cell death [27]. Importantly, PI3K signalling is
one of the most crucial pathways contributing to the
pathophysiology of COPD.

This review aims to highlight the critical contribution
of PI3K signalling to the physiopathology of COPD, the
intracellular gene regulatory network involving PI3K
signalling components, its roles in intercellular interac-
tions between immune system cells and lung epithelial
cells, and the regulatory processes involving PI3K sig-
nalling and microRNAs (miRNAs) in COPD. Moreover,
we explore the current therapies and potential treatments
modulating PI3K signalling in COPD, as well as clinical
trials harnessing the potential of PI3K signalling target-
ing for COPD therapy. Finally, we provide key ques-
tions and suggestions utilising the PI3K pathway for
improving therapeutic approaches for COPD.

The PI3K pathway

PI3K signalling is a critically important pathway for
mediating various forms of cellular responses, from cell
survival, growth, proliferation and differentiation to
DNA repair and apoptosis in different developmental
and tissue contexts [27,29,30]. In fact, embryonic devel-
opment and organismal health, as well as many human
diseases, including cancers, are regulated by PI3K sig-
nalling [29].

PI3K signalling is activated by extracellular ligands
that trigger this signalling by binding to RTKSs or G-pro-
tein-coupled receptors [27,29-31], whose activation
leads to phosphorylation and activation of PI3Ks. PI3Ks
are a family of lipid kinases that catalyse the phosphor-
ylation of the 3’-hydroxyl group of the inositol ring of
phosphatidylinositides of cell membranes and are his-
torically divided into three classes (i.e. I, II and III)
based on structure and function [32]. Class I PI3Ks are
the most studied, and phosphorylate membrane-bound
phosphatidylinositol  (4,5)-bisphosphate (PtdIns(4,5)
P2, also called PIP2) to phosphatidylinositol (3,4,5)-

J Pathol 2021; 254: 505-518
www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

PI3K signalling in COPD

trisphosphate (PtdIns(3,4,5)P3; PIP3). By acting as a
secondary messenger, PIP3 serves as a docking site for
protein kinases such as PI3K-dependent kinase-1
(PDK1). After recruitment to the membrane and subse-
quent activation, PDK1 phosphorylates and activates
Ak strain transforming/protein kinase B (AKT/PKB),
which then phosphorylates the mechanistic target of
rapamycin (mTOR; usually found in two protein com-
plexes — mMTORC1 and mTORC?2) [33] and many other
downstream mediators, exerting numerous changes to
cell behaviour (Figure 2).

Class I PI3Ks are heterodimers, consisting of a cata-
lytic and a regulatory (or adaptive) subunit. Based on
sequence and the type of adaptor bound to the catalytic
subunit, they are further categorised into class IA PI3Ks
and class IB PI3Ks. Class IA PI3Ks include PI3Ka,
and O, whereas class IB PI3Ks are composed only of
PI3Ky [34]. Notably, class I PI3K isoforms play both
isoform-specific and pan-PI3K roles [35], highlighting
a high degree of dynamicity in the molecular function
of different class I PI3K isoforms.

Class II and IIT PI3KSs are less studied monomers with
no adaptive subunits, phosphorylating PI to PI(3)P (both
classes) and PI(4)P to P1(3,4)P2 (class II only). As these
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Figure 2. Schematic illustration of the PI3K signalling pathway.
Extracellular ligands, such as IGF-1, bind to RTKs (which are trans-
membrane receptor proteins) and activate them. Activated RTKs
induce the phosphorylation of PI3K, which subsequently phosphory-
lates the membrane phospholipid PIP2 to PIP3, providing a docking
site for PDK1. Next, the protein kinase AKT/PKB, which is phosphor-
ylated and activated by PDK1, induces mTOR activity by phosphory-
lation. AKT and mTOR have numerous downstream targets, which
leads to enormous changes in cell behaviour, such as cell survival,
growth, proliferation and differentiation, DNA repair and apoptosis.
Red dots indicate phosphate groups, which are added to substrates
by protein or lipid kinases.
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phosphorylated lipid products are implicated only in
protein and vesicular trafficking [32,34] with no docu-
mented roles in the pathogenesis of COPD, we will not
further discuss class II and III PI3KSs in this review.

The enzymatic activity of PI3K is directly opposed by
the dual-specificity protein phosphatase, phosphatase
and tensin homologue (PTEN), which promotes the
dephosphorylation of PIP3 into PIP2 (Figure 2). There-
fore, PTEN functions as an inhibitor of PI3K activity
and is considered a key therapeutic strategy in cancers
and many other diseases in which PI3K signalling is a
key driver [36].

