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Abstract

Asthma treatment concepts have profoundly changed over
the last 20 years, from standard therapeutic regimens for all
patients with asthma towards individually tailored interven-
tions targeting treatable traits (“precision medicine”). A pre-
cise and highly effective immune modulation with minimal
adverse effects plays a central role in this new concept. Re-
cently, there have been major advances in the treatment of
asthma with immune-modulatory compounds. One exam-
ple is the approval of several highly potent biologics for the
treatment of severe asthma. New immune-modulatory strat-
egies are expected to enter clinical practice in the future;
these innovations will be especially important for patients
with treatment-resistant asthma. ©2020S. Karger AG, Basel

Introduction

Asthma is a very heterogeneous disease which is char-
acterized by variable airflow limitation, a variable inten-
sity and pattern of airway inflammation, and variable

forms of airway hyperresponsiveness [1]. There are two
main forms of asthma. Early-onset asthma starts during
childhood or adolescence and is often associated with al-
lergies and/or allergic diseases (such as allergic rhinitis
and atopic dermatitis). Adult-onset asthma starts in
adulthood, often lacks any association with allergies, and
can be accompanied by the occurrence of chronic rhino-
sinusitis with nasal polyps (CRSWNP) [2]. The prevalence
of asthma increased in the 20th century, and has now
reached a mean prevalence of nearly 5% worldwide [3, 4].
Until the beginning of the 20th century, medical treat-
ment options for asthma were very limited. Smoking of
so-called asthma cigarettes (made from the leaves of
thorn apple which contain the anticholinergic scopol-
amine), ingestion of various formulations of theophyl-
line, caffeine, or ephedrine, or inhalation of adrenaline
were the only available pharmacologic compounds for
asthma treatment [5]. None of these compounds were
primarily aiming at immune modulation. Indeed, the
concept that asthma is driven by chronic airway inflam-
mation emerged only at the beginning of the 20th cen-
tury [6]. The oldest form of immune modulation in asth-
ma, allergen immunotherapy (AIT), was first described in
1911 [7] and initially developed for patients with allergic
rhinitis and conjunctivitis; it took nearly 100 years until
the advent of AIT options specifically designed for the
treatment of allergic asthma [8]. In order to understand
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Asthma pharmacology: milestones

Introduction Class of drugs

1950s Oral corticosteroids (OCS)

1960s Short-acting beta-agonists (SABA)
1970s/1980s Inhaled corticosteroids (ICS)
1990s Fixed combinations of ICS plus

long-acting beta-agonists (LABA)
Leukotriene receptor antagonists (LTRA)
Since 2005 Biologics

Since 2014 Long-acting muscarinic antagonists (LAMA)

Fig. 1. History of asthma pharmacology. Drug classes that are cur-
rently used in asthma therapy are shown, and the decade or year
of their first approval.

current and future options of immune modulation in
asthma, it is helpful to recall milestones of asthma phar-
macotherapy in the 20th and 21st century.

History of Asthma Pharmacology

There have been several milestones in the develop-
ment of medications for asthma over the last 70 years
(Fig. 1):

— In the 1950s, systemic glucocorticoids (administered
intravenously, orally, or intramuscularly) became
available for the treatment of asthma [9]. Treatment
with oral corticosteroids (OCS) such as prednisolone
led to rapid and massive improvements in asthma con-
trol and lung function. However, long-term OCS ther-
apy is associated with severe adverse effects, such as
overweight, osteoporosis, infections, diabetes, depres-
sion, and cardiovascular diseases [10-12]: this “collat-
eral damage” dampened the enthusiasm for OCS sig-
nificantly.

— In the 1960s, inhaled short-acting beta-2 agonists
(SABA) such as salbutamol became available [13]. For
the first time, this treatment option allowed for rapid
and convenient bronchodilatation in case of asthma
attacks, and led to the concept of “reliever” therapy in
asthma. The popularity of these drugs rose rapidly,
however, safety concerns emerged due to excess mor-
tality in patients using regular SABA therapy [14]. This
paradoxical increase in mortality is probably due to an
increase in airway hyperresponsiveness and airway in-
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flammation following monotherapy with beta-ago-
nists [15, 16]. Therefore, monotherapies with long-
acting beta-agonists (LABA; such a formoterol or sal-
meterol) are not recommended in current asthma
guidelines. In addition, the most recent guideline of
the global initiative for obstructive lung diseases
(GINA, 2019) does not recommend symptom-driven
SABA treatment as the treatment of choice for mild
asthma anymore (www.ginasthma.com).

