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Abbreviations

AATD, Alpha-1 antitrypsin deficiency

AHR, Airway hyperresponsiveness

AIC, Allergen inhalation challenge

ALI Acute lung injury

ARDS, Acute respiratory distress syndrome
BOOP, Bronchiolitis obliterans organizing pneumonia
COPD, Chronic obstructive pulmonary disease
COVID-19, Coronavirus Disease 19

Dae, Aerodynamic diameter

DPI, Dry powder inhaler

AER, Early asthmatic response

FeNO, Fractional exhaled nitric oxide

FEV1, forced expired volume in one second
IgE, Immunoglobulin E

IL, Interleukin

LAR, Late asthmatic response

mAb, monoclonal antibody

PAP, Pulmonary alveolar proteinosis

pMDI, Pressure metered dose inhaler

RSV, Respiratory syncytial virus
SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2
SMI, Soft mist inhaler

Th2, T helper type 2 lymphocytes

TNF-a, Tumor necrosis factor-o

TSLP, thymic stromal lymphopoietin

Pulmonary Delivery of Aerosol Biologics

Biological drugs (synonymous known as biologics) are a
diverse group of therapeutic agents which are large and complex
molecules produced through sophisticated biotechnology [1,2].
The biologics currently used to treat severe asthma are monoclonal
antibodies (mADb), and antibody fragment which are administered
subcutaneously, or intravenously (reslizumab). Injection of drugs
is painful and inconvenient, especially when the drugs are for the
treatment of chronic diseases, such as asthma, and cystic fibrosis
[3,4]. Moreover, 10% of the patients worldwide suffer from needle
phobia leading to poor compliance [5]. Pulmonary delivery of
biologics to the lungs improves pharmacokinetics, and toxicity
profiles of proteins [6]. It is a non-invasive route, and allows for
self-administration, which could improve patient compliance [6,7].

Pulmonary delivery of biologics is an attractive route of
administration for the treatment of respiratory diseases, such as
asthma, cystic fibrosis, alpha-1 antitrypsin deficiency (AATD),
pulmonary alveolar proteinosis (PAP), lung cancer, ARDS
[NCT03368092, NCT02595060], and SARS-CoV-2 [8-27].
Pulmonary delivery of biologics is also an alternative route for
administering biologics for the treatment of non-respiratory
systemic diseases, including diabetes mellitus, anaemia, and
multiple sclerosis [28-32]. The development of inhalation
biologics, and design of methods of inhalation technology are
outside the scope of this manuscript, but detailed comprehensive
information can be found in references 8-11. Table 1 shows
preclinical and clinical trials of aerosol biologics for the treatment
of respiratory diseases, and non-respiratory diseases.

The large surface area, and the extensive vascularization of
the lungs, and a thin alveolar-capillary membrane enable rapid
absorption, and fast onset of action of drugs delivered to the
lungs [33,34]. Pulmonary delivery also offers the advantage of
delivering biologics at high concentration in the lungs, and directly
to inflammatory cells, and has the potential to achieve high blood
levels of the biologics. Additionally, there is a lower level of
proteolytic enzymatic activity in the lung, and minimal first-
pass metabolism, hence higher concentrations of the biologics in
the airways, and lung parenchyma to target respiratory diseases
[3,35]. Furthermore, protein biotherapeutics delivered through the
airways are poorly absorbed from the lungs into the circulation,
thus minimizing systemic toxic effects [6,23].