The components of PI3K signalling have crosstalk
with other regulatory pathways and cellular processes,
such as cell survival, proliferation and differentiation,
which explains how the deregulation of this pathway’s
mediators exerts profound effects on various (patho)
physiological processes. In the next sections, we will
highlight the critical functions of the PI3K pathway in
the emergence and progression of COPD, as well as
how we could exploit the available knowledge to target
this pro-COPD signalling pathway more effectively.

Contribution of PI3K signalling to the development
and exacerbation of COPD

PI3K and its downstream mediators are upregulated dur-
ing lung and airway remodelling in COPD [23,37-41]
(Table 1). The differential expression of PI3K signalling
mediators during COPD progression implies their
dynamic regulation under this pathological condition.
Any dysregulation in PI3K signalling not only adversely
affects the normal functioning of airway epithelial cells
but also influences alveolar immune cells, leading to an
exaggerated immune response [55,56]. This abnormally
enhanced immune response gives rise to chronic inflam-
mation, which is characteristic of COPD.

In addition to normal growth factors, environmental
stressors can induce (hyper-) activation of PI3K signal-
ling. In contrast to class I PI3Ks (i.e. PI3Ka/p), which
are ubiquitously expressed and, hence, their knockouts
are embryonic lethal, PI3Ky and PI3Kd are more highly
expressed in leukocytes and their knockout is well toler-
ated [34]. Leukocytes lacking PI3Ky and PI3Kd suffer
from impaired activation, migration and differentiation,
as well as defective B and T cell antigen receptor signal-
ling [28,57,58]. The impaired leukocyte migration and
infiltration is due to regulation of cytoskeletal rearrange-
ments by PI3K through the production of PIP3, asym-
metric F-actin assembly and finetuning of Rac function
and Ca”" release [59,60] (Figure 3). PI3K has also been
shown to be activated by an S-type lectin called
galectin-3, similarly leading to dynamic polymerisation
and reorganisation of F-actin through Rac activation
[60]. These findings were confirmed by the application
of pan-PI3K and/or PI3K-isoform-selective inhibitors,
which reduced the chemotaxis of neutrophils and macro-
phages into the lung [61] (Table 2), resulting in
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Table 1. Status of PI3K signalling mediators in COPD.

S Moradi et al

PI3K signalling
mediator Status in COPD Cells Reference
IGF-1R Phosphorylated Cigarette smoke-treated murine alveolar macrophages (in vitro study) [42]
PI3K Upregulated and Primary human lung epithelial cells; lung epithelial cell lines; immune system [23,40,43-46]
phosphorylated cells in injured lung; mouse models of COPD; COPD patients
PTEN Downregulated Human lung epithelial cells; mouse models of COPD; COPD patients [23,47]
AKT/PKB Phosphorylated Human lung epithelial cells; COPD patients [23,48,49]
mTOR Phosphorylated Human airway epithelial cells and peripheral lung cells [50,51]
PDE4 Upregulated Peripheral blood neutrophils; alveolar macrophages; lung epithelial cells in [52-54]
COPD patients
@@ activation of PTEN has been considered as a viable
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Figure 3. PI3K signalling in COPD. The PI3K/AKT/mTOR axis is upre-
gulated in COPD. Hyperactivated PI3K signalling induces the activity
of proteins that promote inflammation, such as NF-kB, cytokines
and MMP-9, and suppresses proteins that exert antioxidant func-
tions, such as FOXO, PTEN, SIRT1 and SIRT6. PI3K also induces Rac
activity, leading to increased F-actin polymerisation and leukocyte
chemotaxis.

dampening of innate and adaptive immune responses, as
well as reduced inflammation.

PI3K indirectly activates AKT, a key protein kinase
with a broad array of downstream targets in COPD.
AKT activation correlates with PI3K activation and neg-
atively correlates with PTEN activity. Importantly,
PTEN is downregulated in the airway epithelial cells
and peripheral lung tissue of COPD patients. Further-
more, cigarette smoke followed by reactive oxygen spe-
cies (ROS) generation downregulates PTEN, enhancing
AKT phosphorylation and vice versa. The resulting
reduction in PTEN levels in bronchial epithelial cells
also increases the production and secretion of CCL2
and CXCLS8 chemokines, and interleukin-6 (IL-6) and
other proinflammatory cytokines, promoting chronic
inflammation via enhanced PI3K signalling [23,47].
This aberrant process in turn seemingly increases cell
senescence in lung epithelial cells through ROS produc-
tion and subsequently further PI3K activation [73,74].
As PTEN opposes the activity of PI3K signalling,

© 2021 The Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

option against COPD exacerbation.