In the 1970s and 1980s, thanks to the pioneering stud-
ies by Harry Morrow Brown [17], inhaled corticoste-
roids (ICS) became available for asthma treatment.
The ICS Beclomethasone was approved as the first ICS
in the late 1970s, and was followed by other ICS, such
as budesonide, fluticasone, and ciclesonide. Regular
ICS therapy, which led to a massive decrease in asthma
exacerbations and OCS prescriptions, revolutionized
the management of asthma [18]. This successled to the
concept of “controller” therapies in asthma, and to the
idea that long-term immune modulation might be the
best idea to improve asthma control [19]. Indeed, re-
cent analyses showed that ICS are even effective in very
mild forms of the disease [20]. Later, fixed combina-
tions of ICS and LABA were approved for asthma
maintenance therapy. These ICS/LABA combinations
are not only more effective than ICS monotherapies,
but also safe (in contrast to LABA monotherapies)
[21]. In the last years, long-acting muscarinic antago-
nists (LAMA), such as tiotropium, were approved as
add-on bronchodilators for asthma treatment, either
in separate inhalers or as a single inhaler triple therapy
(ICS/LABA/LAMA) [22].

In 1997, as another anti-inflammatory “controller,”
the oral leukotriene receptor antagonist (LTRA) mon-
telukast was approved for asthma treatment [23]. Al-
though it became widely used in clinical practice,
mainly in younger patients with asthma, it turned out
to be less effective than ICS in the majority of patients
with asthma. In addition, it did not show effectiveness
in patients with severe asthma.

Since 2005, biologics were approved for the treatment
of severe asthma. The first biologic, the anti-IgE anti-
body omalizumab, was followed by the anti-interleu-
kin (IL)-5 (R) antibodies mepolizumab, reslizumab,
and benralizumab, and the anti-IL-4 receptor-alpha
antibody dupilumab [24]. These antibodies are cur-
rently recommended as the treatment of choice for pa-
tients with severe asthma [25]. In addition, these com-
pounds can have beneficial effects on typical asthma
comorbidities such as chronic spontaneous urticaria
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Fig. 2. Immunopathology and immune
modulation of “type 2 high” asthma. There
are 2 main pathways in the pathogenesis of
airway inflammation in “type 2 high” asth-
ma: via allergen-presenting dendritic cells
(DC) which expand allergen-specific T-
helper cells (Th2) and/or via an activation
of ILC2. Both cell types are regulated by the
transcription factor GATA-3. Both path-
ways can be triggered by epithelial cyto-
kines (such as TSLP, IL-25, IL-33) and re-
sult in a release of type 2 cytokines such as
IL-4, IL-5, or IL-13, and an enhanced IgE
production by B cells. Immune-modulato-
ry interventions that have been studied in
clinical trials are shown (currently ap-
proved interventions for the treatment of
asthma are marked with green color).
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(CsU) [26], CRSWNP [27], or atopic dermatitis (AD)

[28]. For the latter effects on comorbidities, the term

“collateral efficacy” was introduced by Prof. Eric Bate-

man (Cape Town, South Africa).

Asthma treatment strategies in the 20th century (such
as systemic steroids and ICS, short-acting and long-act-
ing bronchodilators, or LTRAs) were intended as a uni-
form therapeutic scheme for all patients with the diagno-
sis “asthma.” Since the advent of highly effective biologics
in the 21st century for specific asthma phenotypes, this
concept has fundamentally changed towards an individu-
ally tailored therapy of chronic airway diseases based on
treatable traits (“precision medicine”) (2, 24, 29]. There-
fore, in order to develop new and even more effective im-
mune-modulatory strategies for specific traits [30], it is
essential to better understand the complex immunopa-
thology of asthma.