However, despite the beneficial effects of pulmonary delivery
of biologics, it requires innovative biotechnology to develop
biologics, and inhaler devices to propel the biologics to the
tracheobronchial tree, and lung parenchyma [8-11]. Furthermore,
there are anatomical, physiological, and immunological factors
that affect the pharmacodynamics, and biotherapeutic efficacy,
and safety of inhaled biologics [36]. The other obstacle is the
formulation of biologics for delivery into the lungs [8,9,37]. Three
methods have been applied to modify the structure, acrodynamic
diameter (Dae), shape, hydroscopicity, and density of biologics
to enhance their absorption through the mucociliary blanket,
pharmacokinetics, and bioavailability [38,39]. They include
antibody fragment development, Fc engineering, and pegylation
[40,45].
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Structural simplification is a vital strategy to improve the delivery
of biologics to the tracheobronchial tree, and lung parenchyma
[11]. Small fragments of mAbs expressed by bacterial or yeast
cultures, or obtained by digestion of full-length antibodies with
proteolytic enzymes are the most suitable biologics for delivery to
the lungs [41,40]. Antibody fragments have a smaller molecular
mass, and have the advantage of enhanced tissue diffusion, and
are easy and inexpensive to produce. However, because they lack
the Fc piece, they are rapidly degraded, and have a short half-life
[11]. The pharmacological active receptor, or antigen-binding
region of antibody fragments is the Fab region [12].

Pegylation protects proteins from renal clearance and proteolytic
degradation, thus prolongs protein local residence time, and
bioavailability in the body [44]. Pegylation has been shown to be
an effective method for extending the retention time of biologics
in the lung, such as human alpha 1 proteinase inhibitor (a1-PI),
IFN-a, and antibody fragments [46-49].

The type of inhaler has critical importance for the delivery of
biologics, because 75% of inhaled protein formulations in clinical
research are produced as liquids [8]. There are four main types of
inhalers for the delivery of orally inhaled proteins, peptides, and
cytokines, such as pressure metered dose inhalers (pMDI), dry
powder inhalers (DPI), soft mist inhalers (SMI), and nebulizers
[9,11,50-55].

Most biologics in clinical trial for the treatment of asthma have
been delivered to the lung by DPIs. However, SMIs are novel
multidose propellant-free, handheld inhalers, and are more suitable
for delivery of biologics than pMDI, and DPIs [9]. The most
experience of pulmonary delivery of biologics with DPI has been
the Exubera®, and Technosphere® insulin (Afrezza®), for the
treatment of diabetes mellitus [56]. Currently, three DPIs have
been utilized in clinical trials for the delivery of biologics to the
lungs for the treatment of eosinophilic asthma. They include the
F1P for administration of the anti-IL-13 monoclonal antibody
fragment VR942 (Abrezekimab) Cyclohaler® (single dose, PB
Pharma GmbH, Meerbusch, German) for the administration of
DASI181 (Fludase®) and Conceptl (single dose, Norvatis, Basel,
Switzerland) (NCT4410523) for administration of the anti-thymic
stromal lymphopoietin (TSLP) monoclonal antibody Fab fragment
CSJ117[36,57,16,58]. Biotechnological modification of proteins
and peptides, and proper inhaler devices can be successfully used
to deliver biologics which are effective, and immunologically
safe for the treatment of airway diseases, pulmonary diseases,
and systemic diseases.

The precise mechanism by which mAb, and antibody fragments
exert their immunotherapeutic effects is by inhibiting surface
receptors on immune and inflammatory cells, thus preventing
these cells from secreting cytokines, chemokines, and adhesion
molecules. Several mAb and antibody fragments are in currently
preclinical and clinical trials for the treatment of respiratory
diseases, and non-respiratory diseases (Table 1).

The first biologic administered as inhalation to be approved by the
Food and Drug Administration (FDA) was Pulmozyme® in 1993
for the treatment of cystic fibrosis [59]. Inhaled insulin formulation
Exubera® was approved by the FDA in 2006, but was withdrawn
in 2007 due to a large inhalation device size, high cost, and safety
concerns [60]. Consequently, Afrezza®, another DPI, marketed
as an ultra-rapid-acting inhaled insulin was approved by the FDA
in 2014 for glycaemic control in adults with type 1 and 2 diabetes

mellitus [61]. Afrezza® is less cumbersome than Exubera®, and
offers better flexibility in dosing [62].

Pulmonary Delivery of Aerosol Biologics for the Treatment
of Eosinophilic Asthma

The first documented clinical trial on pulmonary delivery of
acrosol biologics for the treatment of asthma was self-administered
omalizumab via nebulization in 1999. The study showed no change
in serum immunoglobulin E (IgE) levels, and no improvement in
airway hyperresponsiveness (AHR). Unfortunately, one patient
developed anti-omalizumab antibodies, raising concerns about
the immunogenicity of inhaled biologics compared to parenteral
administered biologics [63].