By phosphorylating MAPKs, S6 and other factors, AKT
promotes significant changes in the gene regulatory net-
work of the affected cells [48,75]. It also inhibits glycogen
synthase kinase-3 (GSK3), thereby inducing ROS genera-
tion and epithelial-to-mesenchymal transition (EMT) [76].
By activating mTOR, AKT facilitates oxidative stress by
inhibiting SIRT1 and SIRT6, which are involved in control-
ling the balance between free radicals and antioxidants
[74,75,77]. AKT also inhibits another histone deacetylase,
HDAC?2, which subsequently leads to increased inflamma-
tion and enhanced oxidative stress [74,75]. In fact, the
majority of the aberrantly activated mediators of PI3K sig-
nalling lead to further oxidative stress, which in turn gives
rise to alveolar destruction, progressive airway inflamma-
tion and leukocyte infiltration (Figure 3). Ozone (Os), which
is produced under certain conditions, has been reported to
promote leukocyte infiltration, inflammation, mucus hyper-
secretion and alveolar destruction through activating p38
MAPK and subsequent stimulation of IL-1B and matrix
metalloproteinase-9 (MMP-9) release [78]. Notably, O3
also enhances AKT and NF-xB protein levels only in
females [79], highlighting the importance of sex difference
in the pathogenesis of COPD. Finally, it has been found that
the PI3K/AKT pathway is essential for uPAR-driven EMT
in human small airway epithelial cells [80]. Taken together,
each of these molecular interactions involving PI3K signal-
ling promotes a vicious cycle of increased inflammation,
EMT and oxidative stress, leading to COPD exacerbation.

Intercellular signalling involving the PI3K pathway
in COPD

Oxidative stress, the main driver of COPD, is induced by
various environmental stimuli as well as endogenous
factors [62]. In response, lung epithelial cells upregulate
PI3K signalling, inducing mucin overproduction and
concomitant airway mucus hypersecretion, causing
severe clinical consequences. The epithelial cells in
COPD patients also secrete molecules that recruit leuko-
cytes, particularly macrophages and neutrophils, to the
stressed lung tissue [81]. It has been shown that
the PI3K pathway plays a crucial role in COPD
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Table 2. In vitro studies showing the effect of PI3K inhibition on COPD.

509

Molecular
Inhibitor target Effects on COPD Model References
ZSTK474 Pan-PI3K Decreases extracellular ROS production and MMP-9 release Cultured blood and sputum [62]
from neutrophils neutrophils from COPD patients
Wortmannin Pan-PI3K Induces alveolar stem cell differentiation Cultured human alveolar epithelial [63]
stem cells
LY294002 Pan-PI3K Decreases neutrophil migratory speed but enhances their Migrating peripheral neutrophils [64,65]
chemotactic accuracy; reduces MUC5AC, AKT and epidermal from COPD patients; human
growth factor receptor expression bronchial epithelial cells
Roflumilast PDE4 Inhibits prothrombotic functions of leukocytes and Peripheral blood leukocytes from [66,67]
N-oxide (RNO) corticosteroid resistance in COPD neutrophils COPD patients
Erythromycin + p-AKT Increase steroid sensitivity induced by cigarette smoke extract  Peripheral blood mononuclear cells [68]
dexamethasone from COPD patients and U937 cells
Nortriptyline PI3KS Upregulates HDAC2 and inhibits steroid resistance Cultured human monocytic cell line  [69]
IC87114 PI3Kd Enhances HDAC2 expression and reverses steroid insensitivity Peripheral blood mononuclear cells [44]
from COPD patients
Formoterol PI3KS Decreases steroid insensitivity under oxidative stress Peripheral blood mononuclear cells  [70]
conditions from COPD patients
NVS-PI3-2 PI3Ka Are well tolerated and do not impair phagocytosis Cultured human macrophages [71]
NVS-PI3-3 PI3K& isolated from COPD patients
NVS-PI3-5 PI3Ky
Solithromycin Pan-PI3K Inhibits corticosteroid resistance Peripheral blood mononuclear cells  [72]
(CEM-101) from COPD patients
GSK045 PI3K& Suppresses ROS and MMP-9 release from neutrophils during Cultured blood and sputum [62]