Immunopathology of Asthma

Asthma is a chronic inflammatory airway disease as-
sociated with a typical pattern of cytokine production, a
typical distribution of inflammatory cells (such as eosino-
phils), an overproduction of mucus, and a dysfunction of
structural cells in the airways, including epithelial cells,
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smooth muscle cells, and nerves [31]. There is growing
evidence suggesting that the origin of asthma is linked to
altered properties of the airway epithelium [32]. An ab-
normal secretion of mediators (such as IL-33, IL-25, or
TSLP) by epithelial cells in response to exposure with bac-
teria, fungi, viruses, allergens, or pollutants can alter the
subepithelial matrix and the function of neurons, vessels,
and smooth muscle cells in the airway, and attract and
activate specific immune cells [33, 34]. Several types of
immune cells, such as dendritic cells, T cells (including
Th1 cells, Th2 cells, Th9 cells, Th17 cells, and Th22 cells),
B cells, and innate lymphoid cells, play a role in the patho-
genesis of airway inflammation in asthma [34, 35]. How-
ever, two main pathogenetic pathways are currently being
discussed (Fig. 2). The first is driven by the adaptive im-
mune system: dendritic cells take up allergens from the
environment and stimulate allergen-specific type 2 T-
helper cells (Th2 cells, expressing the transcription factor
GATA3) which orchestrate and perpetuate an allergic in-
flammation in the airways, and secrete type 2 cytokines
such as IL-4, IL-5, or IL-13 [34]. The second pathway is
driven by the innate immune system: type 2 innate lym-
phoid cells (ILC2; which also express the transcription
factor GATA3) are activated in response to epithelial cy-
tokines (primarily IL-25, IL-33, TSLP) and do not only
produce type 2 cytokines (IL-4, IL-5,IL-13), but also large

Lommatzsch

Downloaded by:

Hogskolan

25
g
X o

/21/2020 8:59:21 AM



amounts of IL-9 that can promote goblet cell metaplasia
and promote mast cell growth and survival. Via a secre-
tion of IL-4, Th2 cells stimulate allergen-specific IgE syn-
thesis, whereas ILC2 can promote polyclonal IgE synthe-
sis [34].

Due to the secretion of type 2 cytokines by both Th2
cells and ILC2, and the similarities of the resulting in-
flammation (including airway eosinophilia) and airway
dysfunction, the umbrella term “type 2 asthma” (or “type
2 high asthma”) was coined for both pathways [30]. The
Th2 pathway is currently thought to be rather associated
with early-onset, allergic asthma, and the ILC2 pathway
rather with adult-onset, non-allergic asthma [30]. How-
ever, both pathways can be activated simultaneously in
patients with asthma: it appears that each patient is char-
acterized by an individual mixture and intensity of these
pathways [34] (Fig. 2). Currently, increased numbers of
eosinophils in sputum or peripheral blood, increased
amounts of exhaled NO (fraction of exhaled NO, FeNO,
measured in parts per billion, ppb - this molecule is re-
leased by airway epithelial cells following IL-13 stimula-
tion) or the presence of typical allergies are considered as
biomarkers of “type 2 high asthma” [30]. Some patients
with the diagnosis of asthma, however, do not display any
type 2 biomarker, and are classified as “type 2 low asth-
ma” [36]. The latter form of asthma is currently poorly
understood, and treatment options are very limited. In
the following section, current and potential future op-
tions of immune modulation in asthma are discussed.

Current and Potential Future Options of Inmune
Modulation in Asthma

Inhaled Corticosteroids

ICS are currently the mainstay of asthma treatment,
both for patients with mild disease and for patients with
more severe asthma forms [19]. These compounds do not
only act as immunosuppressants, but can have a benefi-
cial effect on structural cells in the airways, such as epi-
thelial cells, nerves, and smooth muscles [37]. In addition,
recent evidence suggests that optimized ICS treatment in
pregnant women with asthma can substantially decrease
the risk of asthma in newborns [38]. A wide range of ICS
doses are currently used in clinical practice. There is an
enhanced risk of local and systemic adverse effects with
increasing ICS doses [39]. It has been postulated that high
doses of ICS are comparable with a daily oral dose of up
to 5 mg prednisolone per day [40]. This is probably the
explanation for the strong reduction of eosinophil con-
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centrations in peripheral blood (by nearly 50%) following
an increase of the daily ICS treatment from a medium to
a high dose [41]. Therefore, it is currently debated wheth-
er high doses of ICS are an acceptable long-term treat-
ment option for asthma or whether other immune-mod-
ulating treatment strategies with less adverse effects
should be preferred. It has been generally accepted that,
due to the synergistic effects of ICS and LABA [42], fixed
combinations of these compounds with lower ICS doses
should be preferred over high-dose ICS monotherapies in
patients with asthma.

