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Abstract: Asthma is a chronic and multifaceted respiratory condition that affects over 300 million
individuals across the globe. It is characterized by persistent inflammation of the airways, which
leads to episodes of wheezing, breathlessness, chest tightness, and coughing. The most prevalent
form of asthma is classified as Type 2 or T2-high asthma. In this variant, the immune response is
heavily driven by eosinophils, mast cells, and T-helper 2 (Th2) cells. These components release a
cascade of cytokines, including interleukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-13 (IL-13).
This release promotes several processes: the production of immunoglobulin E (IgE), which is integral
to allergic responses; the recruitment of eosinophils- white blood cells that contribute to inflammation
and tissue damage. Conversely, non-Type 2 or T2-low asthma is typically associated with a different
inflammatory profile characterized by neutrophilic inflammation. This type of asthma is driven by
T-helper 1 (Th1) and T-helper 17 (Th17) immune responses, which are often present in older adults,
smokers, and those suffering from more severe manifestations of the disease. Treatment of asthma
focuses heavily on controlling inflammation. Inhaled corticosteroids remain the cornerstone therapy
for managing T2-high asthma. For more severe or treatment-resistant cases, biologic therapies
targeting specific inflammatory pathways such as anti-IgE (omalizumab), anti-IL-5 (mepolizumab,
benralizumab), and anti-IL-4/IL-13 (dupilumab) have shown great promise. For T2-low asthma,
macrolide antibiotics like azithromycin and other novel therapies are being explored. This article
reviews the safety, efficacy, and indications of the currently approved biologics, and discusses
potential novel biologics for asthma.

Keywords: asthma; biologics; biological therapy; monoclonal antibody; Type 1 inflammation; Type
2 inflammation

1. Introduction

Asthma is a chronic and multifaceted respiratory condition that affects over 300 million
individuals across the globe. It is characterized by persistent inflammation of the airways, which
leads to episodes of wheezing, breathlessness, chest tightness, and coughing. This inflammation
causes reversible obstruction of airflow and increases the sensitivity of the bronchial tubes to various
triggers, such as allergens, irritants, and respiratory infections [1-4]. At the heart of asthma lies
chronic inflammation, which is pivotal in shaping the symptoms experienced by patients, the
progression of the disease, and their response to treatment. Importantly, inflammation in asthma is
not a one-size-fits-all phenomenon; it varies considerably depending on the specific immunological
mechanisms at play and the distinct phenotype of the asthma [5].

The most prevalent form of asthma is classified as Type 2 or T2-high asthma. In this variant, the
immune response is heavily driven by eosinophils, mast cells, and T-helper 2 (Th2) cells. These
components release a cascade of cytokines, including interleukin-4 (IL-4), interleukin-5 (IL-5), and
interleukin-13 (IL-13). This release promotes several processes: the production of immunoglobulin E
(IgE), which is integral to allergic responses; the recruitment of eosinophils- white blood cells that

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202504.2163.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 April 2025 d0i:10.20944/preprints202504.2163.v1

2 of 30

contribute to inflammation and tissue damage- infiltrating the lungs; increased mucus production,
leading to airway obstruction; and enhanced bronchial sensitivity, making the airways more prone
to hyperreactivity. This type of asthma is frequently associated with allergic triggers, such as pollen
and dust mites, and generally responds favorably to Inhaled corticosteroids (ICS) [6,7]. Conversely,
non-Type 2 or T2-low asthma is typically associated with a different inflammatory profile
characterized by neutrophilic inflammation. This type of asthma is driven by T-helper 1 (Th1) and T-
helper 17 (Th17) immune responses, which are often present in older adults, smokers, and those
suffering from more severe manifestations of the disease. T2-low asthma tends to exhibit a limited
response to corticosteroids, presenting unique treatment challenges for healthcare providers [8]. This
complex immunopathology gives rise to diverse asthma phenotypes and endotypes, including
Allergic asthma (early-onset, IgE-mediated); eosinophilic asthma (often steroid-responsive);
neutrophilic asthma (frequently steroid-resistant); and paucigranulocytic asthma (minimal
inflammation but marked airway hyperreactivity). Understanding these immunological mechanisms
is crucial for precision medicine. The development of biologics targeting these inflammatory
pathways has revolutionized the treatment of moderate-to-severe asthma, especially in patients who
are unresponsive to standard corticosteroid therapy.

Regardless of the specific type of asthma, chronic and uncontrolled airway inflammation can
lead to significant structural changes in the respiratory tract, a phenomenon referred to as airway
remodeling. This remodeling process includes several alterations: thickening of the airway walls due
to smooth muscle hypertrophy, the development of subepithelial fibrosis which stiffens the airway,
hyperplasia of goblet cells that increases mucus production, and angiogenesis, which leads to
increased blood vessel formation in the airways. These structural changes can contribute to persistent
airflow limitations, making it more difficult for patients to breathe and reducing the effectiveness of
standard asthma therapies [3,9-13].

The relationship between inflammation and asthma is a dynamic, cyclical one [14].
Environmental triggers such as allergens, pollutants, or respiratory infections activate immune cells
in the airway, leading to the release of inflammatory mediators. These mediators cause swelling,
mucus hypersecretion, and bronchoconstriction, resulting in the hallmark symptoms of asthma:
wheezing, coughing, shortness of breath, and chest tightness. Inflammatory processes often persist
even when symptoms are not present, highlighting the importance of long-term anti-inflammatory
treatment [15]. Diagnostic tools such as fractional exhaled nitric oxide (FeNO), blood eosinophil
counts, and sputum analysis help identify the type and severity of airway inflammation and guide
personalized treatment plans [16].

In recent years, biologic therapies have brought a new paradigm to the management of
moderate-to-severe asthma, primarily in those patients who remain symptomatic despite optimal use
of ICS and other controller medications [17,18]. By selectively targeting the most crucial molecules
involved in Type 2 inflammation like IgE, IL-5, IL-4, and IL-13, biologics offer an even more specific
and individualized treatment method that reaches beyond symptom relief to address the underlying
immune dysregulation. These treatments have reported substantial improvements, including
reduced rates of exacerbations, improved lung function, and quality of life [17-19]. As our
understanding of asthma endotypes becomes clearer, biologics are not just redefining current therapy
modalities but also leading the way towards novel interventions targeting discrete inflammatory
profiles. This article provides a comprehensive review of currently approved biologics, their
mechanism of action, clinical efficacy, and the emerging pipeline of future-generation biologics that
will further enhance asthma treatment.

2. Mechanistic Insights into Asthma Inflammation

2.1. Type 1 Inflammation in Asthma

This refers to an immune response dominated by Thl cells and associated pro-inflammatory
cytokines such as interferon-gamma (IFN-y) and tumor necrosis factor-alpha (TNF-ar) [20]. While
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asthma has traditionally been understood as a Type 2 (Th2)-mediated disease, particularly in allergic
asthma, there is increasing recognition that non-Type 2 asthma—which includes Type 1 and Type 17
(Th17) pathways—plays a significant role, especially in severe, adult-onset, and corticosteroid-
resistant forms of the disease [4,21]. Type 1 inflammation primarily arises in response to intracellular
pathogens, including various viruses and certain bacterial strains. This process begins when Th1 cells
are activated, leading them to secrete IFN-y. This cytokine plays a crucial role in promoting the
activation of macrophages, thereby enhancing their ability to engulf and destroy pathogens and
fostering a cytotoxic immune response aimed at eliminating these intracellular threats [22,23].

When this inflammatory pathway is involved in asthma, it manifests as neutrophilic airway
inflammation. This differs significantly from the more commonly recognized eosinophilic
inflammation observed in classic allergic asthma. Neutrophilic asthma is often characterized by its
severity and resistance to traditional treatments, especially ICS. This particular phenotype is
frequently associated with various environmental exposures, such as tobacco smoke, irritants
encountered in specific occupational settings, air pollution, or ongoing chronic infections that
exacerbate the inflammatory response [24].

The presence of Thl-driven inflammation within asthma presents a challenge for treatment.
Standard therapies, such as corticosteroids and leukotriene modifiers, predominantly target the Type
2 inflammatory pathways associated with eosinophilic asthma. Consequently, individuals exhibiting
neutrophilic asthma may necessitate alternative treatment approaches [25]. These may include the
use of macrolide antibiotics, which offer not only antibacterial properties but also
immunomodulatory effects that can ameliorate inflammation. Additionally, biologic therapies that
specifically target inflammatory mediators like interleukin-6 (IL-6) or TNF-a may be beneficial [26].
In some cases, especially where inflammation and airway remodeling are significant, bronchial
thermoplasty could be considered as an innovative treatment option to reduce both the frequency
and severity of asthma attacks [17,18].

2.1.1. Molecular Pathways of Type 1 Inflammatory Asthma

Type 1 inflammatory asthma represents a subtype of non-Type 2 (T2-low) asthma, primarily
characterized by immune responses led by Th1 cells and their associated cytokines [4,20]. This variant
of asthma is less prevalent compared to traditional Type 2 asthma and is typically linked with
neutrophilic airway inflammation rather than eosinophilic inflammation. Type 1 asthma frequently
occurs in cases of adult-onset asthma, severe asthma, or asthma resistant to corticosteroids and may
be triggered or worsened by factors such as environmental pollutants, tobacco smoke, and persistent
or recurrent respiratory infections [27].

