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Preface

This Reprint presents a collection of manuscripts highlighting the impact of novel therapies
on allergic diseases including asthma, atopic dermatitis (AD), chronic spontaneous urticaria
(CSU), and idiopathic hypereosinophilic syndrome, with featured studies ranging from animal
experimental models to human clinical studies. Biologics signify an important breakthrough in
allergy management by focusing on specific molecules and pathways related to allergic inflammation,
providing a more tailored and effective alternative to traditional therapies. They function by
disrupting essential immune responses, including the inhibition of IL-5 and IL-4/IL-13 and TSLP. This
collection of manuscripts serves as a helpful resource for researchers, clinicians, and policymakers

seeking to advance patient care and enhance outcomes

Luis Manuel Teran
Guest Editor
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Review
Biologic Therapies for Asthma and Allergic Disease: Past,
Present, and Future

Fernando Ramirez-Jiménez , Gandhi Fernando Pavén-Romero, Juancarlos Manuel Veldsquez-Rodriguez,
Mariana Itzel Lépez-Garza, José Fernando Lazarini-Ruiz, Katia Vanessa Gutiérrez-Quiroz and Luis M. Teran *

Immunogenetics and Allergy Department, Instituto Nacional de Enfermedades Respiratorias Ismael Cosio
Villegas, (INER), Mexico City 14080, Mexico
* Correspondence: teranjlm@gmail.com

Abstract: The discovery of the mechanism underlying allergic disease, mouse models of asthma, and
bronchoscopy studies provided initial insights into the role of Th2-type cytokines, including interlukin
(IL)-4, IL-5 and IL-13, which became the target of monoclonal antibody therapy. Omalizumab,
Benralizumab, Mepolizumab, Reslizumab, and Tezepelumab have been approved. These biologicals
have been shown to be good alternative therapies to corticosteroids, particularly in severe asthma
management, where they can improve the quality of life of many patients. Given the success in
asthma, these drugs have been used in other diseases with type 2 inflammation, including chronic
rhinosinusitis with nasal polyps (CRSWNP), atopic dermatitis, and chronic urticaria. Like the Th2-
type cytokines, chemokines have also been the target of novel monoclonal therapies. However, they
have not proved successful to date. In this review, targeted therapy is addressed from its inception to
future applications in allergic diseases.

Keywords: asthma; biologic therapies; monoclonal antibodies; cytokines; chemokines

1. Introduction

The discovery of murine T helper 1 (Th1) and T helper 2 (Th2) cell clones has had a
high impact on the development of novel therapeutic targets for allergy disease. In 1986
Mossman and Coffman reported that Th1 clones produced interferon (IFN)-y while Th2
clones released IL-4 [1]. Soon after, it was demonstrated that Th2 clones produced IL-5,
IL-6, and IL-10 [2]. Th1 clones were involved in helper activity for cell-mediated immunity,
while Th2 clones stimulated B-cell development and antibody production. In parallel,
the nomenclature of type-2 (T2) cytokines began to be used to describe the immunologic
effect of these cytokines [2]. Currently, type-1 cytokines are IFN-y, IL-2, and IL-12 while
type-2 cytokines include IL-4, IL-5, IL-6, IL-10, and IL-13. By undertaking bronchoscopy
studies, other researchers and we demonstrated that type 2 cytokines are produced in the
airways of allergic asthma patients [3-5]. More recently, two specific endotypes, including
type 2 high- and low asthma, were described in both allergic and nonallergic eosinophilic
asthma, respectively. Allergic asthma involves the production of cytokines such as IL-4,
IL-5, and IL-13 produced by the classic Th2 cells, whereas in nonallergic asthma, the airway
epithelium release mediators such as thymic stromal lymphopoietin (TSLP) IL-25, and
IL-33 upon activation of pollutants or allergens; these cytokines, in turn, activate innate
lymphoid cells—type 2 (ILC-2) to release IL-4, IL-5, and IL-13 [6].

The first report of successful therapy with murine monoclonal antibodies in humans
was in 1982 in a patient with lymphoma [7], and the first therapeutical murine monoclonal
antibody was approved in 1986 for the prevention of kidney transplant rejection. However,
it was not until the late 1990s that chimeric monoclonal antibodies were approved and
marketed [8]. The development of mAbs has played an important role in the therapy of
different disorders, with no exception in the treatment of immune allergic diseases, mainly
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asthma and skin diseases such as chronic urticaria and atopic dermatitis. Therapeutic
mADbs are typically immunoglobulin (Ig) G isotypes; they can be murine (suffix: -omab),
chimeric (suffix: -ximab), humanized (suffix: -zumab), or human (suffix -umab) [9].

Asthma has been one of the main objectives in developing mAbs for immunoallergic
respiratory diseases; however, the pathophysiology shared between this and other diseases
have allowed its use in other conditions, with indications approved by consistent trials.
Asthma is a chronic airway disease. It is characterized by variable expiratory airflow limita-
tion and clinically represented by cough, wheezing, shortness of breath, and chest tightness.
Asthma is a heterogeneous condition in both children and adults; scientific advances in
recent decades have made it possible to understand this heterogeneity, describe disease
pathogenesis, and develop new therapeutic strategies, especially in severe diseases [6].
An important molecular mechanism of asthma is type 2 inflammation, which occurs in
many but not all patients. The cells involved in type 2 immune response of the airway are
Th2 cells, IgE-producing B cells, ILC2s, mast cells, basophils, and eosinophils. This type
of inflammation is characterized by the production of interleukin (IL)-4, IL-5, and IL-13,
which are produced and released by cells of the adaptive and innate response, such as Th2
and ILC2s, respectively; ILC2 are activated by epithelial damage through the release of
TSLP, IL-25, and IL-33 [10].

Soon after the demonstration of the role of Thl and Th2 cells, a novel family of
chemotactic cytokines began to be unraveled, which was named “the chemokines.” These
cytokines have been subdivided into four subfamilies based on the position of either one
or two cysteine residues located near the N-terminus of the protein: CXC, CC, C, and
CXXXC. subfamilies that exert their activity through specific chemokine receptors. Among
these chemokines, the CCL family attracted [11] the most attention as it exerted potent
quimiotactic activity for eosinophils and lymphocytes. Using the endobronchial allergen
challenge, we demonstrated that eosinophil-activating CCL chemokines MIP-1x (CCL3),
RANTES (CCL5), and MCP-3 (CCL7) were released into the airways of asthmatic patients;
levels of these cytokines peaked at 4 h and declined at 24 h [12]. Subsequently, Brown et al.
showed that eotaxin-1 (CCL11) also has a similar release; levels of CCL11 peaked at four
hours and declined at 24 h after the allergen challenge [13]. Interestingly, our model of
asthma using endobronchial challenges demonstrated that IL-5 shows different kinetics
of release compared with chemokines [3]. Levels of IL-5 increase gradually in BAL fluid,
which peaks 24 h after the challenge, suggesting that IL-5 may maintain lung eosinophilia
whereas chemokines may exert biological activity for a shorter time (4-fold lesser length of
time). Our IL-5 study was undertaken up to 24 h following an allergen challenge, and it is
not known whether IL-5 may be produced locally for a longer period of time.

Chemokines exert their activities by binding chemokine receptors which belong to
the G-protein-coupled receptors (GPCRs). These receptors have become one of the most
successful therapeutic targets, and they account for approximately one-third of all Food and
Drug Administration (FDA)-approved pharmaceutical drugs. Thus, chemokine receptors
are promising drug targets in allergy [14]. The chemokine receptor (CCR)3 attracted the
most attention since the discovery of chemokines as it is expressed on eosinophils and
Th2 lymphocytes and serves as a receptor for CCL5, CCL11, CCL24, and CCL26 [11,15].
Indeed, CCR3-null mice and eotaxin-1 and eotaxin-2 double-knockout mice abolished up to
~99% of allergen-induced airway eosinophilia [15]. Chemokine receptors expressed on Th2
lymphocytes have also been investigated, including CCR4 and CCRS8 [14]. CCL17 (TARC)
and CCL22 (MDC) are ligands for CCR4, while CCL1 (I-309) binds CCRS, and these three
ligands have been associated with asthma [16-18]. The pharmaceutical industry has devel-
oped antagonists which also target CCR3, CCR4, and CCRS. For example, GSK developed
the molecules GW824575 and GSK2239633, which target CCR3 and CCR4, respectively.
However, they did show efficacy in asthma [19]. To date three drugs targeting chemokine
receptors have been approved: an anti-CXCR4 antagonist that mobilizes hematopoietic
stem cells and is used in oncology (plerixafor), a CCR5 antagonist used for HIV treatment
(maraviroc), and a monoclonal-antibody CCR4 antagonist for the treatment of mycosis fun-
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goides or Sézary syndrome (mogamulizumab) [20]. The novel CCR3 antagonist, R321, has
been developed, and it is currently under investigation. R321 inhibits G-protein-mediated
processes and promotes the endocytosis and degradation of CCR3 [21].

Targeted therapy through mAbs has been focused on mitigating the biological effect of
substances produced in type 2 inflammatory response. Here, novel anti-cytokine therapies
for asthma and allergy disease are reviewed (Figure 1).
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Figure 1. Cells, cytokines, and mediators involved in asthma pathophysiology and the mechanisms
of targeted therapy that have been approved in asthma.

2. Omalizumab

Omalizumab (Xolair®, before called rhuMab-E25) is a recombinant humanized mon-
oclonal antibody that binds directly to the Fc portion of the circulating IgE, preventing
the activation of mast cells and basophils, and the release of histamine and tryptase,
responsible for the clinical symptoms of atopic disease [22,23]. Moreover, by reducing
serum-free IgE, Omalizumab downregulates FceRI expression on mast cells, basophils,
dendritic cells, and IgE-CD23 [24]. Omalizumab was first tested in vitro models as well
as animal models [25,26]. At the end of the 20th century, the first randomized, double-
blind, placebo-controlled clinical trials were carried out in the United States. They showed
that Omalizumab decreased corticosteroid consumption compared to placebo. However,
statistically significant results were not obtained [27].

Omalizumab for asthma and allergic rhinitis. The first double-blind placebo-controlled
randomized clinical trial in asthma was published in 1997. The response to Omalizumab
treatment was evaluated in a group of patients diagnosed with mild asthma who had at
least one allergic sensitivity (mainly dust mites, cat epithelium, and grasses). A weekly
dose of 0.5 mg/kg was administered as a 5-min intravenous infusion for 9 weeks. The main
result was the decrease in serum IgE levels within the first doses, as well as the decrease in
symptoms (shortness of breath, chest tightness, wheezing, cough, and sputum) in relation to
the allergen challenge. However, no difference was shown in lung function tests compared
to the control group [28]. In that same year, the first study was carried out to evaluate the
effectiveness in the management of allergic rhinitis; 240 patients from 7 different centers
in the United States were included, all of them with allergic sensitivity to ragweed. They
were divided into five groups with different doses and routes of administration over
12 weeks period. Weekly doses were administered in the first 2 weeks and then biweekly,
the safety of this treatment was demonstrated in this trial, and no difference was found
in pharmacokinetics properties when administered intravenously or subcutaneously [29].
However, these studies did not show significant differences in control of asthma or rhinitis
symptoms compared to control groups. It was until 1999 that the first trial was published
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in moderate and severe asthma, in patients aged between 11 to 50 years., who required
management with inhaled and systemic corticosteroids and in whom allergic sensitivity
to at least 2 aeroallergens was proven; the effectiveness of Omalizumab treatment was
evaluated in a period of 20 weeks administering a dosage schedule during the first week:
on days 0 (half dose), 4 (half dose) and 7 (full dose) with additional biweekly doses, using
2 different treatment schemes: high dose (5.8 mcg/kilogram/ng of Ig/mL) or low dose
(2.5 mc/kilogram/ng of IgE/mL), it was reported a 40% difference in symptoms in the
low-dose group (p = 0.005) and 42% in the high-dose group (p = 0.008) compared to control
group, also the need for systemic corticosteroids was reduced by 50% and 65% in high-dose
group (p = 0.045) and low-dose group (p = 0.11), respectively; Moreover, a single dose of
Omalizumab rapidly reduced serum free IgE serum concentrations by more than 95% [27].

The first trial conducted in Europe (Sweden, Finland, and Norway) was published in
2000. In this study, 251 patients diagnosed with allergic rhinitis sensitive to birch pollen
were divided into two treatment groups. In the first one, patients with serum IgE levels less
than 150 IU/mL received 300 mg of subcutaneous Omalizumab at weeks 0 and 4 while the
second group with serum IgE levels above 150 IU/mL also received 300 mg of subcutaneous
Omalizumab over 6 weeks period a (weeks 0, 3 and 6). The safety of this treatment was
demonstrated, as well as a decrease in the need for treatment of antihistamine rescue.
Moreover, patients having Omalizumab showed a statistically significant difference in
symptoms as well as in the quality of life compared to the control group [30]. Similarly,
asthmatic children (334 children aged 6 and 12 years) treated with omalizumab significantly
reduced the use of a daily dose of inhaled corticosteroids (ICS), and the withdrawal of this
medication was greater in those with Omalizumab compared with placebo (55% vs. 39%,
respectively; p = 0.004) [21]. Serum IgE levels ranged from 30 to 1300 IU/mL; however,
following treatment, levels of this immunoglobulin decreased by 95-99% on average [31].
Omalizumab dose was given at 0.016 mg/kg/IgE [IU/mL] per 4 weeks.

The first systematic review by the Cochrane collaboration was published in 2004,
which included the results of 8 studies and 2037 patients with a diagnosis of moderate to
severe asthma, where a decrease in the need for systemic corticosteroid uses by 50% (OR
2.44,95% CI 1.93-3.08). Likewise, a lower probability of presenting asthma exacerbation
was demonstrated in patients treated with omalizumab (OR 0.47, 95% CI 0.37-0.6) [32].

Omalizumab in other diseases. Omalizumab has proved useful in chronic urticaria.
The first series of 3 patients diagnosed with chronic urticaria, with variable levels of serum
IgE, who did not improve with conventional treatment, was published in 2007. Chronic
spontaneous urticaria (CSU) is defined as the development of wheals, angioedema, or both
that last for at least 6 weeks. 50% of these patients have an autoimmune background with
either an anti-IgE or anti-IgE receptor triggering the release of histamine; Theoretically,
the mechanism by which patients with chronic urticaria can benefit from Omalizumab is
due to the decrease in the expression of specific receptors for IgE, so anti-IgE and anti-IgE
receptor antibodies cannot trigger their function [33]. The first meta-analysis of randomized
clinical trials comparing using omalizumab versus placebo in the management of chronic
urticaria showed that patients treated with omalizumab had remission rates, defined as
a UAS (urticaria activity score 7) of 0, up to 36% after treatment with doses of 300 mg
subcutaneous every 4 weeks for 24 weeks. Likewise, it was shown that there is a safety
profile similar to that found in a placebo. (RR, 6.55; 95% CI, 4.17-10.28; p < 0.00001) [34].
In the most recent systematic review, it is shown that using omalizumab at a dose of 300
mg every 4 weeks is related to an improvement in quality of life, evaluated by the result
obtained by the chronic urticaria quality of life questionnaire. (Mean difference —4.03; 95%
CI —5.56 to —2.25) [35].

The administration of omalizumab before the start of allergen-specific immunotherapy
in patients with allergic asthma, in whom symptoms persisted after administering optimal
doses of inhaled steroid, showed a decrease in allergic reactions induced by allergen-specific
immunotherapy, compared with placebo (13.5% vs. 26.2; p = 0.017; 95% CI 2.91-22.56%);
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Likewise, using Omalizumab increased the rate of patients who reached maintenance dose
(87.3% vs. 72.1%, respectively; p = 0.004) [36].

Doses and eligibility criteria (Figure 2). The safety and efficacy of Omalizumab have
been evaluated, and it has been approved for use in individuals over 6 years of age with
a diagnosis of moderate to severe allergic asthma and in whom allergic sensitivity has
been demonstrated by an objective method: these patients did not achieve control of their
symptoms after management with high-dose of inhaled corticosteroids (ICS) and serum IgE
levels between 30-700 IU/mL (in patients older than 12 years) or between 30-1300 IU/mL
(in patients 6 to 11 years old) [37]. According to the guidelines published by the global
initiative for asthma, the eligibility criteria for this type of therapy in asthma are allergic
sensitization (determined by skin prick test or by specific IgE), total serum IgE, and weight
within the dose range, and asthma exacerbations during the past year. Likewise, the
predictors of good response are serum eosinophils > 260/ pL, fraction exhaled nitric oxide
(FeNo) > 20 ppb, allergen-driven symptoms, and childhood-onset asthma [38]. The dose of
Omalizumab is determined by the serum levels of IgE before biological treatment as well
as the weight of each patient, calculated based on 0.016 mg/kg per IU of IgE, with doses
for patients older than 12 years between 150-375 mg, subcutaneously every 2-4 weeks, and
between 75 and 375 mg every 2 to 4 weeks in patients between 6 and 12 years of age [39].

DOSING INTERVAL FOR ASTHMA

otHER  Weels 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
i INDICATIONS
' 75-375mg
Indications A 2to 4 weeks
* Documented sensmmy toa 1 Nasalpolyps depending
perennial allergen. 1+ 150-375mg SC & & & & & & &/ onigElevel
o IgE 30to 700 Ul/mL in United | 924wk and body
States; 30to 1500 Ul/mLin 4 * Chronic idiopathic i weight
Eump‘e_ : y  urticaria: 75-600 mg
o Patentsgyears. LT IS S S S S
.
. 1 o Eosinophilic
Mepolizumab 1 ganulomatosiswith  100mg
anti IL-5 ' W'valg‘:vriamm( -
o i " %
oS (Nucala®) e Hy:ermsmophiht / /
Indk.:ov\; oo } syndrome: 300 mg SC 4 & ~ A 7 (~, A/
« Peripheral blooe 1 g4w 1% 4 7 / 7 J
eosinophils 2150 cels/mm* ¥ o Chronic rhinosinusitis Ji /i / / / / /
o Patients 26 years. + with nasal polyps:
I 100 mg SC adwk
______________ e e - - -
!
Benralizumab | 30mg > > >
anti IL-5Ra ] ! A ol
(Fasenra™) ' ¢ i i -
Indications !« Does not apply. / / / / /
* Peripheral blood '
GLOBAL eosinophils 2150 cels/mm”. | / ; / CLINICAL
INDICATION FOR S DRR 2 year L ' g 4 OUTCOMES FOR
MSTHMANEENN & --------------- - e e e e e e G SRS LSS LSS SRS S i ASTHMA
' Flrst week, - / /
9 = * Chronic rhinosinusitis s
Incomplete symptom ?s‘;:’::e:ﬁc; 1" withnasaipobps: (RIS Reduce asthma
: p ®, ! 100mgSC i
control with high- Indications oo IS 505.('.'3,',,.‘..:‘“ / Up n;z exacerbations.
. o Peripheral bloo 300 me« zon =
dose inhaled eosiooghls S0 celsn’. s st
glucocorticoid o Patients 212 years. . angu nDdulans Improve lung
.
------------- R UL TT function.
therapy. Tezepelumab : Al /
anti TSLP . »‘__ 4 o 7o ; o
(Tezspire™) ! ,;/ // # 7.' 7/ L £ [Ty Reduce oral
Indications / / / - "
« For patients ith 1+ Does not apply 4 {/ }7 / week 52 corticosteroid use.
eosinophilic or : /
noneosinophilic phenotype. 4
o Patients 212 years. E Ps @ Improve quality of
! Weeks 10l il gl e 2 L 16 1B R0 DD 24 26 28 life.
. Subcutaneous tissue
:
. =
E DOSING INTERVAL FOR ASTHMA
............... e e e e e e e e e e e i S8
\
. 3mg/k
Restizuns: QU yincaencus ? > >
= i infusion over - U , d P74
(Cinqair®) : EUR 00 /7 g 7 2 A
Indications 1 Does not apply minutes
S enphealbood : / / / / / / /
cosipophis 2400cels/ j
mm :
* Patients 218 years. '
' O L ]
3 Q O = - - - - = g > - 5 i - o
jeeks oﬂm&m‘ 4 5 6 a 10 12 V\14e 36 Je 20 2y u % o %

DOSING INTERVAL

Figure 2. Doses and eligibility criteria of targeted therapy that has been approved for asthma.

3. Mepolizumab
Mepolizumab (Nucala® before called SB-240563) is an N-glycosylated IgG1 (k) an-

tibody that binds to human IL-5 preventing its interaction with the « chain of the IL-5
receptor complex expressed on the cell surface of eosinophils. This cytokine is responsible
for the growth, differentiation, activation, recruitment, and survival of eosinophils [40].
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Mepolizumab in asthma. The phase 2 trials of Mepolizumab were conducted in early
2002 as a potential treatment for asthma and atopic dermatitis [41]. While in 2000, Leckie
et al. demonstrated that a single intravenous infusion of Mepolizumab in patients with
allergic asthma reduced the number of circulating blood eosinophils, with suppression
maintained over 16 weeks, with no significant effect on the late asthmatic response to aller-
gen challenge or on airway hyperresponsiveness to inhaled histamine [42]. Subsequently,
it was demonstrated that Mepolizumab suppresses eosinophils in blood and sputum but
did not affect T-cell activation [43]. A significant reduction in bronchial and bone mar-
row eosinophil counts was seen in patients with mild atopic asthma after three doses of
Mepolizumab IV. Additional changes seen in this study include a significant reduction
in tenascin thickness, luminal density, procollagen III density, and bronchial mucosal
eosinophils expressing Transforming growth factor-beta 1 (TGF-31) mRNA [44—46].

In 2007, Flood-Page et al. reported the use of three doses of Mepolizumab in subjects
with moderate to severe asthma with persistent symptoms despite treatment with ICS
reaching a 50% reduction in the exacerbation rates but without significance [47]. It was
until 2009 that Haldar et al. associated Mepolizumab with significantly fewer exacerbations
of refractory eosinophilic asthma (RR: 0.57; 95% CI, 0.32-0.92; p = 0.02) and increased
asthma-related quality of life in these patients (mean 0.35%; 95% CI, 0.08-0.52; p = 0.02), by
suppressing eosinophilic airway inflammation, suggested a causal link with the exacerba-
tions. Nevertheless, there was no significant difference in lung function, asthma symptoms,
and FeNO [48]. Nair et al. demonstrated a significant reduction in prednisone use without
a clinical exacerbation and a decrease in eosinophil number [49]. In DREAM (Dose Ranging
Efficacy and Safety with Mepolizumab) study in severe asthma reported that the use of
anti-IL-5 represented an important treatment option in patients with severe eosinophilic
asthma [50]. Ortega et al. performed a cluster analysis to identify distinctive characteristics
within subgroups of patients included in the DREAM trial. Higher decrease in exacerba-
tions was observed in the patients treated with Mepolizumab and elevated eosinophils.
The low airway reversibility was associated with a reduction in exacerbations by 53% in the
non-obese compared with obese patients [51]. The route of administration was suggested to
influence the response to Mepolizumab. The double-blind study, Mepolizumab as adjunc-
tive therapy in patients with severe asthma (MENSA), demonstrated a reduction by 47%
of the exacerbations rate in intravenous administration and by 53% in patients receiving
subcutaneous SC, both being significantly (p < 0.001) [52]. In another study, Ortega et al.
demonstrated that Mepolizumab produced a clinical reduction in the exacerbation rate
and an improvement in asthma control and quality of life (measured by SGRQ) in patients
with severe eosinophilic asthma who had at least two exacerbations in the previous year
and had a baseline blood eosinophil threshold of a minimum of 150 cells/ mm? [53]. In a
randomized, double-blind, placebo-controlled, parallel-group, multicenter, phase 3b trial
(MUSCA), Mepolizumab was associated with an important improvement in health-related
quality of life, asthma control, lung function, and asthma symptoms [54]. Mepolizumab
demonstrated comparable efficacy with Benralizumab, reducing the exacerbations and
improving pre-bronchodilator forced expiratory volume in 1 s (FEVy) [55].

In 2018, Henriksen et al., in a systematic review and meta-analysis, reported a signifi-
cant clinical improvement in exacerbation rate and oral corticosteroids (OCS) reduction
with Mepolizumab and Reslizumab equally, besides improvement in FEV;, asthma control
and asthma-related quality of life, with no differences between both drugs in efficacy and
safety measures [56]. Kelly E. et al. described that the exacerbation events in Mepolizumab
treatment were less severe in terms of symptoms and less responsive to prednisolone,
associated with a lower induced sputum eosinophil count compared with placebo [57]. In a
multicenter, open-label, long-term safety study (COLUMBIA), patients who participated in
the DREAM study with severe asthma reported injection-site reactions and headaches [58].
In 2019 Carpagnano et al. reported the efficacy of Mepolizumab in patients with severe
uncontrolled asthma and diagnosed bronchiectasis, suggesting that the presence of these
could be a criterion to identify an emerging phenotype of severe eosinophil asthma [59].
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Claude S. et al. showed the ability of Mepolizumab to improve small airway function,
associated with clinical control of the disease [60].

Mepolizumab in other diseases. Mepolizumab function by blocking IL-5 and makes it a
candidate to treat various eosinophil-associated disorders. Most investigated are CRSWNP,
eosinophilic esophagitis, hypereosinophilic syndrome (HES), eosinophilic granulomato-
sis with polyangiitis, allergic bronchopulmonary aspergillosis and eosinophilic chronic
obstructive pulmonary disease. In 2004, a study demonstrated that anti-IL5 appeared to
be safe in 4 patients with manifestations of hypereosinophilic syndromes, suggesting that
Mepolizumab may exhibit a steroid-sparing effect in the disease [61]. Consistent with this
observation, Roufosse et al. demonstrated that 750 mg of once a month of Mepolizumab
produced satisfactory results in HES patients [62]. In phase 3, a randomized, placebo-
controlled trial, it was further demonstrated a 50% reduction in HES symptoms during
32 weeks of treatment compared with a placebo [63]. Interestingly, patients treated with
750 mg of Mepolizumab monthly who were receiving topical corticosteroid therapy and
had severe, recurrent bilateral nasal polyps showed a significant improvement in efficacy
outcomes after 9 weeks of treatment compared with placebo-treated patients [64]. Cava-
liere et al. presented a case report associated with an improvement in olfactory capacity
after 4 months of treatment [65]. About eosinophilic esophagitis (EoE) is an eosinophilic
inflammation of the esophagus. The first trial with Mepolizumab treatment was in 2010,
with a significant reduction in esophageal eosinophilia after 4 weeks of Mepolizumab
treatment; also reduced the expression of TGF-31 and tenascin C (TN-C) in the esophageal
epithelium after 13 weeks of treatment [66]. However, a systematic review and network
meta-analysis that compared the efficacy of six pharmacologic treatments, budesonide sus-
pension, and couscous, fluticasone, esomeprazole, prednisone, Mepolizumab, and placebo,
found viscous budesonide, to be the most effective therapy for EoE [67].

Doses and eligibility criteria (Figure 2). According to Global Strategy for Asthma
Management and Prevention (GINA) 2022, the doses approved for patients with 12 years
and older are 100 mg SC every 4 weeks, and for patients with 6 to 11 years, a dose of
40 mg SC every 4 weeks, both with a minimum of 4 months of treatment. The eligibility
criteria vary but usually include the number of severe exacerbations in the last year and
blood eosinophils (>150 or >300/m) with a different cut point for patients with OCS.
Potential predictors of good response the higher blood eosinophils, higher number of
severe exacerbations in previous years, adult-onset asthma, nasal polyposis, maintenance
of OCSs at baseline, and low lung function (FEV; < 65% predicted in one study) [38].

4. Reslizumab

Reslizumab (Cinqair®, before SCH55700) is an IgG4/k humanized monoclonal an-
tibody composed of the complementarity-determining regions of a murine antibody to
human IL-5. It neutralizes circulating IL-5 by preventing its binding to eosinophils [68].

Reslizumab for asthma. Pre-clinical trials showed that reslizumab inhibited both
pulmonary eosinophilia and airway hyperresponsiveness [69]. The first clinical trial was
developed in 2003 that showed a decreased blood eosinophils dose-dependently, with a
single dose of 1.0 mg/kg—the decrease remained significant up to day 30; a trend toward
improvement in baseline FEV; was observed too, but no significant changes occurred in
other clinical indices of disease activity [69]. In 2011, Castro et al. conducted the first
controlled clinical trial in which they identified a phenotype of patients with asthma who
benefited from anti-IL-5 therapy. They documented a reduction in eosinophils, and an
improved level of asthma control and airway function, particularly in patients with higher
ACQ scores and nasal polyps [70].

The same group undertook two clinical trials in phase 3 and reported a significant
frequency reduction in asthma exacerbations in patients with asthma and blood counts of
eosinophil > 400 cells/ uL that receive intravenous Reslizumab (3.0 mg/kg) every 4 weeks
for 1 year (RR, 0.50; 95% CI: 0.37-0.67) and (RR, 0.41; 95% CI: 0.28-0.59) in each study
(both p < 0.0001) compared with those receiving placebo, these studies could show sig-
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nificant changes in FEV, Asthma Quality of Life Questionnaire (AQLQ), Asthma Con-
trol Questionnaire-7 (ACQ-7), Asthma Symptom Utility Index (ASUI) scores, and blood
eosinophil count at 16 and 52 weeks of treatment [71]. One year later, Corren et al. reported
the results of another randomized, double-blind, placebo-controlled, phase 3 trial in the
United States. They conducted the study in a population with asthma unselected for
baseline blood eosinophil counts to determine the impact of baseline eosinophil level on
efficacy. It confirmed the benefit lung function of intravenous Reslizumab (3.0 mg/kg)
every 4 weeks only in patients with asthma and blood eosinophil counts >400 cells/mL; the
subgroup with eosinophils > 400 cells/mL, the treatment with Reslizumab was associated
with a significant increase in FEV (0.270 + 0.1320 L, p: 0.0436) compared to the subgroup
with eosinophils < 400 (0.033 + 0.0539 L, p: 0.5422), this trial didn’t report a significant
difference in ACQ-7 and SABA use in both subgroups [72]. An open-label extension study
of these phase IlI trials was reported in 2017. Long-term efficacy and safety were evaluated
in moderate-to-severe eosinophilic asthma. Patients received Reslizumab 3.0 mg/kg in-
travenously every 4 weeks for up to 24 months, patients that previously received placebo
were enrolled to receive Reslizumab, FEV;, and ACQ score had a significant change at 4
and 16 weeks of treatment. However, blood eosinophil counts appeared to be returning
to baseline after Reslizumab discontinuation. The most common adverse effect reported
was worsening asthma (29%), nasopharyngitis (14%), and respiratory tract infections (10%).
There were two drug hypersensitivity reactions reported and two events of drug eruption
reported; all were related to other allergen exposure and did not result in discontinuation
of Reslizumab, and only 2% discontinued treatment because of adverse events [73].

Doses and eligibility criteria (Figure 2). Reslizumab is indicated in patients aged
>18 years with severe eosinophilic asthma uncontrolled dose approved is 3 mg/kg by
intravenous infusion every 4 weeks; potential predictors of good response are the same as
those recommended for Mepolizumab and Benralizumab [38].

5. Benralizumab

Benralizumab (FasenraTM before called MEDI-563) is a humanized fucosylated Mab
recombinant immunoglobulin IgG1K isotype, which binds to the IL-5 with high affinity to
the domain 1 of the x-chain of the IL-5 receptor [74,75]. A fucosylation of the oligosaccha-
ride of IgG1 results in an up to 50 times higher affinity to Fcg receptor (FcgR) expressed on
natural killer cells, macrophages, and neutrophils [76]. Fucosylation of the Benralizumab
enhances the interaction more than 1000 times. Therefore, it can increase the functions
of antibody-dependent cell-mediated cytotoxicity [75]. These characteristics may result
in a complete depletion of eosinophils in the airway lumen without degranulation of
eosinophils [77].

Benralizumab in asthma. It was first described in knockout mice in 2009 by Koike
et al., as a strong hIL-5Ralpha neutralizing mAb hIL-5Ralpha that blocks the binding of
the IL-5 ligand to its receptor [74]. Evidence for its role in asthma derived from a study
showing patients that mild atopic asthmatics giving a single dose from 0.03 mg/kg to
3 mg/kg depleted circulating eosinophils at 24 h, and the effect persisted for at least 2 to
3 months [78]. Laviolette et al. conducted another phase 1 study. It was a multicentered,
randomized, double-blinded, and placebo-controlled study from 2008 to 2011 in asthmatics
that had a sputum eosinophil count >2.5%. In this study, there was a reduction in 100%
of eosinophils in both sputum and blood in the group of asthmatic patients treated with
Benralizumab (1 mg/kg single IV or SC) per day 28 [79].

In a separate study, benralizumab was applied at three different doses (2 mg, 20, and
100 mg) to patients with eosinophilic asthma who were using medium-dose or high-dose
inhaled corticosteroids and long-acting 3 agonists. Interestingly, those patients with ben-
ralizumab doses of 20 mg and 100 mg showed lower exacerbations than the placebo group
proving its usefulness in adults with uncontrolled eosinophilic asthma [80]. Similar out-
comes were presented by Nowak et al., who reported a 49% reduction in exacerbations and
hospitalizations rates [81]. The first phase 3a studies, SIROCCO AND CALIMA, showed
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that Benralizumab given as a 30 mg dose for 4 to 8 weeks for 48 weeks (the first three doses
were given every 4 weeks) resulted in improved lung function and fewer exacerbations
rates in the 8-week cohort [82,83]. In this phase 3, studies researchers concluded that
the effects seemed to be better in patients with blood eosinophilia >300 cells/uL [77]. In
contrast, low to medium doses of ICS or low dosage and LABA did not improve signifi-
cantly in subjects with- or without eosinophilia [73). The first phase 3a studies, SIROCCO
AND CALIMA, showed that Benralizumab given as a 30 mg dose every 4 to 8 weeks
for 48 weeks (the first three doses were given every 4 weeks) resulted in improved lung
function and fewer exacerbations rates in the 8-week cohort [82,83]. These phase 3 studies
observed that the therapeutic effects seemed to be better in patients with blood eosinophilia
>300 cells/uL [77]. Belralizumab also plays an important role in reducing the use of
corticosteroids (OCS). Indeed [73-76], the phase 3a study called ZONDA showed that
Benralizumab at 30 mg dose given every 4 to 8 weeks reduced the use of OCS by 75% as
compared with a reduction in 25% in the OCS doses in the placebo group [84]. As an add,
Blecker and Nair found an improvement in the quality of life assessed with the Asthma
Quality of Life Questionnaire for 12 years and older (AQLQ(S) + 12 scores; 0.30, 0.10-0.50;
p =0.0036), (95% CI, 0.14 to 0.76 p = 0.004) [82-84].

The US Food and Drug Administration (FDA)’s approved Benralizumab in 2017 for the
add-on maintenance treatment of patients with severe asthma aged 12 years and older and
with an eosinophilic phenotype [77,85]. In 2019, Liu et al. published a meta-analysis about
the adverse events of Benralizumab in moderate to severe eosinophilic asthma considering
previous studies which described the risk of headache (RR 1.42, 95% CI 1.07-1.87) and
pyrexia (RR 2.26, 95% CI 1.32-3.87) was higher in the Benralizumab group. However, there
was a reduced risk of serious adverse effects and decreased moderately to severe asthma
symptoms [86]. In 2019, the GRECO study reported that Benralizumab was safe for patients
who were under treatment administered by themselves or a caregiver at home. Despite this,
it was recommended that the first three doses should be applied by the physician’s office
or with supervision. Only 1.7% of autoinjector administrations were unsuccessful during
28 weeks of treatment (98.3% successful administration; 95% CI: 91.41-99.05) [87]. BORA
trial was a 2-year follow-up of the patients enrolled in the SIROCCO and CALIMA studies.
It reported no new consequences of long-term eosinophil depletion. The exacerbation rate
was (0.48; 95% CI 0.42 to 0.56) and (0.46; 95% CI 0.39 to 0.53) for the 4 and 8 weeks groups,
respectively [88]; following the same trend, Korn et al. published in 2021 a 5 year follow up
of 345 subjects who were in the SIROCCO, CALIMA, and ZONDA trials, this integrated
analysis reported that the adverse events and serious adverse events were stable over the
5 years and did not increase with higher Benralizumab exposure [89].

Benralizumab in other diseases. In recent years, Benralizumab has been used to
treat other diseases, such as chronic obstructive pulmonary disease (COPD), and to date,
three-phase trials have investigated the impact of Benralizumab on COPD exacerbation
rates. Unfortunately, there is no evidence that this treatment can ameliorate exacerbation
outcomes for most patients with COPD [90]. In contrast, 30% of patients with polyps treated
with Benralizumab no longer required surgery at week 25. Moreover, there was a significant
improvement in nasal polyposis severity, visual analog scale score, and endoscopic nasal
polyp score [83]. There is not enough evidence that supports Benralizumab as a treatment
in patients with no response to antihistamines with chronic spontaneous urticaria. The role
of Benralizumab was studied in a small group of patients (n = 12) suffering from chronic
spontaneous urticaria who were unresponsive to second-generation H1-antihistamines in a
24-week, single-blind study. At the completion of the treatment, symptoms decreased by
—15.7 points in the urticaria activity score during a 7-day interval (95% CI, —6.6 to —24.8;
p < 0.001); only nine patients completed the study, five patients had a very good response,
two patients had only a partial response, the rest of the patients showed no improvement.
However, a trial in a larger patient population is required [91].

Doses and eligibility criteria (Figure 2). The FDA has approved Benralizumab for the
add-on maintenance treatment of patients with severe asthma aged 12 years and older
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and with an eosinophilic phenotype. It is not indicated for the treatment of any other
eosinophilic conditions, including acute bronchospasm relief or status asthmaticus [75].
Step 5 of the GINA main report is established to add-on anti-interleukin/5R treatment
(subcutaneous Benralizumab for ages >12 years) with severe eosinophilic asthma that is
uncontrolled in Step 4 [38]. The recommended dose is 30 mg, administered once every
4 weeks for the first three doses and then once every 8 weeks thereafter by subcutaneous
injection into the upper arm, thigh, or abdomen.

6. Dupilumab

Dupilumab (Dupixent® previously called REGN668) is a recombinant IgG4 mono-
clonal antibody against the IL-4/IL-13 alpha receptor, avoiding the subsequent activation
of type-2 inflammation pathways [92,93]. Dupilumab also reduced the expression of genes
involved in type 2 inflammation (IL13, IL31, CCL17, CCL18, and CCL26), epidermal
hyperplasia (keratin 16 and MKi67), T cells, dendritic cells ICOS, CD11c, and CTLA4),
and TH17/TH22 activity (IL17A, IL-22, and S100As) and concurrently increased expres-
sion of epidermal differentiation, barrier, and lipid metabolism genes (filaggrin, loricrin,
claudins, and ELOVL3). Additionally, this biological agent suppressed type 2 CCL17,
CCL18, periostin, and total and allergen-specific IgE. [94].

Dupilumab in asthma. Several clinical trials have evaluated the efficacy of the anti-IL-4
receptor in asthma at different doses and times (EXPEDITION, P2b, QUEST, VENTURE,
and TRANSVERSE). Most clinically evaluated tests include changes in lung function
(FEV1), the score of specific quality life questionnaires (ACQ-5 and AQLQ), and/or levels
in biomarkers (serum eosinophils and IgE levels) [95]. 200-300 mg of Dupilumab every 2 to
4 weeks were used in most clinical trials [95]. For example, the LIBERTY study evaluated
the administration of 200 and 300 mg of Dupilumab applied every 15 days for one year;
both dosages reduced the annualized rate of asthma exacerbation and improved around
300 mL of the FEV; at week 12 when were compared with the placebo group; these results
were maintained even when stratified by eosinophil levels. Likewise, asthma control was
better with Dupilumab from the second week, an effect that persisted throughout the entire
study [96].

Dupilumab has also been evaluated in 6 to 11 children in a multicenter study with
severe asthma. Doses of 100 mg were given if the patient weighed less than 30 kg and
200 mg if heavier, every two weeks for 52 weeks); Dupilumab reduced asthma exacerba-
tions at one year, improved 10% the pre-bronchodilator FEV;, and reduced inflammatory
biomarkers such as Thymus and activation-regulated chemokine (TARC), FENO, and
total IgE compared to the placebo group. In addition, patients with anti-IL-4 therapy
improved asthma control at 24 weeks. Regarding safety in this group, approximately 10%
of patients developed viral upper respiratory tract infections, which was the main adverse
reaction [97].

Dupilumab in other diseases. Dupilumab has also been used in moderate-to-severe
atopic dermatitis. The SOLO1 and SOLO2 studies enrolled adults from the USA, Europe,
and Asia with moderate-to-severe atopic dermatitis whose disease was inadequately con-
trolled by topical steroids. They applied 300 mg of Dupilumab weekly or every two weeks
for 16 weeks, and the therapeutic targets were compared versus the placebo group. Both
groups showed a reduction in clinical symptoms at 16 weeks, as the extension and severity
of atopic eczema by EASI score decreased the pruritus around 3 points of peak score, being
these changes notorious from week 2. Patients also reported improvements in pruritus,
sleep, symptoms of anxiety or depression, and quality of life. The placebo group had more
need for rescue therapy for control of symptoms. Reactions at the injection site and con-
junctivitis were more frequent in the Dupilumab groups than in the placebo [98]. Similar
results were reported in the LIBERTY AD CHRONOS trial (NCT02260986). This analysis
compared dupilumab (300 mg every 2 weeks for 1 year) plus topical steroid versus topical
steroid alone. The Dupilumab group had a lower annualized flare rate (78% reduction in
annual flare-ups) than the topical steroid group suggesting that Dupilumab can be used as

10



Pharmaceuticals 2023, 16, 270

therapy in adults with moderate to severe AD by providing continuous, long-term disease
control [99]. To investigate mechanisms mediating the effects of Dupilumab, a transcrip-
tomics analysis of skin biopsies was carried out in atopic dermatitis patients administered
200 mg weakly. Interestingly, Dupilumab significantly reduced the expression of genes
associated with Th 2 inflammation (IL13, CCL17, CCL18, CCL26, and IL31), epidermal
hyperplasia (keratin 16 and MKi67), T cells, and dendritic cells while increased expres-
sion of epidermal differentiation, barrier, and lipid metabolism genes (filaggrin, loricrin,
claudins, and ELOVL3). Dupilumab also reduced cellular infiltrates, including CD31 T
cells. The changes in gene expression were observed at 4 weeks and even higher at week
16. In contrast, there was no comparable modulation in placebo-treated patients [94].