Allergen Immunotherapy

AIT (formerly called specific immunotherapy) is the
oldest form of immune modulation in allergic airway
diseases and was initially described by Leonard Noon in
1911 [7]. Over the last 100 years, some of the complex
mechanisms of AIT have been elucidated. The regular
application of high doses of the allergens in conjunction
with various types of adjuvants restores dendritic cell
function, promotes immune deviation from Th2 to Thl
responses, induces T regulatory cells (Tregs), and pro-
motes B regulatory cells (Bregs) that produce blocking
antibodies (such as IgA or 1gG4) [43]. These mecha-
nisms lead to a persistent reduction of allergic airway
responses, even after treatment withdrawal [43]. Several
routes of AIT are currently explored, including subcu-
taneous (SCIT), sublingual (SLIT), intralymphatic, epi-
cutaneous, or oral AIT [8]. Most of the evidence regard-
ing AIT efficacy in allergic asthma was derived from
studies testing SCIT effects on allergic rhinitis (which
contained subpopulations of patients with allergic asth-
ma) [44]. Due to safety concerns and lacking studies
with patients with not well-controlled asthma, recom-
mendations for AIT in allergic asthma were limited to
patients with well-controlled asthma and preserved lung
function (FEV; > 80%). Although SLIT is associated
with a lower risk of anaphylactic reactions than SCIT,
the lack of large-scale studies testing SLIT effects in asth-
ma hampered the use of this AIT form in clinical prac-
tice. This changed after publication of the MITRA study
which demonstrated that SLIT can be safe and effective
in patients with house dust mite allergy and not well-
controlled asthma (and a FEV; down to 70% of the pre-
dicted value) [45]. These results led to the current rec-
ommendation by GINA that SLIT can be considered in
patients who have partly controlled allergic asthma de-
spite ICS therapy, a proven house dust mite allergy, and
a FEV| >70% predicted (www.ginasthma.com). Further
studies using SCIT and SLIT (and possibly other routes
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of AIT) are awaited to better understand the efficacy and
safety of AIT in patients with not well-controlled allergic
asthma.

Aspirin Desensitization

Aspirin-exacerbated respiratory disease (AERD; also
known as aspirin intolerance) is characterized by the oc-
currence of asthma, nasal polyps (CRSWNP), and a sensi-
tivity to COX-1 inhibitors such as aspirin (“Samter’s tri-
ad” or “Widal triad”) [46]. The prevalence of AERD rang-
es between 7% in the general population and 15% among
patients with severe asthma [46]. An effective treatment
option for this patient population is aspirin desensitiza-
tion which is achieved by starting at low doses of aspirin
(administered either orally, nasally, or via inhalation) and
gradually increasing the dose over a period of up to 3 days
(during which drug-induced reactions become milder
and then disappear). When the target dose (usually 300
500 mg aspirin orally per day) is achieved, an additional
ingestion of COX-1 inhibitors does not induce hypersen-
sitivity reactions anymore. Long-term treatment can im-
prove asthma control and markedly reduce the need for
surgical interventions in the upper airways. It is interest-
ing to note that neither the pathophysiology of this ac-
quired disorder (AERD is never present at birth) nor the
precise immunological effects of aspirin desensitization
are fully understood [46]. In addition, it is unknown
whether viruses or toxins are the inciting event of this
disorder. Although AERD is characterized by high eo-
sinophil counts and increased numbers of activated mast
cells, there is no evidence that the pathophysiology of
AERD is Th2 related. Several lines of evidence point to a
complex interaction of epithelial cytokines, ILC2, leuko-
trienes, and prostaglandins in the pathogenesis of this
disease [46]. In addition to local treatments of upper and
lower airways, either medically (with nasal or inhaled ste-
roids) or surgically (debulking of nasal polyps and func-
tional endoscopic sinus surgery), aspirin desensitization
was the only treatment option to avoid long-term OCS
treatment. There is, however, recent evidence that biolog-
ics such as dupilumab can be a very effective AERD treat-
ment [27]. Given the potential complications of long-
term aspirin desensitization treatment in clinical practice
(e.g., gastric pain, gastric ulcers, bleedings), biologics
could be an alternative treatment option for AERD pa-
tients who do not tolerate aspirin desensitization.