both the stable state and exacerbations

leukocytes, as its abrogation compromises leukocyte
activation and infiltration into the lung [61,82,83].
PI3K signalling-mediated recruitment of leukocytes is
followed by secretion of diverse proinflammatory cyto-
kines and chemokines. Of note, cigarette smoke promotes
IL-17A-induced production of IL-8 in bronchial epithelial
cells [84]. These secreted proteins initiate a process leading
to peri-bronchiolar fibrosis, alveolar destruction and mucus
hypersecretion by airway epithelial cells [85,86] (Figure 4).
Importantly, neutrophils secrete several proteases, includ-
ing MMPs and elastase, that destroy the lung parenchyma
and drive mucus hypersecretion [87]. Additionally, macro-
phages from COPD patients exhibit a defective response
and polarisation towards the M2 phenotype, as well as high
resistance to steroid therapy [88,89]. These abnormal
characteristics are promoted at least partly by activation
of PI3K signalling in COPD macrophages. Activation
of PI3K signalling appears to compromise glucocorti-
coid responsiveness in cigarette smoke-exposed mice
[90]. COPD macrophages also release proteases and
ROS, contributing to further destruction of lung tissue
and aggravating the inflammatory and oxidative micro-
environment [81,86]. In addition, mast cells, which
show increased numbers in inflammatory infiltrates of
COPD patients, upregulate PI3K signalling, which
facilitates their infiltration into the lung, their activation
and degranulation followed by increased secretion of
proinflammatory cytokines (e.g. IL-8 and tumour
necrosis factor-a) and the enzyme hTryptase [91-93].
These mast cell-derived proteins are correlated with
small airway remodelling and narrowing, increased
airflow obstruction and decreased lung function
(Figure 4). Therefore, PI3K signalling significantly

© 2021 The Pathological Society of Great Britain and Ireland.
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neutrophils from COPD patients

contributes to the overactivation of the innate immune
system in COPD patients.

The PI3K pathway also enhances adaptive immunity in
COPD. Upon cigarette smoke exposure, B and T lympho-
cytes downregulate PTEN, leading to enhanced PI3K sig-
nalling in these cells, followed by increased inflammation
in the lung parenchyma. The PI3K-powered infiltration of
CD8+ T cells secretes enzymes, such as granzyme B and
perforins, which promote alveolar destruction [94,95]. B
lymphocytes display increased number, survival, activation
and maturation in the lungs of COPD patients, due at least in
part to PI3K pathway activation in these cells. The impaired
processes in B cells of COPD patients are accompanied by
an increase in the production of autoantibodies, which
might play a role in increased lung injury and inflammation
in COPD patients [94,96]. In addition, lung myeloid den-
dritic cells were observed to direct the induction of T-helper
1 (Th1) and T-helper 17 (Th17) responses in CD4 T cells in
emphysema. Th17 cells secrete IL-17A, which increases
CCL20 and MMP-12 secretion from pulmonary macro-
phages, thereby recruiting inflammatory cells and promot-
ing lung destruction [97]. Furthermore, although IL-17A
was upregulated in CD4 T cells from mouse lung upon
exposure to cigarette smoke, its deficiency diminished ciga-
rette smoke-induced emphysema, highlighting the impor-
tant role of CD4 T cell-mediated autoimmunity [98].
Finally, human lung myeloid dendritic cells from smoke-
induced emphysema lungs and mouse antigen-presenting
cells exposed to cigarette smoke increased miR-22 expres-
sion, which subsequently enhanced autoreactive Th17
responses and lung damage via activation of HDAC4 and
AP-1 [99]. Overall, the pathological events caused by com-
plex interactions between immune cells, lung epithelial cells
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Figure 4. Interaction of lung epithelial cells and immune cells in
COPD. Environmental stressors, particularly cigarette smoke, induce
mucin overproduction and mucus hypersecretion in lung epithelial
cells as the first and most important cell type in the lung to respond
to exogenous stresses, gradually leading to increased airway
obstruction. These cells also secrete cytokines and chemokines that
trigger the induction, activation and infiltration of immune cells
into the lung parenchyma. Various immune cells (in particular mac-
rophages and neutrophils) start producing and secreting cytokines,
chemokines and enzymes upon stimulation by epithelial cells, which
together elicit an exaggerated immune response to the oxidative
stress-induced lung inflammation, leading to further exacerbation
of COPD. Overall, these aberrant interactions result in alveolar
destruction, fibrosis and enhanced mucus hypersecretion, followed
by emphysema and small airway obstruction, which are typical
characteristics of COPD.

and oxidative agents ultimately lead to the plugging of small
airways, trapping of air in the alveoli (emphysema)
and small airway destruction (Figure 4), all of which are
hallmarks of COPD pathogenesis.