Patients suffering from CRSWNP require recurring systemic corticosteroid and sinus
surgery repeatedly. Two multinational, multicentre, randomized, double-blind, placebo-
controlled studies, the LIBERTY NP SINUS-24 and the LIBERTY NP SINUS-52, assessed
Dupilumab in adults with severe CRSWNP [93,94]. Dupilumab was given at 200 mg
every two weeks for 24 and 52 weeks, diminished nasal congestion and nasal polyp score
from week 4 and still improved at week 24. Other clinical and radiographic targets also
showed improvement as the Lund MacKay score, or SNOT-22 score [100]. Similar findings
have been reported in a study using 300 mg of Dupilumab weekly. There were improved
clinical-radiographic outcomes after 16 weeks of treatment in comparison to the placebo.
Decreased Th2 inflammation biomarkers were also observed in both nasal secretions and
nasal tissue [101].

In the surgical scenario, Dupilumab demonstrated significant improvements in disease
signs and symptoms and reduced need for both sinonasal surgery and the use of systemic
corticosteroid compared to placebo in patients with severe nasal polyposis, regardless of
the use of SCS in the previous 2 years, or previous sinonasal surgery [102]. These findings
support the use of adding Dupilumab in patients with severe CRWNP with asthma [103].

The contraindications for the use of Dulipumab include another chronic lung disease,
pregnancy, breastfeeding, active parasitic infection, HIV infection or immunosuppression
condition, and eosinophils count >1500 cell/ mm? [104].

Doses and eligibility criteria (Figure 2). Dulipumab is approved in the USA and
Europe for treating moderate-to-severe asthma, CRSwNP, and atopic dermatitis [92]. For
its prescription in asthma, patients must have ICS at medium or high doses in addition to
OCS [104] According to GINA, patients with severe eosinophilic/type 2 asthma are eligible
when they have a history of exacerbations in the last year and blood eosinophils > 150
and <1500 cells/pL or FeNO > 25 ppb or taking maintenance oral corticoids. Children
6-11 require a weight-dependent dose and frequency by subcutaneous injection for age
>12 years, 200 or 300 mg by subcutaneous injection every 2 weeks for patients with OCSs-
dependent severe asthma or concomitant moderate/severe atopic dermatitis, 300 mg by
subcutaneous injection every 2 weeks. Patients with chronic rhinosinusitis with polyps
should be considered due to the benefits (reduced size of nasal polyps, improved nasal
symptoms, and reduced need for OCSs or surgery).

7. Tezepelumab

Tezepelumab (TezspireTM before called AMG157/MEDI9929) is a human anti-TSLP
monoclonal immunoglobulin G2A that binds human TSLP and prevents its interaction
with receptor complex. TSLP is an epithelial-cell-derived cytokine that is produced in
response to proinflammatory stimuli and drives allergic inflammatory responses through its
activity on innate immune cells, including dendritic cells, mast cells, and CD34+ progenitor
cells [105,106].

Tezepelumab in asthma. A proof-of-concept, randomized, double-blind, placebo-
controlled study demonstrated that Tezepelumab attenuated the early- and late asthmatic
responses to allergen challenges in mild allergic asthma patients. In this study, 700 mg
of Tezepelumab was given in three monthly doses or placebo intravenously, and allergen
challenges were carried out on days 42 and 84 to evaluate the late asthmatic response, as
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measured 3 to 7 h after the allergen challenge. Indeed, Tezepelumab prevented allergen-
induced bronchoconstriction by 34.0% and 45.9% on days 42 and 84, respectively, as
determined by the FEV| measurements in asthmatics compared with the normal group. In
addition, levels of blood- and sputum eosinophils decreased before and after the allergen
challenge and in the fraction of exhaled nitric oxide [106].

Additional studies have evaluated the therapeutic effects of Tezepelumab. Corren et al.
conducted the phase 2b study PATHWAY, a randomized, placebo-controlled, dose-ranging
trial with subcutaneous Tezepelumab in adults with moderate to severe, uncontrolled
asthma and a history of exacerbations during the year, and they randomized patients for
received low dose (70 mg every 4 weeks), medium dose (210 mg every 4 weeks) or high
dose (280 mg every 2 weeks) or of placebo every 2 weeks over 52 weeks. Prebronchodilator
FEV; was higher in all Tezepelumab groups than in the placebo group; In addition, a
reduction in annualized rate of asthma exacerbations was reported: 62% (90% CI: 42-75),
71% (90% CI: 54-82), and 66% (90% CI: 47-79), in low, medium, or high dose Tezepelumab
groups, respectively, when was compared to placebo (p < 0.001) [107]. A post hoc analysis
of data from the PATHWAY phase 2b study reported that treatment with Tezepelumab
resulted in clinically meaningful improvements in asthma control; the proportion of ACQ-6
responders (reduction in >0.5 in ACQ-6 total score) and of AQLQ(S)+ 2 responders (increase
in overall AQLQ(S) + 12 scores of >0.5), 82% and 77% of tezepelumab-treated patients,
respectively, were higher at week 50 compared with 70% and 64% of placebo-treated
patients, respectively [108].

Two phase 3, multicentre, randomized, double-blind, placebo-controlled, parallel-
group studies were conducted to evaluate the efficacy and safety (NAVIGATOR and
SOURCE) of Tezepelumab treatment in patients with severe asthma. NAVIGATOR trial
was made in adults and adolescents with uncontrolled asthma with medium- or high-
dose inhaled glucocorticoids and at least additional asthma controller medication with
or without oral glucocorticoids. Patients received 210 mg of Tezepelumab or placebo
subcutaneously every 4 weeks for 52 weeks. Consistent with what has been reported,
a reduction in the annualized rate of asthma exacerbations was showed: 0.93 (95% CI:
0.80-1.07) in Tezepelumab-treated patients vs. 2.10 (95% CI: 1.84-2.39) in placebo-treated
patients (rate ratio, 0.44; 95% CI, 0.37 to 0.53; p < 0.001); in addition, prebronchodilator
FEV; and ACQ-6, AQLQ + 12, and ASD scores were better in Tezepelumab group [109].

The SOURCE trial was conducted in adults with oral corticoid-dependent asthma to
evaluate the effect of Tezepelumab 210 mg administered subcutaneously every 4 weeks on
oral corticoid dose reduction; eligible patients must have been receiving a stable dose of
7.5-30 mg prednisone for >1 month. Authors did not observe a significant improvement in
OCS dose reduction with Tezepelumab versus placebo in the overall population at week 48;
however, when the analysis was performed on subgroups categorized by blood eosinophil
counts, Tezepelumab increased the cumulative odds of achieving a category of greater
percentage reduction (although not significantly) in daily maintenance oral corticoids (OR,
2.58; 95% CI: 1.16-5.75 and OR, 3.49; 95% CI: 1.16-10.49) in patients with >150 cells/pL or
>300 cells/ uL, respectively, compared with placebo [110].

DESTINATION is an ongoing Phase 3 randomized, double-blind, placebo-controlled
trial to assess the long-term safety and tolerability of Tezepelumab over 104 weeks that it is
ongoing. The study population comprised patients who completed the 52- and 48-week
NAVIGATOR and SOURCE studies, respectively [111].

PATH-HOME is a phase 3, multicenter, randomized, open-label, parallel-group study
that enrolled adults and adolescents with severe, uncontrolled asthma to assess the func-
tionality and performance of an accessorized pre-filled syringe (APFS) and an autoinjector
(Al) for the administration of Tezepelumab in the clinic and at home. Both devices were
effectively employed. Tezepelumab administered via APFS was successful by 91.7% of
the participants and via Al by 92.4%. After 24 weeks of treatment, improvements in
ACQ-6 score were recorded in 81.1% and 76.2% of the patients in the APFS and Al groups,
respectively. Nasopharyngitis was reported as the most common adverse effect (9.3%).
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Injection-site reactions occurred in 5.7% (Al) and 0% (AFPS) of the patients [112]. Taken
together, these results from phase 2/3 trials suggest that blocking the upstream alarmin
TSLP with tezepelumab results in clinically meaningful improvements in asthma control in
patients with T2-high asthma concerning exacerbations.

Tezepelumab and another indication. ALLEVIAD is a phase 2a, randomized, double-
blind, placebo-controlled study that assesses the effect of subcutaneous Tezepelumab
280 mg or placebo every 2 weeks, plus class 3 topical corticosteroids in severe atopic
dermatitis. The primary endpoint was the response rate for a >50% reduction in the
Eczema Area and Severity Index (EASI50) at week 12. The treatment difference was not
statistically significant (OR, 1.97; 95% IC: 0.90-4.33; p = 0.091). However, there was a
numerically greater percentage of tezepelumab-treated patients who achieved EASI50
(64.7%) versus placebo-treated (48.2%) [105].

Doses and eligibility criteria (Figure 2). According to the GINA report 2022, the
dose approved for Tezepelumab is 210 mg subcutaneously every 4 weeks for patients
aged > 12 years with severe asthma. Greater benefits (reduction in severe exacerbations)
should be considered in patients with high blood eosinophil or high FeNO. There are no
recommendations of benefit in patients with severe asthma who have no evidence of Type 2
inflammation [38]. A systematic review of the EAACI guidelines on the use of biologicals in
severe asthma in 2020 evaluated Benralizumab, Dupilumab, Mepolizumab, Omalizumab,
and Reslizumab and mentioned a high reduction in severe asthma exacerbations as add-on
therapy for patients with severe uncontrolled eosinophilic asthma. Regarding the reduction
in the daily dose of OCS, only Benralizumab, Dupilumab, and Mepolizumab showed a
reduction compared with the standard of care [113].

8. New Monoclonal Antibodies in Asthma and Other Diseases with Type 2
Inflammation

Itepekimab: IL-33 induces the response of the Th2 adaptive immunity through a com-
plex including the binding of ST2 protein, which is in the membrane of mast cells, basophils,
eosinophils, T cells, dendritic cells, ILC2 and NK cells [114]. In vivo trials demonstrated
that IL-33 stimulates Th2 cytokine expression, with increased eosinophils levels due to an
increase in IL-5 expression and IgE synthesis by IL-4 stimulation, identifying that IL-33
induces gene expression of IL-13 in all tissues, expression of both IL-4 and IL-5 was higher
in thymus, spleen, liver, and lung [115]. Itepekimab is a human IgG4P monoclonal antibody
against interleukin-33. According to the current nomenclature, it has the infix -ki- to refer
to its target class (cytokine). In a phase 2 trial, 296 patients with moderate-to-severe asthma
were randomly assigned to receive: Itepekimab monotherapy (300 mg subcutaneous),
Itepekimab plus Dupilumab (300 mg subcutaneous of each one), Dupilumab monotherapy
(300 mg subcutaneous) or placebo every 2 weeks for 12 weeks. Two efficiency endpoints
were analyzed, the primary being loss of asthma control; 22% of patients have a loss
of asthma control in the Itepikimab group, 27% in the combination group, 19% in the
Dupilumab group, and 41% in the placebo group. The OR were calculated comparing
each group versus placebo: Itepekimab monotherapy, 0.42 (95% CI, 0.20 to 0.88; p = 0.02);
combination therapy, 0.52 (95% CI, 0.26 to 1.06; p = 0.07); and dupilumab monotherapy,
0.33 (95% CI, 0.15 to 0.70; p value not reported). The secondary endpoint was the change
in the prebronchodilator FEV; from baseline to week 12. An increase in this was reported
in the groups with monotherapy (Itepekimab or Dupilumab) but not in the combination
group when compared to placebo [116].

Brodalumab. IL-25 (IL-17E) is produced by bronchial subepithelial mucosa cells, such
as basophils, eosinophils, and mast cells, up-regulated their receptors on basophils, inhibit-
ing their apoptosis and promoting their degranulation [117,118]. It has been demonstrated
ex vivo that IL-25 is associated with angiogenesis through its effects on the proliferation of
endothelial cells and the expression of vascular endothelial growth factor and with airway
remodeling, maybe because fibroblasts and smooths muscle cells also express IL-25R, both
factors contributing to asthma severity [119]. IL-25 binds to its receptor composed of
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IL-17RA and IL-17RB for signal transduction, IL-17RA being the key component used by
IL-25. IL-17 family cytokines (IL-17A-17F) play an essential role in various diseases such
as autoimmune disorders, of which IL-25 exacerbates allergic inflammation by promoting
the production of type 2 cytokines. Brodalumab (AMG 827) is a human anti-IL-17AR
immunoglobulin G2 (IgG2) monoclonal antibody that binds to human IL-17RA, blocking
IL-25,IL-17A, and IL-17F. In 2013 phase 2a, a randomized, double-blind, placebo-controlled,
dose-ranging study evaluated the efficacy and safety of the anti-IL-17 in patients with in-
adequately controlled moderate to severe asthma, not statistically significant in clinical
efficacy on ACQ were observed, neither in lung function nor asthma symptoms [120].
Consequently, further studies are required.

Tralokinumab and lebrokizumab. IL-13 is produced by Th2 cells, this cytokine is
responsible for eosinophils proliferation and macrophage activation and induces globet
cell hyperplasia, which increases the production of mucus [121]. Tralokinumab and Le-
brokizumab are anti-human IL-13 monoclonal antibodies developed for the treatment
of severe, uncontrolled asthma [122,123]. Phase 1 studies have shown that intratracheal
administration of human IL-13 specifically inhibited IL-13-induced eosinophil recruitment
to the lung and suggested the potential for both anti-inflammatory and possible airway
remodeling effects [124,125]. Phase II studies also supported the finding that there was
an improvement in FEV; but didn "t show any improvement in quality of life or reduced
asthma exacerbation [126,127], but phase 3 studies didn’t show any statistical significance
in any of these variables [128-130].

Lirentelimab. It is a monoclonal antibody targeting a sialic acid-binding Ig-like lectin
8, an inhibitory receptor that is a receptor expressed on eosinophils and mast cells. In a
phase 2 study, Lirentelimab improved symptoms in adults suffering either eosinophilic
gastritis or resistant chronic spontaneous and inducible urticaria [131,132].

9. Conclusions

Over the last few years, biologicals have been used successfully for the treatment of
allergic diseases. They can be effective in reducing the severity and frequency of allergic
reactions and may be recommended for individuals who have not responded to other
types of treatment. The most successful biologic therapies are those that target cytokines
regulating the Th2 response. Surprisingly, targeting chemokines that are involved in the
allergic response has not been successful. It has been proposed that the redundancy of the
chemokine system and insufficient blockade of the receptors in different cell types may be
the cause of the failure to develop an efficient anti-chemokine therapy in allergic diseases.
In addition, the demonstration that chemokines are released for a shorter period compared
with Th2 cytokines such as IL-5 limits their biological effect at the allergic site. Currently,
there are novel biologicals under development. The development of novel monoclonal
antibodies targeting the type 2 inflammation pathway increases the potential for success in
further improving the treatment of allergic diseases and other conditions related to this
type of inflammation.
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Abstract: Clinical trials and real-world studies have shown the effectiveness of upadacitinib for
treating rash and pruritus in patients with atopic dermatitis (AD). This study aimed to determine
whether the early reduction in rash or pruritus at week 12 of upadacitinib treatment could be
maintained at later treatment stages. This retrospective study involved 227 and 73 patients with
moderate-to-severe AD treated with 15 and 30 mg upadacitinib daily, respectively. The eczema
area and severity index (EASI) scores, peak pruritus numerical rating scale (PP-NRS), and inves-
tigator’s global assessment (IGA) were analyzed. At week 12, patients were divided into achiev-
ers and non-achievers of EASI 75, 90, 100, absolute EASI < 2, IGA0/1, PP-NRS4, or absolute
PP-NRS < 1. Achievement rates for each endpoint were assessed at later time points (weeks 24, 36,
and 48) in both groups. Week 12 achievers largely maintained their endpoint achievements until week
48, regardless of dosage (15 mg or 30 mg). Week 12 non-achievers saw an increasing achievement
rate of EASI 75 until week 48. The initial reduction in rash and pruritus at week 12 persisted until
week 48 with upadacitinib treatment, suggesting potential benefits for patients requiring prolonged

treatment despite not achieving EASI 75 at week 12.

Keywords: atopic dermatitis; upadacitinib; Janus kinase; long-term; real-world
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1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by a type
2-skewed immune response, pruritus, and impairment of the skin barrier [1,2]. Previous
studies have shown that the development of AD is related to specific cytokines, such as
interleukin (IL)-4, IL-5, IL-13, IL-22, IL-31, and thymic stromal lymphopoietin, which intra-
cellularly signal via the Janus kinase (JAK)/signal transducer and activator of transcription
pathways [3]. The Janus kinase inhibitors upadacitinib, baricitinib, and abrocitinib have
been approved as systemic treatments for AD. Clinical trials and real-world studies have
shown the efficacy and safety of upadacitinib for moderate-to-severe AD [4-11]. A post hoc
analysis of the Phase Il JADE COMPARE trial showed that patients who achieved >4-point
improvement on the peak pruritus numerical rating scale (PP-NRS) at week 2 of abrocitinib
treatment achieved higher rates of the eczema area and severity index (EASI) 75, 90, and
investigator’s global assessment (IGA) 0/1 at week 12 compared to non-achievers [12].
Patients who achieved absolute PP-NRS < 1 at week 2 attained a higher rate of EASI 100
at weeks 12 and 24 compared to non-achievers [13]. In the BREEZE-AD3 study, patients
with AD receiving baricitinib who achieved IGA < 2 at week 16 maintained high rates of
EASI 75 and IGA 0/1 until week 68 [14]. These results suggest that early improvement in
pruritus or rash may predict strong therapeutic outcomes in the later stages of treatment
with baricitinib and abrocitinib. However, it remains unclear whether the early reduction

in rash or pruritus is sustained at later stages of upadacitinib treatment.
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This study aimed to investigate whether the early improvement in rash or pruritus
at week 12 could be maintained until week 48 of upadacitinib treatment in real-world
clinical practice. We also investigated whether patients with an insufficient response to
upadacitinib at week 12 could achieve greater therapeutic effects at later stages of treatment.

2. Results
2.1. Demographic and Baseline Characteristics

Of the 300 patients with AD in this study, 227 and 73 were treated with 15 mg and
30 mg of upadacitinib daily, respectively. The baseline demographics of patients in the two
treatment groups are presented in Table 1. The proportion of pretreatment with dupilumab
and baricitinib (4 mg) was higher in the 30 mg group than in the 15 mg group, indicating
more refractory symptoms of AD in the former group. Baseline EASI, IGA, and PP-NRS
scores were lower in the 30 mg group than in the 15 mg group, which may reflect the effects
of systemic pretreatments in the former group. The number of week 12 achievers and non-
achievers of individual endpoints was longitudinally assessed throughout the 48 weeks
of treatment (Tables 2 and 3). Table 2 presents the longitudinal analysis of achievement
rates for EASI 75, EASI 90, and EASI 100 responses, while Table 3 shows the outcomes for
EASI < 2,IGA 0/1, PP-NRS 4, and PP-NRS < 1.

Table 1. Baseline demographics and disease characteristics of patients with atopic dermatitis treated
with upadacitinib.

Total Population (1 = 300) 15 mg (n = 227) 30mg (n=73) p (15 mg versus 30 mg)
Male sex, 1 (%) 216 (72.0) 162 (71.4) 54 (74.0) 0.765
Age (years) ? 37.0 [18.0-51.0] 35.5 [16.0-51.0] 40.0 [31-48] 0.327
Body mass index (kg/m?) 2 22.7 [15.6-25.9] 22.2 [20.1-25.0] 23.6 [21.5-27.2] 0.0133 *
Disease duration (years) @ 30.0 [15.0-44.0] 28.0 [13.0-44.0] 33 [22-43] 0.114
Presence of allergic 46 (15.3) 34 (15.0) 12 (16.4) 0.852
conjunctivitis
Presence of allergic rhinitis 99 (33) 70 (30.8) 29 (39.7) 0.198
Presence of bronchial asthma 94 (31.3) 65 (28.6) 29 (39.7) 0.0829
Pretreatment, 1 (%)
Previous dupilumab 24 (8.0) 12 (5.3) 12 (16.4) <0.01 **
Previous upadacitinib (15 mg) 32(10.7) NA 32 (43.8) NA
Previous baricitinib (4 mg) 33 (11.0) 6 (2.6) 27 (37.0) <0.01 **
Clinical indices
EASI? 20.3 [14.4-30.0] 23.8 [17.2-32.0] 12.5[8.5-19.4] <0.01 **
IGA, n (%)
Mild (score of 2) 51 (17.0) 23 (10.1) 28 (38.4)
Moderate (score of 3) 153 (51.0) 120 (52.9) 33 (45.2) <0.01 **
Severe (score of 4) 96 (32.0) 84 (37.0) 12 (16.4)
PP-NRS 2 8.0 [6.0-9.0] 8 [7-9.5] 6 [3-8.0] <0.01 **

@ Data provided as the median [interquartile range]. * Statistically significant at p < 0.05, ** p < 0.01 by Fisher’s
exact test or Mann-Whitney U test. EASI, eczema area and severity index; IGA, investigator’s global assessment;
PP-NRS, peak pruritus numerical rating scale; NA, not applicable.
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Table 2. The number of week 12 achievers and non-achievers of EASI 75, 90, and 100 throughout

48 weeks of upadacitinib treatment.

Week 12 Week 12 Week 12 Non-  Week 12 Non-
Outcome Time Point Achievers in Achievers in p Achievers in Achievers in p
15mg 30 mg 15mg 30 mg
Group (%) Group (%) Group (%) Group (%)
Week 12 129/182 (70.9) 45/64 (70.3) 0.351 53/182 (29.1) 19/64 (29.7) 1
EASI 75 Week 24 107/145 (73.8) 34/54 (63) 0.173 38/145 (26.2) 20/54 (37) 0.515
Week 36 72/99 (72.7) 32/44 (72.7) 0.247 27/99 (27.2) 12/44 (31.8) 0.0606
Week 48 51/74 (68.9) 26/36 66.7) 0.139 23/74 (31.1) 10/36 (27.8) 0.0606
Week 12 69/182 (37.9) 19/64 (29.7) 1 113/182 (62.1) 45/64 (70.3) 0.289
EASI90 Week 24 56/145 (38.6) 23/54 (42.6) 1 89/145 (6.1) 31/54 (57.4) 0.153
Week 36 40/99 (40.4) 20/44 (45.5) 0.143 59/99 (59.6) 24/44 (54.5) 0.463
Week 48 25/74 (33.8) 18/36 (50) 0.703 49/74 (66.2) 18/36 (50) 0.0942
Week 12 26/182 (14.4) 6/64 (9.4) 1 156/182 (85.7) 58/64 (90.6) 0.274
EASI 100 Week 24 22/145 (15.2) 4/54(7.4) 0.161 123/145 (84.8) 50/54 (92.6) 0.182
Week 36 11/99 (11.1) 6/44 (13.6) 1 88/99 (88.9) 38/44 (86.4) 0.344
Week 48 7/74(9.5) 1/36 (2.8) 1 67/74 (90.5) 35/36 (97.2) 0.086
EASI, eczema area and severity index.
Table 3. The number of week 12 achievers and non-achievers of EASI < 2, IGA 0/1, PP-NRS 4, and
PP-NRS < 1 throughout 48 weeks of upadacitinib treatment.
Week 12 Week 12 Week 12 Non-  Week 12 Non-
Outcome Time Point Achievers in Achievers in p Achievers in Achievers in p
15 mg 30 mg 15 mg 30 mg
Group (%) Group (%) Group (%) Group (%)
Week 12 75/186 (40.3) 29/64 (45.3) 1 111/186 (59.7) 35/64 (54.7) 0.245
EASI < 2 Week 24 59/149 (40.7) 27/54 (50) 0.778 90/149 (60.4) 27/54 (50) 0.171
Week 36 34/100 (34) 23/44 (52.3) 0.488 66/100 (66) 21/44 (47.7) 0.173
Week 48 49/75 (65.3) 21/37 (56.8) 1 26/75 (34.7) 16/37 (43.2) 0.268
Week 12 48/175 (27.4) 19/63 (30.2) 1 127/175 (72.6) 44/63 (69.8) 0.262
1GA 0/1 Week 24 43/139 (30.9) 22/53 (41.5) 0.36 96/139 (69.1) 31/53 (58.5) 0.248
Week 36 27/99 (27.3) 18/44 (40.9) 0.432 72/99 (72.7) 26/44 (59.1) 0.275
Week 48 21/75 (28) 21/36 (58.3) 1 54/75 (72) 15/36 (41.7) 0.38
Week 12 121/168 (72) 29/48 (60.4) 0.199 47/168 (28) 19/48 (39.6) 1
PPNRS 4 Week 24 97/129 (75.2) 24/41 (58.5) 0.0347 * 32/129 (24.8) 17/41 (41.5) 0.506
Week 36 71/95 (74.7) 19/35 (54.3) 0.0471 * 24/95 (40.7) 16/35 (45.7) 0.444
Week 48 56/73 (76.7) 16/29 (55.2) 0.0401 * 17/73 (23.3) 13/29 (44.8) 0.199
Week 12 76/179 (42.5) 30/62 (48.4) 1 103/179 (57.5) 32/62 (51.6) 0.425
PP-NRS < 1 Week 24 48/134 (35.8) 19/52 (36.5) 0.611 86/134 (64.2) 33/52 (6.4) 0.25
Week 36 34/99 (34.3) 21/46 (45.7) 0.593 65/99 (65.7) 25/46 (54.3) 0.474
Week 48 23/75 (30.7) 16/35 (45.7) 0.392 52/75 (69.3) 19/35 (54.3) 0.294

EASI, eczema area and severity index; IGA, investigator’s global assessment; PP-NRS, peak pruritus numerical
rating scale. * Statistically significant at p < 0.05 by Fisher’s exact test.
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2.2. The Transition of Achievement Rates of EASI 75 at the Later Stages of Upadacitinib Treatment

The achievement rate for EASI 75 in week 12 achievers was mostly maintained in both
the 15 mg and 30 mg groups (Figure 1a): 82.7%, 79.7%, and 80.6% in the 15 mg group and
76.9%, 79.4%, and 85.2% in the 30 mg group at weeks 24, 36, and 48, respectively.
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Figure 1. Achievement rates for EASI 75 (a), EASI 90 (b), EASI 100 (c), and absolute EASI < 2 (d) in
week 12 achievers or non-achievers during treatment with upadacitinib (15 mg or 30 mg daily).

The achievement rate for EASI 75 in week 12 non-achievers increased at later stages:
51.2%, 55.2%, and 46.2% in the 15 mg group and 26.7%, 50%, and 33.3% in the 30 mg
group at weeks 24, 36, and 48, respectively, although there were no statistically significant
differences in the achievement rates compared to week 12 (0%).

2.3. The Transition of Achievement Rates of EASI 90 at the Later Stages of Upadacitinib Treatment

The achievement rates for EASI 90 in week 12 achievers in the 15 mg group slightly
decreased at the later stages, although this was not statistically significant compared to
week 12 (100%): 76.9%, 71.9%, and 65% at weeks 24, 36, and 48, respectively (Figure 1b).
The achievement rate for EASI 90 in week 12 achievers in the 30 mg group was mostly
maintained: 77.8%, 92.9%, and 75% at weeks 24, 36, and 48, respectively.

The achievement rate for EASI 90 in week 12 non-achievers in the 15 mg group slightly
increased during the later stages, although this was not statistically significant compared
to week 12 (0%): 17.2%, 24.2%, and 20.8% at weeks 24, 36, and 48, respectively. The
achievement rate for EASI 90 in week 12 non-achievers in the 30 mg group also slightly
increased during the later stages without statistically significant differences compared to
week 12 (0%): 25%, 23.3%, and 37.5% at weeks 24, 36, and 48, respectively.

2.4. The Transition of Achievement Rates of EASI 100 at the Later Stages of
Upadacitinib Treatment

The achievement rates for EASI 100 in week 12 achievers decreased during the later
stages of treatment in both the 15 mg and 30 mg groups, although without statistically
significant differences compared to week 12 (100%): 71.4%, 41.7%, and 40% in the 15 mg
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group, and 33.3%, 50%, and 50% in the 30 mg group at weeks 24, 36, and 48, respectively
(Figure 1c).

The achievement rate of EASI 100 in week 12 non-achievers was low and did not
significantly increase during the later stages: 9.2%, 5.8%, and 5.9% in the 15 mg group and
4.2%, 10%, and 0% in the 30 mg group at weeks 24, 36, and 48, respectively.

2.5. The Transition of Achievement Rates of EASI < 2 at the Later Stages of
Upadacitinib Treatment
The achievement rates for EASI < 2 in week 12 achievers were mostly maintained
during the later stages in both groups (Figure 1d): 74.1%, 74.1%, and 80% in the 15 mg
group and 79.2%, 84.2%, and 73.3% in the 30 mg group at weeks 24, 36, and 48, respectively.
The achievement rates for EASI < 2 in week 12 non-achievers in the 15 mg group
slightly increased during the later stages, although this was not statistically significant
compared to week 12 (0%): 20%, 18.1%, and 22% at weeks 24, 36, and 48, respectively.
The achievement rate for absolute EASI < 2 in week 12 non-achievers in the 30 mg group
increased, although this was not statistically significant, compared to week 12 (0%): 26.7%,
28%, and 45.5% at weeks 24, 36, and 48, respectively.

2.6. The Transition of Achievement Rates of IGA 0/1 at Later Stage of Upadacitinib Treatment

The achievement rates for IGAO/1 in week 12 achievers in the 15 mg group slightly
decreased at later stages, although without statistically significant differences compared
to week 12 (100%): 62.5%, 68.2%, and 75% at weeks 24, 36, and 48, respectively (Figure 2).
The achievement rates for IGA0/1 in week 12 achievers in the 30 mg group were mostly
maintained: 76.5%, 85.7%, and 83.3% at weeks 24, 36, and 48, respectively.
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Figure 2. Achievement rates for IGA 0/1 in week 12 achievers or non-achievers during treatment
with upadacitinib (15 mg and 30 mg daily).

The achievement rates for IGA(Q/1 in week 12 non-achievers in both the 15 mg and
30 mg groups slightly increased at later stages, although without statistically significant
differences compared to week 12 (0%): 21.5%, 14.5%, and 17.7% in the 15 mg group, and
25%, 20%, and 20.8% in the 30 mg group at weeks 24, 36, and 48, respectively.
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2.7. The Transition of Achievement Rates of PP-NRS 4 at the Later Stages of
Upadacitinib Treatment

The achievement rates for PP-NRS 4 in week 12 achievers in the 15 mg group were
mostly maintained during the later stages: 92.4%, 89.7%, and 90% at weeks 24, 36, and
48, respectively (Figure 3a). The achievement rates for PP-NRS 4 in week 12 achievers in
the 30 mg group slightly decreased at the later stages, although this was not statistically
significant compared with week 12 (100%): 80.8%, 73.9%, and 71.4% at weeks 24, 36, and
48, respectively. The achievement rates for PP-NRS 4 were significantly higher in week 12
achievers in the 15 mg group than those in the 30 mg group at weeks 24, 36, and 48.
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Figure 3. Achievement rates for PP-NRS 4 (a) or PP-NRS < 1 (b) in week 12 achievers or non-
achievers during treatment with upadacitinib (15 mg or 30 mg daily). * p < 0.05, week 12 achievers of
PP-NRS 4 in the 15 mg group versus those in the 30 mg group, analyzed using Fisher’s exact test.

The achievement rates for PP-NRS 4 in week 12 non-achievers in the 15 mg group
increased during the later stages, although this was not statistically significant compared
with week 12 (0%): 32.4%, 34.6%, and 45.4% at weeks 24, 36, and 48, respectively. The
achievement rates for week 12 non-achievers in the 30 mg group slightly increased during
the later stages, although this was not statistically significant compared to week 12 (0%):
20%, 16.7%, and 12.5%.

2.8. The Transition of Achievement Rates of Absolute PP-NRS < 1 at the Later Stages of
Upadacitinib Treatment

The achievement rates for PP-NRS < 1 in week 12 achievers in both the 15 mg and
30 mg groups decreased during the later stages, although this was not statistically signifi-
cant compared to week 12 (100%): 71.4%, 64.3%, and 53.6% in the 15 mg group and 66.7%,
72%, and 65% in the 30 mg group at weeks 24, 36, and 48, respectively (Figure 3b).

The achievement rates for PP-NRS < 1 in week 12 non-achievers in both the 15 mg and
30 mg groups were low and did not significantly increase during the later stages: 10.3%,
10.7%, and 15.2% in the 15 mg group, and 4%, 14.3%, and 20% in the 30 mg group at weeks
24, 36, and 48, respectively.

2.9. Adjusted Transition of Achievement Rates of Clinical Indexes at the Later Stages of
Upadacitinib (30 mg) Treatment

Including patients previously treated with upadacitinib (15 mg) could potentially show
unclear results due to the lack of response to upadacitinib (30 mg) treatment. Therefore, an
analysis was conducted after excluding patients who had been treated with upadacitinib
(15 mg) from the upadacitinib 30 mg group. New figures were created for the achievement
rates of EASI 75, EASI 90, EASI 100, and EASI < 2 (Supplemental Figure S1a—d), the achieve-
ment rate of IGA 0/1 (Supplemental Figure S2), and PP-NRS < 1, PP-NRS 4 (Supplemental
Figure S3a,b), similar to existing ones. Essentially, the results for the upadacitinib 30 mg
group, after excluding patients with a history of upadacitinib (15 mg) treatment, showed
almost similar outcomes, suggesting that prior treatment with upadacitinib (15 mg) might
not have influenced the results.
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3. Discussion

In this study, the achievement rates for EASI 75, 90, EASI < 2, 1GA0/1, PP-NRS 4, or
PP-NRS < 1 in week 12 achievers were consistent until week 48 of upadacitinib treatment.
Although the achievement rate for EASI 100 in week 12 achievers decreased at later stages,
the differences in frequency compared to week 12 were not statistically significant, possibly
because of the decrease in the number of patients in later phases. Consistent with this study,
a previous clinical trial of the JAK 1/2 inhibitor baricitinib reported long-term maintenance
of therapeutic effects in early responders/partial responders who achieved IGA < 2 at week
16 [14]. Specifically, in the baricitinib (4 mg) treatment group, the early responders/partial
responders maintained the achievement rate of validated IGA-AD 0/1: 45.7% or 47.1%
at week 16 or 68, respectively, although that of EASI 75 slightly decreased from 70% at
week 16 to 55.7% at week 68. Similarly, in the baricitinib 2 mg treatment group, early
responders/ partial responders maintained achievement rates of validated IGA-AD 0/1
(46.3% or 59.3%) and EASI 75 (74.1% or 81.5%) at weeks 16 or 68, respectively. The results
of that study indicated the long-term maintenance of early responses to JAK inhibitors in
the treatment of AD.

Our previous real-world study showed that the achievement of IGA 0/1 at week
12 may be predicted by lower baseline EASI and higher age in the 15 mg upadacitinib
treatment group and by lower immunoglobulin E and LDH in the 30 mg treatment
group [15]. This indicates that patients with the above background may achieve IGA0/1 at
week 12 and maintain a good response in the later stages of upadacitinib treatment at the
respective doses.

In this study, the achievement rates of EASI 75 in week 12 non-achievers in both the
upadacitinib 15 mg and 30 mg groups increased at later stages of treatment until week 48,
although the differences were not statistically significant compared with week 12. These
results indicate that slow responders may exist latently among early non-responders to
upadacitinib treatment. Relating to our findings, a post hoc analysis of the dupilumab
open-label extension study [16] revealed that patients who did not achieve EASI 75 or IGA
0/1 at week 16 in SOLO 1 or 2 studies had high achievement rates at week 100: 91% for
EASI 75 and 45% (biweekly treatment) or 49% (monthly treatment) for IGA 0/1. In our
present study, the reason why some non-achievers of EASI 75 at week 12 benefited from
prolonged treatment with upadacitinib remains unknown. However, it may be related
to the patient’s phenotypes/endotypes, genetic factors, or medication adherence levels.
Our current findings indicate that some early non-responders at week 12 may benefit from
continued upadacitinib treatment, implying a need for a longer evaluation period to fully
assess the responsiveness to upadacitinib. Although determining the assessment time
point is challenging, our results suggest that monitoring effects for up to a year might
be reasonable. Patients who achieved EASI 75 at a later stage without early response
may exhibit higher baseline EASI scores and younger age in the 15 mg treatment group
or higher baseline IgE and LDH in the 30 mg treatment group, as analogized from our
previous real-world data [15]. Alternatively, slow responders may mainly present with
lichenification, whose response to upadacitinib is delayed compared to the other clinical
signs, excoriation, erythema, or edema/papulation [11].

In this study, we observed that week 12 non-achievers of EASI 100, IGA 0/1, or PP-
NRS < 1 did not show a trend towards increased achievement rates of these endpoints at
later stages of treatment until week 48. Achieving these endpoints suggests a complete or
near-complete resolution of rash or pruritus, indicating that the potential to attain these
stringent endpoints might be limited to early responders by week 12.

It is a very critical issue to choose between the continuation of upadacitinib treatment
or switching to another treatment for patients who did not achieve EASI 75 at week 12.
Because nearly half of the patients may potentially achieve EASI 75 in the later phase
of treatment, physicians may continue treatment. However, this continuation may have
a psychological impact on patients with AD, subjecting them to a potential insufficient
response for a prolonged period. Identifying predictive factors for long-term effectiveness
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or slow responders could aid in choosing appropriate treatments for early non-responders
by week 12.

Week 12 non-achievers of PP-NRS 4 in the 15 mg group showed higher achievement
rates of PP-NRS 4 at the late stage compared to the 30 mg group, although the difference
was not statistically significant (Figure 3a). This is possible because patients in the 15 mg
group had higher baseline PP-NRS values and might have more room to reduce their
PP-NRS than those in the 30 mg group (Table 1). Furthermore, the maintenance rate of
PP-NRS 4 in week 12 achievers was significantly higher in the 15 mg group than in the
30 mg group (Figure 3a). These results were rather unexpected and may be because of bias
owing to the much smaller number of week 12 achievers in the 30 mg group than that in
the 15 mg group (Table 2) and/or because week 12 achievers in the 15 mg group may have
a higher potential to sustain the response to upadacitinib on pruritus compared to those in
the 30 mg group. The results indicate that the therapeutic effects of upadacitinib on pruritus
may not consistently align with those on rash and may not always be dose-dependent.

Reports on the long-term effectiveness and safety of upadacitinib in managing AD in
real-world clinical studies are increasing, illustrating the sustained therapeutic potential
of the drug. This is highlighted in studies from Italy, such as those by Chiricozzi A et al.
2023 and Gargiulo et al. 2023, as well as the systematic review by Ibba L et al. [17] and
others [8,10,18-20]. Chiricozzi A et al. detailed the outcomes for 146 patients with moderate-
to-severe AD, most of whom (87.0%) received upadacitinib as monotherapy [8]. With 80.8%
of these patients on a daily dose of 30 mg, significant clinical improvements were observed
at week 16, and achievement rates of EASI 75, EASI 90, and EASI 100 were 78.2%, 47.6%,
and 28.2%, respectively, at 16 weeks. At week 48, the achievement rates of EASI 75, EASI
90, and EASI 100 reached 87.6%, 69.1%, and 44.3%, respectively. The study underscored
the consistent effectiveness of upadacitinib throughout the observation period. Gargiulo L
et al.’s retrospective analysis of 71 patients demonstrated high achievement rates of IGA
0/1 (90.9%), EASI 75 (87.9%), EASI 90 (75.8%), and EASI 100 (57.6%) after one year, with
significant symptom relief reported [10]. The effectiveness of upadacitinib was robust,
regardless of previous dupilumab exposure, and the study reported no serious AEs. Ibba
L et al’s systematic review further confirms the long-term effectiveness and safety of
upadacitinib for severe AD in real-world studies [17]. Through these comparative analyses,
the vital role of upadacitinib in the AD treatment landscape is reinforced, endorsing its
application as a primary treatment option for achieving long-term disease control.

This study had some limitations. First, the observation period of 48 weeks may be
insufficient to fully assess the long-term effectiveness of upadacitinib treatment for AD.
Future studies with longer treatment durations are necessary to provide a more comprehen-
sive understanding of the long-term effects of this drug. Second, there was an imbalance in
the number of patients between the upadacitinib 15 mg and 30 mg groups, indicating the
need for further investigation with a more balanced proportion of participants. Thirdly,
this study predicts the maintenance of effectiveness at week 48 based on the classification
of subjects into achievers and non-achievers of various clinical indexes at week 12. While
we identified baseline patient characteristics that reflect short-term effectiveness in our
previous studies with upadacitinib (15 mg and 30 mg) at week 12, future research should
focus on identifying baseline characteristics that could predict long-term effectiveness
based on the clinical indexes evaluated in this study (achievement rate of EASI 75, 90, 100,
IGA 0/1, EASI < 2).

4. Materials and Methods
4.1. Study Design and Data Collection

This retrospective study was conducted from August 2021 to November 2023 and
involved 300 Japanese patients (aged > 12 years) with moderate to severe AD. These
patients, diagnosed with AD based on the Japanese Guidelines for Atopic Dermatitis
2021, were identified as having moderate to severe AD with EASI > 16 or head-and-neck
EASI > 2.4. All patients received daily oral upadacitinib (15 mg or 30 mg) combined
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with moderate to strong topical corticosteroids twice daily. Before upadacitinib treatment,
data were collected on the patient’s age, sex, body mass index, disease duration, history
of bronchial asthma, allergic conjunctivitis, allergic rhinitis, and previous treatment with
dupilumab, upadacitinib (15 mg), or baricitinib (4 mg). This study was conducted in accor-
dance with the Declaration of Helsinki (2004) and approved by the Ethics Committee of
Nippon Medical School Chiba Hokusoh Hospital. Written informed consent was obtained
from all the patients.