The essence of Type 1 inflammation centers around the activation and differentiation of Thl
cells. Naive CD4+ T cells transition into Thl cells when stimulated by antigen-presenting cells like
dendritic cells in the presence of interleukin-12 (IL-12) and IFN-y. The transcription factor T-bet is
crucial for this differentiation, steering the Th1 lineage and inhibiting alternative T cell development,
such as Th2 [28,29]. After differentiation, Thl cells produce IFN-y, which activates the JAK-STAT1
signaling pathway through the IFN-y receptor (IFNGR) on various immune and structural cells
within the airway [30]. This signaling cascade enhances the transcription of genes associated with
inflammation, augments antigen presentation via MHC class II, and raises the expression of adhesion
molecules like ICAM-1 and VCAM-1 that facilitate the recruitment of additional immune cells to the
inflamed area [30].

Another important cytokine in Type 1 inflammatory asthma is TNF-ca. This cytokine, generated
by both Th1 cells and classically activated M1 macrophages, plays a role in airway inflammation and
remodeling [12,31]. TNF-a binds to its receptors (TNFR1 and TNFR2), initiating downstream
pathways such as NF-kB and MAPK, which promote the production of further pro-inflammatory
cytokines (e.g., IL-6) and chemokines (e.g., IL-8) [32]. These chemokines attract neutrophils, the
primary immune cells involved in Type 1 asthma. Once neutrophils are recruited to the airways, they
release harmful mediators like reactive oxygen species (ROS), proteases (e.g., neutrophil elastase),
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and neutrophil extracellular traps (NETs), leading to epithelial damage, excessive mucus secretion,
and airway remodeling [33,34].

In addition to Thl cells and neutrophils, macrophages play a significant role in Type 1
inflammation. Under the influence of IFN-y and bacterial components like lipopolysaccharide (LPS),
macrophages differentiate into the M1 phenotype, which is pro-inflammatory. M1 macrophages
produce large amounts of IL-12, TNF-a, IL-6, and ROS, further escalating local inflammation and
inducing tissue damage. This contrasts with the M2 phenotype, more common in Type 2
inflammation, which focuses on tissue repair and anti-inflammatory responses [34].

The activation of toll-like receptors (TLRs) on airway epithelial and immune cells is another
contributing factor in Type 1 asthma. These receptors detect microbial components (e.g., TLR4
recognizes LPS, TLR3 responds to viral RNA) and activate innate immune responses through NF-xB
and MAPK pathways [34]. TLR activation results in heightened production of pro-inflammatory
cytokines and chemokines, further increasing neutrophilic infiltration and airway
hyperresponsiveness. This reaction to microbial signals helps clarify why respiratory infections often
exacerbate symptoms in this subtype of asthma [35-37].

Ultimately, the molecular profile of Type 1 inflammatory asthma features a predominance of
Th1 cells, increased levels of IFN-y and TNF-a, and significant recruitment of neutrophils through
chemokines such as IL-8 and CXCL1. These mechanisms lead to chronic inflammation, airway
damage, and resistance to treatment, especially concerning corticosteroids, which are generally more
effective in eosinophilic Type 2 asthma. As we deepen our understanding of Type 1 asthma, new
therapeutic strategies, such as TNF-a inhibitors, JAK-STAT pathway blockers, and CXCR2
antagonists, are being explored to reduce neutrophil recruitment [38].

This asthma subtype highlights the diversity within asthma as a condition and emphasizes the
necessity for tailored treatment approaches based on the underlying immune mechanisms.
Comprehending the molecular pathways involved in Type 1 inflammation is essential to devising
effective therapies for patients who do not respond to conventional treatments aimed at Type 2
mechanisms [38].

2.1.2. Role of Key Th1 Cytokines

Interferon-gamma (IFN-y): It plays a multifaceted and contradictory role in the
pathophysiology of asthma, particularly affecting the differentiation between type 2-high (T2-high)
and type 2-low (T2-low) asthma phenotypes. IFN-v is an essential Th1 cytokine, mainly produced by
Th1 cells, natural killer (NK) cells, and CD8+ cytotoxic T cells, and is traditionally associated with the
activation of macrophages, enhancement of antigen presentation, and facilitation of cell-mediated
immunity. In the realm of T2-high asthma, characterized by Th2-driven eosinophilic inflammation,
IFN-vy has historically been regarded as protective. It can inhibit the differentiation of Th2 cells,
reduce the production of cytokines such as IL-4, IL-5, and IL-13, limit IgE class switching in B cells,
and decrease eosinophilic recruitment. Initial theories suggested that a heightened Th1 response,
indicated by increased levels of IFN-v, could counteract Th2 dominance and mitigate allergic airway
inflammation [4,30,39]. However, this protective perspective does not hold true for all asthma
phenotypes. In T2-low asthma, which is frequently non-eosinophilic, neutrophilic, and resistant to
corticosteroids, IFN-y may play a detrimental role. Increased levels of IFN-y have been detected in
the airways of patients with severe asthma, particularly those exhibiting neutrophilic inflammation.
In this scenario, IFN-y contributes to airway pathology by promoting the secretion of neutrophil-
attracting chemokines such as CXCL9, CXCL10, and CXCL11, thereby enhancing the recruitment of
Th1 cells and neutrophils. Additionally, IFN-y has been associated with resistance to corticosteroids,
potentially by disrupting glucocorticoid receptor signaling pathways. It can also lead to dysfunction
in epithelial cells, heightened barrier permeability, and hindered repair mechanisms, all of which
contribute to airway remodeling and chronic inflammation. Respiratory viral infections, which are
strong inducers of IFN-y, may amplify these effects and exacerbate asthma symptoms [40,41].
Overall, IFN-y serves as a double-edged sword in asthma. While it might exert a regulatory effect in
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T2-high eosinophilic asthma by suppressing Th2 responses, it adopts a more pro-inflammatory and
harmful role in T2-low, neutrophilic asthma, particularly in severe, treatment-resistant instances. Its
involvement in inflammation, airway damage, and steroid insensitivity underscores its importance
in the pathogenesis of difficult-to-treat asthma and implies that modulating IFN-y or its downstream
effects could represent a potential therapeutic approach for certain patient populations [42].

Tumor necrosis factor-alpha (TNF-a): It is a cytokine that promotes inflammation and
significantly contributes to the pathophysiology of asthma, especially in severe cases and those
resistant to corticosteroids. Produced by various immune cells, such as macrophages, T cells, mast
cells, and airway epithelial cells, TNF-a plays a role in airway inflammation through several
pathways. It encourages the activation and attraction of neutrophils and eosinophils, increases the
contractility of airway smooth muscle, and elevates the expression of adhesion molecules on
endothelial cells, which aids in the migration of leukocytes into the airways. TNF-a also participates
in airway remodeling by promoting the production of matrix metalloproteinases (MMPs), collagen,
and other extracellular matrix components [2,3,12]. In individuals with severe or treatment-resistant
asthma, high levels of TNF-a have been detected in the airways, bronchoalveolar lavage fluid, and
sputum, which correlates with heightened airway responsiveness, diminished lung function, and
ongoing inflammation. Furthermore, TNF-at might hinder the function of glucocorticoid receptors,
contributing to resistance to steroids. Although initial studies of anti-TNF treatments (like infliximab
and etanercept) indicated some benefits for certain patients with severe asthma, worries about side
effects and infection risks have restricted their use in clinical settings. Nonetheless, TNF-a remains
an important mediator in non-type 2 (T2-low) asthma and is a potential target for therapy,
particularly in cases characterized by neutrophilic inflammation and inadequate response to
corticosteroids.

2.2. Type 2 Inflammation in Asthma

Type 2 (T2) inflammation plays a crucial role in the pathophysiology of T2-high asthma, which
is the most prevalent phenotype. This immune response includes Th2 cells and type 2 innate
lymphoid cells (ILC2s) that secrete cytokines such as IL-4, IL-5, and IL-13. These cytokines contribute
to essential aspects of asthma, including eosinophilic infiltration of the airways, production of IgE,
heightened reactivity, excessive mucus production, and changes in airway structure [33,43]. When
allergens or irritants are encountered, airway epithelial cells secrete alarmins like IL-25, IL-33, and
thymic stromal lymphopoietin (TSLP), which in turn activate Th2 cells and ILC2s. IL-4 enhances IgE
production, IL-5 is vital for the functioning of eosinophils, and IL-13 is responsible for mucus
production as well as airway remodeling [44].

Clinically, T2-high asthma is marked by early onset, atopic conditions, and a favorable response
to ICS. Common features include elevated eosinophil counts, increased fractional exhaled nitric oxide
(FeNO), and IgE sensitization to various allergens. In more severe instances, biologic therapies that
target components of T2 inflammation may be necessary; these include omalizumab (anti-IgE),
mepolizumab, reslizumab, benralizumab, dupilumab, and Tezepelumab [31,45]. The diagnosis and
management of this condition are informed by biomarkers such as blood eosinophil counts and
FeNO, which assist in phenotyping and predicting treatment responses. Genetic and environmental
influences play a role in both the emergence and intensity of T2-high asthma. A deeper
understanding of T2 inflammation has facilitated personalized and effective treatment strategies,
significantly enhancing patient outcomes.