Involvement of miRNAs targeting PI3K signalling in
COPD pathogenesis

miRNAs constitute a unique class of short (~22-nt) non-
coding RNAs that control their targets at the post-
transcriptional level by cleaving the target mRNA or by
suppressing its translation into protein. As miRNAs toler-
ate nucleotide mismatches when binding their target tran-
scripts, they are thought to have 10s to 100s of targets
[100]. It is believed that miRNAs regulate one-third of
human transcripts, thereby modulating virtually all biolog-
ical processes. They are crucially important for embryo-
genesis, tissue homeostasis, stem cell self-renewal
[101-103], and cell fate programming and reprogramming

© 2021 The Pathological Society of Great Britain and Ireland.
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Figure 5. PI3K signalling-miRNA communications in COPD. Oxida-
tive stress induces miR-203, thereby preventing it from suppressing
TAK1 and NF-xB. PI3K itself induces miR-34a to block the transla-
tion of SIRT1 and SIRT6 transcripts, thereby promoting elevated oxi-
dative stress. Finally, oxidative stress inhibits serum response factor,
which acts as a driver of muscle-specific miRNA expression to
repress IGF-1 and HDAC4. These two de-repressed proteins then
promote further inflammation and enhanced muscle atrophy/
hypertrophy that is observed in COPD patients.

[104-106]. Importantly, miRNAs are deregulated in many
disorders, including cancer and lung diseases [107,108].

Chronic diseases of the lung induce major changes in
miRNA expression. These changes are biologically sig-
nificant, with certain miRNAs serving as inhibitors,
whereas others are inducers of chronic lung pathologies
[108]. Several miRNAs are influenced at the beginning
or during the progression of COPD (Figure 5). For
example, PI3K upregulates miR-34a, which blocked
the translation of SIRT! and SIRT6 and inhibited their
antioxidative and antisenescence functions [109,110].
Importantly, suppression of miR-34a inhibited cell cycle
arrest and features of senescence in airway epithelial
cells of COPD patients [110].

miR-203, which is induced by oxidative stress,
inhibits PI3K [111], thereby providing a therapeutic
strategy for targeting PI3K to dampen inflammation
and injuries triggered by its abnormal hyperactivation
in COPD.

Oxidative stress also inhibits serum response factor,
leading to the downregulation of miR-1 and other
muscle-enriched miRNAs in the muscle tissue of COPD
patients. This deregulation in muscle-specific miRNAs
induces IGF-1 and HDAC4, which contribute to
enhanced PI3K signalling, inflammation and muscle
hypertrophy in COPD [112] (Figure 5). COPD is mostly
associated with muscle dysfunction and wasting, which
has been found to be accompanied by abnormal alter-
ations in PI3K signalling in airway/lung smooth muscle
cells [113-119]. Importantly, PI3K signalling blockade
reversed the major characteristics of muscle wasting in
COPD animal models [113-115].
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Finally, miR-6724-5p, miR-424-5p and miR-195-5p,
upregulated in COPD bronchial epithelial cells, poten-
tially target fibroblast growth factor receptor-1
(an RTK involved in PI3K signalling), thereby inhibit-
ing the apoptosis of bronchial epithelial cells [120]. It
is therefore possible to exploit the potential of miRNAs
to effectively target major PI3K mediators of COPD.

Impaired PI3K signalling makes COPD patients more
susceptible to microbial infections

COPD patients show enhanced susceptibility to microbial
infections, and infections contribute to the development
of COPD [121]. PI3K signalling correlates with enhanced
sensitivity of COPD patients to respiratory infections. For
example, the mast cell-specific tryptase mMCP-6 pro-
motes bacterial infections through suppressing immune
responses [122]. Non-typeable Haemophilus influenzae
exacerbates COPD by upregulating PI3K signalling
[123-125]. It appears that bacterial lipopolysaccharide
plays an important role by inducing ROS and a cascade
of PI3K signalling in the lung [126—129]. In addition to
bacteria, certain fungi exacerbate the COPD phenotype.
For instance, COPD patients infected with Aspergillus
fumigatus show increased mortality. Infection upregulates
the PI3K pathway in alveolar macrophages, driving
COPD exacerbation. In fact, COPD promotes alveolar
macrophage dysfunction and upregulation of the TLR2/
PI3K/Rac-1 signalling axis, facilitating Aspergillus inva-
sion [130,131].