4.2. Outcomes of Effectiveness

The EASI, PP-NRS, and IGA scores were analyzed before and after updacitinib treat-
ment. At week 12, patients were divided into achievers and non-achievers of EASI 75, 90,
or 100 (at least a 75%, 90%, or 100% reduction from baseline EASI, respectively), absolute
EASI < 2, IGA 0/1 (IGA scores of 0 (clear) or 1 (almost clear)), PP-NRS4 (PP-NRS
reduction > 4 points among patients with baseline PP-NRS > 4-point), or absolute
PP-NRS < 1 (Table 2). The achievement rate of each endpoint was analyzed at later
time points (weeks 24, 36, and 48) in week 12 achievers and non-achievers.

4.3. Statistical Analysis

Results were expressed as medians and interquartile ranges for nonparametrically
distributed variables. Differences in frequencies were assessed using Fisher’s exact test.
Differences between the two groups were analyzed using the Mann—Whitney U test for
variables with a nonparametric distribution. Statistical significance was set at p < 0.05. In
cases of missing data, the affected patients were excluded from the analysis to ensure data
integrity and accuracy. All statistical analyses were conducted using EZR software (version
1.55) (Saitama Medical Center, Jichi Medical University).

5. Conclusions

The reduction in rash and pruritus achieved at week 12 was maintained until week
48 of upadacitinib treatment. The achievement rate for EASI 75 in week 12 non-achievers
increased until week 48 of treatment at both the 15 mg and 30 mg doses. These re-
sults indicate that a subset of non-achievers of EASI 75 at week 12 may benefit from
prolonged treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph17040519/s1, Supplemental Figure S1: Achievement rates
for EASI 75 (a), EASI 90 (b), EASI 100 (c), and absolute EASI < 2 (d) in week 12 achievers or non-
achievers during treatment with upadacitinib 15 mg or 30 mg daily, excluding patients with a history
of treatment with upadacitinib 15 mg. Supplemental Figure S2: Achievement rates for IGA 0/1
in week 12 achievers or non-achievers during treatment with upadacitinib 15 mg and 30 mg daily,
excluding patients with a history of treatment with upadacitinib 15 mg. Supplemental Figure S3:
Achievement rates for PP-NRS 4 (a) or PP-NRS < 1 (b) in week 12 achievers or non-achievers during
treatment with upadacitinib (15 mg or 30 mg daily), excluding patients with a history of treatment
with upadacitinib 15 mg.
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Abstract: Isoliquiritigenin (ILQ) is a natural flavonoid with various pharmacological activities.
In this study, we optimized the preparation method of self-nano-emulsion-loaded ILQ to further
improve its bioavailability based on our previous study. In addition, its effect on the treatment of
eosinophilic esophagitis was also evaluated. Combined surfactants and co-surfactants were screened,
and the optimal formulation of ILQ-SNEDDS was determined according to droplet size, droplet
dispersity index (DDI), and drug loading. The formulation was composed of ethyl oleate (oil phase),
Tween 80 & Cremophor EL (surfactant, 7:3), and PEG 400 & 1,2-propylene glycol (cosurfactant, 1:1),
with a mass ratio of 3:6:1. Its physicochemical properties, including drug loading, droplets” size,
Zeta potential, appearance, and Fourier transform infrared (FTIR) spectroscopy, were characterized.
In vitro release profile, in situ intestinal absorption, and in vivo pharmacokinetics were applied to
confirm the improvement of oral ILQ bioavailability by NEDDS. Finally, the efficacy of ILQ-SNEDDS
in the treatment of food allergy-induced eosinophilic esophagitis (EOE) was further evaluated.
When the ILQ drug loading was 77.9 mg/g, ILQ-SNEDDS could self-assemble into sub-spherical
uniform droplets with an average size of about 33.4 £ 2.46 nm (PDI about 0.10 + 0.05) and a Zeta
potential of approximately —10.05 £ 3.23 mV. In situ intestinal absorption showed that optimized
SNEDDS significantly increased the apparent permeability coefficient of ILQ by 1.69 times, and
the pharmacokinetic parameters also confirmed that SNEDDS sharply increased the max plasma
concentration and bioavailability of ILQ by 3.47 and 2.02 times, respectively. ILQ-SNEDDS also
significantly improved the apparent signs, allergic index, hypothermia and body weight of EoE model
mice. ILQ-SNEDDS treatment significantly reduced the levels of inflammatory cytokines, such as
TNEF-«, IL-4, and IL-5, and the level of PPE-s-IgE in serum, and significantly inhibited the expression
of TGF-1 in esophageal tissue. SNEDDS significantly improved the solubility and bioavailability of
ILQ. Additionally, ILQ-SNEDDS treatment attenuated symptomatology of EoE model mice, which
was associated with inhibiting the production of T2 inflammatory cytokines and PPE-s-IgE and
the expression of TGF-B1. The above results shows that ILQ-SNEDDS has great potential as a good
candidate for the treatment of eosinophilic esophagitis.

Keywords: eosinophilic esophagitis (EoE); isoliquiritigenin (ILQ); self-nano-emulsifying drug
delivery system (SNEDDS); increased bioavailability

1. Introduction

Eosinophilic esophagitis (EoE) is a chronic esophageal inflammatory disease associ-
ated strongly with food allergy, characterized by significant esophageal eosinophils (Eos)
and esophageal dysfunction, such as dysphagia and food impaction [1,2]. EoE imposes, on
patients and their families, substantial negative impacts by causing emotional distress (fear
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and anxiety) and limiting social activities [3]. It has been documented that EoE has been
rapidly increasing both in incidence and in prevalence over the last two decades, especially
in Western countries [4]. EoE is currently the leading cause of dysphagia and bolus im-
paction and the second most common cause of chronic esophagitis after gastroesophageal
reflux disease [2]. Despite increasing worldwide prevalence, EoE lacks sufficiently effective
therapies. Due to the lack of sufficient understanding of the disease, there are no complete
epidemiological data on EoE in China so far, but clinical reports of EoE case are gradually
increasing significantly. Most EoE cases are in children (mainly 5-10 years old) and adults
(mainly 30-50 years old) and clinical symptoms vary by age, with eosinophilic inflamma-
tion being seen in children and esophageal remodeling and fibrosis in adults [5,6]. This
difference also supports the progression of EoE disease [2,7].

To date, the pharmacotherapy of EoE has highly relied on inhaled and swallowed
corticosteroids. Despite their efficacy in suppressing EoE-related inflammation, concerns
remain regarding long-term steroid use, such as esophageal candidiasis, abnormal bone
mineral density, glaucoma, hyperglycemia, and other serious side effects [8]. It is urgent to
find new, highly safe, and effective anti-inflammatory and anti-fibrosis agents for EoE.

Given the important roles of ongoing inflammation and fibrosis in the development of
EoE disease, natural small-molecule compounds, such as polyphenols and flavonoids, with
anti-inflammatory, antioxidant, and immunomodulatory effects have attracted increasing
attention [9,10]. Isoliquiritigenin (ILQ, Figure 1) is a natural flavonoid compound with
a chalcone structure, which has strong antioxidant, anti-inflammatory, anti-tumor, and
anti-allergic effects [11-15]. In our previous study, we found that ILQ is one of the most
potent flavonoids isolated from Glycyrrhiza to significantly suppress the Th2 type immune
response and the production of eotaxin-1 [14,16,17], both of which greatly contribute to
eosinophil inflammation in EoE. However, its poor solubility, fast elimination, and poor
in vivo absorption hindered its further application in vivo [18]. Nanotechnology-based
drug delivery systems have done good work in increasing the solubility and bioavailability
of insoluble drugs in vivo, which has gradually become a consensus. Self-nano-emulsifying
drug delivery systems (SNEDDS) have been paid extensive attention for their excellent
properties for oral administration, such as spontaneous formation in the gastrointestinal
tract, ease of manufacture, and low cost [19].

O

HO OH

HO

Figure 1. The structure of isoliquiritigenin (ILQ).

In our previous study, an oral self-nano-emulsified drug delivery system (SNEDDS)-
loaded ILQ was designed to improve its solubility and in vivo bioavailability. However,
the use of a high proportion of Tween 80 may result in an increased risk of hemolysis [20].
Currently, compatible surfactants and co-surfactants were used to optimize formulations
for further improvement the safety and bioavailability of ILQ-SNEDDS. The appearance,
average droplets’ size, zeta potential, and morphology of the optimal ILQ-SNEDDS were
characterized. Subsequently, the effects of different drug loadings on the in vitro release
and in situ intestinal absorption of ILQ-SNEDDS were also investigated. Finally, the anti-
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inflammatory and anti-fibrosis effects of ILQ-SNEDDS were evaluated in a mouse model
of eosinophilic esophagitis (EoE) induced by food allergy.

2. Results and Discussion
2.1. The Preparation and Characterization of ILQ-SNEDDS

In our previous study, by screening various excipients with high solubility of ILQ), oil
phase, Tween 80, and PEG 400 were selected as oil phase, surfactant, and co-surfactant,
respectively, with a weight ratio of 3:6:1. The high doses of Tween 80 in this formulation
increase the risk of hemolysis toxicity of ILQ-SNEDDS administered in vivo. Therefore, in
order to improve the safety of the nano-emulsion, this study intended to further improve the
solubility of ILQ and decrease the dosage of Tween 80 without reducing the bioavailability
of ILQ by screening other suitable mixed surfactants and co-surfactants.

Since the solubility of ILQ was nearly the same in Tween 80 and Cremophor EL,
Cremophor EL was preferred as the mixed surfactant. The appropriate proportions be-
tween Tween 80 and Cremophor EL were further determined by a single factor factorial
experiment. Maintaining the weight ratio of oil phase (ethyl oleate): mixed surfactant
and co-surfactant (PEG-400) at 3:6:1, the ratios of Tween 80 and Cremophor EL were set
at 9:1, 8:2, 7:3, 6:4, and 5:5. each ILQ-SNEDDS was prepared according to our previous
method. The optimum ratio of Tween 80 to Cremophor EL was determined by comparing
ILQ solubility, droplets” size, polydispersity index, and & potential. As shown in Figure 24,
each ILQ-SNEDDS showed both increased ILQ loading and droplets’ size after the addition
of Cremophor EL. When the ratio was 9:1, the drug loading of ILQ and its droplets’ size
were both the largest. As the Cremophor EL ratio continued to increase, the drug loading
of ILQ and droplets’ size both decreased a bit. The ratios of 8:2 and 7:3 showed high
ILQ loading and small droplet size and polydispersity index, and was selected for the
next experiment.
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Figure 2. A single factor experiment was used to screen suitable mixed surfactant. (A) Screening of
mixed surfactants; (B) screening of mixed co-surfactants.

Among the commonly used surfactants, the solubility of ILQ in 1,3-propanediol is the
highest. However, droplet sizes of the nano-emulsion formed only with 1,2-propanediol as
the cosurfactant were all more than 100 nm. Therefore, 1,2-Propanediol was considered to
be used in combination with PEG 400 as a cosurfactant. A single factor experiment was
used to further screen out the best ratio of the two. Ethyl oleate (0il phase):Tween80 and Cre-
mophor EL (surfactant):1,2-propanediol and PEG 400 (cosurfactant) mass ratio was still set
to 3:6:1, in which the ratios of Tween 80 to Cremophor EL (as co-surfactants) were set at 8:2,
7:3, and 5:5. The mass ratios of PEG 400 to 1,2-propanediol were set at 1:0, 1:1, and 1:2. The
ILQ drug loading and droplet sizes of the prepared nano-emulsions are shown in Figure 2B.
The results showed that the drug loading of ILQ increased when a certain proportion of
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1,2-propanediol was added. But when the mass ratio of 1,2-propanediol to PEG 400 was set
at 2:1, the droplet size of SNEDDS increased significantly to above 100 nm. Therefore, the
mass ratio of 1,2-propanediol to PEG 400 (mixed cosurfactant) was determined to be 1:1.

Based on our previous study, a three-factor (Factor A, percentage of oil phase; Factor B,
mass ratio of Tween80: Cremophor EL (mixed Surfactant); Factor C, the Km ratio of surfac-
tant to co-surfactant) and three-level orthogonal experimental design were used to screen
out the best formulation by comparing the drug loading of ILQ, droplets” size (polydisper-
sity index and & potential) of the formed ILQ-SNEDDS. The results are shown in Table 1.
The results of ILQ loading were analyzed first. The Km value of the ratio of surfactant and
co-surfactant had the greatest influence on drug loading (R value was 19.91), followed by
the percentage of oil phase (R value was 11.69). Mass ratio of Tween80 to Cremophor EL
had the least effect on the results (R value of 4.83). Then, considering the droplets’ size
factor, when the Km value was 5:2, the droplets’ sizes of the prepared nano-emulsion were
not stable, which might be quite small (12 nm) or large (190 nm, 230 nm). Therefore, the fi-
nalized optimal SNEDDS formulation was oil phase (ethyl oleate), mixed surfactant (Tween
80: Cremophor EL, 7:3), and mixed cosurfactant (PEG 400:1, 2-propanediol = 1:1), with a
mass ratio of 3:6:1. After 10-fold dilution with ultrapure water, they could quickly form
a clear and transparent nano-emulsion in less than 2 min (Figure 3A-C). An interesting
phenomenon was found during the study that the droplet size only increased slightly when
the drug loading was lower than 80 mg/g under the optimized formulation conditions.
The drug loading of ILQ-SNEDDS was 77.9 mg/g, and the encapsulation efficiency was
92.50% =+ 0.45. As shown in Figure 3, the average droplet size was 33.40 £ 2.46 nm with a
PDI of 0.10 £ 0.05 and its Zeta potential was —10.05 = 3.23 mV. The results of TEM images
of ILQ-SNEDDS (Figure 3D) were highly consistent with the DLS results. Most droplets
were spherical in shape and uniform in size, ranging from 28-38 nm, with an average
droplet size of 32.3 nm (Figure 3E). However, when the drug loading further increased, the
droplet size was increased significantly and was positively correlated with drug loading.
When the drug loading increased to 90 mg/g, the droplet size had increased to 140 nm
with a broadened PDI, and when it further increased to 132 mg/g, the droplet size had
increased to more than 240 nm.

Table 1. Orthogonal experiments of three factors and three levels. Factor A: Percentage of oil phase;
Factor B: Mixed Surfactant (Tween80: Cremophor EL) mass ratio; Factor C: the mass ratio of surfactant
and co-surfactant.

Num Factor A Factor B Factor C Drug Loading Ave Size Ave PDI ¢ Potential
mg/g (nm) (mV)

1 25% 9:1 6 52.59 19.14 0.160 —6.74
2 25% 8:2 2.5 76.06 237.3 0.231 —5.28
3 25% 7:3 3.7 31.92 16.89 0.152 -9.27
4 30% 9:1 2.5 51.41 11.99 0.159 —8.34
5 30% 8:2 3.7 44.4 15.21 0.115 —8.61
6 30% 7:3 6 73.06 28.39 0.178 —10.11
7 35% 9:1 3.7 46.3 29.63 0.200 —9.79
8 35% 8:2 6 37.53 13.25 0.158 —3.47
9 35% 7:3 2.5 54.88 190.06 0.204 —4.39

Levels A B C
1 53.52 50.10 56.03
2 57.93 52.66 40.87
3 46.24 54.93 60.78
R 11.69 4.83 19.91

Ranking 2 3 1
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Figure 3. Physiochemistry characterization of ILQ-SNEDDS. (A) Blank SNEDDS droplet size distri-
bution. (B) ILQ-SNEDDS droplet size distribution. (C) The appearance of freshly prepared Blank
SNEDDS and ILQ-SNEDDS. (D) The TEM image of ILQ-SNEDDS (50 times dilution). The yellow
arrows indicates that the droplets are at the edge of drug overload. (E) ILQ-SNEDDS droplet size
distribution by TEM. (F) FTIR spectra of ILQ-SNEDDS (28 nm, 75 mg/g), ILQ-SNEDDS (240 nm,
135 mg/g), physical mixture (ILQ + SNEDDS), and ILQ.

On the FTIR spectrum (Figure 3F), the characteristic absorption peaks at 3426 cm ™!
(O-H stretching vibration, disappeared), 2923 and 2858 cm ! (vC-H stretching vibration,
decreased), 1630 cm ™! (vC=C, increased), 1514 cm ! (vC-H, increased), and 1110 cm ™! (vC-
O stretching vibration, decreased) showed remarkable changes, indicating the increased
interaction force between ILQ and SNEDDS.
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2.2. In Vitro Release Profiles and Stability of ILQ-SNEDDS

In our previous study, we found that ILQ-SNEDDS showed robustness to dilution and
good stability for storage. Therefore, we focused on the release behavior of ILQ-SNEDDS
with different drug loading in the current study.

Figure 4A showed the release profiles of ILQ from a nano-emulsion with different
drug loading. The results demonstrated that there was no significant difference in the
cumulative release percentage for 12 h between ILQ-SNEDDS groups with different drug
loading. More than 75% of ILQ were released from ILQ-SNEDD with a droplet size less
than 33 nm. In addition, they were 20% higher than that of the ILQ suspension. However,
ILQ-delayed release in simulated gastric juice was only observed in ILQ-SNEDDS groups
with a droplet size of less than 33 nm and was negatively correlated with droplet sizes
in comparison to the free ILQ-suspension. ILQ-SNEDDS with the largest droplet size
(~240 nm) showed similar release characteristics with ILQ suspension in 1% Tween 80.
Figure 4B showed the appearance of a nano-emulsion diluted 10 times and 100 times under
different drug loading. These results suggested that ILQ-SNEDDS with small droplet size
could successfully incorporate ILQ in bilayer emulsion droplets, thus contributing to much
more ILQ release than the free ILQ suspension [21].
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Figure 4. In vitro release profiles of ILQ from ILQ suspension and ILQ-SNEDDS with four different
drug loading and their in-situ absorption. (A) In vitro release profiles of ILQ-SNEDDS in simulated
gastric (pH 1.2, for the first 2 h) and intestinal (pH 6.8 PBS for the rest 22 h) fluid. (B) The appearance
of freshly prepared ILQ-SNEDDS with different drug loading. (C) Absorption percentage curve of
ILQ suspension or ILQ-SNEDDS with different drug loading in rats” proximal jejunum segment after
perfusing 2 h with an ILQ dose of 200 ug/mL. Length of jejunum: 12~15 cm; Each value represents
the mean + SD, * p < 0.05 and, ** p < 0.01 (Prism Mann-Whitney test, n = 3~4).
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SNEDDS is a thermodynamically stable system. The optimized ILQ-SNEDDS could
withstand dilution with a large amount of simulated gastric juice (pH1.2 hydrochloric
acid) and intestinal juice (pH 6.8 phosphate buffer), and its droplet size, PDI, and zeta
potential showed minor changes under different harsh dilution conditions, indicating the
good dilution stability of optimized ILQ-SNEDDS (Table 2). The optimized ILQ-SNEDDS
was stored at 4 °C or 37 °C for more than one month, and its appearance did not show any
change. However, with the extension of storage time to 2 months, it might coalesce, showing
enlarged droplet sizes and reduced Zeta potentials (Table 2), especially under 37 °C.

Table 2. The results of stability of ILQ-SMEDDS at different storage conditions.

Ttems Droplet Size (nm) PDI C-Potential (mV)

Freshly prepared (0 day) 27.93 0.151 —9.84
Dilution with pH 6.8 PBS 28.85 0.191 /
Dilution with 0.01 M HCI 28.33 0.204 /

. N at4°C 28.89 0.206 —8.34

mont at37°C 29.30 0.211 —8.35

) N at4°C 140.41 0.224 —-8.12

months at37°C 241.48 0.237 —4.41

2.3. Intestinal Absorption In Situ of ILQ-SNEDDS

In situ perfusion was used to evaluate the gastrointestinal absorption improvement
potential of SNEDDS-ILQ preparations with different drug loading. As shown in Figure 4C,
SNEDDS significantly increased the absorption of ILQ in the jejunum as expected, compared
with free ILQ. However, ILQ drug loading could also significantly affect the absorption
rate. The absorption rate of ILQ-SNEDDS with 75 mg/g was the highest and comparable
to the drug loading of 35 mg/g, reaching 23.45%, which was 9.02% higher than that of free
ILQ (p < 0.01), while ILQ-SNEDDS with 95 mg/g drug loading only increased by 3.03%.
Parameters representing absorption enhancement, such as absorption rate constant (Ka),
apparent permeability coefficient (Papp), and enhancement ratio (ER), were calculated
and listed in Table 3. The results of in situ perfusion were consistent with the results of
in vitro release, indicating that under the conditions of ensuring the small droplet size,
properly increasing the drug loading would not affect the role of SNEDDS in promoting
the absorption of ILQ. However, the excessive increase in drug loading would lead to a
significant decrease in the absorption rate with the increase in droplet size.

Table 3. The absorption coefficient calculated in situ intestinal perfusion (1 = 3 or 4).

Globule Size and o 1 —an._1 .2 Enhancement
Items Drug Loading Ap/% Ka/h Papp-10~4/h~1.cm Ratio
28.9 nm (35 mg/g) 22.02 +0.39 0.144 £+ 0.0043 29.58 +2.03 1.61
ILQ-SNEDDS 33.6 nm (75 mg/g) 23.45 + 2.96 0.149 + 0.0060 30.97 + 4.49 1.69
140.4 nm (95 mg/g) 17.39 + 1.34 0.104 £+ 0.0107 20.14 + 2.46 1.10
ILQ suspension - 14.43 +3.27 0.086 £ 0.0080 18.34 £ 2.86 1.00

In a previous study, it was reported that a surfactant with an HLB value ranging from
10 to 17 in SNEDDS formulation plays a crucial role in enhancing drug absorption and
intestinal penetration, which may be associated with the fact that surfactants could alter the
mucus structure and enhance the hydrophilicity of the intestinal microenvironment [22,23].
In the current study, the co-surfactant of Tween 80 (with HLB 15) and Cremophor EL
(with HLB 13.5) in the SNEDDS undoubtedly increased the absorption rate constant and
apparent permeability coefficient of ILQ compared to free ILQ suspension. However, the
droplet size was another important reason for the enhancement of ILQ permeation since
the smaller droplet can easily permeate via the intestinal wall. If SNEDDS is overloaded
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with ILQ, its looser surfactant coating resulted in a larger droplet size and significantly
lower permeability coefficient. Therefore, in the following experiments, the ILQ-SNEDDS
with a drug loading of 75 mg/g was selected for in vivo experimental study.

2.4. Pharmacokinetic Study of ILQ-SNEDDS

Rats were given a single dose of 35 mg/kg free ILQ (dissolved in 1% Tween 80) and
ILQ-SNEDDS (28.9 nm, equivalent to free ILQ). The plasma drug concentration—time
profiles are presented in Figure 5, and the pharmacokinetic parameters were calculated by
using a non-ventricular analysis and listed in Table 4. As shown in Figure 5, the maximum
plasma concentration (Cpax) of ILQ in the nano-emulsion group was 1.52 pug/mL, 3.47 times
higher than that in the free ILQ group. Moreover, usage of SNEDDS led to a significant
reduction in Tmax (0.5 h vs. 0.75 h) and a statistically significant increase in AUCy ¢
compared to the free ILQ suspension.
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Figure 5. Mean plasma concentration-time profiles of ILQ in mice after oral administration of ILQ
suspension or ILQ-SNEDDS (equivalent dose) at a dose of 35 mg/kg of ILQ. Each value represents
the mean + SD, * p < 0.05, ** p < 0.01. (Each time point, n = 4).

Table 4. Pharmacokinetic parameters after oral administration of free ILQ (35 mg/kg) or ILQ-
SNEDDS (Equivalent Dose) in SD rats. (* p < 0.05.).

Items Free ILQ Suspension ILQ-SNEDDS
Ke, ht 0.4 +0.01 0.36 == 0.01
t1/,h 1.79 + 4.12 2.12 + 6.87
Tmax, h 0.75 £ 0.00 0.5+ 0.00 *
Crnax, Hg/mL 0.43 £0.02 152 +0.13*
AUCq_p4, pg/mL-h 1.86 £0.12 3.76 £0.38 *
Vz/F L 320.32 + 56.30 170.11 £13.11°*%

Due to its poor dissolution capacity and low intestinal permeability, the free ILQ sus-
pension showed poor bioavailability, while SNEDDS could improve the oral bioavailability
of ILQ. The AUC_»4 of the ILQ-SNEDDS was 3.80 ug-h-mL’l, 2.02 times higher than
that of free ILQ suspension, which was correlated with the result of the in vitro release
study and in situ perfusion. In summary, the increased bioavailability of ILQ-SNEDDS
was strongly associated with the following two factors: (i) SNEDDS could significantly
increase the solubility of ILQ and ensure its dissolution, thereby improving the dissolution
limiting step of ILQ [24,25]; (ii) the nano-emulsion with small droplet size could promote
the intestinal lymphatic transport of ILQ [26,27]. Therefore, the Cpax and AUC(_p4 of
ILQ-SNEDDS increased by 3.47 times and 2.02 times, respectively, compared to the free
ILQ suspension.
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2.5. Hemolytic Toxicity of ILQ-SNEDDS

Tween-80 is widely used as a solubilizer and stabilizer in injection and oral prepa-
rations with a commonly used dosage of about 1-2%, including docetaxel and some
vaccines. However, the hemolysis problem and other toxicities, including sensory neuropa-
thy, nephrotoxicity, and hypersensitivity reactions caused by excessive use of Tween-80,
have also attracted extensive attention, and the safe dosage of Tween-80 has become the
focus of its use [20,28].

In this study, Tween-80 was still used as the major surfactant, but its dosage was
reduced by more than 30% in the optimized formula. As shown in Figure 6, when the
dose of ILQ-SNEDDS was under 50 pg/mL, no hemolysis could be observed. Within the
effective therapeutic dose of ILQ-SNEDDS, the highest plasma concentration of ILQ was
only about 1.65 pg/mL, the hemolysis toxicity caused by Tween 80 was unnoticeable. The
single oral dose was even increased to 100 mg/kg and no obvious toxicity was found in rats.
Since viable alternatives to Tween 80 remain unsolved, the toxicity caused by excessive use
of Tween-80 should still be paid sufficient attention. The standardized use of Tween-80 is
an essential method for the safe use of nano-emulsion.

30~
=3 |LQ -SNEDDS (29.6 nm)

E= Equivalent of free Tween 80
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Figure 6. Hemolysis effect of ILQ-SNEDDS and equivalent amount of Tween-80 on rat RBC after
incubation at 37 °C for 3 h (n = 3).

2.6. Pharmacodynamics Effects and Underlying Mechanism of ILQ-SNEDDS on EOE-Like Model Mice
2.6.1. ILQ-SNEDDS Alleviated Weight Loss and Hypothermia in EOE-Like Model Mice

A PPE-induced food allergy-like EOE mouse model was constructed according to
the method (shown in Figure 7A) in a previous study [1] with minor modifications to
evaluate the therapeutic effect of ILQ-SNEDDS. EOE mice daily received oral treatment
with ILQ-SNEDDS at a 20 mg/kg equivalent ILQ dose for one month. In our previous
study, ILQ-SMEDDS was developed to treat asthma, and the ILQ-SMEDDS group at the
dose of 10 mg/kg showed a better anti-asthma effect than that of the ILQ suspension group
at a dose of 20 mg/kg [29]. We made a first attempt to use ILQ to treat EOE, choosing
ILQ-SNEDDS with higher bioavailability instead of free ILQ, which is also a limitation of
the current study.
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Figure 7. Daily oral treatment with ILQ-SNEDDS alleviated symptoms of food allergy-induced
EoE-like disease mice. (A) Procedure for PPE-sensitized murine model of food allergy-induced EoE;
(B) body weight; (C) H&E pathological section of esophagus (40 x) and small intestine (20x) in each
group. (D) Allergy index; (E) body temperature after the last challenge. (F) Spleen index, (G) lung
index. Results are expressed as mean + SD. p value was calculated by one-way ANOVA using Prism
9 software. * p < 0.05, ** p < 0.01, and **** p < 0.0001 compared to sham group.

We combined oral PPE challenge way and skin PPE challenge way to enhance the
symptoms of experimental eosinophilic esophagitis. The PPE-induced EOE mouse model
could well simulate the typical symptoms and pathological changes of EoE with typical
characteristics of food allergy. Compared with the mice in the naive group, all the model
mice showed significant weight loss, decreased activity, poor hair luster, loose stool, spleen
swelling, and responses of anaphylaxis, such as increased scratching behavior, hypother-
mia, cyanosis, difficulty breathing, and other severe hypersensitivity responses. In addition
to the above allergic symptoms, the model mice also had symptoms of ear scabbing or
even thickening. The above symptoms were mainly consistent with the clinicopathological
changes of EoE. As shown in Figure 7B, the mean weight of sham-treated mice decreased
significantly after each PPE challenge, which was 0.63 g lower than before the experiment
after the first PPE challenge. Additionally, it had decreased by 2.71 g by the end of the
experiment. Although the weight of the mice treated with ILQ-SNEDDS also decreased
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after PPE challenges, the weight of mice even increased by 0.63 g after four PPE challenges
and only decreased by 0.29 g after the last high-dose PPE challenge. Furthermore, all sham-
treated mice developed anaphylaxis with a mean symptom score of 2.71. Treatment with
ILQ-SNEDDS could effectively reverse the pathogenesis of esophagitis and greatly allevi-
ated these symptoms. The allergic symptom scores of mice treated with ILQ-SNEDDS were
significantly lower than those of the sham mice (p < 0.05, Figure 7D), with no significant
difference from dexamethasone-treated mice.

H&E staining results directly showed the pathological changes of EOE model mice.
As shown in Figure 7C, the esophageal tissue of mice in the sham group was altered in
association with the disease; the esophageal wall was significantly thickened, swollen, and
congested, the lamina propria was elongated, the upper lamina propria was fibrotic, and the
infiltration of inflammatory cells and eosinophils around the esophagus was significantly
increased compared to the naive mice. ILQ-SNEDDS and Dex treatment greatly relieved
the above symptoms.

Figure 7E showed the changes in body temperature of all mice within 40 min after
the last challenge. Core body temperature of all model mice dropped within 30 min
after the challenge and recovered after 40 min. The mean body temperature of sham-
treated mice was the lowest at 30 min, which was 33.92 + 1.01 °C, and 2.08 °C lower
than that of the naive mice (p < 0.001). ILQ-SNEDDS and dexamethasone treatment
could alleviate hypothermia in model mice, and their mean body temperature was 35.18
£ 0.54 °C and 34.84 + 0.73 °C (p < 0.05, and p = 0.15, compared with the sham group).
Anaphylaxis, such as food allergy and EoE, is a systemic disease triggered by the release
of multiple inflammatory cells and might cause a variety of viscera damage [1]. The
results of pathological section also showed that the intestinal structure of the sham mice
was abnormal, damaged, and accompanied by a large number of inflammatory cells’
infiltration. In addition, the sham mice also showed significant pulmonary inflammation
and splenomegaly, with a significant increase in lung index (151.5%, p < 0.001, Figure 7F)
and spleen index (208.0%, p < 0.001, Figure 7G) compared with the naive mice. After
treatment with ILQ-SNEDDS, the lung index and spleen index of mice decreased by 15.3%
and 12.0%, respectively (p < 0.05, p = 0.1), indicating that ILQ-SNEDDS treatment could
improve inflammation in the small intestine, spleen, and lung of mice to a certain extent.

2.6.2. ILQ-SNEDDS Reduced the Levels of IL-4, IL-5 and TNF-« in Peripheral Blood of
EoE-Like Model Mice

Increasing evidence shows that EoE is the late manifestation of anaphylaxis progres-
sion, which usually starts from atopic dermatitis and develops into IgE-mediated food
allergy, asthma, allergic rhinitis, and EoE [30]. Moreover, as a progressive disease, if not
treated, the persistent inflammation generated during the active EoE will accelerate the
progress of esophageal stenosis and fibrosis remodeling, leading to irreversible esophageal
function damage in patients [31]. In the complex pathogenesis of EoE, multiple immune
cells, such as T2 cells, eosinophils, and mast cells, are involved and jointly contribute to
the inflammation produced in the active EoE [31,32].

As shown in Figure 8A-C, the levels of TNF-«, IL-4, and IL-5 in the serum of sham
mice were sharply increased compared with those in naive mice (p < 0.0001, p < 0.0001, and
p <0.0001). TNF-o is one of the earliest and most important inflammatory mediators in
the process of inflammatory response [33]. TNF-« levels in the serum in the sham group
reached 484.57 ng/mL. ILQ-SNEDDS and dexamethasone treatment could significantly
reduce the above inflammatory cytokines compared with the sham group. The levels of
TNF-«, IL-4, and IL-5 were decreased by 33.3% (p < 0.05), 56.7% (p < 0.001), and 39.6%
(p < 0.01), respectively, after ILQ-SNEDDS treatment (Figure 8B,C).
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Figure 8. ILQ-SNEDDS treatment reduced the serum levels of the relevant Th2 inflammatory
cytokines, TGF-p1 expression, and PPE-s-IgE. (A) TNF-«; (B) IL-4; (C) IL-5; (D) ICH for TGF-31
expression (40x); (E) PPE-s-IgE. Results are expressed as mean + SD. p value was calculated by
one-way ANOVA using Prism 9 software., #, ##, ###, ####, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001

as compared to the sham group.

2.6.3. ILQ-SNEDDS Suppressed the Expression of TGF-{31

In addition to the above inflammatory cytokines produced by immune cells, TGF-f31-
mediated esophageal inflammation and fibrosis also played a critical role in the occurrence
and development of EoE [5,34,35]. One study found that blocking TGF-1 and MAPK
signaling could inhibit the secretion of fibronectin and type I collagen by esophageal
fibroblasts and muscle cells, thus relieving esophageal fibrosis [36]. As shown in Figure 8D,
the TGF-31 positive expression was yellowish brown and diffusely distributed in the
cytoplasm of esophageal tissue. The TGF-31 positive expression level in the sham group
was much higher than that of the naive group. After ILQ-SNEDDS treatment, the TGF-31
positive expression level was obviously decreased.
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2.6.4. ILQ-SNEDDS Reduced PPE-s-IgE Production in Peripheral Blood of EoE-Like
Model Mice

Whether specific IgE plays an active role in the pathogenesis of disease or whether it is
only a prognostic marker remains unclear. However, intensive studies have also confirmed
that IgE is indeed closely associated with EoE [32].

Figure 8E showed the results of PPE-s-IgE levels measured by ELISA. Compared
with the naive group, the serum PPE-s-IgE in the sham group was significantly increased
(p < 0.0001), with an average concentration of 369.89 ng/mL. ILQ-SNEDDS treatment could
depress serum PPE-s-IgE production, which was significantly decreased by about 40%
compared with that in the sham group (p < 0.01).

These physiological conditions and symptoms associated with EoE disease were
gradually improved following the ILQ-SNEDDS treatment. However, although the safety
of natural small molecule ILQ is significantly higher than that of dexamethasone, its
improvement effect on EOE clinical symptoms is still inferior to that of dexamethasone.
In view of the good anti-inflammatory and antioxidant effects of ILQ, it has significant
potential in the treatment of asthma, food allergy, and EoE. We will continue to look
for other phytonanotechnologies [37] that can improve the bioavailability of ILQ more
efficiently in our subsequent research.

This study has several limitations. EoE is commonly associated with concomitant
atopic diseases including atopic dermatitis, food allergy, and asthma. There were no signifi-
cant differences between sexes in mid /proximal or distal esophageal eosinophil count in
both adults and children [38]. Although EOE worldwide is predominant in male children
and adults [38], we used female mice in our study according to the literature [1], because fe-
male mice experience more airway remodeling and T2 inflammation compared with male
mice [39,40]. However, due to the differences in hormone levels and metabolism between
men and women, to mice gender should be properly considered in EOE pathogenesis and
drug absorption [41].

3. Materials and Methods

Isoliquiritigenin (ILQ, 98.0%) was purchased from Herb Purify Co., Ltd. (Chengdu,
China). Ethyl oleate (EO), 1,3-propanediol, acetanilide Cremophor EL, urethane, and
phenol red were purchased from Aladdin (Shanghai, China). Tween 80 and Al (OH)3
gels were obtained from Sigma Aldrich (Shanghai, China). PEG 400 was obtained from
Yipusheng Pharmaceutical Co., Ltd. (Ji'an, China).

3.1. Animals

Sprague Dawley (SD) rats (200 £ 20 g) and BALB/c mice (6-8 weeks old) were
obtained from Shandong Laboratory Animal Center (Peng-Yue Laboratory Animals, Jinan,
China). All mice were housed at 22 + 2 °C in cages within laminar airflow hoods in a
specific pathogen-free room with a 12-h light/12-h dark cycle and fed autoclaved chow
and water ad libitum.

3.2. Preparation and Characterization of ILQ-SNEDDS
3.2.1. HPLC Method

The HPLC (e2695 system, Waters, Eschborn, Germany) method was established for
the analysis of ILQ as previously reported with some modifications [16]. The detailed con-
ditions were as follows: acetonitrile-water mixture (40/60, v/v) was used as mobile phase,
with HPLC temperature set at 30 °C, wavelength at 372 nm, and flow rate 1.0 mL/min. The

solubility of ILQ in surfactants was measured using the method reported in our previous
study [29].

3.2.2. Optimization, Preparation, and Characterization of the ILQ-SNEDDS

In this study, we aimed to decrease the dosage of Tween 80. The use of mixed
cosurfactants could directly reduce the dosage of Tween 80 on the one hand, and on the
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other hand, it could further indirectly reduce the dosage of Tween 80 by increasing the
solubility of ILQ.

ILQ-SNEDDS was prepared using the method reported in our previous study. All
emulsion components were mixed in pre-designed proportions and sonicated for 10 min
to produce a homogeneous liquid. Then, excess ILQ was added to the above liquid and
sonicated for 10 min. After that, the mixture was oscillated overnight at 100 rpm and
37 °C in an oscillation (Anjing Equipment, Shanghai, China). Finally, the undissolved ILQ
precipitate was removed by centrifugation (Microfuge 20R, Beckman Coulter, Pasadena,
CA, USA) at 8000 rpm for 30 min. Additionally, the transparent ILQ-SNEDDS was stirred
gently with water (100-fold, v/v) drop by drop. The size, polydispersity index, and Zeta
potential of ILQ-SNEDDS droplets were determined using a NanoBrook90PlusPALS meter
(Brookhaven Instruments Corporation, Holtsville, NY, USA) at 25 °C.

Single-factor and orthogonal experimental designs were used to screen suitable ratios
of mixed surfactants, mixed co-cosurfactants, and best prescription. Firstly, the weight ratio
of ethyl oleate (EO, oil), Tween 80 (surfactant), and PEG-400 (co-surfactant) was fixed as
3:6:1, Tween 80 was replaced with different ratios of Tween 80 and Cremophor EL, and
the droplets’ size and drug loading were obtained using the above methods. Then, the
optimal ratios of Tween 80 and Cremophor EL in the previous step were chosen for further
screening of the optimum ratio of PEG-400 and 1,3-propanediol. Finally, a three-factor and
three-level orthogonal experiment was performed to explore the best formulation.

The size and morphology of optimized ILQ-SNEDDS were obtained by transmission
scanning electron microscope (TEM-1400, Tokyo, Japan) after staining with 2% phosphato-
tungstic acid (PTA). Drug encapsulation efficiency (EE) and drug loading (DL) were mea-
sured by the centrifugation method previously reported in the literature with some modifi-
cation [42]. The new prepared ILQ-SNEDDS was diluted with methanol. The amount of
ILQ was determined by HPLC after being filtered through a 0.22 um filter membrane. The
encapsulation efficiency and drug loading (DL) were calculated as follows:

W,
EE(%) = ——=oaded 9009 1)
Wrotal —added
Wi
DL — W Loaded (2)
Emulsion

In which Wigaded and Wiptal-added are the weight of encapsulated ILQ, the total amount
of ILQ added, and the weight of emulsion added, respectively.

The IR spectra of ILQ-SNEDDS, ILQ, and mixture of ILQ and SNEDDS were acquired
on the Fourier-transform infrared spectrometer (FT-IR) (Spectrum 100, Platinum Elmer,
Waltham, MA, USA) by using a potassium bromide pressed disk method.

3.2.3. Stability of ILQ-SNEDDS

The stability of ILQ-SNEDDS under certain storage times and pH values was in-
vestigated, and the changes in emulsion appearance and droplets” size were recorded.
ILQ-SNEDDS samples after dilution with 100 times ultra-pure water were stored in vials at
37 °Cor 4 °C for 2 months. At a set time of 0, 0.5, 1, and 2 months, the droplets’ size, PDlIs,
and zeta potentials were measured.

Tolerating the physiological pH of the gastrointestinal tract is very important for oral
nano-emulsions to improve the bioavailability of drugs. The newly prepared ILQ-SNEDDS
were diluted with simulated gastric fluid (pH 1.2 HCL) and intestinal fluid (pH 6.8 PBS)
within a predetermined range, and the droplets’ size, PDIs, and C potential were measured.

3.2.4. In Vitro Release Profile

The in vitro release of ILQ in ILQ-SNEDDS with different droplets’ size in the sim-
ulated gastric and intestinal fluid was performed using the dialysis-diffusion method
according to the Chinese Pharmacopoeia (2020) with slight modification. ILQ suspension
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(5 mg ILQ in 2 mL of 2.0% Tween 80 liquid) and four ILQ-SNEDDSs (2 mL nano-emulsions
with equivalent amount of ILQ) were placed in dialysis bags (weight cut-off 5000 Da).
They were then placed in 250 mL release medium containing 1% Tween 80 (pH 1.2 HCl
for the first 2 h and pH 6.8 PBS for the last 10 h) at 37 °C and oscillated at 150 rpm.
Dialysate (2 mL each) was taken at scheduled time points and replenished quickly with
fresh medium of equal volume. The release amount of ILQ in dialysate was determined
by HPLC.