2.2.1. Molecular Pathways of Type 2 Inflammatory Asthma

The molecular mechanisms involved in type 2 (T2) inflammatory asthma revolve around a well-
coordinated immune response that includes a complex network of signals from epithelial cells,
activation of immune cells, and inflammation mediated by cytokines. This pathway is prevalent in
the T2-high asthma phenotype, which is commonly linked with eosinophilic inflammation, IgE-
mediated allergies, and responsiveness to corticosteroids. It is influenced by both adaptive immunity
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(Th2 cells) and innate immunity (type 2 innate lymphoid cells, or ILC2s), and is triggered by
environmental factors such as allergens, respiratory viruses, pollutants, and microbes [46].

Epithelial Activation and Release of Alarmins: The process of type 2 inflammation in asthma
begins at the airway epithelium, which reacts to environmental factors like allergens, pollutants, and
viruses. When stimulated, epithelial cells secrete "alarmins,” which include thymic stromal
lymphopoietin (TSLP), interleukin-25 (IL-25), and interleukin-33 (IL-33). These alarmins serve as
primary mediators that activate both dendritic cells and innate lymphoid cells, initiating the
inflammatory cascade [43,47].

Dendritic Cell Activation and Th2 Cell Differentiation: Dendritic cells activated by TSLP
capture inhaled allergens and move to the lymph nodes, where they present these antigens to naive
CD4+ T cells. Through the expression of OX40 ligand (OX40L), they facilitate the differentiation of
these naive T cells into Th2 cells. Th2 cells subsequently produce the characteristic cytokines of type
2 inflammation—IL-4, IL-5, and IL-13—which coordinate the allergic and eosinophilic responses in
asthma [48,49].

Role of Th2 Cytokines: The Th2 cytokines perform specific and essential functions in the
pathophysiology of asthma. IL-4 assists in class switching for B cells to generate IgE while also
promoting the further differentiation of Th2 cells. IL-5 is crucial for the development, recruitment,
and activation of eosinophils. IL-13 plays a role in mucus hypersecretion, goblet cell metaplasia,
increased airway responsiveness, and tissue remodeling, making it a significant factor in chronic
disease progression [47,48,50].

Innate Lymphoid Cell Type 2 (ILC2) Activation: ILC2s are directly activated by epithelial
alarmins (IL-25, IL-33, and TSLP) without requiring antigen presentation. Once activated, they
quickly secrete large amounts of IL-5 and IL-13, contributing to eosinophilic inflammation and
changes in airway structure. ILC2s are particularly important in non-allergic eosinophilic asthma and
help maintain inflammation even without adaptive immune activation [49,51].

Effector Phase: In the effector phase, there is a recruitment of eosinophils, production of IgE,
and activation of mast cells. Eosinophils, drawn by IL-5 and chemokines such as eotaxin, release
cytotoxic granules that damage the airway tissues. IL-4 and IL-13 stimulate B cells to create IgE, which
binds to FceRI receptors on mast cells and basophils. Upon subsequent exposure to allergens, cross-
linking of IgE leads to mast cell degranulation, releasing histamine and other mediators that result in
bronchoconstriction and inflammation [49,52].

Tissue Remodeling and Chronic Inflammation: Prolonged exposure to type 2 cytokines,
particularly IL-13, causes airway remodeling, which is characterized by goblet cell hyperplasia,
subepithelial fibrosis, and smooth muscle hypertrophy. Eosinophils and mast cells further exacerbate
this by releasing enzymes, growth factors, and reactive oxygen species, leading to ongoing structural
changes in the airway and a progressive decline in lung function over time [2,43,47].

Key Molecular Targets and Therapeutics: The understanding of the molecular pathways
involved in type 2 inflammation has led to the creation of targeted biologic treatments. These include
omalizumab (anti-IgE), mepolizumab and reslizumab (anti-IL-5), benralizumab (anti-IL-5 receptor
a), dupilumab (anti-IL-4 receptor «, which blocks IL-4 and IL-13), and tezepelumab (anti-TSLP).
These biologics assist in decreasing exacerbations and enhancing control in patients with moderate
to severe T2-high asthma who do not respond well to traditional therapies [48,53].

2.2.2. Role of Key Th2 Cytokines

Interleukin-4 (IL-4): IL-4 is crucial for initiating and maintaining the type 2 immune response
in asthma. It is mainly produced by activated Th2 cells and is vital for transforming naive CD4+ T
cells into Th2 cells, thereby enhancing the type 2 inflammatory response [54]. IL-4 also facilitates class
switching in B cells, resulting in the production of IgE. IgE attaches to high-affinity receptors (FceRI)
on mast cells and basophils, sensitizing them to allergens [54]. When re-exposed to the allergen, cross-
linking of IgE triggers the release of histamine and various mediators that induce
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bronchoconstriction, increase vascular permeability, and enhance mucus production—key
characteristics of allergic asthma [55].

Interleukin-5 (IL-5): This cytokine is crucial for the development, activation, recruitment, and
survival of eosinophils, which are a defining feature of type 2-high asthma [56]. Primarily produced
by Th2 cells and type 2 innate lymphoid cells (ILC2s), IL-5 stimulates eosinophil production in the
bone marrow and aids in their migration to the airway tissues. Upon arrival in the airways,
eosinophils release cytotoxic granules, such as major basic protein and eosinophil peroxidase, which
harm epithelial cells, promote airway hyperresponsiveness, and contribute to chronic inflammation
and tissue remodeling [57,58]. Higher levels of IL-5 and eosinophils are typically linked with more
severe asthma and frequent exacerbations [58].

Interleukin-13 (IL-13): This cytokine has a complex role in asthma and is especially associated
with airway remodeling and mucus overproduction. Similar to IL-4, it is produced by Th2 cells and
ILC2s [59]. IL-13 promotes the proliferation of goblet cells and boosts mucin production, leading to
an accumulation of mucus in the airways [60]. It also increases airway hyperresponsiveness (AHR)
by influencing smooth muscle contractility and contributes to subepithelial fibrosis and collagen
buildup, which result in airway narrowing and persistent airflow obstruction over time [61].
Additionally, IL-13 can enhance the expression of nitric oxide synthase in airway epithelial cells,
leading to elevated levels of exhaled nitric oxide (FeNO), a marker often utilized to identify T2-high
asthma [62].

Together, IL-4, IL-5, and IL-13 coordinate the allergic and eosinophilic inflammation that
characterizes type 2 asthma, resulting in symptoms such as wheezing, coughing, excessive mucus
production, and bronchial hyperreactivity. These cytokines have emerged as essential therapeutic
targets in developing biologic treatments for individuals with moderate to severe asthma [55,58,59].

2.3. Type 17 Inflammation in Asthma

The primary drivers of this condition are Th17 cells, known for their production of interleukin-
17 (IL-17) and additional pro-inflammatory cytokines such as IL-22 and IL-21 [63]. Although type 2
(T2) inflammation is the main mechanism in numerous asthma cases, type 17 inflammation holds
particular significance in non-eosinophilic asthma, particularly in instances that are resistant to
steroids and severe [64]. Environmental factors, including airway infections (notably viral),
pollutants, and fungal allergens, activate Th17 cells. The signature cytokine of Th17 cells, IL-17, plays
a role in neutrophilic inflammation, a characteristic of asthma driven by type 17. It facilitates the
recruitment and activation of neutrophils in the airways and boosts the production of pro-
inflammatory mediators like IL-8 and granulocyte-macrophage colony-stimulating factor (GM-CSF).
This results in airway inflammation, increased responsiveness, and tissue damage [65]. Notably, type
17 inflammation frequently correlates with a poor response to corticosteroids, presenting a significant
challenge in managing severe asthma. Gaining insight into the function of Th17 cells and IL-17 in
asthma has led to the exploration of targeted therapies, such as IL-17 inhibitors and other immune-
modulating treatments, which may offer potential advantages for patients facing difficult-to-treat
asthma phenotypes [63].

2.3.1. Molecular Pathways of Type 17 Inflammatory Asthma

The pathophysiology of type 17 inflammatory asthma is intricate, characterized by diverse
immune cell interactions and cytokine networks, prominently featuring Th17 cells. These cells arise
from naive CD4+ T cells upon exposure to a milieu of cytokines, including IL-1p3, IL-6, and TGF-{,
particularly in the presence of IL-23 [66]. The differentiation of Th17 cells is primarily driven by the
transcription factor RORYt (retinoic acid receptor-related orphan receptor gamma t), which is crucial
for establishing the Th17 phenotype. Following their differentiation, Th17 cells release various
cytokines, notably IL-17A, IL-17F, IL-22, and IL-21, with IL-17A being the most extensively studied
in the context of asthma pathogenesis [8].
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The Th17-mediated inflammatory response in asthma is further augmented by IL-23, a cytokine
produced by dendritic cells and macrophages, crucial for Th17 cell longevity and enhancing IL-17
production. IL-23 signaling through its receptor, IL-23R, employs the STAT3 transcription factor, vital
for sustaining Th17 responses, thereby nurturing a positive feedback loop where IL-17 amplifies IL-
23 synthesis, perpetuating inflammation [8].

A notable aspect of type 17 inflammation in asthma is its inherent steroid resistance. The
activation of NF-xB and MAPK pathways due to IL-17 signaling can suppress glucocorticoid receptor
(GR) functionality by downregulating histone deacetylase (HDAC) expression, which otherwise
promotes glucocorticoid-mediated anti-inflammatory actions [65]. Consequently, patients with IL-
17-driven asthma often exhibit a diminished response to corticosteroids, presenting a significant
challenge for managing severe asthma cases.