Leukotriene and Prostaglandin Receptor Antagonists
Leukotrienes and prostaglandins are lipid mediators,
belonging to the family of eicosanoids, which play a key
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role in chronic inflammatory airway diseases [47]. Cys-
leukotrienes (leukotriene C4, D4, and E4) are produced
by various cells of the adaptive and innate immune sys-
tem and induce chemotaxis of inflammatory cells, bron-
choconstriction, mucus hypersecretion, airway wall ede-
ma, and remodeling. Prostaglandins (prostaglandin E2,
D2, F2a, and prostacyclin) are produced by prostanoid
synthases which are mainly expressed by innate immune
cells [47]. There is a large body of evidence showing that
prostaglandin D2 can mediate eosinophil infiltration,
bronchoconstriction, and cough in patients with asthma,
predominantly via the prostaglandin D receptor 2 (DP2;
formerly known as chemoattractant receptor-homolo-
gous molecule expressed on Th2 lymphocytes, CRTH2)
[48]. The LTRA montelukast was approved for the treat-
ment of asthma in 1997 and is still widely used in clinical
practice. However, montelukast is less effective than ICS
monotherapy in asthma. Furthermore, the addition of a
LABA is more effective than the addition of montelukast
in patients who are not well controlled with an ICS
monotherapy [49]. Finally, montelukast is neither ap-
proved for nor (in most cases) effective in patients with
severe asthma. Thus, montelukast is currently primarily
used as an alternative treatment option in patients with
mild or moderate asthma who are unwilling or unable to
use ICS or ICS/LABA treatment. Prostaglandin D2 and
its receptor (DP2) are upregulated in patients with severe
asthma (as compared with patients with mild-to-moder-
ate asthma) [50], and the number of submucosal DP2-
positive cells in the airways correlates with asthma sever-
ity [51]. Therefore, the development of DP2 antagonists
was eagerly awaited as a new oral treatment option, es-
pecially for patients with more severe asthma. Indeed,
phase 2 trials suggested that treatment with the DP2 an-
tagonist fevipiprant (QAWO039) is well tolerated, and as-
sociated with a reduction in sputum eosinophils [52] and
an improvement in lung function in those patients with
greater severity of airflow limitation (FEV, < 70% pre-
dicted) [53]. However, the large phase 3 trials with fe-
vipiprant (LUSTER 1 and 2: comparing doses of 150 mg
or 450 mg fevipiprant once daily with placebo) did not
reach the primary endpoint (reduction in the rate of
moderate-to-severe exacerbations compared to placebo
over a 52-week treatment period) and the development
of fevipiprant for asthma was stopped in 2019 (press
release on www.novartis.com on December 16, 2019).
Phase 3 trials with timapiprant, another oral DP2 antag-
onist [54], are ongoing. It is currently unclear whether
oral DP2 antagonists will become available in clinical
practice.
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Anti-IgE Antibodies

Allergen-specific immunoglobulin E (IgE) is a key
driver of allergen-induced exacerbations in patients with
allergic asthma [55]. The removal of IgE can reduce aller-
gen-induced IgE cross-linking on mast cells and, conse-
quently, improve asthma control [55]. Clinical trials [56]
and results from real-world studies [57] have demon-
strated that treatment with the anti-IgE antibody omaliz-
umab can substantially decrease exacerbation rates and
the use of OCS in patients with severe allergic asthma.
This led to the approval of omalizumab for this patient
population in Europe in 2005. However, anti-IgE treat-
ment with omalizumab was also effective in patients
without evidence of allergies [58], suggesting that other
mechanisms may contribute to the clinical effects of
omalizumab [59]. Indeed, another anti-IgE antibody,
ligelizumab, with stronger anti-allergic properties than
omalizumab, was not effective in clinical trials with pa-
tients with allergic asthma; the clinical development of
this antibody for asthma was stopped [60]. Surprisingly,
anti-IgE treatment with omalizumab was shown to en-
hance antiviral immunity via a downregulation of the
high-affinity IgE receptor on plasmacytoid dendritic cells
(pDCs) which are essential for antiviral immune respons-
es [61]. The PROSE (Preventative Omalizumab or Step-
Up Therapy for Severe Fall Exacerbations) study con-
firmed that the reduction of viral exacerbations in chil-
dren with asthma following omalizumab treatment is
mediated by a downregulation of the high-affinity IgE re-
ceptor on pDCs [62, 63]. In addition, omalizumab was
shown to be effective in the treatment of CsU, an autoim-
mune disease of the skin [26] (the anti-IgE antibody lige-
lizumab is even more effective in patients with CsU [64]).
In this disease, IgE antibodies are cross-linked by auto-
allergens in the skin (autoimmune type I) or by IgG auto-
antibodies against IgE (autoimmune type 2), resulting in
recurrent mast cell degranulation [65]. Of note, autoim-
mune mechanisms are postulated to contribute to the
pathogenesis of severe asthma [66]. Therefore, clinical ef-
fects of omalizumab treatment in patients with severe
asthma are probably explained by several mechanisms:
antiallergic effects, antiviral effects, and antiautoimmune
effects. In addition, the concept that the dose of omaliz-
umab needs to be adapted to the individual IgE serum
concentration has been challenged by the observation
that a fixed dose of omalizumab is effective in patients
with CsU [26] or allergic bronchopulmonary aspergillo-
sis [67] who have a large variety of IgE serum concentra-
tions. Thus, the example of omalizumab shows that bio-
logics have immune-modulatory effects which are far
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more complex than the suggested “straight stories” pub-
lished at the time of approval of the antibodies.