3.3. Absorption In Situ and Pharmacokinetic In Vivo Studies
Intestinal Absorption In Situ

The effects of different droplet sizes of ILQ-SNEDDS on the percent absorption (AP),
absorption rate constant (Ka), and apparent permeability coefficient (Papp) of ILQ intestinal
absorption were investigated using a rat in situ perfusion model according to the reported
method with minor modifications [43,44]. Briefly, anesthetized rats were restrained in the
supine position and maintained at normothermia using an infrared light. Upon confirma-
tion of the loss of pain reflex, its abdomen was incised with an approximately 3 cm midline
longitudinal incision. The distal jejunum was intubated immediately with two glass tubes
(3.5 mm, OD) and ligated with surgical silk suture. Selected intestinal segments were gently
rinsed with 5 mL of pre-warmed pH 7.4 PBS to remove fecal residue and debris, and then
attached to the perfusion assembly consisting of a 2-head peristaltic pump (L100-1F/DG-2,
Baoding Extended Precision Pump Co., Ltd., Baoding, China). One hundred milliliters of
ILQ-SNEDDS with different droplets’ size or ILQ suspension with an equivalent initial
ILQ concentration were perfused through the selected intestinal segment at a flow rate of
6 mL/min for 10 min. The flow rate was subsequently adjusted to 3 mL/min, and after
equilibration for an additional 15 min, the solution volume was recorded as the 0 min
volume. Each perfusion experiment lasted for 1.75 h, and samples were taken at a preset
interval of 15 min. At the end of the experiment, the radius and lengths of the perfused
intestinal segment and the amount of ILQ remaining in each sample were measured. The
absorption rate (AP), absorption rate constant (Ka, min~!), apparent permeability coef-
ficient (Papp, cm?-min~!), and enhancement ratio (ER) of ILQ-SNEDDS with different
droplets size or ILQ-Suspension were calculated as follows:

AP = 100% 3
e~ ®)

In X;=InXg— K;x t (4)
Papp: Ka/A (5)

Papp of ILQ — SNEDDS
Papyp of free ILQ Suspension

In which Cy (or C¢) and V (or V) were the concentration and volume of ILQ-SNEDDS
(or free ILQ-suspension) in perfusate at 0 (or t) h, respectively. X; and Xy indicated the
amounts of ILQ remaining in the perfusate at t h and 0 h, respectively. A (cm?) was the
surface area of the perfused intestinal segment (Length x diameter of intestinal).

ER = x 100% (6)

3.4. Pharmacokinetic Studies

After one week of domestication, 20 female SD rats were randomly divided into two
groups. All the animals were fasted overnight before the experiment with free access
to water.

Rats were orally administered either free ILQ suspension (in PBS containing 1% Tween
80) or ILQ-SNEDDS (ILQ equivalent) at 35 mg/kg. We collected 0.5 mL of blood from the
retro-orbital plexus at each set time point (0, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 8, 12, 24 h) after
administration. Plasma was obtained by centrifugation at 3000 rpm for 15 min and stored
at —80 °C for further HPLC analysis. Then, 100 pL of plasma sample was mixed with

46



Pharmaceuticals 2022, 15, 1587

15 L of acetanilide (50 ug/mL, internal standard) and deproteinized by adding 600 pL
of acetonitrile for 15 min. After centrifugation at 12,000 rpm for 25 min, the supernatant
was dried at room temperature in a concentrator (Eppendorf, Hamburg, Germany). The
samples were dissolved in mobile phase and analyzed by HPLC.

Non-compartmental analysis was performed using PK Solver 2.0 software (a plug-in
program for pharmacokinetic analysis in Microsoft Excel) to obtain key pharmacokinetic
parameters, including Lambda_z (h~1, terminal elimination rate constant), Tax (h, time
to reach maximum plasma concentration), Cmax (ug-mL_l, maximum plasma concentra-
tion), AUC( p4 (ng-mL~!, area under the plasma concentration time curve), Vz/F (L-kg ™!,
apparent volume of distribution), and T/, (h, half-life).

3.5. Hemolytic Toxicity of ILQ-SNEDDS

We prepared 5 x 10 /mL Red Blood Cells (RBC) suspension according to the method
reported in our previous study [29,45]. First, 0.5 mL of 5, 10, 25, 50 pg/mL ILQ-SNEDDS
and equivalent of Tween 80 were added to equal volume of RBC suspension, and 1% Triton
X100 and PBS were used as positive and negative controls, respectively (n = 3). After
gently shaking, the RBC suspension was incubated at 37 °C for 3 h. Afterwards, each
sample was centrifuged at 3500 rpm/min at room temperature for 5 min. Then, 100 pL of
supernatant of each sample was transferred to a 96-well plate and the absorbance at 570 nm
was recorded using a microplate reader (SpectraMax iD3, Molecular Devices, San Jose, CA,
USA). Percentage of hemolysis was calculated with the following equation:

Hemolysis% = (ODsample — ODpgs)/(OD19, Triton-100 — ODpps) x 100% 7)

3.6. Establishment of PPE-Induced EOE Model

The peanut protein extract (PPE)-induced EoE model was established using a previ-
ously reported method with minor modification [1,34]. The BALB/c mice were randomly
divided into four groups according to the random number table method after adaptive
feeding for 1 week, which were designated as naive group, sham group, dexamethasone
control group, and nano-emulsion treatment group, respectively. PPE was prepared by
PBS extraction after completely degreasing with acetone, following the method used in our
laboratory before.

Except for the naive group, the BALB/c mice were sensitized by intraperitoneal (i.p.)
injections of 0.2 mg PPE adsorbed to 2 mg Alum adjuvant in 200uL PBS on the Oth, 7th,
14th, and 21st days. Meanwhile, they were sensitized by applying 20 mg of calcipotriol
ointment containing 1% PPE to the left ear from the days 1-7 and 21-28. Then, they were
challenged orally with 5 mg PPE in 100 uL PBS on days 28, 35, 42, and 49, and 10 mg PPE in
100 pL PBS on day 56 (for a total of 5 challenges). All mice were intragastrically treated for
5 weeks. The naive group was injected, applied, or treated with an equal volume of PBS.

3.7. Pharmacodynamic Effect Evaluation

General epigenetic indications’ observation, serum PPE-specific-IgE (PPE-s-IgE), IL-4,
IL-5, TNF-« cytokines, and esophagus, small intestine, lung histopathological analyses were
used to evaluate the pharmacodynamic effect of ILQ-SNEDDS on food allergy-induced EoE.

Epigenetic indications included body weight, other behaviors during the entire exper-
iment, rectal temperature, and allergy index after the last challenges, as well as spleen and
lung index after sacrifice.

Allergy indices were observed over 40 min and grades 0-5 was used to score the
reactions by blind method as previously described [46,47] with minor modifications. The
criteria were as follows: 0—asymptomatic; 1—head and nose disturbance; 2—diarrhea,
edema around eyes and mouth, erect hair, and decreased activity frequency; 3—cyanosis,
dyspnea and decreased activity frequency, and drop in temperature; 4—no reaction or
only mild reaction, hypothermia, tremor, and spasm; 5—death. Rectal temperatures were
measured using a rectal probe at 0, 10, 20, 30, and 40 min.
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Blood was collected at the end of the experiment. The levels of PPE-s-IgE, IL-4, IL-5,
and TNF-« (pharmingen, BD Biosciences, New York, USA) were determined by ELISA
according to the manufacturer’s instructions. The mice were sacrificed, the tissues of
esophagus and small intestine were taken and fixed with 4% paraformaldehyde, paraffin-
embedded, and sectionalized in 5um thick sections using a Leica RM2235 microtome (Leica,
Nussloch, Germany). The pathological specimens were stained with hematoxylin and
eosin (H&E). The inflammatory infiltration, tissue damage, villus deformation, and edema
of intestinal epithelial cells in the tissues were observed by an inverted microscope (Nikon,
Tokyo, Japan).

TGF-B1 Immunohistochemistry: The paraffin section of the esophagus tissue was
dewaxed and fixed, incubated with TGF-f1 antibody (Immunoway, Wuhan, China), and
then antibody II, and then the slices were stained and sealed. The positive expression of
TGF-f31 was observed with an inverted microscope.

3.8. Statistical Analysis

All data were represented as mean = standard deviation (SD). All inter-group statistical
analyses were performed by using unpaired ¢ test (Mann—-Whitney test, p smaller than
0.05 considered statistically significant) by GraphPad Prism 9 software (GraphPad Software,
Inc., La Jolla, CA, USA).

4. Conclusions

In our previous study, the good properties of ILQ-SNEDDS improved the bioavail-
ability and anti-asthma activity of ILQ. In the current study, and we further optimized
the formulation of SNEDDS to reduce the Tween 80 dosage and made a first attempt
to use ILQ to treat EOE. The optimized formula of ILQ-SNEDDS consisted of an oil
phase (ethyl oleate), surfactant (Tween 80: Cremophor EL = 7:3), and cosurfactant (PEG
400:1, 2-propylene glycol = 1:1), with a mass ratio of 3:6:1, and it showed good biophys-
ical properties, including small droplet size, appropriate negative Zeta potential, high
drug content, and good stability. These favorable properties of ILQ-SNEDDS improve the
bioavailability of ILQ and made ILQ show excellent anti-EoE activity by inhibiting the
production of Ty2-inflammatory cytokines and PPE-s-IgE, and the expression of TGF-31
in EoE model mice. This study provides a promising new drug candidate for the treatment
of eosinophilic esophagitis.
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Abstract: Chronic spontaneous urticaria (CSU) is a complex dermatological condition characterized
by recurrent wheals and/or angioedema lasting for more than six weeks, significantly impairing
patients” quality of life. According to European guidelines, the first step in treatment involves
second-generation H1-antihistamines (sgAHs), which block peripheral H1 receptors to alleviate
symptoms. In cases with inadequate responses, the dose of antihistamines can be increased by up to
fourfold. If symptoms persist despite this adjustment, the next step involves the use of omalizumab,
a monoclonal anti-IgE antibody, which has shown efficacy in the majority of cases. However, a
subset of patients remains refractory, necessitating alternative treatments such as immunosuppressive
agents like cyclosporine or azathioprine. To address these unmet needs, several new therapeutic
targets are being explored. Among them, significant attention is being given to drugs that block
Bruton’s tyrosine kinase (BTK), such as remibrutinib, which reduces mast cell activation. Therapies
like dupilumab, which target the interleukin-4 (IL-4) and IL-13 pathways, are also under investigation.
Additionally, molecules targeting the Mas-related G protein-coupled receptor X2 (MRGPRX2), and
those inhibiting the tyrosine kinase receptor Kit, such as barzolvolimab, show promise in clinical
studies. These emerging treatments offer new options for patients with difficult-to-treat CSU and have
the potential to modify the natural course of the disease by targeting key immune pathways, helping
to achieve longer-term remission. Further research is essential to better elucidate the pathophysiology
of CSU and optimize treatment protocols to achieve long-term benefits in managing this condition.
Altogether, the future of CSU treatments that target pathogenetic mechanisms seems promising.

Keywords: chronic spontaneous urticaria; antihistamines; omalizumab; corticosteroids; cyclosporin;
dupilumab; barzolvolimab; CDX-0159; Tezepelumab; vixarelimab; mepolizumab; UB-221; remibrutinib;
rilzabrutinib; TAS 5315; TLL-018; povorcitinib; EP 262

1. Introduction

Urticaria is clinically characterized by the appearance of wheals (hives), which can
be accompanied by angioedema. When the spontaneous recurrence of short-lived wheals,
angioedema, or both lasts for more than 6 weeks, this is defined as chronic spontaneous
urticaria (CSU) [1]. CSU has an estimated prevalence of 0.5% to 1% and female predom-
inance (female/male ratio: 2/1) [2]. CSU symptoms significantly affect many aspects of
patients” health-related quality of life, and the health status scores of CSU patients have
been reported to be comparable with those of patients with coronary artery disease in terms
of work performance, sleep disruption, emotional reactions, and social interactions [3].
Evaluating CSU can be difficult, and the Weekly Urticaria Activity Score (UAS?) is one
of the most commonly used methods to accomplish this. This tool relies on the patient’s
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daily self-assessment of key symptoms, including wheals and itching. Each symptom is
rated on a scale from 0 to 3, where 0 indicates no intensity and 3 represents severe intensity.
Patients record their scores every day for seven days, with the total score ranging from
0 to 42 [1]. The international guidelines recommend treating patients until a complete
clinical response is achieved. Currently, a three-step approach is suggested. The first step
consists of using second-generation H1-antihistamines (sgAHs) at the licensed dosage.
The second step involves increasing the use of sgAHs up to four times the licensed dosage.
The third step consists of the addition of the anti-IgE monoclonal antibody, omalizumab [1]
(Table 1). Although most patients with CSU achieve complete or partial control of the
disease with stepwise treatment, some remain unresponsive. In such cases, switching
to immunosuppressive therapy is suggested, with cyclosporine being the most studied
and frequently prescribed option. Azathioprine, methotrexate (MTX) and mycophenolate
mofetil (MMF) have also been proposed as alternative treatments. In the case of acute exac-
erbation, the guidelines suggest considering a short course of systemic glucocorticosteroids.
Other therapies are being developed to target the pathomechanisms of CSU. In particular,
these target the mast cells [4], whose activation leads to wheal formation via the release of
vasoactive substances such as histamine. The sequence of events responsible for mast cell
activation is not completely defined and involves autoimmunity [5,6], autoallergy [7-9], the
complement system, and coagulation [10-13], with the participation of other cells [14] such
as eosinophils, endothelial cells, basophils, B lymphocytes, T lymphocytes, and monocytes.

Table 1. The first approach to the therapeutic treatment of chronic spontaneous urticaria (CSU).

Drug

Type of Molecule Administration Mechanism of Action Response

Significant reduction in UAS7

Oral, standard dosage score, fewer sedative effects

) (varies by drug) compared to Step 1
%fff;?“:;}%zft‘:rfi?\z? Second-generation Selective peripheral H1 first-generation antihistamines
(standard dose) H1l-antihistamine receptor antagonist Improved efficacy in
Oral, up to 4x non—re§ponders to standard
stan :iar d dosage doses, increased risk of Step 2
somnolence but still
well-tolerated
Binds free IgE, Significant reduction in urticaria
Omalizumab Humanized monoclonal  Subcutaneous, 300 mg preventing attachment activity and angioedema, Step 3
anti-IgE antibody every 4 weeks of FceRI to mast cells especially in patients P
and basophils unresponsive to antihistamines
Inhibits Effective in patients unresponsive
Cvelosporin Immunosuppressant Oral, 3.5-5 mg/kg calcineurin/NFAT and to antihistamines and Sten 4
yelosp PP ’ per day JNK/p38 omalizumab, dose-dependent P
signaling pathways safety profile
Inhibits Short-term relief of acute
. . exacerbations; not recommended
Anti-inflammator Oral or intravenous, pro-inflammatory for long-term use due to side
Corticosteroids Y 20-50 mg/day, up to cytokines and immune & Acute phase

immunosuppressant effects such as hypertension,
osteoporosis, and

immunosuppression

10 days response, binds

glucocorticoid receptor

According to European guidelines [1], the treatment of CSU begins with a standard dose of second-generation
H1-antihistamines (step 1). If needed, the dose can be increased by up to fourfold (step 2). The third step involves
the addition of omalizumab (step 3). When a good clinical response is achieved, a step-down approach can be
considered. If the patient does not respond adequately, an immunosuppressant such as cyclosporine may be
added (step 4). A short course of corticosteroids may be considered in the case of acute exacerbation.

An improvement in the understanding of CSU pathogenesis and the consequent
development of new therapies has led to the definition of disease-modifying treatments
(DMTs). These treatments are designed not only to alleviate symptoms but also to alter
the underlying mechanisms driving the disease. DMTs aim to prevent or delay disease
progression, achieve long-lasting remission without ongoing therapy, and directly target
the core disease mechanisms.

DMTs include therapies that reduce the production of autoantibodies or target specific
cytokines involved in inflammation and symptom manifestation: these drugs are reported
in Table 2 (monoclonal antibodies) and in Table 3 (small molecules) [15].
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Table 2. Breakthrough treatments for chronic spontaneous urticaria (CSU): monoclonal antibodies.

Clinical Trial

Drug Target Mechanism of Action Administration Response Phase References
The block of the alpha subunit of the o e .
. IL-4 receptor, which is shared with A 51gmflcaln t rc@uct{tvn mn UA§7’ NCT04180488,
. IL-4Ra AR showed efficacy in biologic-naive .
Dupilumab (IL-4; TL-13) the IL-13 receptor, thereby inhibiting Subcutaneous - but limited effi . Phase III (LIBERTY-CUPID CSU)
! both IL-4 and IL-13 signaling patients but limited efficacy in [16,17]
pathways omalizumab-refractory patients
P, . Although the phase III study is
Barzolvolimab ) The inhibition of Kit receptor, still ongoing, in phase Il a NCT06445023; NCT06455202
Kit reducing mast cell survival Intravenous LS i . Phase 111
(CDX-0159) and activation reduction in activity and quality
of life scores has been reported
Preliminary results indicate a
The inhibition of TSLP, a key initiator good response; however, the final NCT04833855
Tezepelumab TSLP of type 2 inflammation Subcutaneous 3, of phase II study are still not Phase II [19]
available
Although the phase II study in
The block of the IL-31 and oncostatin CSU is still ongoing, its promising
Vixarelimab IL-31 R M signaling pathways, reducing Subcutaneous  results in the treatment of prurigo Phase IT NCT03858634
pruritus and inflammation nodularis suggest potential
benefits for CSU
. The inhibition of IL-5, reducing  Effective in reducing CSU - NCT03494881
Mepolizumab IL-5 . o R Subcutaneous symptoms, especially in patients Phase I
eosinophil migration and activation . N PR [20,21]
with eosinophilic diseases
Although the phase II study in
Lo U - CSU is still ongoing, the drug
Binding to IgE with high affinity, . & ;
UB-221 IgE preventing interaction with mast Intravenous appears fto be promising c?ue toits Phase II NCT(E;%]Q 8215
cells and basophils safety and its superior
effectiveness in reducing IgE
levels compared to omalizumab
IgE: immunoglobulin E; IL: interleukin; Kit: tyrosine kinase receptor Kit; R: receptor; TSLP: thymic stromal
lymphopoietin; UAS7: Weekly Urticaria Activity Score.
Table 3. Breakthrough treatments for chronic spontaneous urticaria (CSU): small molecules.
Drug Target Mechanism of Action Administration Response Tr(i:;{[i’i}claalse References
: ; NCT03926611,
Remibrutinib BTK Oral Rapid and sustained symptom control, good = pyy, o yyy NCTO5114057
The inhibition of BTK, a key component safety profile in antihistamine-refractory CSU [23-25]
) o baO:OFC}EEI f;lg;;;imilguﬂi\“ fﬁgi:ﬁie Results of the phase II studies are still
Rilzabrutinib BTK pof ilf\flammztor mec;éiators Oral pending. However, given their mechanism of Phase II NCT05107115
like hista):r\ine action, which closely mirrors that of
TAS 5315 BTK ’ Oral remibrutinib, their potent%al effectiveness in Phase II NCTOgg35499
CSU seems likely. [26]
R Despite being in the early phase of study, its
TLL-018 JAK1 redumhe selective inhibition of JAKL, Oral inhibitory effects on JAK 1 suggest it could be Phase 1 NCT06396026
&<y . a promising therapeutic option for CSU.
Although the results of the phase I and II
e JAK1, JAK2, The inhibition of JAK1, JAK2, and studies are still pending, their broad NCT05373355
Povorcitinib TYK2 TYK2, disrupting cytokine signaling. Oral spectrum of action makes these molecules Phase II NCT05936567
appear promising.
Given the emerging role of MRGPRX2 in
K CSU pathophysiology, blocking this receptor
EP 262 MRGPRX2 The block of MRGPRX2 (the non-IgE Oral makes the drug a highly promising Phase IT NCT06077773

mast cell receptor)

candidate, although the results from the
phase II trial are still pending.

BTK: Bruton tyrosine kinase; FceRI: high-affinity receptor for the fragment crystallizable region of immunoglobulin
E; JAK: Janus kinase; MRGPRX2: Mas-related G protein-coupled receptor X2; TYK: tyrosine kinase.

Here, we review the current and potential treatments for CSU based on the latest
understanding of its pathogenesis. The therapeutic approaches are categorized according
to the mechanisms of action of the different drugs: blocking mast cell mediators, inhibiting
mast cell activation, silencing mast cells, depleting mast cells, targeting shared enzymatic
pathways (Figure 1), and possibly using miscellaneous immunosuppressants.
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(A) Mast cell mediators blockage bupllumab | (B} |nhibition of mast cell activation
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Figure 1. Mechanisms of action of currently used and potentially effective drugs in chronic
spontaneous urticaria treatment.BTK: Bruton tyrosine kinase; C5aR: C5 a receptor; CD200 R:
CD 200 receptor; FceRI: high-affinity receptor for the fragment crystallizable region of immunoglobu-
lin E; IL: Interleukin; IL 4R: interleukin 4 receptor; IL 5R: interleukin 5 receptor; IL 31RA: interleukin
31 receptor A; JAK: Janus kinase; Kit: tyrosine kinase receptor Kit; LT: leukotriene; mAb: mono-
clonal antibody; MRGPRX2: Mas-related G protein—coupled receptor X2; OSMRf3: Oncostatin-M
specific receptor subunit beta; PAR2: Protease activated receptor 2; PG: prostaglandins, PGD2R:
Prostaglandin D receptor; Siglec-8: Sialic acid-binding Ig-like lectin 8; SHIP 1: Src homology 2 (SH2)
domain containing inositol polyphosphate 5-phosphatase 1; SYK: Tyrosine-protein kinase SYK; ST2:
suppression of tumorigenicity 2; TNF: tumor necrosis factor; TSLP: thymic stromal lymphopoietin.

Search Methodology

The PubMed and Google Scholar databases were screened using ‘chronic spontaneous
urticaria” and ‘treatment’, examining research published between 1990 and 2024. We also
searched the ClinicalTrials.gov database for recent and ongoing randomized clinical trials
in CSU using the keyword “chronic spontaneous urticaria”.

BTK: Bruton tyrosine kinase; C5aR: C5 a receptor; CD200 R: CD 200 receptor; FceRlI:
high-affinity receptor for the fragment crystallizable region of immunoglobulin E; IL:
interleukin; IL 4R: interleukin 4 receptor; IL 5R: interleukin 5 receptor; IL 31RA: interleukin
31 receptor A; JAK: Janus kinase; Kit: tyrosine kinase receptor Kit; LT: leukotriene; mAb:
monoclonal antibody; MRGPRX2: Mas-related G protein-coupled receptor X2; OSMRf3:
oncostatin M-specific receptor subunit beta; PAR2: protease-activated receptor 2; PG:
prostaglandins, PGD2R: prostaglandin D receptor; Siglec-8: sialic acid-binding Ig-like lectin
8; SHIP 1: Src homology 2 (SH2) domain containing inositol polyphosphate 5-phosphatase
1; SYK: tyrosine-protein kinase SYK; ST2: suppression of tumorigenicity 2; TNF: tumor
necrosis factor; TSLP: thymic stromal lymphopoietin.

2. Mast Cell Mediators Blockage
2.1. Second-Generation H1-Antihistamines

The use of SgAHs is the first step in the treatment of CSU [1]. Their mechanism
of action involves the highly selective blockade of peripheral H1 receptors (a G protein-
coupled receptor—GPCR), preventing the histamine effectives of vasodilation and an
increase in vascular permeability [27,28]. The blockade of peripheral H1 receptors occurs
through inverse regulation, achieved by positioning a common phenyl group within the
hydrophobic cavity [28]. Secondary ligand-binding sites in H1R, characterized by several
polar residues, are novel targets which could be effectively blocked using optimized
derivative groups [28].
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The molecules most used to treat CSU are as follows: ebastine, bilastine, loratadine,
desloratadine, rupatadine, cetirizine, and levocetirizine [1]. Compared to first-generation
antihistamines, these drugs have a better therapeutic profile, selectively blocking peripheral
histamine receptors, which leads to fewer side effects such as sedation and anticholinergic
effects [29].

The choice between various antihistamines in CSU treatment often depends on the
patient’s profile and preferences, as there is no conclusive clinical evidence demonstrating
significant differences in terms of their efficacy [30-32]. However, a recent Indian study
found that bilastine caused a more significant reduction in the mean total symptom score
(MTSS) and pruritus scale within one week of administration compared to cetirizine.
Moreover, bilastine had fewer sedative side effects than cetirizine, making it a preferable
option for many patients [33]. Another study compared bilastine, fexofenadine, and
levocetirizine in terms of treating CSU. At week 4, bilastine demonstrated a statistically
significant improvement in urticaria symptoms compared to levocetirizine (p < 0.05).
Additionally, bilastine enhanced the quality of life (QoL) of patients, as measured by the CU-
Q2oL questionnaire (p < 0.05), significantly more than both fexofenadine and levocetirizine.
Bilastine was also associated with significantly lower somnolence compared to fexofenadine
and levocetirizine, even after up-dosing (p < 0.05). Regarding adverse events, bilastine
had the fewest, with the most common being sedation, headache, nausea, and fatigue [34].
These findings are further supported by another study, showing a significant reduction in
UAS?7 scores in subjects treated with bilastine compared to those treated with levocetirizine
(p =0.03) [35].

In the case of standard doses of sgAHs lacking efficacy, guidelines allow the use of up
to fourfold standard doses [1]. Studies have demonstrated the safety and efficacy of off-label
high-dose sgAH therapy, including the use of bilastine, cetirizine, desloratadine, ebastine,
fexofenadine, levocetirizine, and rupatadine, at doses up to four times the recommended
daily amount [36-41]. However, increased doses of sgAHs are associated with a higher risk
of somnolence compared to standard doses (relative risk of 3.28; 95% confidence interval
of 1.55-6.95; p = 0.002) [42]. Typically, a 2-week period is sufficient to assess the effects of
antihistamine adjustments in CSU treatment [43]. Approximately 61% of CSU patients do
not respond to standard licensed doses of sgAHs. Of these non-responders, only about 63%
benefit from an increased dose [36]; the others can benefit from a therapeutic step up with
regard to omalizumab.

2.2. Histamine Human Immunoglobulin

Histamine human immunoglobulin (histaglobulin, a combination of human normal
immunoglobulin and histamine dihydrochloride that elicits the production of histamine-
binding antibodies) is going to be studied in China. The study is currently not yet recruiting
and will start in March 2025. The study should be closed by the end of 2025. A preliminary
prospective study carried out in India found that the weekly subcutaneous administration
of histaglobulin was able to reduce the UAS7 scores by >80% after 8 weeks and 45% of
patients attained a complete remission without relevant side effects. [44]. A more recent
case report confirmed these observations [45].

2.3. Leukotriene Receptor Antagonists

Leukotriene receptor antagonists (LRAs) block cysteinyl leukotrienes, which are potent
pro-inflammatory mediators [46]. The potential role of LRAs in the treatment of CSU was
described for the first time in 2000 in a case report [47]. This study reported that NSAID-
induced exacerbations in a patient with CSU were successfully prevented with montelukast
(10 mg once a day for 3 weeks) and zafirlukast (20 mg twice daily for 3 weeks) treatment.

The effectiveness of LRAs was further investigated one year later by the same group [48]
in a 12-patient sample with steroid-dependent CSU. The team administered montelukast,
10 mg, once a day or zafirlukast, 20 mg, twice daily for 3 weeks. One patient was excluded
because of intolerance (severe headache) and 6/11 patients reached the remission stage.
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In a single-blind, placebo-controlled, and crossover clinical study in 2002, montelukast
treatment outcomes were superior to placebo outcomes [49].

An Indian double-blind, randomized, and controlled trial published in 2017 [50]
compared treatment with 10 mg of levocetirizine to treatment with a combination of 5 mg
of levocetirizine and 10 mg of montelukast. Both therapies were effective in terms of disease
control, but the addition of montelukast was useful in terms of reducing the dosage of
cetirizine and its side effects, such as dizziness. Other studies reported the usefulness of
montelukast as an added therapy [51,52].

In contrast to the studies mentioned, there is evidence that indicates the absence
of an advantage of treating with LRAs compared to treating with antihistamines in a
monotherapy setting [53,54].

Finally, a case report described a paradoxical exacerbation of CSU in a patient under
treatment with antihistamines and montelukast [55].

In a systematic review considering 10 randomized controlled trials, no significant
adverse effects or change in laboratory were observed in patients treated with LRAs [46].

2.4. Anti-Cytokine Therapies
2.4.1. Canakinumab

Canakinumab is a human anti-IL-1 beta monoclonal antibody that is currently ap-
proved by the European Medicines Agency for treating periodic fever syndromes, Still’s
disease, and gouty arthritis. In fact, IL-1beta plays a role in the pathogenesis of neutrophilic
diseases. Moreover, many periodic fever syndromes can lead to cutaneous manifestations,
such as urticaria. [56]. A phase Il randomized double-blind placebo-controlled single-center
study [57] investigated the efficacy of canakinumab compared to a placebo. Canakinumab
was administered subcutaneously at a dosage of 150 mg once at baseline, but after 4 weeks,
it was not superior to the placebo, suggesting the limited relevance of IL-1beta in the
pathophysiology of CSU.

2.4.2. Mepolizumab

Mepolizumab is a monoclonal antibody, targeting IL-5, that is approved for use
in severe eosinophilic asthma, chronic rhinosinusitis with nasal polyposis, eosinophilic
granulomatosis with polyangiitis, and hypereosinophilic syndrome. Since IL-5 appears
to play an important role in CSU, mediating eosinophil migration to the skin during the
period of active disease [58,59], this cytokine could be a new therapeutic target.

Two case reports, the first one including one patient and the second one, more recent,
including three asthmatic patients with CSU, described the achievement of complete
symptom resolution following mepolizumab treatment, with UCT scores reaching 15 after
the first dose and symptom-free periods extending for up to six months [20,59]. Moreover, a
phase I trial is currently underway to evaluate mepolizumab’s effectiveness in treating CSU
(NCT03494881). There are still no data available on urticaria treatment with mepolizumab,
which has shown a good safety profile for the treatment of other diseases.

2.4.3. Reslizumab

Reslizumab is a monoclonal antibody targeting IL-5 approved for use in severe
eosinophilic asthma. In a case report, it demonstrated significant effectiveness treating
asthma, CSU, and cold urticaria [19].

2.4.4. Secukinumab

Patients with CSU showed elevated serum levels of IL-17 and IL-23, which have been
associated with disease activity, and a positive autologous serum skin test, an indicator of
autoimmune CSU (aiCSU) [60]. Additionally, IL-17A expression was significantly higher
in both lesional and non-lesional skin of CSU patients compared to the skin of healthy
controls, where IL-17A expression was minimal or absent [61]. The preliminary findings
indicated that all eight patients with antihistamine-resistant and omalizumab-resistant
CSU who were treated with the anti-IL-17A mAb, secukinumab, experienced significant
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improvements in disease activity. In particular, the reduction in disease activity, assessed
by UAS7, was 55% at 30 days and 82% at 90 days [61].

2.4.5. Tildrakizumab

Since serum levels of IL-23 are increased in CSU patients, the anti-IL-23 mAb tildrak-
izumab has been administrated to treat patients with CSU refractory to omalizumab. Good
control of the disease was obtained after four weeks in two out of three CSU patients.
After 90 days, the overall reduction in disease activity from the baseline values ranged
from 19% to 75% [62].

2.4.6. Vixarelimab

Vixarelimab, a human mAb that targets the beta subunit of the oncostatin M receptor,
inhibits the signaling pathways of IL-31 and oncostatin M, both of which contribute to
pruritus. Vixarelimab has been successfully used in prurigo nodularis [63] and is currently
undergoing a phase II trial to assess its efficacy in CSU (NCT03858634).

3. Inhibition of Mast Cell Activation
3.1. Anti IgE

3.1.1. Omalizumab

Mechanism of Action

Omalizumab, a humanized monoclonal anti-IgE antibody, was initially developed to
treat allergic respiratory disorders like asthma. It works by binding free IgE to the binding
site of the high-affinity receptor for the fragment crystallizable region of immunoglobulin
E (FceRI) [43], preventing IgE from attaching to FceRI on mast cells and halting the im-
munological cascade. In vitro experiments with basophils demonstrate that omalizumab is
able to detach IgE from high-affinity IgE receptors [64]. Its potential for treating CSU was
recognized in 2005 [65,66]. Phase II studies confirmed omalizumab’s efficacy for autoaller-
gic CSU, particularly in patients with IgE autoantibodies to thyroperoxidase [67]. While
the exact mechanism in CSU is not fully understood, omalizumab reduces free IgE levels
and downregulates FceRI expression in skin cells and basophils [68,69]. Other contributing
mechanisms may include changes in mast cells, autoantibodies, coagulation abnormalities,
and inflammatory cytokine levels [70,71]. Patients with type IIb autoimmunity, character-
ized by IgG and IgM antibodies that act against IgE receptors, experience more severe CSU
and respond less effectively to omalizumab [72].

Clinical Response

The efficacy of omalizumab in treating CSU is supported by several phase III studies,
including ASTERIA I, ASTERIA II, and GLACIAL [73-75]. These studies confirmed that
omalizumab significantly outperformed placebos in terms of reducing urticaria activity
and itch severity in patients aged 12-75 with moderate to severe CSU unresponsive to H1-
antihistamines [76]. A meta-analysis of seven randomized controlled trials validated these
findings, showing significant reductions in itch and wheal scores, particularly administering
a 300 mg dosage every four weeks [77]. Additionally, the phase III trials highlighted that
omalizumab increased the proportion of angioedema-free days [78].

Omalizumab is both well tolerated and effective across different patient populations,
including children, adolescents, and older adults [79-83]. Despite CSU being more preva-
lent in females, both sexes respond similarly to omalizumab treatment, although relapses
are more common in males [84]. The phase IIl POLARIS study [85] also demonstrated sig-
nificant decreases in itch severity for omalizumab compared to placebos in patients affected
by CSU with an inducible component [86]. Furthermore, there is limited information on
omalizumab’s use in pregnant subjects with cancer or those undergoing treatment with
other biological therapies [87,88].

Omalizumab significantly improves QoL, sleep, sexual function, anxiety, and work
productivity in CSU patients, as demonstrated by patient-reported outcomes, which are
assessed by UAS7 and the Urticaria Control Test (UCT) [89-94]. The phase IV SUNRISE
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and EXTEND-CIU studies show that disease control is achieved by week 12 (assessed by
the UCT and UAS?), with sustained improvements in various patient-reported outcomes
for 48 weeks [95-97].

Additionally, omalizumab benefits patients with CSU and angioedema, as evidenced
by the X-ACT study [98,99]. However, more research is needed to assess its effectiveness
treating isolated angioedema.

The response to omalizumab varies among patients, who can be classified into four
categories: ‘early responders’ (ER), who experience a swift and comprehensive recovery
within less than one month; ‘late responders’ (LR), who show complete improvement
only after several months of therapy; ‘partial responders’ (PR), who exhibit some improve-
ment but not a complete response; and ‘non-responders” (NR), who do not respond at
all [100-102]. Kaplan et al. [101] found a median time to complete response of 8-10 weeks
with 300 mg of omalizumab, but responses occurred at times ranging from the first injection
to up to 24 weeks. About half of the non-responders at week 12 responded by week 24.
Early responders showed a rapid decrease in IgE and basophil FceRI levels.

The treatment plans depend on the initial response. Non-responders and partial
responders may need up-dosing and re-evaluation after three months, while good respon-
ders might benefit from lower dosing after 3-6 months [103]. Several studies found that
up-dosing (to 450 mg or 600 mg, or at an increased frequency) is safe and effective in up
to 60% of refractory patients, especially those with angioedema, basophil activation, high
BMI values, prior cyclosporin treatment, greater ages, lower UCT scores, associate chronic
inducible urticaria (CIndU), or lower IgE levels [104-107]. However, such an approach is
not allowed in all countries by regulatory agencies.

A Korean group of researchers found that a low dose of omalizumab (150 mg/month)
is effective at managing chronic spontaneous urticaria (CSU), offering a cost-effective option
in settings where higher doses are not feasible due to financial constraints. Better responses
to low-dose omalizumab treatment were observed in patients with mild disease activity,
the absence of atopic comorbidities, and current smoking status [108].

About 50% of CSU patients achieve long-term remission (over 4 years) after one to
two courses of omalizumab [109]. However, relapse can occur, particularly in those with
high baseline UAS score or slow symptom decrease [110]. A retrospective cohort study
conducted in Poland found that relapses commonly occurred within the first 6 weeks after
discontinuing omalizumab treatment, with each additional point gained in terms of the
UAS?7 score increasing the risk of relapse by 5.4% [111]. Fortunately, re-treatment is as
effective as the initial treatment, as shown in a study where 88% of patients re-treated after
relapse regained control [112].

Furthermore, another therapeutic strategy is to extend the dosing interval in respon-
ders in which this seems to help with discontinuation [113].

Predictors of Response

The most reliable predictor of omalizumab response in CSU is the total IgE level [100,114-120].
Studies consistently show that non-responders typically have low baseline total IgE levels. These
are typically lower than 40 IU/mL, and in some cases lower than 20 IU/mL. Early responders
generally have IgE levels above 70 IU/mL. Ertas et al. [114,121] demonstrated that the best
predictor of the response is the ratio of week 4 IgE levels to baseline IgE levels. Non-responders
had a significantly lower ratio than partial and complete responders. This finding was supported
by the work of Esteves Caldeira et al. [122]. Another predictor of a good response to omalizumab
is the presence of elevated sFceRI serum levels [115,123,124]. In a recent paper, Ji et al. found
increased levels of Gal-9+ eosinophils and basophils in patients with high disease activity and
a good response to omalizumab treatment. Omalizumab effectively reduces these levels in
responders, suggesting that Gal-9+ cells may serve as predictors of treatment response [125].

Other response indicators include serum omalizumab trough levels [126], eosinopenia [127],
antinuclear antibodies [128], and IL-31 [115,116].

A poor response was associated with basophil CD203c activity [129], higher anti-FceRI
IgG autoantibody levels [130], psychiatric disease, and thyroid antibodies [131]. Patients
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with poor or delayed responses to omalizumab often have a type IIb autoimmune form
of CSU, characterized by IgG autoantibodies targeting IgE or its receptor (FceRI) on mast
cells. This leads to persistent cell activation and histamine release, which omalizumab may
not adequately suppress, as its primary mechanism targets free IgE. [132,133].

Predictors of relapse after stopping omalizumab treatment include high IgE levels,
high initial UAS7 scores, and an early response to treatment [110,114,116].

Safety

Omalizumab has demonstrated excellent safety over 20 years of various uses and
dosages [134], as confirmed by both clinical trials and real-world studies [135]. A meta-
analysis of 67 real-world studies indicated a 4% adverse event rate, matching the safety
profile observed in clinical trials [136]. Nine-year long-term data showed no increase in
side effects with extended omalizumab use [137,138]. Reports of anaphylaxis are very rare,
with incidences between 0% and 0.09%, which are lower than the rates seen with most other
biologics [139]. The US FDA reported more severe anaphylaxis cases in asthma patients
than in those with urticaria [140,141].

The safety of omalizumab was further supported by a recent multinational cohort
study that analyzed its long-term effectiveness and safety in treating chronic urticaria
across 14 centers in 10 countries. The study involved 2325 patients and revealed an overall
drug survival rate of 76% at 1 year, decreasing to 39% at 7 years. The primary reason for
discontinuation was well-controlled disease (65%) [142]. However, a minority of patients
discontinued treatment due to a lack of efficacy; in these cases, current guidelines suggest
immunosuppressive therapy, with cyclosporin being the most commonly used.

3.1.2. Ligelizumab

Ligelizumab is a second-generation anti-IgE monoclonal antibody, with 50 times
higher affinity for IgE than omalizumab. It was developed for patients with CSU who
were unresponsive to standard treatments. Initial studies showed that it provided rapid
and effective relief with a long-lasting effect [143,144]. However, phase III trials (PEARL-1
and PEARL-2) were halted because ligelizumab, while superior to the placebo, did not
significantly outperform omalizumab. The safety was consistent with that seen in previous
studies [144].

3.1.3. UB-221

UB-221 binds to IgE with high affinity, preventing IgE from interacting with the
FceRI receptor on mast cells and basophils. Additionally, UB-221 can bind to the IgE that
is already bound to the CD23 receptor on B cells. This interaction promotes the CD23-
mediated downregulation of IgE production. Unlike omalizumab, UB-221 can freely bind
to CD23-bound IgE and form complexes with CD23, enhancing its ability to reduce IgE
synthesis and the overall IgE levels in the body [22]. Based on the results of the phase I
study (NCT03632291), UB-221 was well tolerated without serious adverse events. Currently,
a phase II study is recruiting patients (NCT05298215).

3.1.4. Miscellaneous Drugs Targeting IgE

Quilizumab, a monoclonal antibody targeting membrane-bound IgE, did not show any
visible improvement in patients with CSU [145]. Another drug, UCB8600, was investigated
for use treating CSU patients (NCT04444466), but the study was terminated by the company
for reasons unrelated to safety. Furthermore, the IgE-Trap protein (YH35324), which has a high
affinity for serum-free IgE, is currently being investigated in a phase I trial (NCT05960708)
involving patients with chronic spontaneous urticaria (CSU) and cold urticaria.

3.2. Dupilumab

Dupilumab is a monoclonal antibody that blocks the alpha subunit of the interleukin-4
(IL-4) and interleukin-13 (IL-13) receptors, thereby inhibiting their signaling pathways.
It is currently indicated for the treatment of type 2 inflammatory conditions such as
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atopic dermatitis, asthma, and chronic rhinosinusitis with nasal polyposis. Dupilumab’s
efficacy in treating CSU was demonstrated in the placebo-controlled phase 3 clinical trial,
LIBERTY-CSU CUPID Study A. This study investigated 138 biologic-naive patients with
CSU refractory to antihistamines and observed a significant reduction in UAS?, pruritus,
and urticaria at week 24 [16]. These findings are also supported by a real-life study on
33 patients affected by CSU and treated with dupilumab [17]. However, another phase
3 study including 83 patients refractory to omalizumab, LIBERTY-CUPID Study B, was
discontinued due to a lack of efficacy as it did not achieve statistical significance for the
primary endpoints [16]. Additional papers have described a total of 25 patients with
refractory CSU who responded positively to dupilumab [146-159].

Furthermore, by targeting B cells and reducing IgE levels, which in turn affects IgE
receptor expression, dupilumab has shown potential in modifying the course of CSU.
A case report indicated that 67% of patients maintained the remission of CSU for up to
22 months after discontinuing therapy with dupilumab [160]. These findings underscore
the potential of dupilumab as a disease-modifying treatment in CSU [15]. The safety results
were generally consistent with the known safety profile of dupilumab in its approved
dermatological indications, with no differences with the placebo group [16].