Recent advancements in the molecular understanding of these processes have spurred the
development of targeted therapies, including IL-17 inhibitors and other biologic agents. Notables
such as secukinumab (an IL-17A monoclonal antibody) and brodalumab (an IL-17 receptor
antagonist) have shown potential in clinical trials, particularly in individuals with neutrophilic and
corticosteroid-resistant asthma. These therapies are designed to disrupt the IL-17 signaling axis,
reducing neutrophil influx, airway inflammation, and improving lung function in patients
unresponsive to traditional treatments [67,68].

In brief, type 17 inflammatory asthma is orchestrated by a complex interplay of cytokines,
transcription factors, and signaling pathways, with IL-17 serving as a pivotal component of the
inflammatory landscape. The activation of Th17 cells and their downstream impacts on neutrophil
recruitment, epithelial cell activation, and airway remodeling play crucial roles in the chronic
inflammation and persistent airway alterations characteristic of this asthma phenotype [69].
Advancements in deciphering these molecular mechanisms herald new strategies in precision
medicine, paving the way for innovative therapeutic options for patients suffering from severe,
steroid-resistant asthma.

2.3.2. Role of key Th17 Cytokines

IL-17A: It interacts with its receptor complex, IL-17RA/IL-17RC, present on epithelial cells,
fibroblasts, and endothelial cells among others [70]. This engagement activates a cascade of
intracellular signaling pathways, predominant among them the NF-kB (nuclear factor kappa-light-
chain-enhancer of activated B cells) and MAPK (mitogen-activated protein kinase) pathways, along
with C/EBPB (CCAAT/enhancer-binding protein beta) [65]. These signaling cascades lead to
enhanced pro-inflammatory gene expression, resulting in the secretion of chemokines like CXCL1,
CXCLS8 (IL-8), and CCL20, which are essential for recruiting neutrophils and monocytes to the
airways [39]. Additionally, IL-17 signals also promote the production of prostaglandins and
leukotrienes, amplifying the inflammatory response and contributing to bronchoconstriction and
AHR [71].

IL-17F: This cytokine, closely related to IL-17A, engages the same receptors and exhibits
comparable pro-inflammatory effects, although its specific role in asthma is not yet fully elucidated
[39]. Recent studies have demonstrated that the expression of IL-17F in the airways is positively
associated with both the presence of neutrophils and the severity of asthma [72,73]. Further, the level
of IL-17F in the bronchoalveolar lavage fluid (BALF) of mice exposed to toluene diisocyanate (TDI)
was found to be higher than in control mice. In alignment with findings from the HDM-induced
model, using a monoclonal antibody to neutralize IL-17F significantly reduced neutrophil infiltration
in the bronchi [74].

IL-22: IL-22, another critical cytokine from Th17 cells, plays a significant role in epithelial barrier
dysfunction and mucus hyperproduction, which manifest as hallmark asthma symptoms like
wheezing, coughing, and mucus obstruction [75,76]. It signals through the IL-22 receptor (IL-22R1),
activating the JAK-STAT3 pathway, leading to increased expression of mucin genes and matrix
metalloproteinases (MMPs), thereby facilitating airway remodeling and tissue damage [77].
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2.3.3. Biologics in Asthma Therapeutic

Anti-IgE

IgE is 1 of the 5 classes of immunoglobulins (IgM, IgG, IgD, IgA, IgE) primarily involved in T2-
high inflammation. It was the last of the immunoglobulin family to be discovered. IgE has a unique
chemical structure and is associated with several physiological functions, including hypersensitivity
reactions, parasitic infections, and venom protection [78]. Besides, IgE is the one of the major players
in inflammatory signalling of asthma. As allergens enter the airways they are presented by antigen
presenting cells to T lymphocytes, which initiate the cell-mediated immune response [79]. Th2 cells
and their associated cytokine milieu stimulate B cells to produce IgE antibodies and proallergic
cytokines, such as IL-4, IL-5, IL-9, and IL-13. Free IgE released from B cells binds to the high affinity
FCeRI receptor on the surface of mast cells and basophils. The receptor bound IgE is then cross-linked
by an allergen and triggers degranulation and release of prostaglandins, leukotrienes, histamine,
proteases, and cytokines which all lead to the early allergic response [80]. Considering the
indispensable role of IgE in instigating inflammatory response, several monoclonal antibodies (mAb)
have been developed to control inflammatory milieu of asthma via targeting IgE.

Omalizumab

Omalizumab was the first mAb approved for use in patients with moderate to severe asthma
with evidence of allergic sensitization to perennial aeroallergens. It was co-developed by Genentech
and Novartis. Omalizumab is a humanized mAb, binds to the Fc component of free IgE, thereby
inhibiting the subsequent binding of IgE to the high-affinity FceRI receptor on the surfaces of mast
cells, basophils, plasmacytoid dendritic cells, and FceRII receptor on the surfaces of dendritic cells
and eosinophils [81,82]. Several studies have been done to evaluate the effectiveness of omalizumab
against asthma. Soler M et al evaluated omalizumab's efficacy in moderate-to-severe allergic asthma
patients non-responsive to ICS. In this study, during the 7-month trial, patients receiving omalizumab
showed 58% fewer exacerbations in the stable-steroid phase and 52% fewer during steroid reduction,
despite achieving greater corticosteroid dose reductions than placebo. Besides, omalizumab was
well-tolerated with comparable adverse events to placebo. Overall, this study demonstrate that
omalizumab safely improves asthma while reducing steroid dependence in the population [83].
Similarly, a pooled analysis of three phase III trials was done to evaluate omalizumab's impact on
serious asthma exacerbations with allergic asthma non-responsive to ICS. In this study omalizumab-
treated patients showed significantly lower rates of asthma-related unscheduled outpatient visits,
emergency room visits, and hospitalizations compared to placebo. These results demonstrate
omalizumab's efficacy in preventing serious exacerbations and reducing healthcare utilization in
moderate-to-severe allergic asthma [84]. Subsequently, Humbert M et al showed omalizumab
significantly reduced exacerbations and emergency visits in severe persistent asthma patients
uncontrolled despite high-dose inhaled corticosteroid (ICS)/long-acting 32-agonist (LABA) therapy.
Omalizumab also improved quality of life, lung function, and symptom scores with comparable
safety to placebo, demonstrating its efficacy as add-on therapy for this difficult-to-treat population
[85]. A close study evaluated omalizumab as add-on therapy in uncontrolled moderate-to-severe
allergic asthma patients despite high-dose ICS. Omalizumab significantly reduced annual asthma
deterioration incidents by 50% and clinically significant exacerbations by 61%. Omalizumab also
improved lung function (forced expiratory volume: FEV1), reduced rescue medication use, and
decreased symptom scores, while maintaining a favorable safety profile. These results demonstrate
omalizumab's significant clinical benefits when added to standard therapy in this difficult-to-treat
population [86]. Interestingly, a real-world study evaluated omalizumab's effectiveness in severe
allergic asthma patients uncontrolled despite high-dose ICS/LABA therapy. They showed clinically
meaningful improvements in asthma control, quality of life, and exacerbation freedom. Significant
healthcare utilization reductions were observed versus pretreatment levels, demonstrating
omalizumab's real-world effectiveness exceeding clinical trial results [87]. Parallelly, another real-
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world study of omalizumab in patients with uncontrolled persistent allergic asthma showed
clinically significant exacerbations decreasing from 93.2% pretreatment to 45.9% at 12 months and
32.7% at 24 months. Furthermore, symptoms and rescue medication use halved by 24 months, while
maintenance oral corticosteroid (OCS) use dropped from 28.6% (baseline) to 14.2%, demonstrating
sustained benefits with a favorable safety profile consistent with clinical trials [88]. A study on mild-
to-moderate asthmatics with eosinophilia showed omalizumab significantly reduces serum IgE,
airway IgE+ cells, and eosinophils. Whereas, despite these anti-inflammatory effects, airway
hyperresponsiveness to methacholine remained unchanged, suggesting IgE/eosinophils may not
drive this feature in milder asthma. These findings clarify omalizumab's mechanism while revealing
phenotype-specific treatment effects [89]. An equivalent study investigated omalizumab's anti-
inflammatory mechanisms in allergic asthma patients. They demonstrated significantly increased
apoptosis markers (Annexin V+) while reducing GM-CSF+, IL-2+, and IL-13+ lymphocytes without
affecting necrosis markers or IL-5/IFN-y/TNF-a. The results show omalizumab's dual action in
promoting eosinophil apoptosis and suppressing key inflammatory cytokines (IL-2/IL-13). These
immunomodulatory effects support omalizumab's use in allergic asthma control, however,
warranting further mechanistic studies [90]. Another mechanistic study aimed to evaluate
omalizumab's effects on airway remodeling in severe asthma patients. Compared to conventional
therapy omalizumab significantly reduced airway wall thickness and increased luminal area while
also decreasing eosinophils and improving FEV1 and asthma quality of life questionnaire (AQLQ)
scores. These results propound omalizumab's potential to reverse airway remodeling while reducing
inflammation and improving lung function, though larger long-term studies are needed to confirm
these structural benefits [91].