Anti-IL-5 and Anti-IL-5 Receptor Antibodies

Eosinophilia in the airways and in peripheral blood
was already described as a central feature of asthma more
than 100 years ago by Francis M. Rackemann [6]. He also
noted that patients with intrinsic (non-allergic) asthma
display higher eosinophil numbers than patients with ex-
trinsic (allergic) asthma [6]. The latter observation led to
the term “eosinophilic asthma” which is currently mainly
used for intrinsic asthma. As noted above, eosinophilia
can be the result both of the Th2 pathway and the ILC2
pathway of airway inflammation in asthma, making it a
general type 2 biomarker which occurs “downstream” in
inflammatory pathways in asthma [31]. Eosinophils play
a central pathogenetic role in asthma [56]. IL-5 is essen-
tial for the development, recruitment, and survival of eo-
sinophils; therefore, it is not surprising that antibodies
targeting IL-5 or its receptor were developed for the treat-
ment of asthma [68]. Since 2015, two antibodies targeting
IL-5 (mepolizumab and reslizumab) and one antibody
targeting the IL-5 receptor (benralizumab) were ap-
proved for the treatment of severe, eosinophilic asthma.
Treatment with mepolizumab or reslizumab leads to a
reduction in peripheral blood eosinophils (to “normal”
ranges between 50 and 150 cells/uL), whereas treatment
with benralizumab leads to a complete depletion of eo-
sinophils in peripheral blood (0 cells/pL for several weeks
after application) [24].

Clinical trials demonstrated that treatment with these
antibodies results in strong reductions in exacerbation
rates and improvements in asthma control and even lung
function in patients with severe asthma [69-71]. In addi-
tion, these antibodies lead to a substantial decrease in the
need for long-term OCS therapy [72, 73]. Blood eosino-
phils are currently the best predictor for a clinical effec-
tiveness of anti-IL-5-(R) antibodies in severe asthma —
the higher the blood eosinophil count, the higher the like-
lihood of a treatment response [74]. As in the case of
anti-IgE treatment, there are currently no significant ad-
verse effects or safety signals reported during anti-IL-
5-(R) treatment over a period several years [75, 76]. In
clinical practice, the vast majority of the patients treated
with these biologics do not report any adverse effects.
Even in patients with complete depletion of blood eosin-
ophils (benralizumab treatment) no safety signals have
been reported so far [76]. This led to the hypothesis that
eosinophils may not be necessary for normal functioning
of the human immune system (“appendix of the immune
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system”) [77]. However, long-term safety data for anti-
IL-5-(R) antibody treatment over a period of more than
10 years are currently not available. In addition, there are
currently no head-to-head studies comparing the clinical
effectiveness of the 3 anti-IL-5-(R) antibodies. There is
accumulating evidence suggesting that anti-IL-5-(R) an-
tibodies are most effective in patients with adult-onset
asthma [78]. Of note, treatment with anti-IL-5-(R) anti-
bodies such as mepolizumab and benralizumab can also
be effective in patients with evidence of hypereosinophil-
iaand/or vasculitis [79, 80], and in patients with CRSWNP
[81].