3.3. Benralizumab

Benralizumab, a monoclonal antibody targeting the IL-5 receptor, has shown potential
in treating CIndU, as evidenced by a case report where a patient with severe chronic symp-
tomatic dermographism benefited from the treatment [21,161]. Although preliminary study
results were promising, the drug demonstrated limited efficacy in a placebo-controlled
randomized clinical trial, leading to the discontinuation of the development program
(NCTO04612725). Furthermore, a case report showed that in some cases, benralizumab can
worsen CSU, although the exact mechanism behind this remains unclear [162].

3.4. Tezepelumab

Thymic stromal lymphopoietin (TSLP), an epithelial cell-derived cytokine, plays a
critical role in initiating type 2 inflammation through both innate and adaptive immune
pathways. Tezepelumab, an anti-TSLP mAb, has been shown to be safe, well tolerated,
and effective in improving asthma control, also reducing the incidence of exacerbation
and hospitalization in patients with severe asthma [163]. Increased levels of Th2-initiating
cytokines, including TSLP, have been observed in the lesional skin of CSU patients [164].
A phase II trial of Tezepelumab for CSU has been completed (NCT04833855), with results
pending publication.

3.5. MRGPRX2 Antagonists

Mas-related G protein-coupled receptor X2 (MRGPRX2) overexpression was observed
in allergic and skin diseases, as CSU [165], and its downregulation in human or mice mast
cells, leads to a reduction in mast cells degranulation [166]. MRGPRX2 is an important
non-IgE-mediated pathway for mast cell activation and a potential therapeutic target for
CSU [167,168]. Moreover, a recent study proposed that serum MRGPX2 may be a potential
biomarker reflecting CSU activity, especially in naive patients [169].

Some novel small molecules, designed through a computational approach and target-
ing MRGPRX2, were reported in a study published in 2023 [170]. In particular, the effects of
the novel MRGPRX2 antagonists were assessed in vitro and in vivo using a mouse model of
acute allergy and systemic anaphylaxis. It was observed that the small molecules inhibited
both the early and the late phases of mast cell activation.

The therapeutic potential of MRGPRX2 antagonists was confirmed in a recent study [171]
in which the molecules were tested on multiple functional assays in cell lines overexpressing
human MRGPRX?2, including isolated skin mast cells.

Two highly selective small molecule antagonists of MRGPRX2 are in trials for chronic
spontaneous urticaria (EVO756, phase 1; EP262, phase 2 NCT06077773) and chronic in-
ducible urticaria (EP262, phase 1b NCT06050928), but the results are still pending.
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3.6. Complement Pathway Inhibitors

Another promising therapeutic target is the C5a/Cb5aR pathway. In CSU, the degranu-
lation of mast cells by IgG autoantibodies requires them to bind to the IgE receptor and
the activation of the classical complement cascade [172,173]. Another source of comple-
ment activation is the extrinsic coagulation pathway, which operates via the production of
complement C5a, acting on the C5a receptor (C5aR) present on mast cells. Experimental
studies have confirmed that the process may be inhibited by the C5aR antagonist, W-54011;
however, studies in humans are still lacking to date [13,172].

4. Mast Cell Silencing
Lirentelimab

Lirentelimab is a monoclonal antibody that targets the receptor of sialic acid-binding
immunoglobulin-like lectin-8 (Siglec-8) on eosinophils and mast cells. Its effect leads to the
depletion of eosinophils via apoptosis and the silencing of mast cells [173]. In preliminary
clinical studies, lirentelimab showed improved disease control in both omalizumab-naive
and omalizumab-refractory patients with CSU, as well as in patients with CIndU. These im-
provements were assessed by the evaluation of the increases in UCT and UAS?7 score [174].
However, in January 2024, the company announced that the primary endpoints of the
phase II CSU trial were not met, and further development of the drug is unlikely [174,175].

5. Mast Cell Depletion
5.1. Barzolvolimab

The main regulators of mast cell biology are the tyrosine kinase receptor Kit (CD117),
which is highly expressed by mast cells, and its ligand stem cell factor (SCF). The bond be-
tween the two molecules leads to the differentiation, chemotaxis, maturation, and survival
of mast cells [176,177]. By preventing SCF from binding to Kit, the critical survival signals
cease, and the mast cell undergoes apoptosis.

Barzolvolimab (CDX-0159) is a humanized immunoglobulin G1 kappa (IgG1k) mon-
oclonal antibody that binds to the extracellular domain of Kit with high specificity and
sub-nanomolar affinity, preventing the activation by SCF [178].

It was demonstrated that mice deficient in either Kit or SCF [179] and patients under
treatment with imatinib [180], a tyrosine kinase inhibitor, have significantly reductions
in mast cell burden. Then, Alvarado et al. in 2022 demonstrated that barzolvolimab
(CDX-0159) induces mast cell suppression [178].

A single-center, open-label phase 1b study (NCT04548869; EUDRA-CT 2020-002792-
35 [18]) in 2022 presented preliminary results concerning the tolerability and the effec-
tiveness of barzolvolimab in the treatment of chronic inducible urticaria. Adults between
18 and 75 years of age with a diagnosis of cold-induced urticaria or spontaneous dermo-
graphism for >3 months were included. A single dose of 3 mg/kg of barzolvolimab was
administered intravenously on day 1 with a 12-week follow up. The drug exhibited a
terminal half-life of 20.1 £ 7.1days. No severe adverse event was detected; however, hair
color changes (areas of hair lightening) and infusion-related reactions were often observed.
All patients saw an improvement by week 12 in terms of disease control (UCT, TempTest®,
FricTest®), quality of life (DLQI), serum parameters (tryptase, SCF) and histopathological
features (mast cells in non-lesional skin). The trial is still ongoing, and the results will be
available once the study is complete.

Two global phase 3 trials (randomized, double-blind, placebo-controlled) are still ongo-
ing, investigating the efficacy, safety, and tolerability of barzolvolimab in adult participants
with CSU (EMBARQ-CSU 1 and 2 [NCT06445023; NCT06455202]).

5.2. Briquilimab

Briquilimab (JSP191) is an unconjugated, aglycosilated anti-cKit monoclonal antibody
that functionally blocks the interaction between cKit and SCF. The studies in phase 1b/2a
SPOTLIGHT (NCT06353971) and BEACON (NCT06162728) are investigating the effect of
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subcutaneous Briquilimab in adults with cold urticaria and chronic spontaneous urticaria,
respectively. Results are expected at the end of 2025.

6. Inhibition of Mast Cell Common Enzymatic Pathways
6.1. Bruton Tyrosine Kinase Inhibitors

Bruton tyrosine kinase (BTK) is a central player in the pathogenesis of CSU due to
its critical role in FceRI-mediated signaling, which is essential for mast cell and basophil
activation. BTK facilitates the downstream signaling required for the activation and degran-
ulation of these cells, leading to the release of inflammatory mediators like histamine, which
contribute to CSU symptoms [26,181]. Additionally, BTK is involved in B-cell receptor
(BCR) signaling, which is crucial to the production of autoantibodies by B cells [26].

By inhibiting BTK, it is possible to block both the FceRI and BCR signaling pathways,
thereby targeting the two key mechanisms driving CSU [26]. This finding makes BTK
inhibitors promising therapeutic options for patients with antihistamine-refractory CSU.

BTK inhibitors (BTKis) are employed to treat several inflammatory and autoimmune
conditions, as well as in cancer treatment [182]. Early-generation BTK inhibitors, like
ibrutinib, were developed to treat B-cell malignancies but had limitations due to off-target
effects and safety concerns (e.g., atrial fibrillation and bleeding) [26,183-185]. Newer BTK
inhibitors, such as remibrutinib and fenebrutinib, are more selective, offering improved
safety profiles while retaining efficacy [186]. Four oral BTKis—fenebrutinib, remibrutinib,
rilzabrutinib, and TAS5315—have been or are currently being evaluated for use in chronic
urticaria [26].

6.1.1. Fenebrutinib

Fenebrutinib, a potent and highly selective reversible BTKi, has been shown to block
IgE-mediated histamine release from mast cells in vitro [181]. In a recent double-blind,
placebo-controlled phase II trial, fenebrutinib was effective in reducing disease activity in
patients with sgAH-resistant CSU [187]. The drug was generally well tolerated, though
some patients experienced reversible grade 2 to 3 alanine aminotransferase/aspartate
transaminase (ALT/AST) abnormalities, particularly at higher doses. These findings
were consistent across studies in rheumatoid arthritis and lupus patients as well [188,189].
The potential role of fenebrutinib in CSU was supported by Metz et al. [187]; however, the
follow-up study (NCT03693625) was discontinued [190].

6.1.2. Remibrutinib

Remibrutinib (LOU064), a novel, irreversible, and covalent BTKj, has demonstrated
high selectivity and potency for BTK inhibition [26]. In phase II studies, remibrutinib
showed good clinical efficacy and a favorable safety profile in patients with sgAHs-
refractory CSU across a dose range of 10 to 200 mg daily [23]. The 25 mg twice-daily
dose was particularly effective compared to placebos, reducing itching and hives as early
as the first week of treatment, with effects sustained through week 12. Phase III trials
confirmed these findings, meeting all primary and secondary endpoints and demonstrating
rapid symptom control with a good safety profile [24,25]. Thus, remibrutinib appears to be
a promising new treatment option for patients with sgAH-refractory CSU.

6.1.3. Rilzabrutinib

Rilzabrutinib, a reversible, covalent, and selective BTKi, has shown efficacy and good
tolerability in clinical trials for several autoimmune disorders, including chronic immune
thrombocytopenia [26,191]. Its activity in CSU has been evaluated in a phase 1II trial
(NCT05107115), although the results are not yet available.

6.1.4. TAS5315

TAS5315, another highly potent and selective BTKi, has also been evaluated for treat-
ment CSU in a phase II trial (NCT05335499), but, similarly, the results are still pending [26].
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6.2. JAK-STAT Inhibitors

In the attempt to downregulate the expression of pro-inflammatory cytokines, some
preliminary studies have considered employing JAK/STAT inhibitors in CSU treatment.

The Janus kinase—signal transducer and activator of transcription (JAK-STAT) is an
intracellular pathway involved in the signaling of many inflammatory cytokines and
other effector molecules. The JAK family of kinases includes JAK1, JAK2, JAK3, and
tyrosine kinase 2 (Tyk2) [192]. JAK inhibitors are small molecules with anti-inflammatory
and immunomodulatory properties that are currently employed to treat autoimmune
and chronic inflammatory conditions [192]. Tofacitinib, a JAK1/3 inhibitor, caused a
reduction in symptoms in four patients with CSU and was well tolerated [193]. Additionally,
ruxolitinib, which inhibits JAK1/2, has also demonstrated efficacy in CSU treatment [194].
Ongoing investigations include TLL-018, a dual JAK1/Tyk2 inhibitor, and povorcitinib,
a JAK1 inhibitor, both of which are being evaluated in phase I and II studies for CSU
(NCT06396026, NCT05373355, and NCT05936567).

7. Miscellaneous Immunosuppressants
7.1. Corticosteroids

Systemic corticosteroids act as anti-inflammatory and immunomodulatory molecules.
In particular, they diffuse passively across the cellular membrane and bind to the intracel-
lular glucocorticoid receptor-creating complex, which is then translocated into the nucleus.
This complex, binding to DNA sequences called glucocorticoid-responsive elements (GREs),
blocks the promoter sites of pro-inflammatory genes (e.g., activator protein-1 and nuclear
factor kB) [195] and those of the synthesis of cytokines [196]. On the other hand, it recruits
sequences coding for anti-inflammatory molecules (e.g., lipocortin I and p11 and calpactin-
binding protein) [197,198]. Moreover, glucocorticoids inhibit the secretion of inflammatory
cytokines by affecting post-translational events [199].

According to the most recent European guidelines [1], systemic corticosteroids are a
symptomatic short-term therapy, and they should not represent a first-line option. In par-
ticular, the appropriate dosage in adults should be between 20 and 50 mg/d of prednisone,
the equivalent of up to 10 days of treatment. This regimen should be considered a rescue
therapy for acute urticaria and should be used for acute exacerbations of CSU to reduce
the disease duration/activity [200,201]. The main reasons for limiting therapy to the acute
phase are the long-term side effects associated with corticosteroids, such as skin thinning,
striae, hypertension, hirsutism, immunosuppression, hyperglycemia, osteoporosis, obesity,
impaired wound healing, and mood disorders [197]. Moreover, there is a lack [202,203] of
randomized controlled trials.

Finally, it should be mentioned that, according to evidence in the French literature, the
administration of systemic corticosteroids for the treatment of CSU as first-line treatment
induces resistance to anti-H1 and a rebound effect at each interruption [204,205].

7.2. Cyclosporin

Cyclosporin is a cyclic undecapeptide derived from a fungus, Tolypocladium inflatum,
and is widely used as an anti-inflammatory and immunosuppressant. In particular, it acts
by inhibiting the calcineurin/NFAT pathway and the JNK and p38 signaling pathway [206].

The vast majority of studies concerning the efficacy of cyclosporin in the treatment of
CSU date back to the introduction of omalizumab in order to find a long-term treatment
for patients who are refractory to antihistamines in monotherapy [207-209].

According to the most recent European urticaria guidelines [1], cyclosporin, with a
dosage of 3.5-5 mg/kg per day [208,210], is reserved for patients who have not responded
to high doses of SgAHs and omalizumab [211,212].

It was reported that cyclosporin, in association with cetirizine, is significantly more ef-
fective than placebos and cetirizine alone in reducing the severity of CSU after 8 weeks [213].

Cyclosporin is considered effective, and its safety is dose-dependent. It cannot be
considered a first-line treatment because of its side effects, such as hypertension, nephro-

63



Pharmaceuticals 2024, 17, 1499

toxicity, dyslipidemia, electrolytes alterations, hypertrichosis, higher rates of infection and
neoplastic risk, and gingival hyperplasia [214].

In one study, patients that responded well to cyclosporine had high CRP levels before
the treatment [215]; on the other hand, another study reveals that there are no positive
predictive factors [210].

In 2020, Maoz Segal et al. [216] proposed the use of an intensified protocol with
omalizumab plus an immune-suppressive agent to treat patients refractory to one of these
drugs when used in monotherapy. The immunosuppressor most commonly combined with
omalizumab in the protocol was cyclosporin. The authors concluded that an association
protocol is safe and effective for recalcitrant CSU and may be indicated in patients with
low baseline IgE levels.

7.3. Traditional Immunosuppressors/Immunomodulators Other than Cyclosporin

Although the evidence from publications is scarce, clinical experience suggests that
traditional immunosuppressants other than cyclosporine, such as azathioprine, methotrexate,
dapsone, hydroxychloroquine, and mycophenolate mofetil, may be useful in certain contexts.

Since omalizumab has drastically modified treatment paradigms for CSU, the use of
traditional immunosuppressors is currently limited to cases refractory to multiple therapies.
However, they still have an important role in developing countries due to their low cost.

7.3.1. Azathioprine

Azathioprine acts as immunosuppressor through inhibition in intracellular purine
synthesis, which results in decreased numbers of circulating B and T lymphocytes, reduced
immunoglobulin synthesis, and diminished interleukin 2 (IL-2) secretion [217].

Azathioprine was found to be effective at a dosage of 150 mg/day in 2 patients [218]
affected by CSU resistant to other immunosuppressors. Moreover, its efficacy, at a dosage
of 50 mg/day, was confirmed in a single-blind randomized control trial in patients with
autologous serum skin test-positive CSU [219]. Finally, in 2019, a randomized prospective
study on 80 antihistamine-refractory patients concluded the non-inferiority of azathioprine
compared to cyclosporin [220].

The most common side effects of azathioprine at the doses typically used in the
treatment of rheumatic diseases include gastrointestinal intolerance and bone marrow
suppression [217].

7.3.2. Methotrexate

Methotrexate is an antimetabolite agent, highly similar to folic acid, that targets critical
folate-dependent enzymatic steps in the de novo synthesis of purines and pyrimidines,
resulting in a reduction in circulating leukocytes [221].

A systematic review published in 2022 [222] concluded that methotrexate may be
a therapeutic agent in recalcitrant or steroid-dependent cases of CSU, but there is no
evidence of its superiority to other first-line molecules, in particular antihistamines [223].
Methotrexate might be considered a further option in omalizumab-resistant patients [224]
and can be used in combination with omalizumab itself [225]. Regarding what is reported
in the literature, the maximal dose of methotrexate in CSU treatment is 25 mg/week [222].

The main side effects of methotrexate are gastrointestinal and hematologic toxicity,
which can be controlled by a small amount of folic acid supplementation [226].

7.3.3. Dapsone

Dapsone is an antibiotic that is effective in leprosy infection but also effective in skin
inflammatory conditions interfering with the migration of neutrophils.

Dapsone has been described as effective [227-229] and superior to antihistamines
in monotherapy [230]. In a double-blind placebo-controlled study, dapsone administra-
tion, at a dosage of 100 mg/day, saw superior results to placebos in patients that failed
antihistamine treatment [231].
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The most important side effects are hematologic; in particular, there is an augmented
metahemoglobine level [232].

7.3.4. Hydroxychloroquine

Hydroxychloroquine is an antimalaric drug commonly used as an immunomodulator
and is anti-inflammatory when used in several autoimmune diseases [233].

In 2017, Boonpiyathad et al. [234]. conducted a randomized single-blinded placebo-
controlled trial and an open-label comparison study to investigate the efficacy of hydrox-
ychloroquine, administered at a dosage of 400 mg/day, in the treatment of antihistamine-
refractory CSU. They reported the efficacy of hydroxychloroquine and its superiority to place-
bos and leukotriene receptor antagonist if added to the fourfold dose of Hl-antihistamines.
A real-world retrospective study in 2022 [235] investigated the effectiveness of the add-on
therapy with omalizumab and hydroxychloroquine in patients refractory to antihistamines.
The authors concluded that although omalizumab was superior, hydroxychloroquine was
effective in two-thirds of treated patients and should be considered as a safe add-on option in
monotherapy for CSU patients refractory to antihistamines.

The main adverse effect is retinopathy and for this reason patients treated with hy-
droxychloroquine should be periodically monitored [233].

7.3.5. Mycophenolate Mofetil

Mycophenolate mofetil is a prodrug of mycophenolic acid which inhibits the enzyme
inosine-5’-monophosphate dehydrogenase, leading to lymphocyte-selective immunosup-
pression [236].

The use of mycophenolate mofetil in CSU is mentioned in the literature by a few
studies. In an open-label, uncontrolled trial [237], nine patients affected with CSU who were
poorly responsive to antihistamines and/or corticosteroids were successfully treated with
mycophenolate mophetil at a dosage of 1000 mg twice daily. The efficacy of mycophenolate
mofetil (at the initial dose of 500 mg twice daily with progressive increments) was confirmed
in another retrospective study in 2012 [238]. Although the adverse effect profile of MMF is
comparatively benign, gastrointestinal adverse effects are a major concern [239].

7.3.6. Rituximab

Rituximab is a chimeric murine/human monoclonal antibody against CD20 that has
been investigated by a few authors for the treatment of selected recalcitrant CSU patients.
The available data are contradictory. In some cases, rituximab was effective [240-243],
while it was ineffective in others [244]. Moreover, in one case, rituximab triggered urticaria
in a young patient treated for pemphigus vulgaris [245].

In conclusion, a high level of evidence concerning the use of rituximab in urticaria is
lacking and it should be highlighted that its main side effect consists of long-term deep
immunosuppression.

7.3.7. Tranexamic Acid

Tranexamic acid is a synthetic derivative of lysine capable of inhibiting the conversion
of plasminogen into plasmin. It is commonly used as an anti-hemorrhagic drug. The ratio-
nale for the use of tranexamic acid in the treatment of CSU comes from the evidence that
the disease is often characterized by the activation of the coagulation cascade as well as
fibrinolysis, with often high levels of D-dimer. A pilot study conducted on 68 patients in
2010 [246] reported that an elevated D-dimer level was associated with a more severe dis-
ease and with resistance to antihistamines. In this study, 5/8 cases with elevated D-dimer
showed marked improvements regarding tranexamic acid in association with nadroparin.

The data concerning the correlation between D-dimer level, disease severity, and
resistance to conventional therapies were confirmed by an Indian retrospective study in
2021 [247]. Nausea and diarrhea are the most common adverse events [248].
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8. Conclusions

Chronic spontaneous urticaria (CSU) is a complex, long-lasting disease that signif-
icantly impacts on patients” quality of life. In this review, we present a comprehensive
overview of CSU treatments, including evidence on both established drugs and new promis-
ing molecules that have been the subject of preliminary studies. We also discuss therapies
that, despite being linked to CSU’s pathomechanisms, have not demonstrated significant
clinical outcomes.

Currently, omalizumab remains the best treatment option for most patients, represent-
ing a revolution that has dramatically improved disease outcomes and patients” quality
of life. No treatment currently surpasses omalizumab in terms of efficacy and tolerability.
At present, only antihistamines and omalizumab are approved for the treatment of CSU,
with no additional approved options available for patients resistant to omalizumab.

Traditional immunosuppressants and immunomodulators may be considered in cases
where first-line therapy fails, either as alternatives or for use in combination with other
treatments. However, these drugs tend to be less well tolerated compared to antihistamines
and omalizumab.

The key pathways in chronic spontaneous urticaria are mast cell activation and degran-
ulation, leading to the release of mediators like histamine, which causes itching, redness,
and swelling. In addition to autoimmunity, autoallergy, the complement system, and
coagulation, with the participation of other cells such as eosinophils, endothelial cells,
basophils, B lymphocytes, T lymphocytes, and monocytes, mast cell activation potentially
involves additional mechanisms. The role of epithelial-derived alarmins, which activate the
group 2 innate lymphoid cells (ILC2 cells), promoting TH2 cytokines and allergen-specific
IgE, thus triggering mast cell activation, is under investigation. Targets for current and
future therapies include key receptors (FceRI, C5aR, MRGPRX2), signaling pathways (BTK,
SYK), and mediators (IL-4, IL-17, IL-31).

Among the molecules targeting various pathogenic pathways currently under study,
the emerging drugs are represented by BTKis, like remibrutinib; monoclonal antibodies
targeting IL-4 and IL-13, such as dupilumab; and anti-Kit agents, such as barzolvolimab,
JAK inhibitors, and MRGPRX2 antagonists (Tables 2 and 3). If these findings are confirmed,
they may lead to the introduction of new disease-modifying drugs.
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Abstract: Allergen immunotherapy (AIT) remains the cornerstone for managing respiratory allergies,
offering long-term symptom relief, disease modification, and prevention of disease progression.
While novel approaches like intralymphatic and epicutaneous immunotherapy and the combination
of allergens with adjuvants show promise, traditional methods remain effective and safe. Hy-
poallergenic T-cell peptide vaccines and recombinant allergens require further research to confirm
their clinical benefits. Passive immunotherapy, while demonstrating effectiveness in specific cases,
needs exploration of its long-term efficacy and broader applicability. Combining AIT with biolog-
ics may enhance safety and treatment outcomes. Despite emerging innovations, allergen-specific
immunotherapy with natural allergen extracts remains the primary disease-modifying treatment,
offering long-term symptom relief and prevention of disease progression. Continued research is
essential to refine and optimize allergen immunotherapy strategies, providing patients with more
effective and personalized treatment options.

Keywords: allergy; allergen immunotherapy; allergic rhinitis; modified allergen; biologics; adjuvant

1. Introduction

Allergen immunotherapy (AIT), a therapeutic approach rooted in the concept of
immunization, has evolved significantly since its inception. Its origins can be traced back
to Edward Jenner’s pioneering smallpox vaccine in 1796, demonstrating the therapeutic
potential of inducing immunity. The modern understanding of allergic disease emerged
in the late 19th century with Blackley’s observations linking pollen exposure to hay fever
symptoms [1,2]. The therapeutic application of AIT for hay fever was first introduced by
Noon and Freeman in 1911, marking the beginning of a century-long journey of research
and development [3]. While early studies laid the groundwork, rigorous clinical trials
with well-characterized allergen extracts did not emerge until the 1980s, establishing the
dose-dependent therapeutic effect of AIT [2,4-7].

Over the past century, AIT has undergone significant advancements. Despite its initial
discovery over 110 years ago, AIT remains the standard therapy for allergic rhinitis (AR)
and asthma [1,2]. Its proven efficacy in reducing symptoms and improving quality of life
has earned the recommendation of numerous medical organizations [8-10]. AIT offers a
unique disease-modifying approach, inducing long-term allergen tolerance and reducing
allergic inflammation [11]. This is achieved by administering increasing doses of allergens
via subcutaneous (SCIT) or sublingual (SLIT) routes.

While AIT offers substantial benefits, traditional treatment regimens can be lengthy
and associated with adverse reactions. The need for prolonged administration, often
spanning three years or more, can deter patients. Additionally, the risk of adverse reactions,
particularly during dose escalation, can lead to treatment discontinuation [12]. Furthermore,
AlT’s effectiveness varies across different allergens and patient populations [13].

To address these limitations, ongoing research focuses on optimizing AIT delivery
methods, treatment procedures, and patient adherence, particularly in pediatric popula-
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tions. Novel approaches, such as allergen component therapy, hypoallergenic immunother-
apy, new delivery routes, and the combination of allergens with adjuvants or biologics,
hold promise in enhancing the efficacy and safety of AIT [2,14-18]. These innovations are
expanding the therapeutic landscape for AIT, offering hope for individuals with respiratory

allergies (Figure 1).
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Figure 1. Approaches of allergen immunotherapy for respiratory allergies.

This review will explore the latest advancements in AIT, encompassing improvements
in allergen extracts, delivery methods, and treatment strategies. By highlighting these
innovations, we aim to provide insights into the future of AIT and its potential to enhance
the lives of individuals with respiratory allergies.

2. Mechanisms of AIT (Table 1)

The allergic response is a multifaceted process involving the interaction of various
immune cells, mediators, and cytokines. It begins when antigen-presenting cells (APCs),
such as dendritic cells (DCs), recognize an allergen. These APCs, activated by epithelial-
derived cytokines and those from type 2 innate lymphoid cells (ILC2) [19] and basophils,
present the allergen to naive T cells, guiding their differentiation into T-helper 2 (TH2) cells.
TH2 and follicular T-helper (Tfh) cells play a pivotal role in driving the allergic response by
producing IL-4 and IL-13. These cytokines promote IgE production by B cells, enhancing
the allergic inflammatory environment. In individuals with allergies, repeated exposure to
low-dose allergens through a compromised epithelial barrier can lead to increased sIgE
levels and subsequent allergic reactions [20-22].

While research on AIT mechanisms has primarily focused on aeroallergens, studies
suggest that high-dose allergen exposure can play a pivotal role in restoring the epithelial
barrier and inducing a shift from allergic TH2 inflammation to a more tolerant TH1 re-
sponse [23]. This shift involves the generation of suppressive regulatory immune cells and
a decrease in pro-allergic cytokines (IL-4, IL-5, IL-9, and IL-13). The reduction in allergic
inflammation is accompanied by a decrease in mast cells, basophils, and eosinophils, key
cells involved in allergic reactions. Additionally, there is an increase in allergen-specific T
regulatory (Treg) cells [24,25], T follicular regulatory (Tfr) cells [26], and B regulatory (Breg)
cells, which can help suppress the allergic immune response [22,23].

Furthermore, AIT is effective in inducing dendritic cell-derived regulatory cells
(DCregs) [27] and innate lymphoid cell-derived regulatory cells (ILCregs) [28-30]. These
regulatory cells produce cytokines like TGF-f3, IL-12, IL-27, and IL-10, which can suppress
allergic responses [24,31]. AIT is also associated with the generation of Treg-cell subsets,
which can further suppress TH2 and Tth-cell responses, leading to a shift towards TH1
cells [32].
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Initial immunotherapy may lead to a temporary increase in sIgE levels. However,
over time, the immune response shifts towards a tolerogenic state. Breg cells, stimulated
by cytokines like IL-10 and IL-35, play a crucial role in this process. These cells promote
the production of blocking antibodies, including IgG1, IgG4, IgA1l, and IgA2, which can
bind to allergens and prevent them from triggering allergic responses [33]. These blocking
antibodies are found both in the bloodstream and in mucosal secretions. For SCIT, IgG4 is
the primary blocking antibody, while for SLIT, IgA1 and IgA2 are more prominent in both
nasal and systemic compartments [23,34-36].

In summary, the mechanisms of immunotherapy involve a complex interplay of innate
and adaptive immune cells, cytokines, and antibodies, ultimately leading to a shift towards
a more tolerant immune response and reduced allergic symptoms [23,37].

Table 1. A summary of the main mechanisms and proven clinical benefits of allergen immunotherapy.

Mechanism of AIT

Restoration of epithelial cell integrity
Decrease in allergen-dependent mast cell/basophil degranulation
Reduction in type 2 immune responses
Regulation of T-cell responses: suppression of TH2 and immune deviation toward a TH1
response, reduction of circulating Tfh cells
Modulation of ILCs: reduction of circulating ILC2s, induction of IL-10+ regulatory ILC2s
Induction of regulatory response: induction of Treg and Breg cells
Stimulation of allergen-specific blocking antibody production, including IgG1, IgG2, IgG4,
and IgA, in both systemic and mucosal immune responses
e  Induction of tolerogenic cytokines: IL-10, IL-12, IL-27, IL-35 and TGF-3
Proven clinical benefits of AIT in allergic rhinoconjunctivitis +/— asthma
Reduced symptoms and medication use
Improved quality of life
The benefits can last for many years, even after treatment is stopped.
Reduced risk of developing asthma in children with AR
Prevent subsequent allergic sensitization

3. Conventional AIT: SCIT and SLIT

SCIT and SLIT have been used as standard treatments for respiratory allergies for
decades [10]. SCIT involves administering allergen extracts in gradually increasing doses
over several weeks or months, followed by a maintenance phase of monthly injections
for 3 to 5 years. While SCIT is generally safe, it carries a risk of systemic allergic reactions
(up to 22%), including anaphylaxis [8,10,38-40]. However, the risk can be minimized with
appropriate patient selection, adequate facilities, well-trained staff, and availability of
emergency treatment [8,10]. The efficacy of SCIT varies depending on the allergen and the
specific product used. Meta-analyses have demonstrated that SCIT is approximately 30%
more effective than placebo in treating seasonal and perennial allergic rhinitis, [41] exceed-
ing the World Allergy Organization’s defined minimally clinically important difference of
20% [42].

While SCIT has been shown to be as effective as or more effective than pharma-
cotherapy in extrapolated pooled analyses, there are few direct comparisons between
the two [43,44]. In practice, adherence and persistence with SCIT can be challenging,
with studies showing that less than 50% of users completed the recommended 3 years of
treatment [12,45].

In recent years, SLIT has emerged as a well-validated alternative to SCIT. Several large
randomized controlled trials have confirmed the efficacy of SLIT tablets for patients with
house dust mite (HDM), [46-48] grass pollen, [49] ragweed, [50] and Japanese cedar [51,52]
pollen allergic rhinitis, including those with mild to moderately severe controlled HDM-
induced allergic asthma [53,54].
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SLIT involves taking tablets or drops sublingually daily for 3 years or starting 2
to 4 months before the allergy season in patients with seasonal AR [55]. After initial
supervision and a 30-min observation period, SLIT can be self-administered, making it
convenient for patients. Home administration and scheduled follow-up visits contribute to
improved adherence with SLIT. Compared to SCIT, SLIT is generally safer. While SLIT is
associated with local side effects like oropharyngeal itching and swelling, these are typically
self-limiting and resolve within 1 to 2 weeks. Systemic side effects are rare, making SLIT a
safer alternative to SCIT [38,56,57].

Both SCIT and SLIT have been shown to be effective for both seasonal and perennial
allergies [41]. Indirect meta-analyses suggest that SLIT is at least as effective as current
pharmacotherapy, although head-to-head controlled studies are needed for definitive
confirmation [44,58]. A recent direct comparison using nasal allergen challenge found
that SCIT was more effective than SLIT in the first year of treatment. However, the
two treatments were equally effective in the second year [36]. Due to the heterogeneity
between studies, treatment decisions should be based on the evidence available for specific
products and individual patient factors [57,59,60].

4. Alternative Routes (Table 2)
4.1. Intralymphatic Immunotherapy

Intralymphatic immunotherapy (ILIT) is a targeted immunotherapy approach that
involves injecting allergen extracts directly into lymph nodes, usually in the groin, under
ultrasound guidance [61]. An ILIT injection of recombinant allergens (phospholipase
A2 and Fel d 1) has demonstrated a significant increase in IgG levels compared to SCIT,
achieving a 10-fold increase in just two weeks at a 100-fold lower dose [62,63]. This direct
approach targets the immune system, potentially enhancing allergen presentation to T cells
and avoiding direct mast cell activation [18,64].

A randomized open-label trial compared a 3-dose ILIT regimen administered over
2 months to a 3-year SCIT regimen in patients with grass pollen allergy, finding that ILIT
achieved a persistent effect over 3 years with fewer side effects and significantly improved
compliance [61]. While ILIT resulted in slightly less medication use and similar symptom
score improvements, the low compliance rate in the SCIT group and the open-label nature
of the study make it challenging to draw definitive conclusions.

Several studies have shown the efficacy of ILIT for grass and tree pollen allergy,
although not all studies have confirmed its effectiveness [61,65,66]. A small-scale study
showed that three intralymphatic injections of a recombinant cat Fel d 1 allergen, fused
with a translocation sequence and a human invariant chain fragment, were effective in
protecting against nasal challenge with whole cat allergen extract [62].

Overall, ILIT offers potential advantages in terms of reduced side effects, improved
compliance, and shorter treatment duration [61,67]. However, it requires specialist skills,
experience, and ultrasound guidance for injections, making it more technically demanding
than traditional routes. Individual products, doses, and timing of injections still need to
be optimized [64]. Further research is needed to confirm its efficacy and safety for various
allergens and patient populations.

Table 2. Routes of allergen immunotherapy administration.

Routes of AIT Advantages Drawbacks
e Repeated injections
Proven efficacy and safety o  Healthcare unit dependency
Subcutaneous (SCIT) Standard applications in respiratory and venom AIT e  Long duration of treatment
e Risk of severe hypersensitivity reactions
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Table 2. Cont.

Routes of AIT Advantages Drawbacks
e  Proven efficacy and safety
° Star}d‘ard'apphcatlons in respiratory AIT e Need for daily self-applications which
. e  Noinjections
Sublingual (SLIT) . may affect the adherence
e  Less healthcare unit dependency .
o e  Higher allergen dose
e  Home application
e  Lower risk of severe hypersensitivity reactions
e  Applicability in respiratory and venom allergens e  Requirement of experienced HCP for
e  Reduced number of injections injections under ultrasound guidance
Intralymphatic (ILIT) e Reduced treatment duration ° Risk for side effects due to allergens
e  Reduced allergen dosage use injected into lymph nodes
e  Early clinical studies revealed promising results e  Further clinical study needed
. o  Applicability in f.ood and respiratory allergens e Risk of local adverse reactions
Epicutaneous (EPIT) ¢ Good safety profile Further clinical study needed
e  Early clinical studies revealed promising results y

Intradermal (IDIT) May reduce allergen dosage use e No clinical efficacy proven

4.2. Epicutaneous Immunotherapy

Epicutaneous immunotherapy (EPIT) involves applying allergen patches to the skin
for several hours, aiming to increase local antigen presentation while preventing systemic
allergen absorption. By removing the top layer of skin with adhesive tape, keratinocytes
can be activated, increasing allergen exposure and potentially stimulating DC responses.
This needle-free approach can improve patient compliance, especially in children [68,69].

A placebo-controlled randomized trial applied grass pollen extract in petroleum to the
skin, stripped with adhesive tape, weekly for 6 months pre-seasonally in 48 participants.
The study observed a 48% improvement in seasonal symptom scores in the first year
compared to a 10% improvement in the placebo group. However, there were no signifi-
cant differences in combined treatment and medication scores. Two further randomized
controlled trials achieved similar results [70]. While higher doses were effective, they also
led to high rates of local irritation, eczema, and occasional systemic allergic side effects,
limiting their clinical utility compared to currently available SCIT [17,71].

A placebo-controlled randomized trial applied grass pollen extract to the skin, pre-
pared with adhesive tape, weekly for 6 months pre-seasonally in 48 participants. The study
observed a significant improvement in seasonal symptom scores in the treatment group
compared to the placebo group [70]. However, while higher doses were effective, they
also led to increased local skin reactions and systemic side effects, limiting their clinical
utility. Two further randomized controlled trials yielded similar results. While EPIT has
shown promise, its efficacy and safety profile still need to be optimized to compete with
established SCIT [17,71].

4.3. Intradermal Immunotherapy

Intradermal allergen administration may increase the immune response and decrease
the required allergen dose due to the presence of DCs in the intradermal area [17,71].
Early studies suggested that repeated low-dose intradermal injections could suppress late
allergic responses and induce allergen-specific IgG antibodies [17,72]. However, a phase
2b trial of pre-seasonal low-dose intradermal grass pollen allergen failed to demonstrate
significant clinical improvement. In fact, nasal symptoms worsened, and a heightened
TH2 response was observed at the injection site [73]. These findings suggest that intra-
dermal allergen administration may have paradoxical effects, potentially inducing both
sensitization and tolerance. Therefore, this approach is not currently recommended for
allergen immunotherapy.
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5. Adjuvants (Table 3)

An adjuvant is a substance that enhances the immune response to a vaccine. By physi-
cally or chemically interacting with antigens, adjuvants can modify the pharmacological
and immunological effects of allergen vaccines. They can modulate allergen delivery, act
as a depot, stimulate immune responses, and steer the immune response towards either
tolerance or a TH1-biased response. Additionally, adjuvants can help reduce the risk of
anaphylactic reactions and unwanted side effects [14,17,18,74].

Traditionally, adjuvants have been classified into first-generation (aluminum hydrox-
ide, microcrystalline tyrosine [MCT], and calcium phosphate) and second-generation
(Monophosphoryl Lipid A [MPLA], Toll-like receptor [TLR] agonists) categories. Other
promising adjuvants include liposomes and virus-like particles (VLP) [14]. The adjuvants
currently approved for use in humans (aluminum hydroxide, calcium phosphate, MCT,
and MPLA) [18] offer several advantages for improving AIT. These include prolonging
antigen exposure at the injection site and stimulating the production of allergen-specific
IgG antibodies.

Table 3. Adjuvants in allergen immunotherapy.

Adjuvants Approved for Clinical Mechanism of Action
Use [18]
) ) o  Allergen depot
Alummurln hydroxide EU (1937) e  Inhibits TH2 and enhances TH1 responses
(alum) e  Low biodegradability, may lead to adverse reactions
) o Allergen depot
CalcmmCPgosphate EU (1980) e  Natural component
(CaP) e  High biodegradability
Microcrystalline EU (1970) e  Biodegradable depot adjuvant

tyrosine (MCT) e  Inhibits TH2 and enhances TH1 responses

e  TLR-4 agonist
EU (1999) e  Stimulates TH1 response
o Works synergistically with MCT

Monophosphoryl Lipid
A (MPLA)

e  TLR-9 agonist
Stimulates TH1 response
No e  Combined in VLP as “allergen-independent TH1
simulant’
o  Conflicting results in Phase 3 clinical trial

CpG-Oligodesoxy-
nucleotides

Nanoparticles: lipophilic liposomes,

. . . ° Encapsulation of allergen
virus-like partltc.lels (}/LPS) and other N o  Allowing uptake into APCs without IgE binding
par tlﬁ ets rorcrll 0 ° Activation of innate immunity without T cell help
synthetic an ° Limited data in clinical trials

natural polymers

5.1. Alum and Calcium Phosphate

Aluminum salts (alum) have been used as a vaccine adjuvant since 1926 [75] and
remain one of the most widely used adjuvants in human vaccines [74]. While alum-based
allergen extracts are licensed for SCIT in Europe, they are not approved for use in the
United States. Alum functions by adsorbing the allergen and triggering both innate and
adaptive immune responses, including inflammasome activation and T-cell activation,
which can enhance antibody responses. Although alum can increase TH2 responses in
mouse models during sensitization, in humans, it has been shown to inhibit established
allergic TH2 responses and promote TH1 responses, both in vitro and in vivo [14,74].

Alum-based allergy extracts have a long history of safe and effective use in Europe.
While alum is well-tolerated, it can induce acute and chronic inflammation at the injection
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site due to its low biodegradability. Although there is a theoretical risk of aluminum
accumulation and systemic side effects, this has not been observed in humans [74,76].

Calcium phosphate, a natural component of the body, is another depot adjuvant with
better biodegradability and biocompatibility than alum [14]. Although calcium phosphate-
adjuvanted AIT products were once available in the European market, they are no longer
available for reasons that remain unclear [74].

5.2. Microcrystalline Tyrosine (MCT)

MCT, the crystalline form of the non-essential amino acid L-tyrosine, is a promising
adjuvant for AIT [14,74]. While less commonly used than alum, MCT has demonstrated
safety and efficacy in humans. It is a biodegradable depot adjuvant with a short half-
life of 48 h. Since its initial report in the 1980s, MCT has been shown to enhance the
induction of IgG antibodies when used with allergenic molecules. Unlike aluminum,
which can accumulate at injection sites in murine models of AIT and is associated with
granuloma formation, MCT is rapidly released and metabolized, reducing the risk of
long-term accumulation [77,78].

MCT, a non-toxic adjuvant except in individuals with tyrosine metabolism disor-
ders, [14] is currently patented for immunotherapy. It is integrated into glutaraldehyde
allergoids to alleviate allergic symptoms and reduce reliance on relief medications [79].

5.3. Toll-like Receptors (TLRs)

Toll-like receptors (TLRs), a class of pattern-recognition receptors, are primarily ex-
pressed on APCs. Upon recognition of specific pathogen-associated molecular patterns
(PAMPs), they initiate both innate and adaptive immune responses [14,17,74].

Monophosphoryl lipid A (MPL), a TLR4 agonist derived from the lipopolysaccharide
of Salmonella minnesota, stimulates the production of IFN-y and IL-12 but does not promote
IL-5 synthesis [74]. MPL has shown promise as an adjuvant for AIT. In a study of grass
pollen allergy, pre-seasonal injections with MPL-containing allergoids led to a significant
reduction in symptoms compared to placebo, with effects lasting up to 5 years after
discontinuation [80,81].