Ligelizumab

Ligelizumab is a next-generation high-affinity humanized monoclonal anti-IgE antibody
recently been developed by Novartis to overcome some of the limitations associated with the clinical
use of omalizumab [92]. By binding to the Ce3 domain of IgE, ligelizumab prevents its interaction
with the high-affinity FceRI receptor on mast cells and basophils, leading to reduced degranulation
and inflammatory mediator release. This mechanism makes ligelizumab a promising candidate for
treating allergic diseases characterized by IgE-mediated inflammation, including chronic
spontaneous urticaria (CSU), chronic inducible urticaria (CIndU), food allergies, and asthma [93]. The
efficacy of ligelizumab in treating CSU was initially assessed in a phase 2b trial, which aimed to
evaluate its potential in patients who were unresponsive to Hl-antihistamines. Their findings
suggested that ligelizumab could be a more effective alternative to omalizumab in CSU treatment
[93]. Following these promising phase 2b results, two phase 3 trials- PEARL 1 and PEARL 2 were
conducted to confirm the efficacy and safety of ligelizumab. While both studies met their primary
endpoint, demonstrating that ligelizumab was significantly more effective, they failed to show
superiority over omalizumab. Due to this lack of differentiation, Novartis decided to halt further
development of ligelizumab for CSU [94]. Furthermore, Ligelizumab was also investigated in severe
asthma. A phase 2b, multicenter, randomized, double-blind, placebo-controlled trial was conducted
to assess its efficacy in patients with moderate-to-severe asthma that remained inadequately
controlled with standard therapy. In this study, ligelizumab failed to show significant clinical benefits
over omalizumab or placebo in improving asthma control, reducing exacerbation rates, or enhancing
lung function. These results indicated that ligelizumab did not provide an advantage over existing
therapies for moderate-to-severe asthma, leading to a discontinuation of its development in this
indication [95]. In addition to CSU and asthma, ligelizumab was evaluated in peanut allergy, a
condition where IgE plays a critical role in mediating hypersensitivity reactions. A phase 3,
randomized, double-blind was initiated to assess whether ligelizumab could reduce sensitivity to
peanut allergens. However, the study failed to meet its primary endpoints, showing no significant
improvement in peanut tolerance among patients receiving ligelizumab. As a result, the trial was
terminated, and no further development of ligelizumab for food allergies was pursued [96]. The
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higher affinity of ligelizumab for IgE and its enhanced IgE suppression suggest that it may still have
therapeutic potential in select patient populations. However, its failure to show significant clinical
superiority over existing therapies raises questions about its long-term role in allergic disease
management. Future research may focus on patient stratification, biomarker identification, or
combination approaches to optimize the clinical utility of ligelizumab in IgE-mediated diseases.

UB-221

UB-221, developed by United BioPharma is an anti-IgE mAb of a newer class that is distinct from
omalizumab and ligelizumab. In its free form, UB-221 bound abundantly to CD23-occupied IgE and,
in oligomeric mAb-IgE complex form, it freely engaged with CD23. On the other hand, ligelizumab
reacts limitedly and omalizumab stayed inert toward CD23. These observations are consistent with
UB-221 outperforming ligelizumab and omalizumab in CD23-mediated downregulation of IgE
production. Besides, UB-221 bound IgE with a strong affinity to prevent FceRI-mediated basophil
activation and degranulation, exhibiting superior IgE-neutralizing activity to that of omalizumab. In
a recent study, UB-221 and ligelizumab bound cellular IgE and effectively neutralized IgE in sera of
patients with atopic dermatitis with equal strength, while omalizumab lagged behind [97].
Furthermore, in a phase I, open-label, dose-escalation study, the safety, tolerability,
pharmacokinetics, and pharmacodynamics of a single intravenous infusion of UB-221 were evaluated
in patients with CSU who were on first-line Hl-antihistamine treatment. The study demonstrated a
single UB-221 infusion led to a rapid, dose-dependent reduction in serum free IgE levels,
accompanied by significant improvements in disease symptoms, as measured by the Urticaria
Activity Score over 7 days (UAS?) [97]. The effect of Ub-221 in asthma and other respiratory diseases
are yet to explore.

Anti-1L-4

IL-4 is one of the pivotal cytokines in the development of asthma, particularly in type 2
inflammation. It plays a crucial role in the differentiation of naive T-helper cells into Th2 cells, which
subsequently produce more IL-4, perpetuating the inflammatory response. IL-4 also induces IgE class
switching in B cells, leading to IgE production that sensitizes mast cells and basophils, contributing
to allergic reactions. Additionally, IL-4 influences eosinophil trafficking to the airways, exacerbating
inflammation and airway hyperresponsiveness [59,98]. Given its central role in asthma
pathophysiology, IL-4 has been targeted by biologic therapies aiming to mitigate its effects.

Dupilumab

Dupilumab is co-developed by Regeneron pharmaceuticals and Sanofi. It is a fully human mAb
targeting the IL-4 receptor alpha (IL-4Ra) and IL13, has significantly advanced the treatment
landscape for patients with moderate-to-severe asthma, particularly those with type 2 inflammation.
By inhibiting IL-4 and IL-13 signaling pathways, dupilumab addresses key mechanisms underlying
asthma pathophysiology [99]. Castro M et al evaluated effect of dupilumab in uncontrolled asthma
patients. It significantly reduced the annualized rate of severe asthma exacerbations and improved
pre-bronchodilator FEV1. Further this study showed greater benefits of dupilumab in patients with
baseline blood eosinophil counts >300/mm? with a 65.8% reduction in exacerbations. Although
effective, dupilumab instigated adverse events such as blood eosinophilia in 4.1% of dupilumab-
treated patients. Overall, dupilumab demonstrated significant efficacy in reducing exacerbations,
improving lung function, and enhancing asthma control, particularly in patients with elevated
eosinophils [100]. Rabe K et al, evaluated dupilumab effect in patients with glucocorticoid-dependent
severe asthma. Interestingly, dupilumab substantially reduced glucocorticoid use by 70.1%. In
addition, it also reduced severe exacerbation rates and improved pre-bronchodilator FEV1.
Collectively, dupilumab effectively reduced glucocorticoid dependence while improving asthma
control and lung function in severe asthma patients [101]. A long-term safety and efficacy of
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dupilumab study (TRAVERSE) was conducted in moderate-to-severe or oral-corticosteroid-
dependent asthma patients who had completed prior dupilumab trials. Over 96 weeks, safety
findings were consistent with the known profile, with treatment-emergent adverse events (e.g.,
nasopharyngitis, injection-site erythema) reported in 76.3-94.7% of patients. Serious adverse events
such as asthma exacerbations and pneumonia with four deaths were also reported. Efficacy was
sustained, with low annualized exacerbation rates, improved pre-bronchodilator FEV1, and
sustained asthma control (ACQ-5) and AQLQ improvements. These results support dupilumab’s
long-term safety and efficacy in moderate-to-severe asthma [102]. Furthermore, the TRAVERSE
continuation study evaluated the long-term safety of dupilumab in patients with moderate-to-severe
asthma who had completed the TRAVERSE study, extending treatment for up to an additional 144
weeks (~3 years). Dupilumab demonstrated a consistent safety profile, supporting its long-term use
in moderate-to-severe asthma [103]. A phase 2b trial evaluated dupilumab effect in uncontrolled
persistent asthma patients despite on medium-to-high-dose ICS and LABA. Intriguingly, dupilumab
improved lung function and reduced exacerbations, regardless of eosinophil levels, with a favorable
safety profile [104]. Similarly, the analysis of the LIBERTY ASTHMA QUEST study evaluated
dupilumab’s efficacy in patients with uncontrolled moderate-to-severe asthma, stratified by allergic
asthma status. In the allergic asthma subgroup dupilumab significantly reduced severe exacerbation
rates and improved FEV1. Greater efficacy was observed in patients with elevated type 2 biomarkers.
Dupilumab also improved asthma control and reduced type 2 inflammatory biomarkers. Similar
results were seen in non-allergic asthma patients. These findings underscore dupilumab’s role in
addressing IL-4/IL-13-driven inflammation in asthma, regardless of allergic status [105]. SINUS-24
and SINUS-52 trials evaluated dupilumab’s efficacy in patients with chronic rhinosinusitis with nasal
polyps (CRSWNP) and coexisting asthma, stratified by baseline asthma characteristics. Dupilumab
significantly improved CRSWNP outcomes and asthma outcomes, regardless of baseline asthma
severity or eosinophil levels [106]. Subsequently, the post hoc analysis of the QUEST trial
(NCT02414854) evaluated changes in fractional exhaled nitric oxide (FeNO) and blood eosinophil
count in dupilumab-treated patients with uncontrolled moderate-to-severe asthma. FeNO levels
declined rapidly with dupilumab, while eosinophil levels initially increased but then slightly
declined in both groups. However, improvements in pre-bronchodilator FEV1 were inversely
associated with FeNO changes and positively associated with eosinophil levels changes [107]. These
findings suggest biomarker changes may predict lung function benefits but not exacerbation rates.