Notably, COPD patients are more susceptible to viral
(in particular, influenza virus) infections. The upregula-
tion of PI3K signalling enhances influenza virus infec-
tion and downregulates antiviral responses in COPD
bronchial epithelial cells and in a cigarette smoke-
induced mouse model of COPD [43]. Other viruses,
such as rhinoviruses, also increase COPD-associated
inflammation through PI3K signalling induction in the
lung [132,133] and PI3K inhibitors aid immune
responses against viruses, thereby increasing lung func-
tion [43,132,133]. These findings highlight the crucial
importance of upregulated PI3K signalling in the
enhanced susceptibility of COPD patients to microbial
infections.

Targeting PI3K signalling in COPD: in vitro,
preclinical and clinical studies

Smoking cessation is a major intervention to decrease
COPD deterioration. However, inflammatory responses
persist in the airways of COPD patients for several
months and years, even after smoking cessation
[134,135]. Smoking chronically increases the secretion
of MMPs and elastase from lung neutrophils and epithe-
lial cells, and alters the expression of RIG-I-like recep-
tors, Toll-like receptors and receptors for advanced
glycation end products (RAGE) on lung epithelial cells
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and leukocytes, increasing cell death [136—138]. More-
over, upregulation of RAGE promotes secretion of cyto-
kines via Ras, NF-xB and PI3K signalling [139],
maintaining the enhanced lung inflammation, even after
stopping smoking. Importantly, the dynamics of PI3K
pathway activation depend on the duration of exposure
to cigarette smoke [23,140]. Short-term smoke
exposure leads to Akt phosphorylation and PI3K signal-
ling without PTEN suppression. However, PTEN is
gradually downregulated upon longer exposures to
smoke, promoting prolonged Akt phosphorylation and
sustained PI3K signalling in the airways of COPD
patients, even after smoking cessation [23]. This deregu-
lation of PTEN can explain, at least partially, why
inflammation persists even after the disappearance of
cigarette smoke. In other words, chronic smoking-
induced oxidative stress exerts lasting adverse effects
on the cells’ gene regulatory network that are usually
not reversed by cessation [23,141]. As PTEN suppres-
sion enables persistent inflammation in ex-smokers, it
would be worthwhile to develop strategies for activating
PTEN in such COPD patients.

Current COPD treatments include inhaled
B2-adrenergic receptor agonists, glucocorticoster-
oids and anticholinergics. Although these treatments
have contributed to a decrease in COPD exacerba-
tions, they are mostly ineffective in improving lung
function and quality of life. For example, steroids
are known to negatively affect the hypothalamic—
pituitary—adrenal axis in COPD patients, thereby
creating the need to taper consumption and seek
alternative therapies.

PI3K signalling is known to serve as a major driver of
COPD. Importantly, inhibition of key PI3K signalling
mediators reduces inflammation and increases lung
function. There is cumulative in vitro evidence that
small-molecule PI3K pathway inhibitors inhibit the
hyperactivated PI3K signalling in cultured lung cells
and leukocytes (Table 2). For example, the pan-PI3K
inhibitor ZSTK474 inhibits the release of MMP-9 and
ROS from neutrophils isolated from COPD patients
[62]. Another pan-PI3K inhibitor, Wortmannin, pro-
motes the differentiation of alveolar stem cells into
mature alveolar cells [63]. In animal models of COPD,
Wortmannin significantly promoted the regeneration of
alveoli [63] (Table 3) and therefore has potential to
enhance lung regeneration in COPD patients. Notably,
macrolides are a family of chemicals currently used as
pan-PI3K inhibitors for effective suppression of inflam-
mation, viral infections and sputum production in COPD
[148,149] (Table 4).

On the other hand, isoform-specific PI3K inhibitors
appear to be effective treatments for suppressing inflam-
mation and other clinical manifestations of COPD. The
PI3K&-specific inhibitor, nortriptyline, induces HDAC2
and inhibits glucocorticoid resistance in cultured mono-
cytes [69]. Another PI3K&-selective inhibitor, theophyl-
line, has not only reversed steroid insensitivity and
inflammation in mice [44], but also in human phase IV
clinical trials [151] (Tables 3, 4). Given that steroid
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Table 3. Effects of PI3K signalling inhibitors in preclinical studies of COPD.