MCT-adjuvanted allergen vaccines, which may include native or modified (allergoid)
allergens, are often combined with MPL, as exemplified by Pollinex®Quattro, an allergen
therapeutic available for the treatment of seasonal allergic rhinoconjunctivitis. Combining
allergens with MPL and MCT may address some of the major drawbacks of traditional AIT,
including long treatment durations, poor patient adherence, and adverse effects [82-85].
While Pollinex®Quattro is currently available in Germany, sufficient clinical human data
supporting marketing authorization in other European states have not been reported [74].

Cytosine-phosphodiester-guanine (CpG) motifs, conserved PAMPs-bacterial DNA
sequences, are recognized by TLR-9, a receptor primarily expressed on B cells and plasmacy-
toid dendritic cells (pDCs). Activation of TLR-9 stimulates the innate immune response in a
TH1-type fashion [18,74]. A phase 2 trial demonstrated that combining CpG motifs with the
ragweed allergen Amb a 1 suppressed seasonal symptoms in ragweed allergy patients [86].
However, these results were not replicated in a larger phase 3 trial [17]. While TLR-9 ago-
nists show potential as adjuvants for AIT, additional research is needed to fully elucidate
the mechanisms of action of these adjuvants and optimize their clinical application.

5.4. Liposomes and Virus-like Particles (VLPs)

Polymeric biodegradable nanoparticles, including polyesters, polysaccharides, polyamides,
liposomes, and virus-like particles (VLPs), offer promising strategies for encapsulating
allergens or proteins and delivering them to APCs without IgE binding. While many of
these delivery systems are still under development, they have shown potential for inducing
TH1-biased immune responses in preclinical studies [14,17,74].

Liposomes, spherical or vesicular structures composed of lipids, can effectively pack-
age and deliver water-soluble antigens to target cells. Studies have demonstrated that
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liposome-encapsulated allergens can induce higher levels of allergen-specific IgG while
reducing IgE production in mice [87]. Liposomes may also enhance lymph node allergen
delivery, potentially improving the efficacy of AIT [64].

VLPs, derived from viral capsids, can activate the immune system through innate
pathways, bypassing the need for T-cell help. VLPs are efficiently taken up by APCs,
resulting in the activation of cytotoxic T cells and the complement system. VLPs can be
used in various ways for AIT, including as standalone VLPs with or without embedded
adjuvants, as solutions mixed with allergens, or with allergens encapsulated within the
VLPs. These different approaches offer flexibility in designing AIT regimens and may
have varying effects on the immune response. Conjugating allergens with VLPs can
enhance their uptake into the lymphatic system, potentially minimizing the risk of mast
cell degranulation [2,16,74].

VLPs have demonstrated promising results in preclinical studies. A phase 2 trial involv-
ing patients with HDM allergy found that combining VLPs with a cytosine-phosphodiester-
guanine TLR-9 agonist (CAG10) and allergen encapsulation (CYT003) resulted in similar
symptom improvements compared to the adjuvant alone [88,89]. Encouraged by these
findings, larger placebo-controlled trials were conducted. A double-blind, randomized trial
involving 299 HDM allergy patients found that QBG10, a VLP-based therapy administered
without additional allergen, reduced symptom scores in a dose-dependent manner [90].
Additionally, a higher dose of QBG10 was associated with a greater number of patients
achieving increased allergen tolerance [90]. These results suggest that VLP-based ther-
apies, even without the addition of allergens, may have therapeutic benefits in allergic
diseases [16,74].

However, subsequent trials yielded mixed results. A study in asthmatic patients
undergoing steroid withdrawal found that Q3 G10 reduced asthma-related symptom scores
and increased the number of patients with well-controlled asthma [88]. However, a larger
phase IIb trial in patients with persistent moderate-to-severe allergic asthma did not
demonstrate significant differences between QB G10 and placebo [91].

Nanoparticle-based delivery systems offer potential advantages for AIT by improving
allergen delivery, modulating immune responses, and potentially reducing side effects.
However, further research is necessary to evaluate their safety and efficacy in clinical trials.

6. Modified Allergens (Table 4)

Modifying allergens to alter their tertiary protein structure or target non-IgE-reactive
epitopes can help preserve or enhance their ability to induce immune responses while
minimizing allergic reactions, promoting tolerogenic outcomes.

Table 4. Modified allergens and novel approaches in allergen immunotherapy.

Modified Allergens

Advantages

Drawbacks

Allergoids

Reduced allergenicity, improved safety profiles,
shorter up-dosing phase

Limited efficacy data compared to
conventional allergen extracts

Recombinant allergens

Personalized AIT, almost unlimited supply,
may improve safety and efficacy

Limited efficacy and safety advantages
compared to conventional extracts, reported
late-phase adverse allergic reactions

T-cell peptides

Retained T-cell epitope stimulation, reduced
IgE binding, may improve safety and efficacy

Potential for late-phase adverse responses,
similar side effects to SCIT, failure to
demonstrate clinical efficacy in phase 3 trials

B-cell peptides

Induce protective humoral antibody responses
without stimulating IgE production,
demonstrated increases in blocking IgG1 and
IgG4 antibodies in phase 2 trial

Limited clinical data, did not reach statistical
significance in primary analysis of combined
seasonal symptom medication scores
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Table 4. Cont.

Modified Allergens Advantages Drawbacks

Concern of theoretical risks of plasmid DNA
integration into the human genome and
development of anti-DNA antibodies, failure
to demonstrate clinical efficacy in phase 3 trials

Induce TH1 and Treg cell responses while
e  DNA-based vaccine downregulating TH2 cell responses in
preclinical studies

Passive immunotherapy Protection against nasal allergen challenge for No lone-term clinical efficacy shown
(monoclonal antibodies) almost 3 months after 1 dose injection & y

AIT combined with Enhanced efficacy and safety, potential for High cost, further research needed to evaluate
biologics long-term allergen tolerance long-term benefits

6.1. Allergoids

Allergoids are chemically modified allergens produced through polymerization with
glutaraldehyde or formaldehyde or monomerization with carbamylation. These mod-
ifications aim to alter the tertiary protein structure, reducing the ability of allergens to
cross-link IgE while preserving shorter linear T-cell epitopes, thereby retaining immuno-
genicity. This approach allows for higher doses to be administered during a shorter-term
accumulation phase, potentially improving treatment efficiency and reducing the risk of
side effects [14,18,92].

Several allergoids have demonstrated efficacy in placebo-controlled trials for various
allergens, including ragweed [92,93], grass [94-96], tree pollen [97-99], and mite [100-104]
allergy. A phase 3 trial of a formaldehyde-treated, alum-adsorbed 6-grass pollen mix
showed a significant 26.6% reduction in combined seasonal symptom medication scores
after one year compared to placebo. Although some participants experienced mild to
moderate late systemic reactions, no serious adverse events, such as anaphylaxis, were
reported [105].

Carbamylation, a chemical modification of the lysine groups, has been used to develop
low molecular weight allergoids that can be easily absorbed by the mucosa. A sublingual
allergoid produced using this method reduced the need for antihistamines during the
pollination season and maintained its clinical benefits for at least two years [106,107].
Another example is the HDM-monomeric allergoid SLIT, which has shown promise in
improving rhinitis severity and reducing drug intake in phase II research [102,104]. These
findings suggest that allergoids may offer a viable treatment option for respiratory allergies,
with potential advantages over traditional allergen extracts.

Head-to-head comparisons between allergoids and conventional allergen extracts
are limited, making it difficult to directly assess their relative efficacy. Quantification of
modified allergens can be complex, leading to batch-to-batch variation and hindering
comparisons of hypoallergenic effects between allergoids and whole allergens, both in vitro
and in vivo [17,108].

6.2. Recombinant Allergens

Molecular diagnostics and therapeutics have significantly advanced the field of allergy
medicine, enabling the identification of individual allergic components. This has paved
the way for more precise allergy diagnosis and treatment, including the potential for
personalized “tailor-made” allergen immunotherapy [109-111].

Molecular diagnosis also helps assess the clinical relevance of allergen sensitization
profiles, particularly in cases of cross-reactivity between pollens and certain foods or
different pollen types. By differentiating between true significant sensitization and pan-
allergen sensitization, clinicians can select the most appropriate allergens for inclusion in
immunotherapy, optimizing treatment outcomes for patients with complex sensitization
profiles [109-111].

The potential of recombinant allergens to improve the safety and efficacy of AIT
has been explored. The first cloning of allergen cDNAs was attempted in the late 1980s,
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and the first clinical trial using recombinant hypoallergens was conducted in the early
2000s [16,112,113].

A phase 2 trial showed that a mixture of six-grass pollen recombinant allergens was
effective in treating seasonal allergic rhinitis. This treatment was associated with increases
in allergen-specific IgG but not specific IgE, unlike whole allergen extract immunother-
apy [114]. A phase 3 randomized controlled trial of recombinant birch allergen Bet v 1
demonstrated a 50% improvement in medication and symptom scores in patients with
seasonal allergic rhinitis. While effective, it did not show significant differences in efficacy
or side effects compared to natural protein or whole Bet v 1 extract [115].

Recombinant allergens offer several advantages, including standardization, genetic
modification to deliver specific IgE-binding and T-cell epitopes, and an almost unlim-
ited supply of purified allergen [14,16]. However, there are also potential disadvantages.
One limitation of recombinant proteins is that they expose patients to only one or a few
allergen molecules, unlike natural extracts that contain multiple allergens. While target-
ing a single allergen component may be effective for some patients, those sensitized to
multiple components may benefit less from this approach. Additionally, recombinant
allergens were initially thought to be safer due to their potential to stimulate only T
or B cells, avoiding mast cell activation and related adverse events. However, clinical
trials have reported adverse allergic reactions, including anaphylaxis, even hours after
administration [16,112].

Despite showing promise in phase 2 trials, recombinant vaccines and hypoallergenic
variants have not yet demonstrated significant improvements in efficacy or safety compared
to current standardized allergen extracts. Further research is necessary to fully assess their
potential benefits and address their limitations. With increasing knowledge of individual
sensitization profiles and the role of major allergen epitopes, recombinant approaches may
become more significant in the future of AIT [16].

6.3. T-Cell Peptides

T-cell epitopes are short, linear sequences of amino acids recognized by T-cell receptors.
Unlike whole allergens, which can trigger IgE-mediated allergic reactions, T-cell epitopes
do not induce IgE-mediated responses. When presented without co-stimulation, peptides
can induce T-cell unresponsiveness (anergy) to the whole allergen. Additionally, peptides
may induce tolerance by eliminating pathogenic allergen-specific T cells or altering the
dominant T-cell phenotype towards Treg cells [116-118].

While peptide-based vaccines may have limited impact on humoral antibody re-
sponses compared to whole allergen immunotherapy, they offer potential advantages in
terms of safety and the ability to modulate T-cell responses. However, it is important to
note that while minimizing the risk of IgE-mediated anaphylaxis, peptide-based therapies
may still induce T-cell-dependent late-phase asthmatic responses [118].

Several phase 2 studies have evaluated the efficacy of T-cell peptide immunotherapy.
Initial studies on T-cell peptide immunotherapy showed promise, with a clinical trial
demonstrating reduced rhinoconjunctivitis symptoms in cat-allergic patients treated with a
mixture of seven Fel d 1 peptides [119]. However, larger phase 3 field trials involving Fel d
1-derived T-cell peptides (ClinicalTrials.gov, NCT01620762) failed to demonstrate efficacy,
leading to the discontinuation of further development for these peptides. These setbacks
may be attributed to factors such as a high placebo response in the control group and the
inclusion of cat owners who might already have some degree of tolerance due to ongoing
exposure to the allergen [2].

Contiguous overlapping peptides are longer sequences of amino acids that encompass
a broader range of T-cell epitopes while disrupting IgE epitopes. This approach aims to
target T-cell responses without triggering allergic reactions. A phase 2b dose-finding study
of birch pollen contiguous overlapping peptides demonstrated a modest but statistically
significant treatment effect (7%) over placebo at the highest dose [120,121].
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Hydrolyzing whole allergens into medium-chain length peptides can reduce their
allergenicity while preserving their ability to induce T- and B-cell responses. This approach
may offer a broader range of epitopes compared to synthetic allergen sources [118].

Alarge clinical trial found that hydrolyzed rye grass allergen peptides administered in
a short-term pre-seasonal regimen resulted in a significant reduction in allergy symptoms
compared to placebo. The side effects associated with this approach were similar to those
observed with conventional SCIT, suggesting that the primary benefit lies in the shortened
treatment course [122,123].

6.4. B-Cell Peptides

B-cell peptide immunotherapy aims to induce protective humoral antibody responses
without stimulating IgE production. One approach involves developing non-IgE-reactive
peptides and conjugating them with a carrier protein unrelated to the allergen. This
strategy exploits alternative T-helper responses, facilitated by the carrier protein, to induce
protective allergen-specific IgG responses while preventing IgE stimulation [17,124].

A placebo-controlled field study involving 181 participants evaluated a mixture of
recombinant non-IgE-reactive linear peptides (BM32) derived from grass pollen allergens,
fused to a carrier protein (Pre-S protein). The study showed increased levels of allergen-
specific IgG1 and IgG4 antibodies with minimal changes in IgE levels. While the primary
analysis of combined seasonal symptom medication scores did not reach statistical signifi-
cance, improvements were observed in asthma symptom scores and quality of life [125-127].
The results of phase 3 trials are eagerly awaited to further evaluate the efficacy and safety
of this B-cell peptide immunotherapy approach.

6.5. DNA-Based Vaccine

DNA-based vaccines have shown promise in mouse models of allergy, inducing prefer-
ential TH1 and Treg cell responses while downregulating TH2 cell responses. The repeated
use of DNA-based vaccines in humans has raised concerns, including the theoretical risk of
plasmid DNA integration into the human genome, the development of anti-DNA antibod-
ies, and the potential for long-term allergen persistence, which could lead to severe allergic
reactions [2,16].

A clinical study evaluated a DNA-based vaccine targeting Cry j 2, a major allergen of
Japanese cedar pollen allergy. The vaccine incorporated lysosomal-associated membrane
protein 1 (LAMP1), a protein that directs the plasmid to the lysosomal compartment,
reducing the risk of allergen release and anaphylaxis. After four intramuscular injections,
10 out of 12 participants showed a reduced immediate skin test response to Cry j 2 at 4
months. However, the study did not assess other clinical outcomes [128].

Another approach has involved combining allergens with bacterial DNA sequences
containing CpG motifs, which are recognized by TLR-9, a receptor predominantly expressed
on human B cells and dendritic cells. A phase 2 trial using a ragweed allergen (Amb a
1) covalently linked to a B-type CpG-containing oligodeoxynucleotide (ODN) showed
promising results in ragweed pollen-induced hay fever [86]. However, these findings were
not confirmed in a larger phase 3 trial, leading to the discontinuation of this approach [2].

Given their remarkable effectiveness against SARS-CoV-2 during the COVID-19 pan-
demic, mRNA-based vaccines have garnered significant interest for their potential ap-
plications in various medical fields, including allergic diseases [2,16]. Preclinical studies
have demonstrated their ability to induce type 1 immune deviation and suppress allergic
inflammation in mouse models of allergy [129].

7. Passive Immunotherapy

In 1935, Cooke et al. demonstrated that passive transfer of serum from ragweed
immunotherapy patients could confer localized protection against ragweed skin prick test
reactions in passively sensitized individuals [130]. This passive transfer of immunity was
attributed to the transfer of blocking antibodies.

87



Pharmaceuticals 2024, 17, 1510

Subsequent studies in cat allergy patients have further validated this concept [131].
A single subcutaneous injection of a mixture of two recombinant anti-Fel d 1 antibodies
conferred protection against nasal challenge with whole cat allergen extract for nearly
3 months, accompanied by a reduction in nasal fluid TH2-type cytokines and an increase
in serum and nasal IgE-blocking activity [132].

A similar approach has been used to treat seasonal birch pollen allergy, where a
cocktail of three monoclonal antibodies targeting the major birch allergen Bet v 1 effectively
inhibited the clinical response to birch pollen nasal challenge for at least 2 months [133].

These findings suggest that passive immunotherapy, utilizing monoclonal antibodies
targeting specific allergens, may offer a potential treatment option for allergic diseases, partic-
ularly for short-term protection or as a bridge therapy during periods of allergen exposure.

8. AIT Combination with Biologics

The combination of AIT with biologics, such as monoclonal antibodies targeting
specific immune pathways, has emerged as a promising strategy for improving the man-
agement of allergic diseases. By combining the disease-modifying effects of AIT with the
targeted therapeutic actions of biologics, this approach aims to enhance efficacy and safety
while addressing specific challenges associated with AIT [134].

Omalizumab, a humanized monoclonal antibody, targets IgE, preventing it from
binding to its receptors and triggering allergic reactions. It is currently approved for the
treatment of moderate to severe asthma, chronic rhinosinusitis with nasal polyps, and
chronic spontaneous urticaria. When used concurrently with AIT, omalizumab can lessen
AlT-associated side effects, increasing tolerability. This allows patients to receive higher
doses of allergen more quickly, making AIT suitable for higher-risk patients with asthma
and enabling the use of rush protocols [135]. The combination of AIT with omalizumab
has demonstrated efficacy in various allergens, including birch, grass, ragweed, perennial
allergens, cat, dog, and HDM. Studies have shown a significant reduction in symptom
scores, up to 48% less than SCIT alone, with a decrease in rescue medication use during
seasonal exposure [136,137].

While the combination of grass pollen subcutaneous immunotherapy and dupilumab,
an anti-IL-4 receptor antibody, reduced circulating IL-4-expressing TH2 cells, it did not sig-
nificantly alter the magnitude or duration of allergen-induced late skin responses compared
to allergen immunotherapy alone [138]. A clinical trial (NCT04502966) is currently evaluat-
ing the combination of grass pollen allergen with dupilumab, targeting both IL-4-dependent
and IL-13-dependent pathways, in the context of inhalant immunotherapy [134].

Tezepelumab, a humanized monoclonal antibody targeting thymic stromal lymphopoi-
etin (TSLP), has demonstrated promise in reducing eosinophilic inflammation, airway hy-
perresponsiveness, and asthma exacerbations. Additionally, it decreases serum IL-5, IL-13,
and total IgE, suggesting potential synergy with AIT. A recent clinical trial investigated
the combination of cat dander SCIT with tezepelumab. The study found that tezepelumab
combined with SCIT was more effective than SCIT alone at reducing nasal response to
cat allergen challenge after 52 weeks. This suppression persisted even one year after stop-
ping treatment, suggesting a potential long-term benefit [139]. These findings suggest
that tezepelumab may enhance the effectiveness of AIT by promoting long-term allergen
tolerance [134].

Combining AIT with biologics has shown promise in improving short-term efficacy,
enhancing safety, and improving patient tolerance during dose escalation. However,
further research is needed to assess the long-term benefits and cost-effectiveness of these
combination therapies.

9. Conclusions

AIT, including SLIT and SCIT, remains a safe and effective treatment for respiratory aller-
gies. While novel approaches, such as the use of adjuvants, recombinant allergens, and biologics,
show promise, their clinical efficacy and safety profiles still require further investigation.
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Key findings and future directions include:

Traditional AIT: SCIT and SLIT continue to be the primary options for AIT, offering
long-term symptom relief and the potential to prevent progression to asthma;

Novel Approaches: While modified allergens combined with novel adjuvants have
shown promise in preclinical and early phase clinical trials, their superiority over
traditional AIT has not been definitively established;

Personalized Immunotherapy: The development of personalized allergen immunother-
apy based on individual sensitization profiles and the identification of specific epi-
topes, recombinant allergen, offers potential for improved efficacy and safety;
Combination Therapies: Combining AIT with biologics may enhance safety, treatment
outcomes and address specific challenges associated with AIT;

Passive Immunotherapy: Recent studies suggest that passive immunotherapy using
monoclonal antibodies may offer a viable option for short-term protection against
allergic symptoms.

Overall, while AIT remains a valuable treatment option for respiratory allergies,

ongoing research is essential to further refine existing approaches and develop novel
strategies that can improve efficacy, safety, and patient outcomes.
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 This article is a revised and expanded version of a paper entitled ‘Biologic Agents in Idiopathic
Hypereosinophilic Syndrome: A 4-Year-Follow Up in a Case Series’, which was presented at the ERS 2024,
Vienna, Austria, 7-11 September 2024.

Abstract: Background: Hypereosinophilic syndrome (HES) is a heterogeneous group of
rare disorders defined by the presence of marked eosinophilia resulting in end organ dam-
age. The diagnostic approach is multidisciplinary and treatment goals include reductions
in flares and eosinophils with minimal drug-related side effects. Results: Eleven patients
(n =11) with a diagnosis of idiopathic HES were included in the study [M/F: 6/5, median
age: 54 (95% CI: 38.2 to 68.5), smokers/never smokers: 5/6]. Asthma was present in the
majority of them (n = 8, 72.7%); four patients (n = 4, 36.4%) presented with eosinophilic
pleural effusions, two patients (n = 2, 18.2%) with cardiac arrhythmias, and one with
bilateral eyelid angioedema. Eight patients (72.7%) were treated with mepolizumab
(300 mg/month) and three (27.3%) with benralizumab (30 mg/4 weeks). The median
values of eosinophils at baseline and 12 months after initiation of biologic agent were
3000 (95% CI: 2172 to 11,365) K/uL and 50 (95% CI: 3 to 190) K/ uL, respectively, p = 0.0002.
All patients with concomitant asthma (1 = 8) experienced elimination of asthma flares,
asthma control (ACQ < 0.75), functional improvement (mean AFEV1: 857 £ 594 mL), and
an 82% reduction in oral corticosteroids, p = 0.0001. Materials and Methods: Patients
with highly characterized idiopathic HES treated with anti-eosinophilic agents between
1 October 2019 and 1 October 2023 were retrospectively included in the study. The aim
of this study was to present clinical, laboratory, and functional features and outcomes in
patients with thoroughly investigated idiopathic HES treated with biologic agents targeting
eosinophils. Conclusions: Biologic agents in patients with idiopathic HES—following
thorough diagnostic investigation—are both safe and effective, sparing the toxicity of
immunosuppressive agents. Real-life data from larger registries are greatly anticipated.

Keywords: hypereosinophilic syndrome; biologic agents; eosinophils

1. Introduction

Hypereosinophilic syndrome (HES) is a heterogeneous group of rare disorders char-
acterized by the presence of remarkable eosinophilia, resulting in end organ damage if
treatment is not timely and appropriate [1,2]. In order to diagnose idiopathic HES, we
need to exclude all primary and secondary causes of hypereosinophilia [3]. The current
definition of HES requires persistent eosinophilia with a corresponding absolute eosinophil
count of >1.5 x 10%/L for a shorter period of 2 to 4 weeks (compared to the historical crite-
rion of more than 6 months outlined by Chusid and colleagues in 1975), and concomitant
tissue damage [4,5]. More specifically, the diagnostic criteria for idiopathic HES include
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sustained hypereosinophilia (eosinophil count > 1.5 x 10%/L) recorded more than once in
a minimum time interval of two weeks, >10% eosinophilia, organ failure attributable to
the eosinophilia or tissue infiltration by eosinophils, and exclusion of reactive eosinophilia,
lymphocyte-variant HES, chronic eosinophilic leukemia, and other myeloid or lymphoid
neoplasm [4]. According to the World Health Organization classification for eosinophilic
disorders, the diagnosis of idiopathic HES may be in the context of working diagnosis
until the final cause of eosinophilia is determined. It is important to mention that in
the era of multiple molecular markers of neoplasia, the percentage of patients diagnosed
with idiopathic HES decreased [6]. Despite the fact that the epidemiology of HES is not
well characterized, the estimated prevalence of HES is up to 6.3 per 100,000 person-years
globally [7].

Clinical manifestations are highly variable depending on specific organ involvement.
The most common symptomatology involved in HES includes cutaneous (e.g., rash, ur-
ticaria, angioedema), pulmonary (e.g., shortness of breath, cough, pulmonary infiltrates,
pleural effusion), gastrointestinal (e.g., abdominal pain, nausea, vomiting), constitutional
(e.g., fever, fatigue), cardiovascular (e.g., myocardial ischemia, arrhythmias), and neu-
rological (e.g., numbness, weakness, muscle atrophy) manifestations. Among the signs
and symptoms recorded, the most common were weakness, fatigue, and cough in 25% of
patients, followed by dyspnea, myalgias or angioedema, rash or fever, and rhinitis [8].
Persistent eosinophilia might potentially involve every organ. Skin manifestations were
the most common, reported in 69% of patients, followed by respiratory (44%) and gastroin-
testinal (38%) manifestations. Cardiac disease related to underlying eosinophilic disease
was eventually identified in 20% of patients. It is notable that endocardial damage can lead
to mural thrombi, increased embolic risk, and restrictive cardiomyopathy [9].

The main pillars of diagnostic approach are the exclusion of secondary reactive causes
of eosinophilia, assessing end organ damage based on signs and symptoms, and evaluation
for primary clonal eosinophilia [3]. With regard to the secondary causes of eosinophilia, a
multidisciplinary discussion with subspecialty experts seems crucial in order to exclude
infections, such as parasitic (strongyloides, toxocara, schistosoma, echinococcus, enta-
moeba, cystoisospora, ascaris, hookworm, trichinella, paragonimus, clonorchis, filariasis),
viral (human immunodeficiency virus), fungal (coccidiodes, histoplasma, cryptococcus,
pneumocystis), mycobacterial (tuberculosis), and bacterial infections; allergies, such as
asthma, allergic rhinitis, atopic dermatitis, and allergic bronchopulmonary aspergillosis;
autoimmune causes, such as inflammatory bowel disease, celiac disease, eosinophilic
granulomatosis with polyangiitis, rheumatoid arthritis, sarcoidosis, systemic sclerosis,
Sjogren’s syndrome, bullous pemphigoid, and immunoglobulin (IgG)4-related disease;
medications, such as aspirin, nonsteroidal anti-inflammatory drugs, antimicrobials which
can lead to drug rash with eosinophilia and systemic symptoms (DRESS) syndrome; ma-
lignancies, including solid tumors (lung, renal, colon) and Hodgkin and non-Hodgkin
lymphoma; metabolic causes, such as adrenal insufficiency; immune deficiency, including
hyper-IgE syndromes, Omenn syndrome, and Wiskott-Aldrich syndrome; and other more
rare causes [3]. In order to investigate all aforementioned causes, the diagnostic algo-
rithm includes travel history and parasite testing, including stool culture and antibodies
for specific parasites (e.g., strongyloides), in the appropriate clinical context. Additional
laboratory testing [e.g., IgE, troponin, autoimmune antibodies] and imaging tests (e.g.,
chest X-ray; electrocardiogram and cardiac echo; and chest, abdomen, and pelvis computed
tomography) are guided by the patient’s history, symptomatology, and findings on clinical
examination. For eosinophilic lung diseases, pulmonary function tests, bronchoscopy, and
serology testing [e.g., aspergillus-specific IgE to evaluate for allergic bronchopulmonary
aspergillosis (ABPA)] may be performed [10]. Evaluation of blood and/or bone marrow is
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characterized by meticulous investigation through serum B12 level, serum tryptase level,
serum IgE level, FIP1 like-1 platelet-derived growth factor «-fusion gene (FIP1L1::PDGFRA)
fusion by fluorescence in situ hybridization (FISH), or reverse transcription—polymerase
chain reaction (RT-PCR) (either on blood sample or bone marrow biopsy), BCR::ABL1
fusion by FISH or RT-PCR (either on blood sample or bone marrow biopsy), T-cell re-
ceptor gene rearrangement by PCR (either on blood sample or bone marrow biopsy),
immunophenotyping (either on blood sample or bone marrow biopsy), next-generation
sequencing myeloid gene panel (either on blood sample or bone marrow biopsy), dyspla-
sia and blast percentage (either on blood sample or bone marrow biopsy), bone marrow
fibrosis, immunohistochemistry for CD117 and CD25 if serum tryptase is elevated (bone
marrow biopsy), and standard karyotyping (bone marrow biopsy) [3,6,11-14]. The general
diagnostic approach is depicted in a flow chart (Figure 1).
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Figure 1. Flow chart of diagnostic approach in idiopathic HES.

It is very challenging to decipher to what extent sustained elevated blood or tissue
eosinophils will lead to organ failure. The existing data are insufficient to support a specific
eosinophil count for the initiation of treatment in the absence of organ disease. Based on
the literature, an absolute eosinophil count of 1.5 to 2 x 10 /L is the applied cut-off for
initiating therapeutic modalities [3].

Traditional therapeutic options involve corticosteroids, characterized as first-line man-
agement unless FIP1L1/PDGFRA-positive; hydroxyurea, as a second-line therapeutic agent;
vincristine, especially in children; other cytotoxic or immunomodulatory agents, such as
rituximab; imatinib mesylate, as a first-line therapy for FIP1L1/PDGFRA-positive and
myeloproliferative variants; and bone marrow transplants for FIP1L1/PDGFRA-positive
and imatinib-resistant FIP1L1/PDGFRA-negative variants with disease progression de-
spite standard of care therapies [15,16]. Over the past few years, extensive research efforts
have dramatically improved our understanding of HES etiopathogenesis and led to action-
able information for the diagnosis, prognosis, and therapeutic management of eosinophil
disorders. In line with these, novel biologic agents, including mepolizumab, an anti-
interleukin-(IL)5 monoclonal antibody, and benralizumab, a monoclonal antibody targeting
IL-5 receptor alpha, have been shown to reduce disease flares and eosinophilic count and
alleviate symptoms [5,17]. It is more than evident that the aforementioned beneficial role
of IL-5-targeting monoclonal antibodies in the therapeutic management of HES stems from
their mechanism of action. Mepolizumab directly binds to, and inactivates, circulating IL-5,
while benralizumab, on the other hand, binds to the eosinophil cell membrane at the IL-5
receptor, preventing activation of the receptor, but simultaneously inducing apoptosis of the
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eosinophil by cross-binding with natural killer cells [18]. Mepolizumab was the first drug
in over a decade to receive FDA approval for the treatment of HES without another identifi-
able non-blood-related cause [16,17,19]. More importantly, these targeted therapies not only
present with noteworthy efficacy but also spare treatment-related toxicities. Nonetheless,
real-life world evidence on both the safety and effectiveness of these agents is currently
scarce and limited. To this end, we conducted a real-life study on biologic agents in patients
with HES. The selection of specific biologic therapy was based on the physician’s decision,
taking into account concomitant severe asthma and the patient’s preference.

2. Results

Eleven patients (n = 11) with a diagnosis of idiopathic HES were included in the
study [M/F: 6/5, median age: 54 (95% CI: 38.2 to 68.5), smokers/never smokers: 5/6].
Asthma was present in the majority of them (n = 8, 72.7%); four patients (n = 4, 36.4%)
presented with eosinophilic pleural effusions, two patients (n = 2, 18.2%) with cardiac
arrhythmias, and one with bilateral eyelid angioedema. Eight patients (72.7%) were
treated with mepolizumab (300 mg/month) and three (27.3%) with benralizumab (30 mg/4
weeks). The median values of eosinophils at baseline and 12 months after the initiation
of biologic treatment were 3000 (95% CI: 2172 to 11,365) K/uL and 50 (95% CI: 3 to 190)
K/uL, respectively, p = 0.0002. All patients with concomitant asthma (n = 8)—five of
them were treated with mepolizumab (300 mg/month) and three of them were treated
with benralizumab (30 mg/4 weeks)—experienced elimination of asthma flares, asthma
control [Asthma Control Questionnaire (ACQ) < 0.75], and functional improvement (mean
AFEV1: 857 £ 594 mL). No significant difference was observed between the two groups
of applied biologic agents—mepolizumab and benralizumab—with regard to outcomes.
HES flares had been defined as HES-attributable worsening of clinical symptomatology or
blood eosinophil counts requiring an escalation in therapy. With regard to the longitudi-
nal use of oral corticosteroids, we noticed that 82% of the patients achieved elimination
(p =0.0001), while the two patients that remained on maintenance oral corticosteroids
achieved a reduction in dosing (Table 1, Figure 2). It is also remarkable that all patients
improved in terms of forced expiratory volume in 1 s (FEV;) and forced vital capacity
(FVC) on the treatment, despite only one subset of them having been diagnosed with
asthma. A diagnosis of asthma was not established in the other subgroup despite the
functional improvement in spirometry. Importantly, none of our patients experienced
any permanent organ damage and/or dysfunction attributable to tissue eosinophilia. No
treatment-related adverse events were noticed. All patients were assessed through clinical
examination, laboratory tests, vital signs, or electrocardiographic results for excluding
major safety concerns such as hypereosinophilic flares, lymphocytopenia, renal failure,
hepatitis, pneumonia, polyneuropathy, or cardiac arrhythmia, or adverse events such as
headache, fatigue, peripheral edema, rash, or arthralgia. In addition, none of our patients
experienced adverse events associated with the longitudinal use of oral corticosteroids.

Table 1. Characteristics of enrolled patients pre- and 12 months after initiation of biologic treatment (BT).

Characteristics Pre-BT Post BT
Oral corticosteroids: prednisone (longitudinal use) 11 (100%)-20 mg/d 2 (18%)-7.5 mg/d
Median value of eosinophils (K/uL) (95%CI) 3000 (2172 to 11,365) 50 (3 to 190)
HES flares 11 (100%) 0 (0%)
Asthma control (ACQ < 0.75) 0*(0%) 8 * (100%)
AFEV1 + SD NA 857 4+ 594 mL

* Asthma was present in 8 patients with HES.
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Figure 2. FEV1% pred and FEV1/FVC% tracings pre (baseline) vs. post (12 months after initiation of
biologic agent) biologic treatment, p = 0.04 and p = 0.14, respectively.

3. Discussion

To our knowledge, this was one of the largest real-world studies including a con-
siderable number of highly characterized patients with idiopathic HES treated with anti-
eosinophilic biologic agents so far, considering disease rarity [20]. Based on a diagnostic al-
gorithm of eosinophilic disorders, all patients enrolled in our cohort underwent mandatory
first-line investigations, as well as further investigations according to patient history and
clinical manifestations [6]. Infectious diseases, as well as drug-related hypereosinophilia,
were ruled out. Subsequently, real-time quantitative PCR, or FISH and flow cytometry
lymphocyte phenotyping, were performed in assessing FIP1L1-PDGFRA gene fusion, rare
mutations and rearrangements, and clonal or aberrant T-cell populations in order to ex-
clude clonal bone marrow disease [21]. Based on the fact that HES is a systemic disease and
fully dependent on levels of eosinophils, including concomitant coagulation impairment,
inflammation. and tissue damage, organ involvement was specifically addressed. The
respiratory system, skin, gastrointestinal system, heart vessels, and nervous system were
thoroughly assessed.

With regard to therapeutic management, we demonstrated that biologic agents in
patients with idiopathic HES are both safe and effective, sparing the toxicity of immuno-
suppressive agents, including myelosuppression, opportunistic infections, malignancies, or
further side effects of long-term corticosteroid use such as hypertension, diabetes mellitus,
osteoporosis, myopathy, gastritis, and glaucoma. Our findings are in line with large-scale
randomized controlled trials showing the superiority of mepolizumab compared to placebo
in reducing disease flares and use of oral corticosteroids. We are also in accordance with
a smaller phase 2 trial showing the efficacy of benralizumab in decreasing blood and
tissue eosinophilia with no serious toxic effects in patients with severe, treatment-refractory
hypereosinophilic syndrome [17,19]. It is important to know that in our country, Greece,
mepolizumab is indicated for patients with HES other than asthma and benralizumab is
administrated in patients with HES and concomitant severe asthma. Both of them are fully
reimbursed following approval by national health committees.

Despite the exponential increase in our understanding of the therapeutic manage-
ment of eosinophil disorders, the duration of administration of biologic agents targeting
eosinophils is still puzzling, taking into account their high cost reimbursed by health
systems. Data derived from the literature show that most patients are prone to a baseline
level of blood eosinophils and increased risk of exacerbations following the cessation
of biologic agents in the context of severe asthma treatment [22-24]. As a consequence,
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the sudden cessation of biologic treatment in patients with HES could lead to a loss of
disease control. Recently, Soendergaard et al., in the OPTIMAL study, suggested that
gradual down-titration of anti-IL-5 biologics in severe asthma could be a more appropriate
approach to evaluate whether a reduction in or cessation of treatment could be possible,
raising concerns for personalized dosing intervals in the future [25]. These data need further
validation on a longitudinal basis. In addition, further caution should be applied for potential
treatment cessation in disorders lying within the spectrum of hypereosinophilia, as excess
eosinophilia requires continuous and more aggressive therapeutic (anti-eosinophilic and/or
cytotoxic) approaches.

The number of patients included in our study could be a limitation, but idiopathic
HES is a rare entity (10/1,000,000) with scarce real-life data in the literature, so our study
could really contribute to this field. In particular, our data represent the largest real-life
data on the management of highly characterized HES patients in Greece, and one of the
largest published so far in Europe. Thus, we believe that our data add major and valuable
knowledge on the effectiveness and safety of biologics in hypereosinophilic disorders in
real-life clinical settings.

4. Materials and Methods

We recorded consecutive patients between 10 January 2019 and 1 January 2023 who
presented in our Respiratory Department of the University Hospital of Patras, Greece,
received a multidisciplinary diagnosis of idiopathic hypereosinophilic syndrome, and were
treated with anti-eosinophilic biologic agents from diagnosis until the present. Diagnosis
was based on clinical, laboratory, radiological, and histological examination. Secondary
causes of eosinophilia, such as infections, particularly tissue-invasive parasites; allergy
or atopy and hypersensitivity conditions; drug reactions; collagen—vascular disease (e.g.,
eosinophilic granulomatosis with polyangiitis, granulomatosis with polyangiitis, systemic
lupus erythematosus, IgG4-related disease) pulmonary eosinophilic diseases (e.g., idio-
pathic acute or chronic eosinophilic pneumonia, allergic bronchopulmonary aspergillosis);
allergic gastroenteritis (with associated peripheral eosinophilia); immune deficiency (e.g.,
hyper-IgE syndromes); and metabolic conditions such as adrenal insufficiency, were ex-
cluded, and an evaluation of primary bone marrow disorders was conducted. All patients
had a negative immunological profile including p, c-ANCA, cyclic citrullinated peptides
(CCPs), ANA and extractable nuclear antigen (ENA) panel, normal aspergillus-specific
IgE, negative stool culture, normal examination of blood smear, normal serum B12, and
tryptase, as well as negative FIP1L1-PDGFRA. A full-body computed tomography scan,
pulmonary function testing, bronchoscopy, and hematological consult were included in
the work-up of all patients. The diagnostic criteria used for idiopathic HES stem from
the definition of the disorder and include hypereosinophilia (>1500 K/ uL), related organ
dysfunction, and exclusion of secondary causes of hypereosinophilia. Data collection and
analysis was approved by the Institutional Review Board and the Local Ethics Committee
(protocol number: 19281 /05-JUL-2023). Data collection included demographics and history
for previous administration of corticosteroids, exacerbations, and comorbidities. Informed
consent was obtained from all individual participants included in the study.

5. Conclusions

In conclusion, following the exclusion of eosinophilia due to secondary causes, the
diagnostic approach to primary eosinophilia necessitates a combination of a plethora of
assessments. Our real-life clinical data support the effectiveness and safety of biologic
agents in highly characterized idiopathic HES through the elimination of flares, a reduction
in blood eosinophilia, and their steroid-sparing effects. Future real-world evidence from
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larger registries aiming to identify the safety and efficacy profiles of anti-eosinophilic
biologic agents in HES is greatly anticipated.

Author Contributions: Conception: O.P. and A.T. Methodology: O.P. and A.T. Investigation: O.P,,
FES., PT, VS, I.C. and D.K. Data analysis: O.P. and A.T. Writing of draft paper: O.P. and A.T.
Supervision: A.T. Revision and approval of final paper: all authors. All authors have read and agreed
to the published version of the manuscript.

Funding: The publication of this article has been financed by the University of Patras.

Institutional Review Board Statement: Data collection and analysis was approved by the Institu-
tional Review Board and the Local Ethics Committee with protocol number: 19281/05-JUL-2023 on
5 July 2023.

Informed Consent Statement: Informed consent for publication was obtained from all individual
participants included in this study.

Data Availability Statement: Data are available on request. O.P. and A.T. have full access to the data
and are the guarantors for these data.