Pascolizumab

Pascolizumab (SB 240683) is a humanized anti-IL-4 mAb developed originally by
GlaxoSmithKline and currently in development at Protein Design Laboratories, Inc. Pascolizumab
blocks the interaction of IL-4 with its receptor, thereby inhibiting the early events of asthma including
TH2 cell differentiation, eosinophilia and IgE up-regulation. Preclinical data indicate that blocking
these events in vivo may prevent airway inflammatory cell infiltration and remodelling in asthmatic
patients [108,109]. In vitro studies demonstrated that a murine mAb 3B9 inhibited IL-4-dependent
events including IL-5 synthesis, TH2 cell activation and up-regulation of IgE expression. 3B9 was
then humanized (pascolizumab, SB 240683) to reduce immunogenicity in humans. Pascolizumab
demonstrated species specificity for both monkey and human IL-4 with no reactivity to mouse, rat,
cow, goat or horse IL-4. In vivo pharmacokinetic and chronic safety testing in cynomolgus monkeys
demonstrated that pascolizumab was well tolerated, and no adverse clinical responses occurred after
up to 9 months of treatment [108]. A Phase II clinical trial, identified as NCT00024544, was conducted
to evaluate the efficacy and safety of pascolizumab in patients with symptomatic, steroid-naive
asthma. The study was completed, but development was discontinued due to the observed low
efficacy of the treatment in improving asthma symptoms [110].
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Pitrakinra

Pitrakinra is a recombinant fusion protein developed by Bayer AG as a selective inhibitor of IL-
4 and IL-13 signalings. This inhibition disrupts the downstream signaling of these cytokines,
effectively dampening the inflammatory processes they trigger. By blocking these cytokine signals,
pitrakinra aims to reduce key features of asthma, such as airway inflammation, mucus secretion, and
bronchoconstriction [111]. In two phase 2a randomized, double-blind trials, patients with atopic
asthma were treated with either pitrakinra or placebo. Study 1 involved subcutaneous injections of
pitrakinra, while study 2 used nebulized pitrakinra. In study 1, the maximum decrease in FEV1 was
17.1% in the pitrakinra group versus 23.1% in the placebo group. In study 2, the average FEV1
decrease was 4.4% in the pitrakinra group compared to 15.9% in the placebo group. These results
suggest that targeting IL-4 and IL-13 in the lungs could significantly alleviate asthma symptoms,
making pitrakinra a promising treatment for allergic asthma [112]. Furthermore, pitrakinra was
investigated in an ICS withdrawal, uncontrolled, moderate to severe asthma patients. Efficacy was
not demonstrated in the overall study population suggesting additionally mechanisms beyond
IL/M13 pathways might predominate in some of the patients in this heterogeneous population of
uncontrolled asthma. However, significant efficacy was observed in certain pre-specified
subpopulations such as: 1) eosinophilic asthma, 2) upper tertile FE NO and 3) patients with GG
homogenous allele of the rs8832 SNP of the IL4. Additionally, significant improvements in symptoms
score and/or spirometry were observed in some of responder subgroups. Overall, the concluded that
Pitrakinra, by blocking IL-4R demonstrated clinical efficacy within defined subpopulations of
uncontrolled asthma [113].

Anti-IL-5

IL-5 is a key cytokine involved in the pathophysiology of asthma, particularly in the context of
eosinophilic inflammation. Eosinophils play a central role in the chronic inflammation observed in
many asthma patients, contributing to airway hyperresponsiveness, mucus production, and tissue
damage [56]. Targeting IL-5 has become an important therapeutic strategy in asthma, particularly for
patients with severe eosinophilic asthma who are not adequately controlled by conventional
therapies like ICS or bronchodilators [114].

Mepolizumab

Mepolizumab, developed by GlaxoSmithKline is a mAb that targets and inhibits IL-5. By
blocking IL-5, mepolizumab reduces the recruitment and activation of eosinophils in the airway,
which can alleviate inflammation and reduce asthma exacerbations [115]. The efficacy of
mepolizumab has been evaluated in various clinical trials, demonstrating significant improvements
in asthma control, particularly in patients with severe, eosinophilic asthma. Haldar P et al evaluated
the efficacy of mepolizumab in reducing exacerbations in refractory eosinophilic asthma patients.
Mepolizumab significantly reduced the number of severe exacerbations, improved AQLQ scores, and
significantly decreased eosinophil counts in both blood and sputum. However, there were no
significant differences between groups in asthma symptoms, FEV1 after bronchodilator use, or
airway hyperresponsiveness. These findings suggest that mepolizumab effectively reduces
exacerbations and improves quality of life in patients with refractory eosinophilic asthma,
highlighting the role of eosinophils as key effector cells in severe asthma exacerbations [116]. The
dose ranging efficacy and safety of mepolizumab in patients with severe asthma (DREAM) was a
pivotal Phase 2b trial that assessed the efficacy of mepolizumab in patients with severe asthma and
elevated eosinophil levels. The study found that mepolizumab significantly reduced the annual rate
of asthma exacerbations. Additionally, patients receiving mepolizumab demonstrated improved
asthma control and quality of life. The safety profile of mepolizumab was favorable, with no
unexpected adverse events [117]. Subsequently, the MENSA study investigated mepolizumab in
patients with severe eosinophilic asthma who continued to experience exacerbations despite high-
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dose inhaled glucocorticoid therapy. The results showed a significant reduction in exacerbations with
mepolizumab compared to placebo. Lung function improved, with a greater increase in FEV1 in the
treatment groups. AQLC and asthma control measures also showed meaningful improvements.
Besides, the safety profile of mepolizumab was comparable to placebo. These findings confirm that
mepolizumab is an effective treatment option for severe eosinophilic asthma, reducing exacerbations
and improving disease control [115]. The post-hoc analysis examined the relationship between
baseline blood eosinophil counts and the efficacy of mepolizumab in severe eosinophilic asthma
patients. Data from two randomized, double-blind, placebo-controlled trials (DREAM and MENSA)
were analyzed. Mepolizumab significantly reduced the annual exacerbation rate (AER). Further
analysis showed that the efficacy of mepolizumab increased with higher baseline eosinophil counts.
These findings highlight the importance of baseline eosinophil levels as a biomarker to identify
patients who are most likely to benefit from mepolizumab therapy [118]. Bel EH et al assessed the
glucocorticoid-sparing effect of mepolizumab in severe eosinophilic asthma patients who required
daily oral glucocorticoids for asthma control. Mepolizumab significantly increased the likelihood of
glucocorticoid dose reduction, with a 2.39 times greater probability compared to placebo. The median
reduction in glucocorticoid dose was 50% in the mepolizumab group. Despite reduced glucocorticoid
use, the mepolizumab group had a 32% lower AER and improved asthma control, with a 0.52-point
reduction on the AQLC. The safety profile of mepolizumab was similar to placebo. These findings
demonstrate that mepolizumab enables patients with severe eosinophilic asthma to reduce their
dependence on systemic glucocorticoids while maintaining better asthma control and reducing
exacerbations [119].

Reslizumab

Reslizumab is a humanised monoclonal IL-5 antibody developed by Teva Pharmaceuticals that
has been approved in the USA for patients aged >18 years as add-on maintenance treatment for severe
asthma with an eosinophilic phenotype [120]. Castro M et al conducted a phase 3 trials in uncontrolled
asthma patients despite on ICS and showed reslizumab significantly reduces exacerbations. Besides,
adverse events were comparable, with asthma worsening, upper respiratory infections, and
nasopharyngitis being most common [121]. Subsequently, another study evaluated the efficacy and
safety of reslizumab in poorly controlled asthma patients. While no significant difference in FEV1
was observed in the overall population or in those with eosinophils <400 cells/uL, reslizumab
significantly improved lung function and symptom control in patients with eosinophils > 400
cells/pL. Reslizumab was well tolerated, with fewer adverse events compared to placebo [122].
Similarly, Ibrahim H et al assessed the safety and clinical efficacy of reslizumab in severe eosinophilic
asthma patients. Reslizumab, after 1 year of treatment significantly improvement in asthma control
with 35.7% of steroid-dependent patients discontinuing steroids and a 79% reduction in
exacerbations. By 2 years, the exacerbation reduction was 88%. Reslizumab was well tolerated, with
only one patient discontinuing due to side effects. These findings confirm the efficacy of anti-IL5
therapy in severe asthma with eosinophilic inflammation [123]. Furthermore, a real-world
observational study evaluated the effectiveness of reslizumab against severe eosinophilic asthma.
The study found that reslizumab significantly reduced asthma exacerbations, maintenance OCS use,
and maintenance dose, with similar outcomes in both biologic-naive patients and those switching
from another type 2 biologic. The overall treatment response was rated as good or excellent in 59.2%
of patients. Physicians also reported the added value of reslizumab after switching biologics. These
findings confirm reslizumab's effectiveness in reducing exacerbations and corticosteroid use in severe
eosinophilic asthma [124].