Molecular
Inhibitor target Effects on COPD Model Reference(s)
Wortmannin ~ Pan-PI3K Enhances pulmonary alveolar regeneration; decreases neutrophil Murine COPD model; [63,142]
activation cigarette smoke-exposed
mice
SHBM1009 PI3K/mTOR Confers resistance to oedema, acute and chronic lung inflammation, Rat model of lung [143]
injury, remodelling and emphysema inflammation
Theophylline  PI3Kd Reverses steroid resistance and inflammation Cigarette smoke-exposed [44]
mice
1C87114 PI3KS Reverses glucocorticoid insensitivity COPD mouse model [28,34]
TG100-115 PI3Ky and Decreases neutrophils and downregulates tumour necrosis factor-o Mouse COPD model [144,145]
PI3KS
AS-506240  PI3Ky Inhibits neutrophil infiltration BENaC-Tg mouse model [83]
Genistein PTK Inhibits PI3K/AKT phosphorylation and activation Rat model of chronic [146]
bronchitis
LY294002 Pan-PI3K Inhibits both PI3K/AKT signalling and p38-MAPK and JNK activation Rat model of chronic [146]
bronchitis
RV-1759 PI3Ky and Suppresses allergen-induced inflammation Mouse model of COPD [147]
PI3KS
Table 4. Inhibitors of PI3K signalling in human clinical trials of COPD.
Molecular
Inhibitor target Effects on COPD Clinical phase Reference(s)*
Macrolides Pan-PI3K Exert antimicrobial, anti-inflammatory and antiviral effects, and reduce Phase IV clinical trial [148]
sputum production
Metformin mTOR Has useful effects on inflammation, antioxidant levels, the effectiveness of ~ Phase IV clinical trial [150]

steroid treatment and recovery
GSK2269557  PI3Kd
Theophylline  PI3KS

Suppresses sputum levels of the proinflammatory cytokines IL-8 and IL-6
Increases the responsiveness to corticosteroids, inhibiting inflammation

Phase Il clinical trial [45]: NCT02130635
Phase IV clinical trial ~ [151]

Roflumilast PDE4 Reduces COPD exacerbations and median time to rehospitalisation Phase IV clinical trial ~ [152-154]
CHF6523 Pan-PI3K Will investigate the safety, tolerability and pharmacokinetics as well as Phase | clinical trial NCT04032535
anti-inflammatory effect of inhaled CHF6523 in COPD subjects
RV1729 PI3Ky and Will analyse the safety, tolerability, pharmacokinetics and Phase | clinical trial NCT02140346
PI3K3 pharmacodynamics of RV1729 in COPD patients

*References for published articles and/or the ClinicalTrials.gov Identifier for clinical trials.

resistance has greatly hindered the efficiency of COPD
treatments, it is important to discover small molecules
that sensitise lung cells and leukocytes to corticosteroid
treatments. GSKO045 is another selective PI3K$ inhibitor
that has been shown to diminish MMP-9 secretion by
COPD neutrophils and decrease cytokine release from
blood mononuclear cells from COPD patients [62,155].
It also inhibits ROS production by cultured COPD neu-
trophils [62], thereby potentially decreasing ROS-
induced inflammation.

In a PENaC-Tg mouse model of COPD, in which the
mice overexpress PENaC and exhibit enhanced airway
inflammation and obstruction, the PI3Ky-specific inhibi-
tor, AS-5062, reduced the infiltration of neutrophils [83],
potentially enabling a decrease in the exaggerated immune
response of COPD patients. TG100-115 is an inhibitor of
both PI3Ky and PI3K$ that blocks neutrophil migration
[144,145]. Another dual-PI3K inhibitor, RV1729, not only
reduces inflammation in COPD mice (Table 3), but is
also being tested in human clinical trials (Table 3). In a
phase II clinical trials, an inhaled PI3Kd-specific inhibitor,
GSK?2269557 (Nemiralisib), could be safely used in COPD
patients and effectively suppressed the secretion of proin-
flammatory cytokines into the sputum [45,156,157].
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Finally, metformin, which can indirectly inhibit
mTOR, reduced inflammation and oxidative stress and
enhanced steroid responsiveness and patient recovery
in a phase IV COPD clinical trial [150] (Table 4). These
collective findings (summarised in Figure 6) highlight
the potential of pan-isoform and isoform-selective inhib-
itors of PI3K signalling for more effective treatment
of COPD.