Acknowledgments: The authors thank the patients who participated in the study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

Valent, P.,; Klion, A.D.; Roufosse, F.; Simon, D.; Metzgeroth, G.; Leiferman, K.M.; Schwaab, J.; Butterfield, ].H.; Sperr, W.R.; Sotlar,
K.; et al. Proposed refined diagnostic criteria and classification of eosinophil disorders and related syndromes. Allergy 2023, 78,
47-59. [CrossRef] [PubMed]

Valent, P; Klion, A.D.; Horny, H.-P; Roufosse, E; Gotlib, J.; Weller, P.E; Hellmann, A.; Metzgeroth, G.; Leiferman, K.M.; Arock, M.;
et al. Contemporary consensus proposal on criteria and classification of eosinophilic disorders and related syndromes. J. Allergy
Clin. Immunol. 2012, 130, 607-612.€9. [CrossRef] [PubMed]

Shomali, W.; Gotlib, ]. World Health Organization and International Consensus Classification of eosinophilic disorders: 2024
update on diagnosis, risk stratification, and management. Am. |. Hematol. 2024, 99, 946-968. [CrossRef] [PubMed]

Wang, S.A.; Orazi, A.; Gotlib, J.; Reiter, A.; Tzankov, A.; Hasserjian, R.P.; Arber, D.A_; Tefferi, A. The international consensus
classification of eosinophilic disorders and systemic mastocytosis. Am. J. Hematol. 2023, 98, 1286-1306. [CrossRef]

Klion, A.D.; Bochner, B.S.; Gleich, G.J.; Nutman, T.B.; Rothenberg, M.E.; Simon, H.U.; Wechsler, M.E.; Weller, PE,; The Hypere-
osinophilic Syndromes Working Group. Approaches to the treatment of hypereosinophilic syndromes: A workshop summary
report. J. Allergy Clin. Immunol. 2006, 117, 1292-1302. [CrossRef]

Caminati, M.; Brussino, L.; Carlucci, M.; Carlucci, P.; Carpagnano, L.F,; Caruso, C.; Cosmi, L.; D’Amore, S.; Del Giacco, S.;
Detoraki, A.; et al. Managing Patients with Hypereosinophilic Syndrome: A Statement from the Italian Society of Allergy, Asthma,
and Clinical Immunology (SIAAIC). Cells 2024, 13, 1180. [CrossRef]

Crane, M.M.; Chang, C.M.; Kobayashi, M.G.; Weller, P.F. Incidence of myeloproliferative hypereosinophilic syndrome in the
United States and an estimate of all hypereosinophilic syndrome incidence. J. Allergy Clin. Immunol. 2010, 126, 179-181. [CrossRef]
Weller, P.E; Bubley, G.J. The idiopathic hypereosinophilic syndrome. Blood 1994, 83, 2759-2779. [CrossRef]

Gotlib, J.; Cools, J.; Malone, ].M.; Schrier, S.L., 3rd; Gilliland, D.G.; Coutre, S.E. The FIP1L1-PDGFRalpha fusion tyrosine kinase in
hypereosinophilic syndrome and chronic eosinophilic leukemia: Implications for diagnosis, classification, and management.
Blood 2004, 103, 2879-2891. [CrossRef]

Wardlaw, A.].; Wharin, S.; Aung, H.; Shaffu, S.; Siddiqui, S. The causes of a peripheral blood eosinophilia in a secondary care
setting. Clin. Exp. Allergy 2021, 51, 902-914. [CrossRef]

Klion, A.D.; Noel, P.; Akin, C.; Law, M.A ; Gilliland, D.G.; Cools, J.; Metcalfe, D.D.; Nutman, T.B. Elevated serum tryptase levels
identify a subset of patients with a myeloproliferative variant of idiopathic hypereosinophilic syndrome associated with tissue
fibrosis, poor prognosis, and imatinib responsiveness. Blood 2003, 101, 4660-4666. [PubMed]

Schwaab, J.; Jawhar, M.; Naumann, N.; Schmitt-Graeff, A.; Fabarius, A.; Horny, H.-P.; Cross, N.C.P,; Hofmann, W.-K; Reiter, A.;
Metzgeroth, G. Diagnostic challenges in the work up of hypereosinophilia: Pitfalls in bone marrow core biopsy interpretation.
Ann. Hematol. 2016, 95, 557-562. [PubMed ]

103



Pharmaceuticals 2025, 18, 543

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Metzgeroth, G.; Walz, C.; Score, J.; Siebert, R.; Schnittger, S.; Haferlach, C.; Popp, H.; Haferlach, T.; Erben, P.; Mix, J.; et al.
Recurrent finding of the FIP1L1-PDGFRA fusion gene in eosinophilia-associated acute myeloid leukemia and lymphoblastic
T-cell lymphoma. Leukemia 2007, 21, 1183-1188. [PubMed]

Caminati, M.; Carpagnano, L.E; Alberti, C.; Amaddeo, F; Bixio, R.; Caldart, F; De Franceschi, L.; Del Giglio, M.; Festi, G.; Friso,
S.; et al. Idiopathic hypereosinophilic syndromes and rare dysimmune conditions associated with hyper-eosinophilia in practice:
An innovative multidisciplinary approach. World Allergy Organ. J. 2024, 17, 100928.

Curtis, C.; Ogbogu, P. Hypereosinophilic Syndrome. Clin. Rev. Allergy Immunol. 2016, 50, 240-251.

Steinfeld, J.; Rofousse, F.; Kahn, J.-E.; Gleich, G.; Rothenberg, M.; Wardlaw, A.; Kirby, S.Y.; Gilson, M.; Bentley, J.; Bradford, E.;
et al. Efficacy and safety of mepolizumab in hypereosinophilic syndrome: A phase III, randomized, placebo-controlled trial.
J. Allergy Clin. Immunol. 2020, 146, 1397-1405.

Kuang, EL.; Legrand, F; Makiya, M.; Ware, ].; Wetzler, L.; Brown, T.; Magee, T.; Piligian, B.; Yoon, P; Ellis, ]. H.; et al. Benralizumab
for PDGFRA-Negative Hypereosinophilic Syndrome. N. Engl. ]. Med. 2019, 380, 1336-1346. [CrossRef]

Langton, D.; Politis, J.; Collyer, T.; Khung, S.W.; Bardin, P. Benralizumab and mepolizumab treatment outcomes in two severe
asthma clinics. Respirology 2023, 28, 1117-1125.

Steinfeld, ].; Gleich, G.; Roufosse, E.; Chupp, G.; Faguer, S.; Reiter, A.; Walz, B.; Bentley, J.; Bradford, E.; Yancey, S. Safety and
Efficacy of Mepolizumab in Hypereosinophilic Syndrome: An Open-Label Extension Study. J. Allergy Clin. Immunol. Pract. 2021,
9, 4431-4440.el.

Papaioannou, O.; Tsiri, P.; Sotiropoulou, V.; Christopoulos, I.; Komninos, D.; Koulousousa, E.; Theochari, E.; Tsirikos, G.;
Sampsonas, F; Tzouvelekis, A. Biologic agents in idiopathic hypereosinophilic syndrome: A 4-year-follow up in a case series. Eur.
Respir. ]. 2024, 64 (Suppl. S68), PA1772.

Bacher, U,; Reiter, A.; Haferlach, T.; Mueller, L.; Schnittger, S.; Kern, W.; Schoch, C. A combination of cytomorphology, cytogenetic
analysis, fluorescence in situ hybridization and reverse transcriptase polymerase chain reaction for establishing clonality in cases
of persisting hypereosinophilia. Haematologica 2006, 91, 817-820. [PubMed]

Haldar, P; Brightling, C.E.; Singapuri, A.; Hargadon, B.; Gupta, S.; Monteiro, W.; Bradding, P.; Green, R.H.; Wardlaw, A ].; Ortega,
H.; et al. Outcomes after cessation of mepolizumab therapy in severe eosinophilic asthma: A 12-month follow-up analysis.
J. Allergy Clin. Immunol. 2014, 133, 921-923. [PubMed]

Ortega, H.; Lemiere, C.; Llanos, ].-P.; Forshag, M.; Price, R.; Albers, F.; Yancey, S.; Castro, M. Outcomes following mepolizumab
treatment discontinuation: Real-world experience from an open-label trial. Allergy Asthma Clin. Immunol. 2019, 15, 37. [PubMed]
Moore, W.C.; Kornmann, O.; Humbert, M.; Poirier, C.; Bel, E.H.; Kaneko, N.; Smith, S.G.; Martin, N.; Gilson, M.].; Price, R.G; et al.
Stopping versus continuing long-term mepolizumab treatment in severe eosinophilic asthma (COMET study). Eur. Respir. ]. 2022,
59, 2100396.

Soendergaard, M.B.; Bjerrum, A.S.; Rasmussen, L.M.; Lock-Johansson, S.; Hilberg, O.; Hansen, S.; von Bulow, A.; Porsbjerg, C.
Titration of anti-IL-5 biologics in severe asthma: An open-label randomised controlled trial (the OPTIMAL study). Eur. Respir. ].
2024, 64, 2400404.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

104



pharmaceuticals

Article

Adjuvant Effect of Lactobacillus paracasei in Sublingual
Immunotherapy of Asthmatic Mice

Dhafer Alwayli !, Xiaoli Jiang !, Jiaxu Liang !, Syed Rafiq Hussain Shah !, Atta Ullah !, Mohammed F. Z. Abusidu 2
and Wen Shu 1*

Department of Pathogen Biology and Microecology, School of Basic Medical Sciences,

Dalian Medical University, Dalian 116044, China; dhafer21@dmu.edu.cn (D.A.); xiaoly1109@163.com (X.].);
18754663572@163.com (J.L.); syedrafiq223@gmail.com (S.R.H.S.); attaakhan902@gmail.com (A.U.)
Department of Biotechnology, School of Basic Medical Sciences, Dalian Medical University,

Dalian 116044, China; mohammadabuseedo@gmail.com

*  Correspondence: shuwen@dmu.edu.cn; Tel.: +86-136-2411-1836

Abstract: Background: Sublingual immunotherapy (SLIT) has shown promise in mitigating allergic
asthma symptoms; nevertheless, its high dose and prolonged duration of treatment raise safety
concerns. This study explored the potential of Lactobacillus paracasei (L. paracasei) to enhance the
effectiveness of SLIT in a mouse model of allergic asthma. Methods: Allergic asthma was induced
in Balb/c mice following sensitization and challenge with a house dust mite (HDM) allergen. Sub-
sequently, the mice were subjected to SLIT (66 and 132 ug) either alone or in combination with
L. paracasei supplementation. Asthma-associated parameters, including rubbing frequency, IgE level,
cytokine profiles, and histological changes, were evaluated to assess treatment efficacy. Results:
mice that received SLIT 132 pg combined with the probiotic (combined 132) demonstrated a signif-
icant reduction in allergic symptoms (rubbing). This treatment strategy led to a marked IgE and
eosinophil level decrease in serum; an increase in anti-inflammatory cytokines like IFN-y and IL-10;
and a reduction in pro-inflammatory cytokines IL-17 and TNF-a. The combination therapy also
mitigated lung inflammation and supported the restoration of the structural integrity of the colon,
promoting the recovery of goblet cells and mucus secretion. Probiotic treatment alone also effectively
reduced IgE levels, increased IFN-y, and decreased levels of IL-17 and TNF-«. Conclusions: The
adjuvant effect of L. paracasei in enhancing SLIT represents a promising approach for improving
asthma treatment efficacy.

Keywords: allergic asthma; house dust mite; probiotic; sublingual immunotherapy

1. Introduction

Asthma is a complex and chronic lung condition affecting nearly 300 million people
globally, with an additional 100 million cases increasing by 2025 [1]. Allergic asthma, the
most common phenotype of the disease, is featured by chronic inflammation and airway
hyperresponsiveness (AHR), which can remarkably impair life quality [1-3]. If severe, cases
of allergic asthma can be fatal and besides its link to health problems, it also contributes to
significant economic burdens, reducing productivity and impacting education and quality
of work [3]. Key characteristics of allergic asthma involve persistent airway inflammation,
AHR, and structural changes such as airway remodeling, which collectively contribute to
airflow obstruction and worsen the symptom’s severity [4,5].

The disturbed balance between various T-helper (Th) cell subtypes acts crucially in
allergic asthma pathogenesis [6]. Specifically, a skewed Th2/Th1 balance is one of the key
drivers of allergic asthma. Th2 cells produce cytokines such as IL-4, IL-5, and IL-13, which
are pivotal in promoting IgE synthesis and subsequent histamine release (IL-4 and IL-13),
eosinophilia (IL-5), and mucus oversecretion, airway hyperresponsiveness, and remodeling
(IL-13). In contrast, Th1 cells typically act to counter-regulate Th2 responses through the
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production of IFN-y. The Th2 pathway is overactivated in allergic asthma, whereas Th1-
mediated responses are suppressed. This leads to persistent inflammation and worsened
symptoms [7]. Furthermore, the development of allergic asthma is also influenced by the
Th17 /regulatory (Treg) imbalance. Th17 cells contribute to neutrophilic inflammation and
remodeling through their production of IL-17. Increased levels of IL-17 have been linked to
severe, steroid-resistant asthma. In contrast, Treg cells, which secrete anti-inflammatory
cytokines like IL-10 and TGEF-f3, are in charge of preserving immunological tolerance and
preventing excessive inflammatory responses. Treg cells are in charge of maintaining
immune tolerance and averting overly inflammatory reactions because they emit anti-
inflammatory cytokines including TGF-$ and IL-10. A decrease in Treg cells or their
malfunction exacerbates the inflammatory response, resulting in uncontrolled Th2 and
Th17 activity and emphasizing the necessity of immunological balance-restoring treatment
approaches [8].

Allergen immunotherapy (AIT) is one of the allergic asthma symptom modulators that
involve gradually exposing patients to increasing doses of the offending allergen [9-11].
AIT can reduce allergic reactions through mechanisms that antagonize allergic asthma [12].
Among the various forms of AIT, sublingual immunotherapy (SLIT) has shown great
potential in promoting tolerance to HDM in humans [13-15], and mice [16-19]. The
primary mechanisms of SLIT involve the stimulation of allergen-specific IgG production
by B cells and plasma cells. These IgG antibodies either compete with IgE for binding sites
or prevent IgE cross-linking, thus inhibiting mast cell and basophil degranulation and the
release of histamine [9-11,20,21]. Additionally, SLIT promotes the induction of tolerogenic
dendritic cells (tDCs), which drive the production of Tregs and Bregs [22-26]. Despite the
benefits, a SLIT high-dose and long-term treatment regimen (need 2-3 years) poses risks,
including potential adverse reactions during treatment (particularly for children).

Probiotics have been demonstrated to play a substantial role in normalizing immune
responses [27-29], though the exact mechanisms remain under investigation. Studies in
murine models have shown that probiotics can trigger a shift from a Th2- to a Th1-dominant
immune response, enrich T regulatory cells (Tregs), and restrict Th17 activity [30-32]. This
immunomodulatory effect of probiotics has been associated with reducing allergic asthma
in humans and mice [33,34]. Notably, Bifidobacterium and Lactobacillus augment short-chain
fatty acids (SCFAs) like butyrate and acetate, which alleviate inflammation by enhancing
Tregs and reducing the Th2-mediated allergic reactions [35,36]. While animal studies pro-
vide promising evidence of probiotics’ role in reducing airway inflammation and potentially
preventing allergic asthma, clinical trials in humans have produced mixed results [37,38].
The variability in results may be attributed to the use of different strains of probiotics across
studies [39]. Because L. paracasei has been proven as safe in previous research [40—42], we
used it in this study. Additionally, this strain has shown promising results and safety in
earlier studies conducted in our lab utilizing OVA-sensitized rats and mice models. This
study aims to explore the adjuvant effect of L. paracasei in SLIT of asthmatic mice. Overall,
probiotics may rebalance immune response and reduce inflammation via IL-10 induction
and SCFA production, which could complement SLIT by abolishing its side effects. There-
fore, some synergistic effects are expected when probiotics are simultaneously administered
during SLIT, and due to their favorable safety profile, probiotics could mitigate the side
effects often associated with SLIT.

2. Results
2.1. Combined 132 Ameliorates Allergic Symptoms in Mice

Nasal scratching is largely associated with histamine release. In this experiment,
we established an allergic asthma model in mice and evaluated the inhibitory effect of
treatments on nasal itching by applying different treatments and counting the number
of rubs in the different groups of mice within 15 min post-challenge on days 19, 21, and
24. HDM-induced allergic asthma mice displayed significantly increased frequencies of
rubbing compared with control mice (Figure 1A-C; p < 0.05). As shown in Figure 1A-C,
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the number of rubs for allergic asthma mice given combined132 treatment was lower than
the number for those not given treatment (p < 0.01, p < 0.01, and p < 0.05, respectively).
These results suggested that combined 132 ameliorated the symptoms of rubbing in allergic
asthma mice.

Figure 1. The effects of a probiotic, SLIT, and their combination on the frequency of nasal rubbing.
Treatment with combined 132 demonstrated a significant decrease in the frequency of nasal rubbing
on (A) day 19, (B) day 21, and (C) day 24 following an HDM challenge. * p < 0.05 vs. the control
group; # p < 0.05 and ## p < 0.01 vs. the asthma group.

2.2. Changes in Serum IgE and Cytokine Levels After Treatment with SLIT and L. paracasei

To assess the effectiveness of the probiotic, SLIT, and their combination on HDM-
induced allergic asthma in mice, various immune parameters, including serum IgE and
cytokine levels (IL-4, IL-17, TNFe«, IFN-y, and IL-10), were detected using ELISA. As
depicted in Figure 2A-I, HDM sensitization and subsequent challenge led to a significant
elevation in the levels of IgE and IL-4, IL-17, and TNF-« when compared to the control
group. On the other hand, the levels of IFN-y and IL-10 were notably reduced in these
HDM-exposed groups, indicating a clear immunological response consistent with HDM
sensitization. After treatment application, IFN-y levels showed a significant increase
across all treatment groups (Figure 2B; p < 0.0001). IL-17 levels were significantly reduced
following treatment, with the most notable reduction observed in the probiotic-only and
combined groups (Figure 2E; p < 0.0001). The production of IL-10 was significantly elevated
in the probiotic-only, SLIT 132, and combined 132 groups compared to the asthma group
(p < 0.001) (Figure 2D). TNF-« levels also significantly decreased in both the probiotic-only
and combined 132 groups (p < 0.05). IgE levels were markedly reduced following treatment
with probiotic-only and combined 132 groups (p < 0.05). Although a downward trend
in serum IL-4 levels was observed in the combined 132 group, the reduction was not
statistically significant (Figure 2A).

2.3. Combined 132 Reduces Eosinophil and Neutrophil Levels in Mice Serum

Figure 2G,H show the total and differential inflammatory cells in serum for neutrophils
and eosinophils. According to the results, there were no significant differences among
the total cell counts in any of the treatment groups vs. asthma (Figure 2G). However,
the evaluation of the differential cell counts for neutrophils and eosinophils revealed a
percentual decrease in eosinophils and neutrophils in the combined 132 group compared
to the asthma group (Figure 2H,1, p < 0.001 and p = 0.05, respectively).
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Figure 2. The effects of a probiotic, SLIT, and their combination on inflammatory cell count, IgE, and
cytokine concentrations. Serum IgE and cytokines of asthmatic and treated mice of all groups were
measured by ELISA. The concentrations of (A) pro-inflammatory cytokine IL-4, (B) Interferon gamma
(IFN-y), (C) HDM IgE, (D) IL-10, (E) IL-17, (F) tumor necrosis factor alpha (TNFx). The enumeration
of inflammatory cells in blood, including (G) total blood cells, (H) eosinophils, and (I) neutrophils
obtained from various groups. * p < 0.05, *** p < 0.001, and *** p < 0.0001 vs. the control group;
#p <0.05, ## p < 0.01, ### p < 0.001, and #HH p < 0.0001 vs. the asthma group.

2.4. Combined 132 Mitigates Lung Damage and Reduces Airway Inflammation in HDM-
Sensitized Mice

Histopathological assessments were conducted to further evaluate the degree of
HDM-induced airway inflammation. Asthmatic mice displayed significant immune cell
infiltration in lung tissues. As shown in Figure 3A, all treatments exhibited less lung
inflammation and cell infiltration; however, treatment with combined 132 notably further
improved outcomes. Inflammation in the lung tissue’s peribronchial and perialveolar
areas was graded using a subjective scale from 0 to 4. After treatment with combined 132,
the inflammation score decreased significantly, approaching levels similar to those of the
control group (Figure 3B, p < 0.001). To examine interstitial GC hyperplasia, we utilized
PAS staining. The asthma group displayed a higher number of PAS-positive cells compared
to the control group. However, treating asthmatic mice with combined 132 significantly
reduced the area of PAS-stained and PAS-positive cells (Figure 3C,D, p < 0.0001).
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Figure 3. A probiotic, SLIT, and their combination improved asthma-induced histopathological
change in mice lungs. (A) H&E staining of mice lung tissues. Lung sections stained with H&E
revealed infiltrations of inflammatory cells in HDM-sensitized and -challenged mice, contrasting with
the control group where such aggregations were absent. Notably, treated mice exhibited distinctive
features in this context. (B) Inflammation score. (C) PAS staining was applied to mouse lung sections
following intranasal HDM exposure. (D) % PAS intensity of stained tissue. Scale bar = 200 um;
Magnification: 40x. *** p < 0.001 and **** p < 0.0001 vs. the control group; # p < 0.05, ## p < 0.01,
##H# p < 0.001, and #### p < 0.0001 vs. the asthma group.

2.5. Combined 132 Improves GCs” Number and Mucin Production in the Colon of HDM-
Sensitized Mice

We here identified whether asthma in mice could lead to colon injury and possible
improvement after treatment application. In the asthma group, mice exhibited apparent
changes in the colon histostructure, with a damaged and unevenly arranged epithelium
after staining with H&E. The mucosal space appeared to be ill defined, and the infiltration
of inflammatory cells was observed (Figure 4A). To further assess the effect of asthma
on goblet cells and mucin content within the colon, we conducted AB and PAS staining.
This technique stains acidic mucins blue using AB and neutral mucins magenta with
PAS. PAS and AB staining of the asthma lung revealed hallmarks of pathological features
of allergic asthma, including a decrease in GCs’ number, and intensity of acid mucin
production (Figure 4B,E). The total mucin intensity and the number of GCs in colonic tissue
sections were measured by Image] software (version 1.4.3.67) Figure 4C,D,EG). However,
GCs’ number and mucin secretion were recovered after staining with PAS (p < 0.001 and
p <0.0001) and AB (p < 0.0001 and p < 0.01), and inflammatory infiltration was reduced
following treatment, particularly with combined 132.
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Figure 4. Microscopic examinations of colon tissues. (A) H&E staining of a transversely cut colon
section; (B) colon sections stained with PAS; (C) the number of GCs/crypt; (D) % PAS-stained area
of GCs and mucin; (E) colon sections stained with AB staining; (F) the number of GCs/crypt in
AB-stained areas; and (G) % AB-stained areas were assessed in all groups. Magnification: 100x.
**** p < 0.0001 vs. the control group; # p < 0.05, ## p < 0.01, ### p < 0.001, and #### p < 0.0001 vs. the

asthma group.

3. Discussion

Our study involved the administration of sublingual allergen therapy, a strategy
rooted in prior research showing its potential in modulating T-cell responses and inhibiting
eosinophil-mediated inflammation. This method, particularly useful in pediatric pop-
ulations due to its non-invasive nature, avoids the need for frequent clinical visits or
injections [43]. However, the extended treatment typically lasts two to three years—and
the gradual increase in dosage can lead to undesirable side effects, potentially reducing
patient compliance and carrying concerns about its overall safety [44,45]. Recent advance-
ments have focused on enhancing the efficacy of SLIT while mitigating its side effects. Our
investigation aimed to enhance immunity and reduce inflammation through the combined
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use of probiotics and SLIT, with the expectation that effective regulation can be achieved
safely even at low doses and over a short duration.

It is well understood that SLIT follows a dose- and time-dependent relationship,
though these aspects remain subjects of ongoing research and discussion [46]. In this study,
we implemented two dosage levels: 66 ng (low dose) and 132 pg (relatively higher). Despite
the difference, both doses still fall within the low-dose range when compared to previously
established SLIT dose standards. The SLIT regimen alone shows poor efficacy in our short-
term model; this is consistent with other studies [16]. It is inspiring that the combination
therapy exhibited a significant reduction in rubbing counts, indicating a pronounced
alleviation of allergy-associated symptoms, which is two-fold lower in dose and 11-fold
shorter in duration than other studies that demonstrated beneficial effects [47,48]. This is
in agreement with the hypothesis of this study; interestingly, our low-dose SLIT in a short
time showed a similar effect and less side function compared to high-dose SLIT in a long
time when combined with the probiotics. The efficacy of SLIT may be potentiated with
higher doses and prolonged treatment durations, though this can induce a higher incidence
of adverse reactions. Moreover, using low doses with longer duration gives conflicting
results in some studies. While some showed a good effect [16], others showed a weak
one [49].

The significant effects observed in the combined group are based on the restoration of
immune balance. This combination treatment strategy led to a marked IgE, eosinophil, and
neutrophil level decrease in serum; an increase in anti-inflammatory cytokines like IFN-y
and IL-10; and a reduction in pro-inflammatory cytokines IL-17 and TNF-c. It has better
improvement in TNF-«, eosinophils, and IgE than the SLIT group. IgE is the key target
for AIT therapy [9-11]; it can serve as a characteristic indicator for evaluating the level of
therapies. The lack of a significant reduction in IgE indicates that low-dose, short-term SLIT
has limited efficacy in treating asthma. Supporting this, Shima et al. also found that SLIT
did not significantly lower IgE but still managed to reduce eosinophilic inflammation [18].
This outcome underscores the potential synergistic role of probiotics in supporting the
overall efficacy of SLIT. IL-17 and TNF-x cytokines are essential in neutrophil infiltration
within the lungs of asthma patients, and their decline indicates an attenuating of neu-
trophilic inflammation [50]. Previous studies reported that IL-17 and TNF-« are acting
synergistically during the inflammation process [51]. Thus, downregulating these cytokines
partially approves combination efficacy. Additionally, the better recovery of eosinophils
and neutrophils suggests that the combined group more effectively regulated immune
imbalance, thereby achieving better therapeutic outcomes. Moreover, it should be pointed
out that the probiotic similarly triggered certain important parameters, i.e., a significant
production of IL-10 and decrease in IL-17 levels, and these responses could have helped
the promotion of SLIT through pathways mediated by cell signals. We suggest that our
probiotic appears consequently to be a probiotic strain that induces, in immature DC, the
production of IL-10 concomitant with a low-level induction of IL-17. While the combina-
tion therapy did not significantly impact IL-4 levels, it significantly elevated IFN-y levels,
further enhancing the anti-inflammatory effect of the treatment.

Lung inflammation can cause airway epithelial barrier dysfunction and remodel-
ing [52]. It has been known that Th2-secreted cytokines such as IL-4 and IL-5 can release
IgE and eosinophil migration to airways (airway eosinophilia), mucus hypersecretion, and
GC hyperplasia [53]. In our study, asthma mice displayed inflammatory cell infiltration
(both alveolar and peribranchial) as HE- and PAS-stained cells are increased in intensity
as shown with a high purple-red color and, with the administration of combination 132,
could markedly alleviate inflammation as displayed with the lowest inflammation score
compared with other treatment regimens. This complies with other studies’ findings [16,17].
This airway barrier injury is most likely related to our immunological findings. Relatedly,
we could also analyze colon histopathology to further explore whether asthma has an
impact on the intestine, particularly, the colon. Undeniably, intestinal epithelial cells are
crucial for maintaining normal intestinal permeability and barrier integrity. Mucins, GC-
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secreted materials, play a role in maintaining the epithelial barrier [54]. The examination
of colon photomicrographs showed a decrease in GCs along with a lower PAS staining
intensity in the asthma group compared to the normal control group, implying a lower
secretion of neutral mucins. Similar findings have been observed in previous studies
where it was seen that asthma induces intestinal injury [55]. While different treatment
groups provide variable significant effects in this study, most superior improvements were
observed with the combination of SLIT and a probiotic. The combination may lead to an
early onset of SLIT efficacy through the additive effects of the probiotic activation of Treg
cells in the lung and intestine. However, SCFAs can be a contributor to these effects, which
require further exploration as agreed on by other studies [56,57]. In our study, combined
132 group treatment restored the damaged mucosal integrity caused by asthma by replen-
ishing the GC population, implying a favorable modulation of the immune response with
the combined treatment.

In summary, we found that the combined treatment of a probiotic with SLIT demon-
strated a synergistic effect in reducing inflammation and ameliorating asthma, attenu-
ating the airway and colon barrier primarily in a gut-lung axis-dependent manner and
microbiota-dependent modulation. Probiotic treatment alone also showed some level of
protection against asthma. The superiority of the SLIT-probiotic combination was most
likely clear, potentially because the SLIT mechanism of action is similar to that of a probi-
otic. However, these results remain contentious, and further research is needed to deeply
understand these synergistic effects, including the need for human validation and more
profound and comprehensive immunological investigations in mice.

4. Materials and Methods
4.1. Mice, Housing, and Grouping

Six-to-eight-week-old male BALB/c mice (n = 80), weighted 18-20 g, were supplied
by Liaoning Changsheng Biotechnology Co., Ltd. (Dalian, China). Mice were cohoused
(5/cage) in autoclavable polypropylene cages with free access to chow and water under
specific pathogen-free conditions, standard temperature conditions, and humidity with a
12 h light-dark cycle. Mice, who had 7 days of co-acclimatization, were blindly distributed
into eight groups (n = 10/group), as described in Table 1.

Table 1. The mice grouping of the study.

Group No. Group Name Explanation
Group I Control Intranasal (i.n.) 20 pL phosphate-buffered saline (PBS) + 10 uL PBS SLIT
Group II Asthma in. 25 ug HDM in 20 pL PBS +10 pL PBS SLIT
Group III Probioticl HDM asthma model + 10 uL. PBS SLIT + L. paracasei (day1l-end of model)
Group IV SLIT66 HDM asthma model+ SLIT 66 ng
Group V Probiotic + SLIT66 HDM asthma model + (L. paracasei + SLIT66 p1g combination)
Group VI Probiotic2 HDM asthma model + 10 uL. PBS SLIT + L. paracasei (day 5-16)
Group VII SLIT132 HDM asthma model+ SLIT 132 ug
Group VIII Probiotic + SLIT132 HDM asthma model + (L. paracasei + SLIT132 pg combination)

4.2. Probiotic Culture Conditions

L. paracasei (Department of Pathogen Biology and Microecology, Dalian Medical
University) was cultured in sterile Lactobacillus MRS broth (Hopebio, Qingdao, China)
at 37 °C for 24-48 h under anaerobic conditions. Cell counts were determined by plating
serial dilutions, and the optical density was measured for the subsequent cell number count
in the next culture. After being centrifuged for 10 min at 4 °C, 6000 x g rpm, the harvested
probiotic was washed thrice with PBS and then freshly administered.

4.3. Asthma Model Sensitization and Challenge Protocol

To establish the allergic asthma mouse model, HDM-derived protein Der p powder
(Dermatophagoides (D.) pteronyssinus, Greer Labs, Lenoir, NC, USA), with a dry weight of
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16.7 mg, was first dissolved in 25 mL PBS (Solarbio, Beijing, China) at a final concentration
of 6.68 pg/uL. Our asthma model protocol was adopted from a previous one [58] with some
modifications. Briefly, mice were given 25 ug HDM extract intranasally on sensitization
days 1, 2, and 3 in 20 uL sterile PBS. On days 19-25, mice were challenged with HDM
(in. 25 pgin 20 uL PBS). PBS (20 uL) was administered in the control group. On day 26,

mice were sacrificed (Figure 5).
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Figure 5. Experimental protocol design of allergic asthma with HDM and L. paracasei treatment. Mice
were intranasally sensitized to HDM Der p extract (25 pg Der p in 10 uL PBS) for 3 days. SLIT was
administered for 5 consecutive days/week for 2 weeks, as either high dose (132 pg/day) or low dose
(66 ng/day), followed by 6 days of intranasal challenge exposure (same dose with sensitization).
Unlike SLIT HDM-treated groups, control and asthma and probiotic-treated mice received PBS
for SLIT.

4.4. SLIT and Probiotic Intervention Protocol

Mice were treated sublingually with either 10 uL PBS alone (control and asthma
group), 66 pg HDM extract (SLIT66 alone and Probio + SLIT66 group), or 132 pg HDM
extract (SLIT132 alone and Probio + SLIT132 group). Mice received SLIT on day 5 then
continued for five days in a row for two weeks with two-day intervals as rest days. In
the low-dose group, L. paracasei oral intake was performed throughout the experiment
days, whereas in the high-dose group, L. paracasei was administered only during SLIT days,
as depicted in Figure 5. A daily dose of 1.0 x 10? colony-forming units of L. paracasei (in
200 uL of PBS) was given intratracheally to each mouse.

4.5. Symptom Sign Evaluation

The number of nasal and facial rubbing induced by HDM stimulation was counted by
three observers without prior knowledge of the groups’ identity within 15 min immediately
after the allergen challenge. The effects of L. paracasei and SLIT instillation on the frequency
of nasal rubbing after HDM re-exposure at days 19, 21, and 24 were assessed.

4.6. Blood Cytopathological Analysis

The mice were killed on day 26, after which the blood (approximately 0.5-1 mL)
was collected from the vena cava vein, placed in a labeled vial containing EDTA, and
analyzed for total and differential white blood cell counts. Total cell numbers and numbers
of eosinophils and neutrophils were counted for all groups.
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4.7. Enzyme-Linked Immunosorbent Assay (ELISA)

Blood was taken from the mice vena cava using a 1 mL syringe. To obtain serum,
samples were incubated at room temperature for 1 h, centrifuged at 8000x g at 4 °C for
15 min, and then transferred to new tubes. The IgE concentration and serum cytokines
IL-4, TNF-«, IL-17, IFN-y, and IL-10 were also measured by ELISA (Quanzhou Ruixin
Biotechnology Co., Ltd., Quanzhou, China), according to the manufacturer’s instructions.

4.8. Tissue Histoprocessing and Staining

After sacrificing the animals, the left lungs and colons of mice were collected and
preserved in 4% paraformaldehyde (Seven Biotech, Beijing, China) and sent to a histology
lab for paraffin embedding and cutting into 4 um sections. The sections were rehydrated
after deparaffinization and stained with Hematoxylin and Eosin (H&E), Periodic Acid
Schiff (PAS), and Alcian Blue (AB) (Solarbio, Beijing, China) as instructed by the kit’s
protocol to investigate airway and gut pathological and inflammatory processes in the
mice. To quantify and evaluate the degree of histopathological inflammation and mucus
production, lung and colon sections were examined with a microscope equipped with a
camera (McAudi Industrial Group Co., Ltd., Xiamen, China) and images were analyzed
with Image ] software (version 1.4.3.67). The lung inflammation score was measured as
previously described [59]. Briefly, a five-point scoring method was used to determine
the inflammatory score: normal = 0, a few cells = 1, one layer of a cell ring = 2, two to
four layers of a cell ring = 3, and more than four layers of a cell ring = 4. Using the Image]
program, the PAS and AB % area stained, as well as the GCs” number and colon crypt, were
identified and examined.

4.9. Statistical Analysis

With GraphPad Prism 8 (GraphPad, San Diego, CA, USA), all statistical analyses
were carried out using either the one-way analysis of variance (ANOVA) or the t-test
(for comparisons between two groups). The findings were presented in the form of the
mean =+ standard deviation (SD). When p-values were less than 0.05, the results were
considered statistically significant.

5. Conclusions

The comprehensive examination of the study purpose, investigating the synergistic
impact of combining probiotics with a higher dose of sublingual HDM immunotherapy
in an asthma mouse model, yielded notable and promising outcomes. The study findings
provide compelling evidence that the combination of probiotics with a high dose of sublin-
gual HDM immunotherapy in an asthma mouse model not only effectively reduces allergic
symptoms but also demonstrates immunomodulatory and tissue-protective effects. It is
noteworthy that short-term probiotic treatment alone also showed some level of protection
against asthma. However, these results remain controversial and need to be confirmed in
human studies and more profound and comprehensive immunological investigations in
mice. These results suggest a promising avenue for improving therapeutic outcomes while
alleviating potential side effects and shortening the duration of treatment.
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Abstract: Background: Tocotrienols exhibit antioxidant and anti-inflammatory activities. RhoA, a
small GTPase protein, plays a crucial role in regulating contractility in airway smooth muscle (ASM).
Previous studies have demonstrated that y-tocotrienols reduce ASM proliferation and migration
by inhibiting the activation of RhoA. In this present study, we investigate the effect of another
vitamin E isoform, 3-tocotrienols, on human ASM cell proliferation and migration stimulated by
platelet-derived growth factor-BB (PDGF-BB). Methods: Human ASM cells were pre-treated with
[-tocotrienol prior to being stimulated with PDGF-BB to induce ASM cell proliferation and mi-
gration. The proliferation and migration of PDGF-BB-induced human ASM cells were assessed
using colorimetric and transwell migration assays. The intracellular ROS assay kit was employed to
quantify reactive oxygen species (ROS) in human ASM cells. Additionally, we explored the effect
of B-tocotrienols on the signaling pathways involved in PDGF-BB-induced ASM proliferation and
migration. Results: -tocotrienol inhibited PDGF-BB-induced ASM cell proliferation and migration
by reducing RhoA activation and ROS production. However, in this present study, 3-tocotrienol
did not affect the signaling pathways associated with cyclin D1, phosphorylated Aktl, and ERK1/2.
Conclusions: In conclusion, the inhibition of RhoA activation and ROS production by (-tocotrienol,
resulting in the reduction in human ASM proliferation and migration, suggests its potential as a
treatment for asthma airway remodeling.

Keywords: airway remodeling; ASM; asthma; Rho-A; ROS; tocotrienol; vitamin E

1. Introduction

Asthma typically presents as a heterogeneous disease, often marked by chronic in-
flammation of the airways [1]. Persistent chronic inflammation in asthma may lead to
structural alterations known as airway remodeling [2,3]. Airway remodeling in asthma
encompasses a spectrum of structural alterations, including changes such as epithelial al-
terations including epithelial-mesenchymal transition [4], sub-epithelial fibrosis including
a fibroblast-to-myofibroblast transition and deposition of extracellular matrix [5,6], alter-
ations in airway smooth muscle (ASM) [7,8], and remodeling of the airway vasculature [9].
Airway remodeling may be associated with poor asthma outcomes, potentially leading to
increased airway hyperresponsiveness and decreased lung function [10-12].

Numerous studies have explored the association between vitamins and asthma, sug-
gesting the potential benefits of supplementary vitamin intake in asthma management to
improve outcomes, particularly for individuals deficient in vitamin levels [13-16]. The
biological role of vitamin E metabolites has garnered considerable attention; however,
exploration of the role of vitamin E metabolites in respiratory diseases remains notably
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limited. Eight isoforms of vitamin E have been discovered to date, including «, 3, v, and
d-tocotrienol and «, {3, v, and 5-tocopherol [17,18]. Several studies have noted no significant
difference in antioxidant capacity between tocopherol and tocotrienol [19,20], emphasizing
the importance of considering experimental conditions for accurate comparisons. However,
other studies have highlighted the higher potential antioxidant activity in «-tocotrienol
compared to a-tocopherol [21] and the potential benefits specifically associated with to-
cotrienols including antiangiogenic [22], anticancer [23,24], cerebral, and cardioprotective
effects [25,26], a potential therapeutic effect on diabetes and hyperlipidemia [27-29], and
anti-inflammatory effects [30,31].

In the context of lung disease, despite limited studies, tocotrienols have been observed
to provide benefits. For instance, protective effects of y-tocotrienol against emphysema and
lung function were observed in a chronic obstructive pulmonary disease mouse model [32].
Another study observed that tocotrienol has the potential to ameliorate pulmonary fibro-
sis through mechanisms involving the transforming growth factor-31 (TGF-1)/Smad,
phosphatidylinositol 3'-kinase/ Akt (PI3K/Akt), and translocations of nuclear factor-kappa
B (NF-«B) signaling pathways [33]. In the context of asthma, particularly airway remod-
eling, tocotrienols may offer benefits. Our previous study revealed that y-tocotrienols
could potentially influence airway remodeling by inhibiting RhoA activation in platelet-
derived growth factor-BB (PDGF-BB)-induced ASM cell proliferation and migration [34].
Another study determined that y-tocotrienols hold potential benefits in modulating airway
remodeling by inhibiting RhoA activation in TGF-{3-stimulated ASM cells [35].

Several studies have compared the antioxidant effects of tocotrienols with inconsistent
results. One study, employing peroxide and thiobarbituric acid as markers, assessed similar
levels of antioxidant capacity between 3-tocopherol and (3-tocotrienol, while «-tocotrienol
and «-tocopherol were less potent. Moreover, y-tocotrienol, 8-tocopherol, and 8-tocotrienol
exhibited slightly higher potency than either 3-tocopherol or 3-tocotrienol [36]. Another
study observed that administration of a tocotrienol-rich fraction (TRF), containing o-
tocotrienol, 3-tocotrienol, 8-tocotrienol, y-tocotrienol, and x-tocopherol, exhibited similar
effects on antioxidant levels compared to x-tocopherol alone [37]. Regarding effectiveness
as an anticancer treatment, 3-tocotrienol showed a notably stronger antiproliferative effect
compared to y-tocotrienols in human breast adenocarcinoma cell lines MDA-MB-231 and
MCEF?7 [38]. Given this, the variability in potency among isoforms of vitamin E can be
attributed to several factors. These factors include the source of vitamin E utilized, research
methodologies employed, and the intended purpose of administering this isoform, whether
as an antioxidant, anticancer agent, or for other potential uses.

Our previous study focused on the use of y-tocotrienols on ASM cells. However, the
effects of various isoforms of tocotrienols as potential therapies for airway remodeling,
derived from vitamin E, have not been thoroughly investigated and remain incompletely
understood. Furthermore, there have been no studies comparing different isoforms of
vitamin E as potential treatments for airway remodeling. In this present study, we in-
vestigate the effect of another vitamin E isoform, 3-tocotrienols, on human ASM cell
proliferation and migration stimulated by platelet-derived growth factor-BB (PDGF-BB).
Additionally, we explored the effect of 3-tocotrienols on the signaling pathways involved
in PDGF-BB-induced ASM proliferation and migration.

2. Results
2.1. B-Tocotrienols Inhibit PDGF-BB-Induced ASM Cell Proliferation

Human ASM cells were pre-treated with various concentrations of 3-tocotrienols
for 1 h before being stimulated with 10 ng/mL PDGF-BB for 48 h to induce ASM cell
proliferation. PDGF-BB stimulation increased ASM cell proliferation compared to the
non-stimulated (control) group. Pre-treatment with 25 uM f-tocotrienols significantly
reduced this effect (Figure 1), indicating that 3-tocotrienols have an inhibitory effect on
PDGEF-BB-induced ASM cell proliferation.
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Figure 1. Effect of 3-tocotrienols on ASM cell proliferation. Human ASM cells were cultured with
10 ng/mL PDGE-BB, 5-25 uM -tocotrienols, or pre-treated with 5-25 uM [3-tocotrienols before
10 ng/mL PDGE-BB stimulation. The proliferation of ASM cells was measured using the Cell
Counting Kit (CCK-8). The results are presented as a percentage of the non-stimulated (control)
group and expressed as the mean =+ standard deviation (SD) of at least three independent experiments
(*: p < 0.01 compared to PDGF-BB stimulation alone).