Benralizumab

Benralizumab, developed by Medlmmune, AstraZeneca is a humanized, afucosylated
(engineered to eliminate fucose sugars from the oligosaccharides in the Fc region) monoclonal
antibody targted against the alpha subunit of the IL-5 receptor that induces direct, rapid, and nearly
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complete depletion of eosinophils by means of natural killer cell-mediated antibody-dependent
cellular cytotoxic effects [125]. Bleecker ER et al in a phase 3 study evaluated the safety and efficacy of
benralizumab in patients with severe, uncontrolled by high-dose ICS/LABA, and eosinophilic
asthma. Benralizumab significantly reduced AERs and improved prebronchodilator FEV1. Common
adverse events included worsening asthma and nasopharyngitis [126]. A similar study showed that
benralizumab significantly reduces AER and improves FEV1 and asthma symptom scores. The
treatment was generally well tolerated, with nasopharyngitis and worsening asthma being the most
common adverse events. Overall, these results support benralizumab as an effective therapy for
severe eosinophilic asthma patients [127]. Furthermore, a phase 3 extension study assessed
benralizumab long-term safety and efficacy. In this study, common adverse events included viral
upper respiratory tract infection and worsening asthma, while serious adverse events such as
pneumonia was rare. Besides, the adverse event rates were consistent between benralizumab and
placebo groups and aligned with previous trials, with no new safety concerns emerging from long-
term eosinophil depletion. These findings confirm benralizumab’s sustained safety and efficacy over
two years, supporting its use for long-term management of severe eosinophilic asthma [128].
Subsequently, FitzGerald JM et al conducted a pooled analysis of the SIROCCO and CALIMA phase
3 studies to evaluate the benralizumab efficacy across different baseline blood eosinophil thresholds
and exacerbation histories. Benralizumab reduced the AER by 36% in patients with 20
eosinophils/uL. Greater reductions in AER were observed with higher eosinophil thresholds and
more frequent exacerbation histories. These findings highlight benralizumab’s efficacy, particularly
in patients with elevated eosinophils and frequent exacerbations [129]. Nair P et al evaluated
Benralizumab for its oral glucocorticoid-sparing effects in severe eosinophilic asthma patients reliant
on oral glucocorticoids. Benralizumab significantly reduced median oral glucocorticoid doses by 75%
compared to 25% with placebo with patients 4 times more likely to achieve dose reductions.
Exacerbation rates were 55% to 70% lower compared to placebo. However, no significant
improvement in FEV1 was observed, and effects on asthma symptoms were mixed. Adverse event
rates were similar across groups. Overall, benralizumab demonstrated clinically relevant benefits in
reducing glucocorticoid use and exacerbations, supporting its use in severe eosinophilic asthma [130].

Anti-IL-13

IL-13 is an immunoregulatory cytokine secreted predominantly by activated Th-2 cells and is
involved in Type 2 inflammation. Over the past several years, it has become evident that IL-13 is a
key mediator in the pathogenesis of allergic airway inflammation and thereby it has been identified
as a possible therapeutic target in the treatment of asthma [4,131,132]. Several biologics targeting IL-
13 have been developed for the treatment of asthma, particularly for patients with type 2
inflammation.

Lebrikizumab

Lebrikizumab is an IgG4 humanized mAb that binds to IL-13. The molecule was developed by
Genentech. The stability of lebrikizumab has been increased by a single joint mutation on the hinge
portion of the molecule [133]. Corren | et al evaluated lebrikizumab in uncontrolled asthma patients
despite on ICS. The lebrikizumab treatment showed a greater improvement in FEV1 compared to
placebo, with even greater benefits in the high-periostin subgroup versus the low-periostin subgroup.
However, lebrikizumab was associated with increased musculoskeletal side effects [134]. At the same
time, a phase II study evaluated the efficacy and safety of lebrikizumab in asthmatic patients not
receiving ICS. While all lebrikizumab dose groups showed higher FEV1 improvements compared to
placebo, the differences were neither statistically nor clinically significant. No meaningful FEV1
changes were observed between periostin subgroups. However, lebrikizumab significantly reduced
the risk of treatment failure across all doses versus placebo, with consistent results across periostin
subgroups and no dose-dependent differences. In addition, lebrikizumab was well tolerated. This
study suggested that while IL-13 blockade alone may not improve lung function in this population,
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it may enhance disease control by preventing treatment failure [135]. Furthermore, the LUTE and
VERSE studies evaluated lebrikizumab in uncontrolled asthma patients despite on medium-to-high-
dose ICS. Pooled data showed lebrikizumab reduced exacerbation rates, particularly in periostin-
high patients (60% reduction) compared to periostin-low patients (5% reduction), with no dose-
response relationship. Lung function improvements were also greater in periostin-high patients
versus periostin-low patients. Besides, brikizumab was well tolerated, with no significant safety
concerns. These findings support lebrikizumab’s efficacy in reducing exacerbations and improving
lung function in uncontrolled asthma patients, particularly those with high periostin levels,
extending previous evidence of its therapeutic benefits [136]. Scheerens H et al evaluated lebrikizumab
effect in subjects with mild asthma undergoing bronchial allergen challenge. Lebrikizumab reduced
late asthmatic response (LAR) by 48% compared to placebo, though this was not statistically
significant. Exploratory analyses suggested greater LAR reduction in subjects with elevated baseline
eosinophils, IgE, or periostin levels. Lebrikizumab also reduced systemic Th2 inflammation markers,
including IgE, CCL13, and CCL17, by approximately 25%. Additionally, the treatment was well
tolerated. These findings indicate lebrikizumab’s potential to attenuate allergen-induced airway
responses in mild asthma, particularly in patients with elevated Th2 biomarkers [137]. Piper E et al
evaluated tralokinumab in moderate-to-severe uncontrolled asthma. The ACQ-6 score showed no
significant improvement for tralokinumab versus placebo. However, tralokinumab improved pre-
bronchodilator FEV1 with a dose-response trend and reduced rescue (2-agonist use. Besides,
tralokinumab was well tolerated, with no serious adverse events [138]. Furthermore, a study
evaluated lebrikizumab in two replicate phase 3 trials (LAVOLTA I and II) involving uncontrolled
asthma adults despite on ICS. In LAVOLTA ], lebrikizumab significantly reduced exacerbation rates
in biomarker-high patients. In LAVOLTA 1I, reductions were observed but did not reach statistical
significance. Additionally, pooled data showed similar rates of treatment-emergent adverse events,
serious adverse events, and discontinuations between lebrikizumab and placebo. While lebrikizumab
did not consistently reduce exacerbations, it demonstrated IL-13 blockade through
pharmacodynamic biomarkers, suggesting potential clinical relevance [139]. Subsequently, the post
hoc analysis of the LAVOLTA, II, and ACOUSTICS trials evaluated lebrikizumab in a subpopulation
of patients with uncontrolled asthma, elevated blood eosinophils (2300 cells/uL), and a history of
exacerbations. In adults, lebrikizumab significantly reduced AER by 38% to 41% compared to
placebo. In adolescents, reductions were 59% to 64%. Similar benefits were observed in patients with
elevated FeNO and prior exacerbations. Adverse events were mostly mild to moderate, with few
leading to discontinuation. Overall, these findings suggest lebrikizumab effectively reduces
exacerbations in patients with elevated eosinophils, FeNO, and a history of exacerbations,
highlighting its potential in this well-defined subpopulation [140].

Tralokinumab

Tralokinumab is a fully human IgG4 monoclonal antibody that specifically binds to IL-13 with
high affinity. Blocking interaction with the IL-13 receptor inhibits downstream IL-13 signalling [141].
This was developed by AstraZeneca. Brightling CE et al evaluated tralokinumab in patients with
severe uncontrolled asthma. The AER showed no significant difference between tralokinumab and
placebo. However, tralokinumab significantly improved FEV1. Besides, post-hoc analyses suggested
potential benefits in subgroups, such as patients with FEV1 reversibility >12% and elevated
biomarkers (DPP-4, periostin), showing improvements in exacerbation rates, FEV1, and asthma
control. While tralokinumab did not reduce exacerbation rates overall, subgroup findings indicate
potential efficacy in specific populations, warranting further investigation in phase 3 trials [142]. The
STRATOS 1 and STRATOS 2 phase 3 trials evaluated tralokinumab effect in severe uncontrolled
asthma patients. In STRATOS 1, tralokinumab did not significantly reduce AER in the overall
population but showed a 44 % reduction in patients with baseline FENO =37 ppb. However, in
STRATOS 2, tralokinumab did not significantly reduce AER in the FENO-high population. These
inconsistent results suggest IL-13 may not play a central role in severe asthma exacerbations, limiting
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tralokinumab's efficacy in this population [143]. Furthermore, Busse WW et al assessed tralokinumab
for its OCS-sparing potential in severe, uncontrolled asthma patients requiring maintenance OCS and
ICSs/LABAs. The percentage reduction in OCS dose showed no significant difference between
tralokinumab and placebo. Secondary endpoints, including the proportion of patients achieving OCS
doses <5 mg or >50% reduction, and asthma exacerbation rates, also showed no significant
differences. In addition, adverse events were similar between groups, though upper respiratory tract
infections were more common with tralokinumab. Overall, tralokinumab did not demonstrate
significant OCS-sparing effects in severe asthma patients [144].

2.3.4. Emerging Biologics for Type 1 Inflammation

While most of the biologics (mAb) for asthma target type 2 inflammation, recent studies have
explored the type 1 inflammation (Thl high asthma). TNF-a and IFN-y are two major pro-
inflammatory cytokines associated with type 1 inflammation [4]. Among two, TNF-a is a potential
target for asthma treatment, especially severe asthma. However, controlled studies have shown
controversial results and the risk-benefit profile of TNF-blocking agents is still debated [145]. Besides,
currently no biologics targeting IFNy for asthma has been developed, which leaves this door
completely open for research.

Infliximab is a purified, recombinant DNA-derived chimeric IgG mAb that contains both murine
and human components designed to inhibit TNF-a [146]. It was developed by Janssen Biotech. A case
series by Tuaillé C et al evaluated infliximab efficacy in severe, steroid-dependent, refractory asthma
patients. All patients had frequent exacerbations and hospitalizations despite maximal inhaled
therapy, oral steroids, and omalizumab. Six patients treated with infliximab for >3 months showed
improved asthma control, with 4 discontinuing OCS and reduced exacerbations/hospitalizations,
particularly in brittle asthma cases. However, 2 patients experienced severe adverse events (bacterial
pneumonia, melanoma progression). Besides, three patients continued infliximab for >2 years with
good tolerance. The findings suggest infliximab may benefit a subset of severe refractory asthma
patients, with a favorable risk-benefit profile, though controlled trials are needed [147].