Anti-IL-4 Receptor-Alpha Antibody

The cytokines IL-4 and IL-13 are key mediators of air-
way inflammation in asthma [34]. However, clinical trials
using blocking antibodies either against IL-4 [82] or IL-
13 [83, 84] showed limited and inconsistent efficacy in
patients with severe asthma. In contrast, phase 2 trials
with the anti-IL-4 receptor alpha antibody dupilumab
which blocks both IL-4 and IL-13 (the alpha unit of the
IL-4 receptor is also part of the IL-13 receptor) demon-
strated substantial beneficial effects on exacerbation
rates, asthma control, and lung function in patients with
severe asthma [85]. This was confirmed by phase 3 trials
[86]. In addition, it was shown that dupilumab treatment
decreases the need for long-term OCS therapy [87]. These
data led to the approval of dupilumab for the treatment
of severe asthma in 2019. Dupilumab can be effective
both in patients with early-onset, allergic asthma (the typ-
ical target population of the anti-IgE antibody omalizu-
mab) and in patients with adult-onset, non-allergic asth-
ma (the typical target population of anti-IL-5-(R) anti-
bodies). Given this broad potential target population,
biomarkers appear to be even more important in the case
of dupilumab to predict the clinical responses. In contrast
to the anti-IL-5-(R) antibodies (with one main predictor
of a clinical response: eosinophils), there are currently
two predictors of a dupilumab treatment response: either
ablood eosinophil count >150 cells/pL blood or an FeNO
value >25 ppb [86]. The latter biomarker (FeNO) was part
of the approval by the European Medical Agency (EMA);
thus, dupilumab is the first compound in asthma history
which is approved in conjunction with a FeNO measure-
ment.

Of note, dupilumab was not only approved for the
treatment of severe asthma, but also for the treatment of
AD [28, 88] and CRSWNP [27]. In the study which led to
the approval of dupilumab for CRSWNP [27], dupilumab
was also very effective in the subpopulation of patients
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with aspirin-exacerbated disease (AERD) [46]. Thus, as
already mentioned for other biologics, these compounds
do not only have minimal or even absent side effects (low
“collateral damage”), but can also have substantial ben-
eficial effects on typical comorbidities (high “collateral
efficacy”). It is still puzzling that biologics can have sim-
ilar clinical effects on asthma, although the effects on
measured biomarkers are very different (Fig. 3). For in-
stance, blood eosinophil counts are strongly reduced
during anti-IL-5-(R) antibody treatment, but increase
temporarily during dupilumab treatment (Fig. 3). The
latter effect has been explained by an inhibition of the
expression of VCAM-1 and ICAM-1 which is dependent
on IL-4 receptor alpha and essential for eosinophil ex-
travasation [34].

Antibodies Targeting Epithelial Cytokines (TSLP,

IL-33, IL-25)

The biologics described above inhibit mediators (IL-
4, IL-13, IL-5) or antibodies (IgE) which are “down-
stream” in the inflammatory pathways of asthma. Some
patients treated with these biologics do not respond to
these therapies (“non-responders”) or exhibit only a par-
tial response (“partial responder”) [89]. Therefore, new
and possibly more effective immune-modulatory strate-
gies for asthma are currently explored. One concept is to
block epithelial cytokines which are “upstream” of the
inflammatory pathways, namely TSLP, IL-33, or IL-25.
These mediators are released from epithelial cells in re-
sponse to a broad array of stimuli, including allergens,
mechanical injury, infective agents, or proteases, and
promote type 2 cytokine responses [90, 91]. Blocking
these mediators bears the risk of infections, because these
epithelial mediators are not only important for inflam-
matory processes in asthma, but also for the prevention
of infections [92]. TSLP, a member of the IL-2 cytokine
family, can activate both Th2 cells and ILC2, whereas IL-
33, a member of the IL-1 cytokine family, is a particu-
larly potent activator of ILC2 [90]. The role of IL-25, a
member of the IL-17 cytokine family, in asthma is cur-
rently less clear. Human data on the role of IL-25 in asth-
ma are limited and antibodies targeting IL-25 are in a
very early stage of development [90]. In contrast, there is
accumulating evidence from clinical studies that treat-
ment with antibodies against TLSP and IL-33 might be
beneficial and safe in patients with asthma. A phase 2
trial exploring 3 different doses of the anti-TSLP anti-
body tezepelumab in patients with severe asthma dem-
onstrated a strong decrease in exacerbation rates, even in
those patients treated with the lowest dose [93]. Notably,
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Fig. 3. Changes of asthma biomarkers during a treatment with bi-
ologics: blood eosinophil counts, FeNO values, and total IgE serum
concentrations during treatment with anti-IgE (omalizumab),
anti-IL-5-(R) (mepolizumab, reslizumab, benralizumab), anti-
IL-4/13 (dupilumab), or anti-TSLP (tezepelumab) in published
clinical trials with patients with severe asthma.