Pitrakinra, and AZD1402/PRS-060 are inhaled IL-4 muteins
that inhibit IL-4 receptor-o (IL-4Ra). Phase Ila clinical trial of
Pitrakinra attenuated the late phase asthmatic response, and airway
inflammation in asthmatic subjects after allergen challenge [64].
AZD1402/PRS-060 is another IL-4Ra antagonist with higher
affinity and inhibitory effect to IL-4Ra than Pitrakinra in vitro
[65]. Single inhaled dose of AZD1402/PRS-060 was well tolerated
in healthy subjects [66]. A dose-ranging of AZD1402/PRS-060
in adult patients with mild asthma is ongoing, and the results are
eagerly awaited [NCT03574805].

VR942 (UCB 4144) is a dry powder formulation containing
CDP7766, a mAb fragment targeting IL-13. Inhalation of VR942
resulted in a rapid and sustained inhibition of fractional exhaled
nitric oxide (FeNO) production, and was safe and well-tolerated by
healthy and asthmatic subjects (NCT02473939 [36]. Table 2 shows
monoclonal antibodies, and antibody fragments in preclinical and
clinical trials for the treatment of eosinophilic asthma.

CSJ117 DPI for the Treatment of Eosinophilic Asthma

CSJ117 (Norvatis, NCT04410523) is a potent neutralizing
antibody Fab fragment against TSLP with a molecular mass of
46 kDa. It is formulated as a PulmoSol TM engineered powder in
hard capsules for delivery to the lungs by a dry powder inhaler.
Phase 2 double-blind, placebo-controlled clinical trial evaluated
the efficacy and safety of CSJ117 on the late asthmatic response
(LAR), the early asthmatic response (EAR), and biomarkers of
eosinophilic asthma after allergen inhalation challenge (AIC)
[16,67]. CSJ117 significantly attenuated the LAR, and modestly
reduced the EAR on day 84 of treatment. The maximum decrease
in FEV1 from pre-AIC were significantly lower in the CSJ117
group compared to placebo (9.28% versus 17.70%; P = 029),
during the LAR. Similarly, during the EAR, the maximum decrease
in FEV1 pre-AIC was lesser in the CSJ117 group compared with
the placebo arm (25.48% versus 30.90%; P = 0.105). CSJ117
also significantly reduced fractional exhaled nitric oxide before
AIC on day 83; and significantly reduced the allergen-induced
increase in % sputum eosinophil count after AIC on day 84 [16].
These encouraging results demonstrate the potential of inhaled
biologics, particularly those targeting the alarmin cytokines in
the treatment, and prevention of eosinophilic asthma responses.

Conclusion

Pulmonary delivery of biologics to the lungs is a non-invasive route
of administration, and improves pharmacokinetics, bioavailability,
and toxicity profiles of mAb, and antibody fragments. The large
surface area, and the extensive vascularization of the lungs, and a
thin alveolar-capillary membrane enable rapid absorption, and fast
onset of action of drugs delivered to the lungs. Currently, there are
several biologics in preclinical and clinical trials for the treatment
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of respiratory diseases, such as asthma, cystic fibrosis, and SARS-
CoV-2; and non-respiratory diseases, including diabetes mellitus,
and anaemia. CSJ117 is a potent neutralizing antibody Fab
fragment against TSLP, formulated as a PulmoSol TM engineered
powder for delivery to the lungs by a DPI. CSJ117 aerosol has
been shown to significantly attenuate the LAR, and modestly
reduce the EAR on day 84 of treatment. Additionally, CSJ117 has
been demonstrated to significantly reduce FeNO before AIC on
day 83; and significantly reduce the allergen-induced increase in
% sputum eosinophil count after AIC on day 84. Aerosol CSJ117
by acting topically, and blocking the immunopathological effects
of TSLP may become the first precise biologic for the treatment
of eosinophilic asthma in the nearby future.
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