Golimumab is another monoclonal antibody developed by Janssen Biotech that binds to both
membrane-bound and soluble TNF-a [148]. Wenzel SE et al evaluated golimumab effect in severe,
uncontrolled asthma patients despite on high-dose ICSs and LABAs. No significant improvements
were observed in prebronchodilator FEV1 or severe exacerbation rates through Week 24.
Discontinuation rates were higher with golimumab (19.5%) than placebo (2.6%), and serious adverse
events, including infections and malignancies, were more frequent in golimumab-treated patients.
One death occurred in the active treatment group. Overall the study concluded that golimumab did
not demonstrate a favorable risk-benefit profile in severe persistent asthma, leading to early
discontinuation of treatment [149].

Adalimumab is a mAbD that inhibits TNF-a [150]. It was developed by AbbVie. Catal F et al
evaluated the anti-TNF-a effect of adalimumab in a murine asthma model. It significantly reduced
lung damage, inflammatory cell infiltration around bronchi, alveolar wall inflammation, and alveolar
wall thickness compared to the untreated group. In addition, adalimumab also decreased
peribronchial smooth muscle hypertrophy and edema. The findings suggest adalimumab improves
lung histology and reduces inflammation in acute asthma, highlighting its potential therapeutic role
[151]. Further study on human is warranted.

Etanercept (ENT) is a soluble receptor that binds both TNF-a and TNF-$ to inhibit the
inflammatory response. It was developed by Immunex Corporation. ENT is commonly used to
control ankylosing spondylitis, juvenile idiopathic arthritis, plaque psoriasis, psoriatic arthritis, and
rheumatoid arthritis [152]. A phase 2 trial evaluated etanercept effect in moderate-to-severe persistent
asthma patients. The primary endpoint FEV1 showed no significant difference between ETN and
placebo. Secondary endpoints, including peak expiratory flow, asthma control, exacerbations, and
quality of life, also showed no improvement with ETN. However, ETN was well-tolerated with no


https://doi.org/10.20944/preprints202504.2163.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 April 2025 d0i:10.20944/preprints202504.2163.v1

18 of 30

unexpected safety issues. The study concluded that ETN did not demonstrate clinical efficacy in this
population over 12 weeks, but longer-term studies in specific asthma subsets may be warranted [153].

2.3.5. Emerging Biologics for Type 17 Inflammation

Type 17 inflammation, or inflammation mediated by Th17 cells and their cytokine IL-17, is a key
driver of chronic inflammation, asthma, and autoimmune diseases, including psoriasis, rheumatoid
arthritis, and inflammatory bowel disease [154]. mAbs have been developed against IL-17 to curb
asthma and other diseases.

Secukinumab, developed by Novartis is a recombinant high-affinity fully human monoclonal
IL-17A antibody of the IgGlx isotype, which binds to human IL-17A and neutralises its bioactivity
[155]. A recent study evaluated the effects of secukinumab in a murine model combining ovalbumin-
induced asthma with LPS-triggered acute lung injury, a scenario mimicking severe neutrophilic
inflammation. Secukinumab effectively modulated immune responses by significantly reducing IL-
17 levels similar to standard therapy dexamethasone (DEXA). While DEXA broadly increased Th2
cytokines (IL-4, IL-5, IL-13) and TNF-a (Thl), secukinumab selectively suppressed IL-5 without
altering TNF-a, suggesting a more targeted anti-inflammatory profile. Both treatments decreased
IFN-y and IL-6. The findings highlight secukinumab’s potential to attenuate Thl7-mediated
neutrophilic inflammation in asthma-ALI overlap, offering a complementary mechanism to steroids
[156]. Similarly, a phase II study evaluated whether secukinumab could reduce ozone-induced
airway neutrophilia. Results showed no significant reduction in sputum neutrophils with
secukinumab compared to placebo. The negative findings suggest the ozone challenge model may
not fully replicate IL-17-driven inflammation or that higher secukinumab doses are needed. These
results indicate IL-17A inhibition alone may be insufficient for acute neutrophilic inflammation in
this model, warranting further investigation with alternative challenges or modified dosing
regimens. In addition, these studies provides important insights into the limitations of current models
for testing IL-17-targeted therapies in neutrophilic airway diseases [157].

Brodalumab is a human, IgG2 monoclonal antibody targeting IL-17RA, which is currently
registered for the treatment of psoriasis vulgaris, psoriatic arthritis, pustular psoriasis and psoriatic
erythroderma [158]. It was developed by Amgen. A phase II study evaluated the efficacy and safety
of brodalumab in patients with moderate-to-severe asthma inadequately controlled by ICSs. The
results showed no significant treatment benefit of brodalumab over placebo in the overall study
population. However, a prespecified subgroup analysis of patients with high bronchodilator
reversibility (post-bronchodilator FEV1 improvement >20%) demonstrated a nominally significant
improvement in ACQ score. Safety profiles were comparable across treatment groups, with the most
common adverse events being asthma exacerbations, upper respiratory infections, and injection site
reactions. These findings suggest that while IL-17 receptor blockade does not provide broad clinical
benefit in unselected asthma populations, there may be a potential role for brodalumab in specific
subgroups characterized by high bronchodilator reversibility, needing further investigation in
biomarker-defined patient populations [159].

Ixekizumab is an IgG4 mAbD that selectively targets IL-17A with high affinity [160]. It was
developed by Eli Lilly and Company. Studies have shown safety of Ixekizumab in adult patients with
moderate-to-severe psoriasis [161,162]. However, studies on asthma are obscure. One case study
reported concomitant use of mepolizumab and Ixekizumab in a patient with severe eosinophilic
asthma [163], however it needs further and in-depth elaboration.

3. Conclusions

Asthma is a heterogenic and complex immune-mediated disease with an inflammation at its
core. Advancement in understanding about immunologic mechanisms involving contributions of
Th2, Thl, and Th17 cells has substantially changed our treatment strategies. Targeted therapies
against Type 2 inflammation (Table 1) such as anti-IgE, anti-IL-5, and anti-IL-4/IL-13 therapies have
greatly improved outcomes of treatment in moderate-to-severe uncontrolled asthmatic patients
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despite on conventional therapy. These treatments not only lowered rates of exacerbation and
improved lung function but also quality of life in many patients. Despite this, there remains a
significant unmet need in patients with T2-low, neutrophilic, or steroid-resistant asthma, for whom
currently available biologics are mainly ineffective. New biologics now attempt to bridge the gap.
New drugs such as TNF-a inhibitors (e.g., infliximab, golimumab) and IL-17 inhibitors (e.g.,
secukinumab) are promising in their capacity to address T1 and T17 inflammation (Table 2), although
concerns such as variable clinical response and safety remain. Furthermore, newer generation drugs
such as UB-221 and combination biologics are under investigation to provide broader and more
sustained control of inflammation. Personalized medicine, based on biomarkers like eosinophil
count, FeNO, and periostin, will be critical in optimizing biologic use maximally and getting patients
on the best therapy for their specific endotype. As research advances, the future of asthma treatment
lies in precision immunotherapy, tailoring biologics to address the unique immune profile of each
patient. Additional research on novel targets, strategies of enhanced stratification tools, and safety
assessments over the long term will enable the extension of the use of biologics to the wider asthma
population, especially those with non-T2 asthma.

Table 1. Summary of biologics used in T2-high asthma.

Biologics Target Indication Approval Developer Reference
Omalizumab IgE Moderate-to- Approved Genentech [83-91].
severe allergic and Novartis
asthma
Ligelizumab IgE Investigational Discontinued Novartis [92-94]
UB-221 IgE Investigational Unknown United BioPharma | [97]
Dupilumab IL-4 Moderate-to- Approved Regeneron [100-107]
severe pharmaceuticals
eosinophilic ~ or and Sanofi
OCS-dependent
asthma
Pascolizumab IL-4 Investigational Unknown GlaxoSmithKline [108-110]
and and
IL13 Protein Design
Laboratories
Pitrakinra IL-4 Atopic and | Discontinued Bayer AG [111-113]
uncontrolled
asthma
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Mepolizumab IL-5 Severe Approved GlaxoSmithKline [115-119]
eosinophilic
asthma
Reslizumab IL-5 Severe Approved Teva [120-124]
eosinophilic Pharmaceuticals
asthma
Benralizumab IL-5 Severe Approved MedImmune, [125-130]
eosinophilic AstraZeneca
asthma
Lebrikizumab IL-13 Severe Discontinued Genentech [133-140]
eosinophilic
asthma
Tralokinumab IL-13 Severe Discontinued AstraZeneca [141-144]
eosinophilic
asthma
Table 2. Emerging biologics for asthma.
Biologics Target Indication Approval Developer References
Infliximab TNF-a Severe, steroid- | Case series Janssen Biotech | [146,147]
dependent,
refractory asthma
Golimumab TNF-a Severe, Discontinued | Janssen Biotech | [148,149]
uncontrolled
asthma
Adalimumab TNF-a Investigational Preclinical AbbVie [150,151]
(murine)
Etanercept TNF-a Moderate-to- Phase II Immunex [152,153].
severe persistent Corporation
asthma
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Secukinumab IL-17 Airway Phase II Novartis [155-157]
neutrophilia
Brodalumab IL-17 Moderate-to- Phase II Amgen [158,159]
severe asthma
Ixekizumab IL-17 Severe Case report Eli Lilly and | [160,163]
Eosinophilic Company
Asthma
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