the effect of tezepelumab was independent from base-
line type 2 markers such as eosinophils or FeNO [93]. In
addition, tezepelumab is the first biologic that reduces all
three asthma biomarkers: eosinophils, FeNO, and total
IgE in serum (Fig. 3). Finally, there were no safety sig-
nals in this trial, especially no increase in infections in
tezepelumab-treated patients [93]. A small phase 2a
trial (NCT03469934) demonstrated that a single dose
(300 mg intravenously) of the anti-IL-33 antibody eto-
kimab can resultin an improvement in lung function and
asthma control in adult patients with severe eosinophilic
asthma [94]. Of note, beneficial effects of etokimab were
also shown in phase 2 trials in patients with atopic der-
matitis [95] and in patients with peanut allergy [96]. In
addition, an antibody blocking the IL-33 receptor ST2
(MSTT1041A) is currently being tested in a phase 2a
asthma trial [24]. However, phase 3 trials with teze-
pelumab or etokimab (or antibodies targeting the recep-
tors of TSLP or IL-33) have not yet been published, and
these compounds are not yet approved for the treatment
of asthma or other conditions.

Other Potential Future Options for Immune

Modulation in Asthma

It has been shown as feasible to reduce allergen-in-
duced airway inflammation via inhalation of a DNA en-
zyme that targets the type 2 master transcription factor
GATA3 (which is expressed both by Th2 cells and by
ILC2) [97]; phase 3 trials with this compound are cur-
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rently lacking. Impaired interferon (IFN) responses
contribute to the pathogenesis of viral exacerbations in
asthma [98]. Therefore, inhalation of IFN-beta has been
discussed as a potential treatment of asthma exacerba-
tions. However, clinical trials exploring the effects of in-
haled IFN-beta on asthma exacerbations did not show
consistent benefits [99, 100]. In contrast, there are en-
couraging early-phase clinical studies with nebulized
ensifentrine, an inhaled dual phosphodiesterase (PDE)
3/4 inhibitor, in patients with asthma [101]; this com-
pound will also be tested in patients with COPD [102].
It is well established that farm-like indoor microbiota
protect children from asthma development [103].
Therefore, interventions targeting the microbiome dur-
ing infancy are currently explored to prevent and to treat
asthma [104, 105]; clinical applications of this concept
are not yet available.

Potential Options for “Type 2 Low Asthma”

A minority of patients with severe asthma do not dis-
play any type 2 marker and do not respond to biologics
that target type 2 pathways (“type 2 low asthma”). There-
fore, it is important to explore new treatment options for
this patient population. One potential future option for
these patients is a treatment with antibodies targeting ep-
ithelial cytokines such as tezepelumab [93], as mentioned
above. There are, however, a number of additional poten-
tial immunologic targets in patients with type 2 low asth-
ma [36]. For instance, anti-IL-6 antibodies, which have
already been approved for the treatment of rheumatoid
arthritis, could become a treatment option for a type 2 low
asthma subpopulation with an IL-6-dominated pheno-
type [106]. Anti-IL-17 antibodies, which have already
been approved for the treatment of psoriasis, might be
helpful in patients with enhanced IL-17 expression and
features of a psoriasis immunophenotype [107]. Results
of a phase 2 trial with the anti-IL17 antibody CJM112
in patients with inadequately controlled moderate-to-
severe asthma will be published in the near future
(NCT03299686).

Conclusions

Asthma treatment concepts have profoundly changed
over thelast 20 years, from standard therapeutic regimens
for all patients with asthma towards individually tailored
interventions targeting specific asthma endotypes or phe-
notypes. A precise and highly effective immune modula-
tion with minimal adverse effects plays a central role in
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this new concept. Indeed, there have been major advanc-
es in the treatment of asthma with immune-modulatory
compounds (such as biologics for severe asthma) in the
last 2 decades. New immune-modulatory strategies are
expected to enter clinical practice in the future, especially
for those patients with treatment-resistant asthma.
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