Herbal medicine, a major component of traditional
medicine, has been exploited for centuries to treat COPD
signs and symptoms [158]. For example, a clinically
used Chinese herbal formula known as Louqin Zhisou
decoction has been reported to decrease sputum hyperse-
cretion and enhance lung function in COPD patients. Its
mechanism of action appears to involve AKT/PI3K sig-
nalling because it lowered the abundance of phospho-
AKT and phospho-PI3K in a rat model [127]. Moreover,
Scutellaria baicalensis, another medicinal herb used to
treat several serious medical conditions, was reported
to inhibit the AKT/PI3K/NF-kB signalling axis in
COPD rat models [159]. Similar anti-COPD effects have
been observed for crocin (a carotenoid chemical consti-
tuting a bioactive ingredient in Crocus sativus), ginseno-
side Rgl (a major bioactive compound in Panax
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Figure 6. Pan-isoform and isoform-selective inhibitors of PI3K sig-
nalling in in vitro, preclinical and clinical studies of COPD. Various
small-molecule inhibitors have been discovered to target PI3K sig-
nalling mediators in different model systems from in vitro analyses
to human clinical trials of COPD. Inhibitors of PI3KS appear to exert
the safest and most potent effects on COPD phenotype.

ginseng), 18B-glycyrrhetinic acid and glycyrrhizic acid
(active ingredients in licorice) and isorhapontigenin
(a dietary polyphenol), where various aspects of COPD
were inhibited by these herbal medicines. Interestingly,
all these herbs blocked PI3K signalling, thereby reduc-
ing inflammation and leukocyte infiltration [160-163].

Crocin has also been found to attenuate the COPD-
associated depression via lowering PI3K/AKT-induced
inflammation. It also inhibited cigarette smoke-induced
NF-xB nuclear translocation. Notably, IGF-1 reversed
the crocin-mediated suppression of NF-kB signalling,
further confirming the important role of the enhanced
PI3K pathway in increasing the pulmonary inflamma-
tion typical of COPD [164]. Importantly, certain herbal
medicines, such as Cordyceps sinensis, were found to
attenuate COPD-associated cellular senescence by
reducing activation of the ROS/PI3K/AKT/mTOR axis
[73]. Together, these findings indicate that traditional
herbal medicine holds great promise in ameliorating
COPD exacerbations through suppressing mTOR/
AKT/PI3K signalling.

Concluding remarks

The current increasing trend of COPD morbidity and
mortality highlights the need for more research into the
underlying mechanisms of COPD development and
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exacerbations and for the development of highly effica-
cious therapeutics with less off-target or on-target
adverse effects. Smoking is the main stressor leading to
COPD development. Therefore, smoking cessation
should be the first intervention in COPD therapy. How-
ever, even stopping smoking in combination with other
treatments (e.g. corticosteroids) has not been successful
enough in treating COPD and improving lung function.
Therefore, new therapeutic strategies that are both safer
and more efficacious should be developed. Cumulative
evidence suggests that PI3K signalling mediators, par-
ticularly the various isoforms of the PI3K enzyme itself,
hold great potential as effective targets in COPD treat-
ment. So far, several small-molecule inhibitors of the
PI3K signalling components have been investigated in
different in vitro model organism and human clinical
studies and the collective results demonstrate that inhibi-
tion of this pathway contributes to the considerable
improvement of the various COPD phenotypes in
patients.

As PI3K isoforms are expressed and play important
roles in many cellular or tissue contexts and have several
signalling crosstalks with other pathways, pan-isoform
inhibitors of PI3K pathway are associated with higher
side-effects. Therefore, it would be more suitable to
use isoform-specific inhibitors (especially the small-
molecule blockers of PI3Kd) as well as develop new
selective anti-PI3K inhibitors to minimise both off-
target and on-target toxicities. One suggestion would
be to reduce the dose to achieve comparable PI3K sup-
pression but decreased toxicity. The development of
inhaled therapeutics against PI3K signalling would be
an important step towards safe and effective COPD ther-
apy. Moreover, combination of PI3K inhibitors with
other anti-COPD treatments might hold the key to treat-
ing this devastating disease. Furthermore, COPD
patients might benefit from combinatorial treatment with
anti-PI3K inhibitors and stem cell-based lung regenera-
tion [165].

As COPD is associated with a high rate of microbial
infections, it would be therapeutically more efficient to
develop or discover therapies that inhibit both PI3K
and microbial infections at the same time. It might also
be needed to identify subpopulations of COPD patients
who respond more effectively to some treatments than
others, highlighting the potential of personalised medi-
cine for tailoring patient-specific treatments. Impor-
tantly, some of the side-effects seen with highly
selective PI3K inhibitors might stem from the fact that
some small molecules are genotoxic. Alternatively,
application of siRNAs against PI3K signalling might
be a safer and/or more effective strategy. On the other
hand, miRNAs might be even more powerful tools for
effective targeting of PI3K signalling, as they can sup-
press 10s to 100s of targets. The multitarget rationale
of miRNA regulation can be used to simultaneously
repress several mediators of the PI3K pathway or both
PI3K signalling and other signalling pathways. Further
research on PI3K signalling is needed to develop safe
and effective therapies for COPD patients.
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