2.2. B-Tocotrienols Inhibit PDGF-BB-Induced ASM Cell Migration

Human ASM cells were pre-treated with various concentrations of 3-tocotrienols
for 1 h before being stimulated with 10 ng/mL PDGF-BB for 5 h to induce ASM cell
migration. The migration of ASM cells increased in the PDGF-BB group compared to
the non-stimulated (control) group. Pre-treatment with 50 uM -tocotrienols significantly
reduced this effect (Figure 2), indicating the inhibitory effect of 3-tocotrienols on PDGF-BB-
induced ASM cell migration.
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Figure 2. Effect of 3-tocotrienols on ASM cell migration. Human ASM cells were cultured with
10 ng/mL PDGF-BB, 5-50 uM [3-tocotrienols, or pre-treated with 5-50 puM (-tocotrienols before
10 ng/mL PDGEF-BB stimulation. The migration of ASM cells was evaluated using a transwell
chamber. The results are presented as a percentage of the non-stimulated (control) group and
expressed as the mean =+ standard deviation (SD) of at least three independent experiments (*: p < 0.01
compared to PDGF-BB stimulation alone).

2.3. B-Tocotrienols Reduce Intracellular ROS Production

The generation of oxygen species is essential for the mitogen stimulation of ASM,
initiating signal transduction pathways that lead to cell proliferation [39]. In this current
study, we assessed the impact of 3-tocotrienols on reactive oxygen species (ROS) production.
The ROS production decreased after stimulation with 3-tocotrienols compared to the
non-stimulated (control) group, although the result did not reach statistical significance.
Following the stimulation with PDGF-BB, ROS production increased, and pre-treatment

120



Pharmaceuticals 2024, 17, 712

with -tocotrienols ameliorated this effect (Figure 3), indicating the inhibitory effect of
[-tocotrienols on ROS production.
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Figure 3. Effect of 3-tocotrienols on ROS production. Human ASM cells were cultured with 10 ng/mL
PDGEF-BB, 25 uM f3-tocotrienols, or pre-treated with 25 tM f-tocotrienols before 10 ng/mL PDGF-BB
stimulation. The level of ROS in ASM cells was quantified after stimulation with 10 ng/mL PDGF-BB
using the Oxiselect intracellular ROS assay kit. The results are presented as a percentage of the
non-stimulated (control) group and expressed as the mean =+ standard deviation (SD) of at least three
independent experiments (*: p < 0.01 compared to PDGF-BB stimulation alone).

2.4. The Effect of B-Tocotrienols on Cyclin D1 Levels

Cyclin D1 serves as a crucial regulator of the cell cycle, including that of ASM
cells [40—42]. The previous study observed that y-tocotrienol reduced PDGF-BB-induced
cyclin D1 expression [34]. The cyclin D1 level exhibited an upregulation after stimula-
tion with PDGF-BB for 6 h. However, pre-treatment with 3-tocotrienols did not reduce
this effect (Figure 4), indicating that cyclin D1 may not be associated with the effect of
-tocotrienols on inhibiting PDGF-BB-induced ASM cell proliferation and migration.
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Figure 4. Effect of 3-tocotrienols on cyclin D1 expression: (a) human ASM cells were cultured
with 10 ng/mL PDGEF-BB or pre-treated with 25 M [-tocotrienols before 10 ng/mL PDGF-BB
stimulation. Western blot was used to evaluate the expression of cyclin D1. (b) The graphic represents
densitometry calculations of relative protein expression/3-actin. The results are presented as the
mean =+ standard deviation (SD) of at least three independent experiments.

2.5. The Effect of B-Tocotrienols on Akt1 and ERK1/2 Signaling Pathways

The previous study observed that the proliferation and migration inhibition effect
of y-tocotrienol on ASM cells was not associated with the Aktl and ERK1/2 signaling
pathways [34]. In this present study, we assessed the effect of 3-tocotrienols on the Aktl
and ERK1/2 signaling pathways associated with PDGF-BB-induced proliferation and
migration. Phosphorylation of Aktl and extracellular signal-regulated kinasel/2 (ERK1/2)
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increased following PDGF-BB stimulation. Pre-treatment with 3-tocotrienols did not inhibit
this effect (Figure 5), indicating that phosphorylation of Aktl and ERK1/2 may not be
associated with the effect of 3-tocotrienols on ASM cell proliferation and migration.
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Figure 5. Effect of 3-tocotrienols on Aktl and ERK1/2 phosphorylation: (a) Human ASM cells
were cultured with 10 ng/mL PDGF-BB or pre-treated with 25 M [3-tocotrienols before 10 ng/mL
PDGEF-BB stimulation. Western blot was used to evaluate the expression of Aktl and ERK1/2. (b) The
graphic represents densitometry calculations of phosphorylated protein targets to total protein. The
results are presented as the mean =+ standard deviation (SD) of at least three independent experiments.

2.6. B-Tocotrienols Inhibit PDGF-BB-Induced ASM Cell Proliferation and Migration via RhoA
Inactivation

The Rho family serves as a crucial regulator of various cell functions, including migration,
adhesion, proliferation, and differentiation [43—45]. The previous study observed that y-
tocotrienol inhibited PDGF-BB-induced RhoA activation [34]. In this current study, we
observed that activation of RhoA increased following PDGF-BB stimulation, and pre-treatment
with p-tocotrienols reduced this effect (Figure 6), indicating that the inhibition effect of f3-
tocotrienols on ASM cell proliferation and migration is associated with the RhoA pathway.
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Figure 6. Effect of -tocotrienols on RhoA activity: (a) human ASM cells were cultured with
10 ng/mL PDGEF-BB or pre-treated with 25 uM f-tocotrienols before 10 ng/mL PDGF-BB stim-
ulation. Rho activity was evaluated using a Rho pull-down assay, and the expression was determined
with Western blot analysis. (b) The graphic represents densitometry calculations of active RhoA to to-
tal RhoA. The data are presented as the mean =+ standard deviation (SD) of at least three independent
experiments. (*: p < 0.05, **: p < 0.01, compared to PDGF-BB stimulation).
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3. Discussion

In this current study, we observed that the proliferation and migration of PDGF-BB-
induced ASM cells were effectively inhibited by p-tocotrienol (Figure 7). These recent
findings with 3-tocotrienol are consistent with our previous study, where y-tocotrienol
inhibited PDGF-BB-induced ASM cell proliferation and migration [34]. Given that ASM
proliferation and migration are key contributors to airway remodeling, playing a pivotal
role in both promoting and mediating the remodeling process [46,47], these results support
the hypothesis that tocotrienols, both of (3-tocotrienol and y-tocotrienol, may hold potential
as a treatment for airway remodeling in asthmatic patients.

_ o ? , ? ? ? e
e®%idé 08¢ 2%
53‘. | “‘E

-2 [
j——— B-tocotrienol
MEK PI&-!K — Rac Activé RhoA
\ !
ERK1/2 Altl NANDDH Rho kinaco
*
| |
T \
| |
| ————B-tocotrienol
Cyclins |
_ \
\
Céll Céll

Figure 7. Schematic representation of the effects of 3-tocotrienol on inhibiting ASM proliferation and
migration. 3-tocotrienol directly inhibits ROS production and induces RhoA inactivation. However,
[-tocotrienol may not inhibit the Akt1, ERK, and cyclin signaling pathways. Platelet-derived growth
factor-BB (PDGEF-BB), G protein-coupled receptor (GPCR), extracellular signal-regulated kinase (ERK),
phosphatidylinositol 3'-kinase (PI3K), reactive oxygen species (ROS), and nicotinamide adenine
dinucleotide phosphate (NADPH).

The mechanism underlying ASM proliferation, migration, growth, and remodeling has
been the subject of various studies and literature reviews [7,48-52]. Our findings underscore
the importance of targeting the Rho pathway, particularly with tocotrienols, as both (3-
tocotrienol and y-tocotrienol inhibit RhoA activation related to ASM proliferation and
migration, suggesting that the Rho pathway is an important pathway inhibited by vitamin
E isoforms to prevent ASM remodeling [34]. This is supported by several studies and
reviews indicating that the Rho/ROCK pathway is a critical regulator of airway remodeling,
influencing the regulation, proliferation, and contraction of ASM cells [48,53-55]. The
Rho family of GTPases is a group of small signaling G proteins, forming a subfamily
within the Ras superfamily and comprising six isoforms (A, B, C, D, E, and G). RhoA has
been extensively studied and demonstrates both GDP and GTP binding activities. When
stimulated by G protein-coupled receptor (GPCR) agonists, the inactive GDP-bound RhoA
can convert into its active state, GTP-bound RhoA [56]. Interestingly, the administration of
a selective Rho kinase inhibitor attenuates airway inflammation, eosinophilia, and airway
hyperresponsiveness [57-59]. Another study observed that the administration of a selective
Rho-A/Rho kinase inhibitor resulted in a significant reduction in inflammatory cell count,
decreased mucous secretion, and lowered expression of MUC5AC. These effects were
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associated with the downregulation of interleukin-17 (IL-17), IL-4, and IL-13 levels, as well
as a decline in the expression and phosphorylation of NF«kB and signal transducer and
activator of transcription 6 (STAT6) [60], indicating the potential therapeutic targeting of
the Rho/Rho kinase downstream pathway in asthma.

In this present study, 3-tocotrienol did not inhibit the phosphorylation of cyclin D1,
Aktl, and ERK 1/2 in PDGF-BB-induced ASM cell proliferation and migration, suggesting
that these pathways might not be associated with the inhibitory effect of 3-tocotrienol
on ASM cell proliferation and migration. Our previous study observed that although
y-tocotrienol also did not affect the Aktl and ERK 1/2 signaling pathways, cyclin D1
was associated with the inhibition of ASM proliferation and migration. This suggests
that various isoforms of vitamin E may have different mechanisms associated with the
inhibition of ASM remodeling. ASM proliferation involves crosstalk between inflammatory
mediators, contractile agonists, and growth factors released during inflammation. This
condition triggers ASM proliferation through activation of the MAPKSs, PI3K/AKT, and
JAK2/STATS3 signaling pathways. The migration of ASM cells is also a multifaceted
process, with several signaling molecules, such as FAK, PI3K, PTEN, ERK, p38, Src, Rho
kinase, c-Abl, and Wnt/3-catenin, identified as contributors to the regulation of ASM
cell migration [52]. Exploring both upstream and downstream ASM proliferation and
migration signaling pathways may provide clear insight into the precise mechanism by
which tocotrienol inhibits ASM proliferation and migration.

The reduction in ROS production by (3-tocotrienol was observed in this current study.
This result is in line with our previous study, which observed a decrease in ROS levels in
the y-tocotrienol pre-treatment group compared to the PDGF-BB group. Several studies
have observed the influence of oxygen species generation in ASM proliferation [39,61,62],
highlighting the importance of targeting ROS in airway remodeling. The precise mechanism
of the antioxidant activity of 3-tocotrienol is not fully understood, and further studies are
needed to elucidate this aspect. However, several potential mechanisms can be considered,
including the enhancement of antioxidant enzymes including glutathione peroxidase
activity, scavenging of free radicals, and inhibition of lipid peroxidation [63,64]. The
comparative antioxidant strength of 3-tocotrienol to other isoforms of vitamin E remains
unclear. Nevertheless, tocotrienols, in general, have been suggested to exhibit more potent
antioxidant activity than tocopherol [63-66].

In this study, we did not assess the anti-inflammatory effects of 3-tocotrienol, and
further investigations are required to understand the precise mechanism of 3-tocotrienol
as an anti-inflammatory agent. 3-tocotrienol has the potential to exert a therapeutic effect
on airway remodeling by diminishing ASM proliferation and migration. Furthermore,
it may possess anti-inflammatory properties, thereby contributing to the amelioration of
airway remodeling in asthma. The anti-inflammatory effects of tocotrienol have been
observed in several studies. For instance, the reduction in several pro-inflammatory
cytokines, including tumor necrosis factor-oc (TNF-«), IL-4, and IL-8, through the inhibition
of inducible NO synthase (iNOS) and COX-2 expression, was observed after administration
of a tocotrienol-rich fraction [31]. Another study observed a reduction in mRNA and protein
expressions of TNF-«, IL-1§3, IL-6, and iNOS via inhibition of the nuclear translocations of
NF-«B and activator protein-1 (AP-1) after treatments with d-tocotrienol [30], suggesting
that tocotrienol has potent anti-inflammatory properties that may be beneficial in airway
inflammation and remodeling.

In this study, we did not assess the comparative effects between {3-tocotrienol and
y-tocotrienol or with other isoforms of vitamin E. Comparative studies between vitamin
E isoforms are limited to antioxidant comparisons between tocotrienol and tocopherol
isoforms [36,37], or comparisons in the antiproliferative effects in cancer cells [38]. For
instance, comparisons between (3-tocotrienol and y-tocotrienol demonstrated a notably
stronger anti-proliferative effect in -tocotrienol in human breast adenocarcinoma cell
lines MDA-MB-231 and MCEF7 [38]. This study may offer insight that 3-tocotrienol has a
more potent cytotoxic effect compared to y-tocotrienol, suggesting that using (3-tocotrienol
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instead of y-tocotrienol to target normal cells should be considered for this effect. In this
study, we did not conduct viability or apoptotic tests in normal human ASM cells. However,
our findings indicated that the administration of 5-25 pM B-tocotrienols alone did not
significantly decrease ASM cell proliferation and compared to the non-stimulated group.
This suggests that at this dose, 3-tocotrienols do not exert a cytotoxic effect on human ASM
cell lines.

Clinical studies on Vitamin E administration in asthma have not yet yielded conclusive
results to date. Asthmatic patients have been shown to exhibit lower dietary vitamin E
levels [67], with severe asthma patients exhibiting lower vitamin E levels compared to those
with mild asthma [13]. Additionally, a different study observed that supplemental vitamin
E during pregnancy could prevent asthmatic diseases [68]. In the context of clinical studies
involving vitamin E isoform, y-tocopherol administration significantly decreased induced
sputum neutrophils compared to the placebo [69], indicating the potential benefit of the
vitamin E isoform in reducing neutrophilic airway inflammation. However, one study
found that vitamin E supplementation did not affect asthma control in mild to moderate
adult asthma subjects [70].

Further investigations are warranted to elucidate the potential benefits of vitamin E
and its isoforms for the clinical management of asthma and airway remodeling. Assessing
the effects of anti-inflammatory-related vitamin E isoforms should be a priority. Evaluating
other signaling molecules or pathways that may indirectly influence ASM remodeling
may provide clear insight into the precise mechanism by which tocotrienol inhibits ASM
proliferation and migration. Evaluating the effects of other vitamin E isoforms, such as
- or d-tocotrienol, is also important. Assessing the effects of vitamin E isoforms on other
cells, such as airway epithelial cells, may offer benefits as airway remodeling involves not
only ASM cells. While the in vitro findings are promising, future studies should validate
the efficacy of vitamin E isoform in relevant animal models of asthma to ascertain their
therapeutic potential in vivo, including investigating the long-term effects of tocotrienols
on ASM remodeling in animal models of asthma or exploring synergistic effects with
existing asthma medications, which would enrich the discussion and stimulate further
scientific inquiry.

4. Materials and Methods
4.1. Human ASM Cells and Culture Conditions

Immortalized human ASM cells, achieved through stable expression of human telom-
erase reverse transcriptase (hTERT), were used in this present experiment. These cells
were generously provided by Dr. Andrew ]. Halayko from the University of Manitoba.
The cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% Fetal Bovine Serum (FBS), 100 pg/mL penicillin, and 100 pg/mL streptomycin
then incubated at 37 °C in a humidified 5% CO, atmosphere until they reached 70-80%
confluence. Each experiment utilized a minimum of three distinct cell lines.

4.2. Reagents

[-tocotrienols, the monoclonal antibody against RhoA, PDGF-BB were purchased
from Cayman Chemical (Ann Arbor, MI, USA), Santa Cruz Biotechnology (Dallas, TX,
USA), and Wako (Osaka, Japan), respectively. In our previous study, it was observed that
PDGEF-BB at a concentration of 10 ng/mL induced ASM proliferation and migration. A
dosage of 5-50 uM of y-tocotrienol was used to assess the inhibitory effect on PDGF-BB-
induced ASM proliferation and migration, and this effect was effectively reduced by the
administration of 25 M y-tocotrienol [34]. Therefore, this dosage was selected for use in
the current experiment.

4.3. Cell Proliferation Assay

Human ASM cells were seeded in 96-well plates at a density of 5.0 x 103 cells/well
in DMEM supplemented with 0.3% bovine serum albumin (BSA) and allowed to adhere
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for 24 h. Subsequently, the cells were treated with 5-25 uM [3-tocotrienols for one hour,
followed by incubation with 10 ng/mL PDGE-BB for 48 h. The Cell Counting Kit (CCK-8)
(Dojindo, Kumamoto, Japan) was used to measure the proliferation of cells. A Sunrise
microplate analyzer (TECAN, Mannedorf, Switzerland) was used to measure the results at
450 nm with a reference wavelength of 600 nm.

4.4. Cell Migration Assay

Cell migration was evaluated using a transwell chamber (Costar, Corning Incorpo-
rated, Corning, NY, USA). Human ASM cells were cultured in 100-mm dishes until nearly
confluent, then maintained in a serum-free medium for 24 h. Following trypsinization,
cells were resuspended in DMEM containing 0.3% BSA. After a one-hour treatment with
5-50 uM p-tocotrienols, 100 pL (5.0 x 10* cells/well) of the suspension was added to
the upper wells of the chamber, while 5 ng/mL PDGF-BB with 5-50 uM [3-tocotrienols
was placed in the bottom of the chambers. Following five hours of incubation, the cells
were stained using Diff-Quick (Sysmex, Kobe, Japan) and then fixed with 10% formalin.
Swabbing was employed to eliminate non-migrating cells from the top of the chambers.
Migrated cells were counted manually in 10 randomly selected fields, and the average cell
count per field was compared to that of the non-stimulated group.

4.5. Preparation of Cell Lysate and Western Blotting

Cells were rinsed with ice-cold phosphate-buffered saline (PBS) and subsequently
lysed using a lysate buffer consisting of 500 uL 1x lysis buffer and 5 uL 100 mM PMSE.
Equal amounts of protein were then subjected to electrophoresis and transferred onto
polyvinylidene difluoride (PVDF) membranes (Amersham Hybond-P, GE Healthcare Life-
science, Buckinghamshire, UK). The membranes were incubated with primary rabbit
antibodies: cyclin D1 (1:2000; Cell Signaling Technology); anti-rabbit phosphorylated
and non-phosphorylated Aktl (1:1000; Cell Signaling Technology, Danvers, MA, USA);
polyclonal rabbit anti-phosphorylated or total antibodies for ERK1/2 (1:5000; Promega,
Madison, WI, USA), followed by a second antibody incubation for 1 h at room temperature
with horseradish peroxidase-conjugated anti-rabbit IgG (1:5000; GE Healthcare Lifescience).
The bands were then visualized on an ImageQuant LAS 4000 mini (GE Healthcare Life-
science) using ECL reagent (GE Healthcare Lifescience) and densitometry quantified using
TotalLab Quant software version 7.0 (Newcastle, UK).

4.6. Active Rho Detection Assay

Rho activity was measured according to the manufacturer’s instructions using an
Active Rho detection kit (Cell Signaling Technology, Danvers, MA, USA). Human ASM
cells were cultured in 100-mm dishes until they reached 60-70% confluence, followed by
24 h of maintenance in Ham'’s F-12 (serum-free medium). The cells were then preincubated
for one hour with 25 uM B-tocotrienols before being stimulated with 10 ng/mL PDGF-BB
for five minutes. Subsequently, the cells were lysed in the lysis buffer (20 mM HEPES,
10 mM EGTA, 40 mM -glycerophosphate, 1% Triton-X-100, 20 mM MgCl,, 2 mM NazgVOy,
1 mM DTT, 10 pg/mL leupeptin, 10 pg/mL aprotinin, 1 mM PMSE, 100 mM NaCl). To the
cell lysate, 400 ug GST-Rhotekin-RBD was added and gently rocked for 1 h at 4 °C. Samples
were run through gel electrophoresis and subsequently transferred onto PVDF membranes
(Immobilon-P, Millipore, Billerica, MA, USA). Following this, the membranes were blocked
with 5% non-fat dry milk in Tris-buffered saline (20 mM Tris, 150 mM NaCl, pH 7.6)
containing 0.1% Tween 20 (TBS-T) for 1 h at room temperature. Then, the membranes
were incubated overnight at 4 °C with 0.1% TBS-T containing primary mouse monoclonal
IgG for RhoA (1:1000; Santa Cruz Biotechnology). After being washed with TBS-T, the
membranes were incubated with a secondary antibody for 1 h at room temperature, using
horseradish peroxidase-conjugated anti-mouse IgG antibody (1:3000). The bands were
then visualized on an ImageQuant LAS 4000 mini (GE Healthcare Lifescience) using ECL
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reagent (GE Healthcare Lifescience) and densitometry quantified using TotalLab Quant
software (Newcastle, UK).

4.7. Intracellular Reactive Oxygen Species Quantification

The level of ROS in ASM cells was measured utilizing the Oxiselect intracellular ROS
assay kit (Cell Biolabs, San Diego, CA, USA) according to the manufacturer’s guidelines.
The assay utilizes the cell-permeable fluorogenic probe 2’,7'-Dichlorodihydrofluorescin di-
acetate (DCFH-DA). Cellular esterases deacetylate DCFH-DA to the non-fluorescent 2/,7'-
Dichlorodihydrofluorescin (DCFH), which is then rapidly oxidized to the highly fluorescent
2',7'-Dichlorohihydrofluorescin (DCF) by ROS. In this investigation, serum-starved ASM
cells were treated with 0.1 mM DCFH-DA for 1 h at 37 °C. Subsequently, human ASM cells
were stimulated with PDGF-BB in the presence or absence of a 1-h pre-treatment with 25 uM
-tocotrienols. The intracellular ROS level was determined through fluorescence intensity,
and quantification was carried out using a fluorescence plate reader (Infinite 500, TECAN).

4.8. Statistical Analysis

The data are presented as mean =+ standard deviation (SD). Statistical differences
between groups were analyzed using ANOVA. A subsequent multiple comparison test
between pairs of groups was performed, with statistical significance defined as p < 0.05.

5. Conclusions

In conclusion, 3-tocotrienols have demonstrated efficacy in reducing ASM cell prolif-
eration and migration. We have also elucidated the key components of the downstream
signaling cascade associated with the effects of 3-tocotrienols on ASM cell proliferation
and migration. This involves the inhibition of ROS production and RhoA inactivation.
These findings suggest that 3-tocotrienols may hold potential as a treatment for airway
remodeling, which could benefit individuals with asthma. Further investigations are war-
ranted to fully understand the potential of 3-tocotrienols in addressing airway remodeling,
especially through laboratory and clinical studies.
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Abstract: No data addressing issues concerning disparities in participant and trial characteristics
and trial outcome reporting have been established in clinical trials for Hl-antihistamine-refractory
chronic spontaneous urticaria (CSU). To better harmonize and compare the different treatment
interventions, we systematically evaluated the overall landscape of pharmacological treatments for
H1-antihistamine-refractory CSU clinical trials published between 2000 and 2021. This systematic
review included 23 randomized clinical trials involving 2480 participants from 22 countries. We found
significant increases in the number of globally published and newly tested drugs, especially biologic
drugs. Regarding relatively small trials, we found that people living with H1-antihistamine-refractory
CSU who were identified as members of minority groups (non-white population), populations of
regions other than North America/Europe, and populations of low- to lower/upper-middle-income
countries are underrepresented. Most trials were designed to evaluate treatment efficacy and safety
profiles; however, less than half of the included trials reported the patient’s perspective in terms of
patient-reported outcomes. Disparities in outcome reporting, including clinimetric tools for assessing
treatment response and outcome sets, were observed. To close the evidence gap in Hl-antihistamine-
refractory CSU trials, strategies for improving trial and participant enrollment and standardizing
core outcome sets for trial reporting are needed.

Keywords: biologic agents; chronic spontaneous urticaria; clinical trials; core outcomes sets; evidence
gaps; Hl-antihistamine-refractory; minority groups

1. Introduction

Chronic spontaneous urticaria (CSU) is characterized by wheals and itching lasting
for more than six weeks, with or without angioedema and with no identifiable trigger [1].
This condition affects patients of all ages and has an estimated global prevalence of 4.4%,
which has been increasing over time [2]. Despite the widespread use of licensed doses
and up-dosing (i.e., two- to four-fold higher than approved doses) of Hl-antihistamines,
less than half of patients with CSU responded adequately to this first-line therapy [1,3].
Furthermore, CSU can severely impact health-related quality of life (HRQOL), reduce
physical and social interactions, affect work or school performance, and negatively affect
mental health and psychosocial issues, particularly refractory cases [1,4].
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Over the past decade, therapy for people living with CSU, mainly those unresponsive
to licensed doses and up-dosing of H1-antihistamines, has evolved rapidly [5-7]. Currently,
randomized trials of novel therapies to offer pharmacological treatment options for the
management of Hl-antihistamine-refractory CSU are ongoing [1,5]. These promising phar-
macological therapies possess biological, immunosuppressive, and other pharmacological
qualities. Recent evidence has suggested that biologic agents such as ligelizumab (72 or
240 mg) and omalizumab (300 or 600 mg) appear to be effective treatments (moderate to
large beneficial effect) and were closely associated with improved HRQOL in people living
with H1-antihistamine-refractory CSU [8,9].

To date, there is a need to improve disparities in the diversity of participant enrollment
based on equity and representativeness to close the gap in dermatologic trials [10]. Ac-
cording to the United States Food and Drug Administration (FDA), in 2014, an action plan
was recognized and developed to support and encourage diversity in randomized clinical
trials so that more concise information regarding the representativeness of participants in
trials can be published [11]. Theoretically, effective treatments may limit generalizability
or effectiveness for all populations when diverse populations are lacking or underrepre-
sented in clinical trials [12]. Recently, a standardized set of outcomes to capture and assess
treatment intervention effectiveness and safety profiles has been brought to the scientific
community’s attention.

To our knowledge, no data addressing issues concerning disparities in participant and
trial characteristics and trial outcome reporting have been established in clinical trials for
H1-antihistamine-refractory CSU. To better harmonize and compare the different treatment
interventions, we performed a systematic review to assess the evidence gap, consistency in
outcome reporting, and representation across global pharmacological treatment clinical
trials involving people living with H1-antihistamine-refractory CSU.

2. Methods
2.1. Protocol and Literature Search

The pre-specified protocol and living systematic review update was registered on the
International Prospective Register of Systematic Reviews (PROSPERO, CRD42020196592).
However, the pre-specified protocol was amended to focus on randomized clinical trials
owing to the limited availability of relevant data on comparative effectiveness observational
studies. Therefore, we decided not to include non-randomized studies in the present study.
This systematic review followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses 2020 statement [13]. Due to the nature of the systematic review and
meta-analysis, ethical approval was not required.

Regarding the pre-specified protocol, with the help of an experienced medical librarian,
we searched seven electronic databases including Medline, Embase, PubMed, Cochrane
Library, Web of Science, Scopus, and CINAHL. We also searched grey literature on Google
Scholar, clinical trial registers, and preprints reports. We constructed the search strategy
based on the combinations of main keywords or medical subject headings regarding CSU
(e.g., “Chronic spontaneous urticaria” OR “Chronic idiopathic urticaria” OR “Refractory
urticaria” OR “Hives”). Moreover, search terms in relation to types of interventions were
browsed according to the individual drugs or their pharmacological classes (e.g., “Anti-
immunoglobulin E” OR “Monoclonal antibody” OR “Bruton tyrosine kinase inhibitor”
OR “CRTH2 antagonist” OR “IL-1 inhibitor” OR “anti-tumor necrosis factor alpha” OR
“Immunosuppressive Agent” OR “Calcineurin inhibitor”).

A comprehensive literature search was performed from the inception of each database
until 19 April 2021, with no language restrictions. Potential trials were also supplemented
by searching the reference lists of included studies, previous systematic reviews, and
major international scientific conference meetings (dermatology, allergy, and immunology
congress). The search strategy details for each database are available in Supplementary
Tables S1 and S2.
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2.2. Article Screening

Two investigators (SN and MC) independently screened the eligible titles and abstracts
of articles identified by the systematic search. Subsequently, potentially relevant full-text
articles were reviewed against the study inclusion/exclusion criteria for the final set of
included studies. Potential non-English-language eligible studies were translated before
the full-text appraisal. Any disagreement was resolved through team discussion.

The inclusion and exclusion criteria details were described previously (Supplementary
Table S3) [8,9]. In brief, we included randomized clinical trials (parallel and cross-over
trials) that (i) involved adolescents or adults (12 years or older) who were diagnosed
with CSU refractory to Hl-antihistamines (standard dose or up-dosing) and (ii) used
validated measurement tools for urticaria treatment response assessment with a follow-up
period of two weeks onward. For companion trials with overlapping participants and
study periods, relevant information was assembled from the study that provided the most
detailed information.

However, we excluded clinical trials that investigated body weight-based or im-
munoglobulin E level-based dosing of omalizumab, as early studies among patients with
CSU showed no benefit of this approach [14]. Moreover, trials that used terfenadine up-
dosed or combined with other treatments were excluded from this review because this
treatment is no longer available in current practice. All placebos across the included trials
were defined as standard doses or an up-dosing of Hl-antihistamines in conjunction with
rescue medications.

2.3. Data Extraction

After screening articles against the inclusion and exclusion criteria, data were collected
via full-text abstraction of the included clinical trials. Two investigators (SN and MC)
independently extracted pre-specified information using a standardized approach. Pre-
specified data extraction was managed via a Microsoft Excel spreadsheet (data extraction
details are described in Table 1). The categorization of race and ethnicity was based
on the National Institutes of Health—United States Office of Budget and Management,
Revisions to the Standards for the Classification of Federal Data on Race and Ethnicity,
2020 [15]. Based on participant-level characteristics, we classified trials that indicated
any race other than white as a trial involving a non-white population. To establish the
underrepresentation of race and ethnicity across the included clinical trials, the cutoff
value (<20%) that reflects the United States census was employed [10]. Discrepancies
and uncertainties were resolved through discussion until a consensus was reached. Two
investigators (CR and KT) independently cross-checked the final dataset.

2.4. Risk-of-Bias Assessment

Two investigators (SN and MC) independently and critically appraised the method-
ological quality of each included trial using the Cochrane revised tool for risk of bias
assessment (RoB 2) [16]. Cochrane RoB 2 consists of six bias domains, including the
randomization process, deviations from intended interventions, missing outcome data,
measurement of the outcome, and selection of the reported result. The overall risk of bias
of the included trials was then classified as low, some concerns, or high risk of bias [16].
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Table 1. Pre-specified data extraction.

Domain Detail
e  Number of participants enrolled
e  Mean or median age of study participants and age inclusion criteria
e  Reported proportion of females
e  Race or ethnicity reporting based on National Institutes of Health—United States Office of
Participant characteristics Budget and Management, 2020
e Definition of Hl-antihistamine-refractory CSU: refractory to (i) licensed-dose antihistamines,
(ii) up-dosing antihistamines (two- to four-fold the licensed-dose), (iii) mixed /not specified
e  Duration of CSU
e  Pharmacologic intervention class: biologic drugs, immunosuppressive drugs, and others
e  Year of publication
e Trial setting: monocentric vs. multicenter
° Trial location: North America/Europe, others, and international
e  Trial design: parallel-group vs crossover design
e  Control group in trial: placebo-controlled vs. active-controlled trial
Trial characteristics e  Trial blinding: op'en—lgbel, single-blind, double-blind, triple-blind, or quadruple-blind
e  Number of arms in trial
e  Study treatment period in week
° Funding: industry sponsorship, partial industry sponsorship, academic/government, none,

or not reported
Overall risk of bias based on the Cochrane revised tool for risk-of-bias assessment (RoB2):
low, some concerns, or high-risk of bias

Outcomes of interest

Measurement tools and definition of outcomes

Treatment efficacy: urticaria symptom, pruritus severity, and hive severity

Safety profiles: all-cause study dropout, incidence of adverse events, incidence of serious
adverse events

Patient-reported outcomes: HRQOL (i.e., dermatology-specific, chronic urticaria-specific,
angioedema-specific, or generic measure), impact on sleep, treatment satisfaction, or others

mental health and psychosocial issues

Abbreviations: CSU, chronic spontaneous urticaria; HRQOL, health-related quality of life.

2.5. Statistical Analysis

Descriptive statistics were used and are expressed as frequency and percentage,
mean =+ standard deviation, or median with a range (min-max), as appropriate. To ex-
plore the disparities and evaluate the evidence gap across continents and the capacity to
conduct clinical trials, the included trials were classified as high-income or lower/upper-
middle-income country trials based on the World Bank 2021 income grouping. Statistical
significance of differences in the evidence gap in terms of participant and trial characteris-
tics and outcomes of interest across the included trials according to the World Bank income
grouping was determined using Fisher’s exact tests. Two-tailed tests with p-values < 0.05
were considered statistically significant. All analyses were performed using Stata 14.0
(StataCorp LLC).

3. Results and Discussion
3.1. Overview of Included Trials for H1-Antihistamine-Refractory CSU

Based on a systematic search approach, 20,796 records were identified. After dedu-
plication and screening based on title and abstract, we identified 492 articles for full-text
review. Of these, 23 randomized clinical trials (21 parallel-group [14,17-36] and two cross-
over [37,38] trials) fulfilled the study inclusion and exclusion criteria, and were included in
this systematic review (Figure 1).
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20764 records identified 27 Additional articles identified through grey
through database search literature and hand search
Medline (n=1342) References lists/updated hand search (n=26)
Embase (n=3614) Scientific meeting (n=1)

PubMed (n=5630)
Cochrane (n=594)

Web of Science (n=3332)
Scopus (n=6042)
CINAHL (n=210)

Y Y
6481 duplicates removed

A 4

14310 records screened

.| 13823 records excluded based on title and abstract
screening

Y

487 Full-text articles assessed for eligibility

464 excluded
No specific comparison groups available (n=161)
Target population of interest not studies (n=120)
Duplicate data/population (n=69)
Not relevant (n=37)
Data insufficient to calculate effect estimate (n=29)
Non-randomized studies (n=14)
Inadequate controlof confounding (n=9)
No outcomes of interest reported (n=9)
Results not adequately reported (n=7)
Treatment is no longer used (terfenadine) (n=4)
Tool assessment was not standardized (n=3)
Treatment disconnected from network (n=2)

h 4

Randomized clinical trials included in systematic review (n=23)

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
diagram of trials included in the systematic review.

3.2. Participant and Trial Characteristics

The participant and trial characteristics of all the included trials are illustrated in
Table 2. The included trials comprised 2480 participants (range, 20-340 participants per
trial) from 22 different countries, with a treatment duration of 12.0 & 7.1 (range, 3.0-24.0)
weeks. The reported mean age was 41.2 £ 3.4 years (range, 32.2-45.7; mainly adult par-
ticipants) and the reported proportion of women was 64.8% (range, 6.2-86.7%). However,
10 (43.5%) trials did not report race or ethnicity. More than one-half of the included trials
(13 trials, 56.5%) were conducted in participants who were unresponsive to licensed doses
of H1-antihistamine. Regarding trial characteristics, 15 (65.2%) of the included trials were
multicenter trials, 21 (91.3%) were placebo-controlled trials, 20 (87.0%) used a double-blind
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trial design, 18 (78.3%) were two-arm trials, and 13 (56.5%) received industry sponsorship.
Of the 23 included trials, 13 (56.5%) had a low risk of bias, 10 (43.5%) had some concerns,

and no studies had a high risk of bias.

Table 2. Characteristics of included trials.

Number of Trials (%)

Participant and Trial Characteristics Overall High-Income Lower/Upper-Middle-Income p-Value
Countries . +
(n=23) + Countries (11 = 5)
(n=18)
Total enrollment, participants; median (range, 2480; 2251; 229; 0279
min-max) 75 (20-340) 83 (20-340) 35 (29-80) ‘

<50 participants 10 (43.5) 7 (38.9) 3 (60.0) 0.563

50-100 participant 8 (34.8) 6 (33.3) 2 (40.0)

>100 participants 5(21.7) 5(27.8) 0(0.0)
erored e sgeinyemgd nen L SD 4 2436 aasly o wois
(43%) 8¢ ' & 425 (32.2-45.7)  42.7 (38.7-45.7) 34.9 (32.2-42.8) :
Age inclusion

Only adults included 16 (69.6) 12 (66.7) 4 (80.0) 1.000

Mixed children and adolescents/adults included 7 (30.4) 6 (33.3) 1 (20.0)

II\{/Ffdoizt:?rg;eem riiller;ig ﬁgj)fnn??sI;iigsa]aDé; for one trial 64.8 +19.2; 63.9 =+ 20.6; 6854 12.4; 0.677
(4.3%) ! ! 69.6 (6.2-86.7) 70.6 (6.2-86.7) 65.0 (58.6-85.4) ’
Race/ethnicity reporting

>80% white representation 9 (39.1) 9 (50.0) 0(0.0) 0.108

>20% non-white representation 4(17.4) 3(16.7) 1(20.0)

Neither race nor ethnicity reported 10 (43.5) 6 (33.3) 4 (80.0)

Type of refractory CSU

Refractory to licensed-dose antihistamines 9 (39.1) 9 (50.0) 0(0.0) 0.108

Refractory to up-dosing antihistamines
(two- to four-fold the licensed-dose) 10 (43.5) 6(33.3) 4(800)

Mixed /not specified 4(174) 3(16.7) 1(20.0)
ﬁtggﬁ?rzigsIﬁ&ﬁﬁfﬁigﬁaﬁ; ?6]1?;ix trials S0+28 59424 24424 0.029
(26.1%) ’ ! 5.1(0.5-11.5) 5.9 (2.4-11.5) 1.7 (0.5-5.9) ’
Pharmacologic intervention class of studies:

Specific intervention (no. of trials) ¥

Biologic drugs: Canakinumab (1), Ligelizumab (1),

Omalizumab (10), Quilizumab (1) 12(522) 11(61.1) 1(20.0) 0.214

Immunosuppressive drugs: Azathioprine (1),

Cyclosporine (4), Methotrexate (2) 5(@17) 3(16.7) 2 (40.0)
Others: AZD1981—CRTh2 antagonist (1),

Dapsone (1), Hydroxychloroquine (1), Miltefosine (1), 6 (26.1) 4(22.2) 2 (40.0)

Montelukast (1), Zafirlukast (1)

Year of publication
Before 2015 10 (43.5) 8 (44.4) 2 (40.0) 1.000
2015-2021 13 (56.5) 10 (55.6) 3 (60.0)

Trial setting
Monocentric 8 (34.8) 4(22.2) 4 (80.0) 0.033
Multicenter 15 (65.2) 14 (77.8) 1(20.0)

Trial location: Country (no. of trials)

North America/Europe: France (1), Germany (3),

Italy (1), Switzerland (2), Tiirkiye (1), United 12 (52.2) 11 (61.1) 1(20.0) 0.001
Kingdom (1), United States (3)
Others: Colombia (1), India (2), Thailand (1) 4(17.4) 0(0.0) 4 (80.0)
International (includes Australia, Canada,
Denmark, France, Germany, Greece, Italy,
Japan, Korea, 7 (30.4) 7 (38.9) 0(0.0)

New Zealand, Poland, Russian Federation, Singapore,
Spain, Taiwan, Tiirkiye, United Kingdom,
United States)

136



Pharmaceuticals 2022, 15, 1246

Table 2. Cont.

Number of Trials (%)

High-Income

Participant and Trial Characteristics Overall ; Lower/Upper-Middle-Income p-Value
Countries .
(n=23) Countries (n =5) *
n=18)1
Trial Design
Parallel-group 21 (91.3) 17 (94.4) 4 (80.0) 0.395
Crossover 2 (8.7) 1(5.6) 1(20.0)
Control group in trial
Placebo-controlled trial 21 (91.3) 18 (100.0) 3 (60.0) 0.040
Active-controlled trial 2(8.7) 0(0.0) 2 (40.0)
Trial Blinding
Open-label/single-blind 3(13.0) 0(0.0) 3 (60.0) 0.006
Double-blind 20 (87.0) 10 (100.0) 2 (40.0)
Arms in trial
2 18 (78.3) 13 (72.2) 5 (100.0) 0.545
>3 5(21.7) 5(27.8) 0(0.0)
Study treatment duration in week, 120 £ 7.1; 122 4 79; 11.6 + 3.6;
grand mean + S.D.; 12.0 (3.0-24.0) 120 (3.0-24.0) 12.0 (6.0-16.0) 0-910
Median (range, min-max)
<8 weeks 8 (34.8) 7 (38.9) 1 (20.0) 0.371
8-12 weeks 7 (30.4) 4(22.2) 3 (60.0)
>12 weeks 8 (34.8) 7 (38.9) 1 (20.0)
Funding
Industry sponsorship 13 (56.5) 13 (72.2) 0(0.0) 0.001
Partial industry sponsorship 3(13.0) 3(16.7) 0 (0.0)
Academic/government 4(17.4) 2 (11.1) 2 (40.0)
None 1(4.4) 0(0.0) 1 (20.0)
Not reported 2(8.7) 0(0.0) 2 (40.0)
Opverall risk of bias
Low 13 (56.5) 12 (66.7) 1 (20.0) 0.127
Some concern 10 (43.5) 6 (33.3) 4 (80.0)

* On the basis of primary site economy.  Interventions were counted independently, as many trials included
multiple interventions. Abbreviations: CSU, chronic spontaneous urticaria; S.D., standard deviation.

Twelve (52.2%) of the included trials were conducted in North America or Europe,
seven (30.4%) in international trial locations, and four (17.4%) in other locations. Based
on the global distribution of pharmacological treatments for Hl-antihistamine-refractory
CSU, the top two countries that conducted trials were Germany (nine trials) and the United
States (eight trials).

The included trials were published between the years 2000 and 2021. The type of
pharmacological intervention was identified as biologic drugs in 12 (52.2%) trials, immuno-
suppressive drugs in five (21.7%), and others in six (26.1%), which investigated 18 different
pharmacological interventions or dosages and one placebo (usual care treatment). Notably,
in 2015 and 2021, the number of biological drugs used dramatically increased by 300% and
800%, respectively; the number in 2005 was zero (Figure 2). Meanwhile, the number of
non-biological drugs investigated in clinical trials annually revealed little change over time.
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Figure 2. Time trend in the publication of pharmacologic treatments for Hl-antihistamine-refractory
chronic spontaneous urticaria trials.

3.3. Trial Outcome Reporting

The outcomes of interest were categorized into three groups: (i) treatment efficacy,
(ii) safety profiles, and (iii) patient-reported outcomes (Table 3). Regarding treatment
efficacy, 16 (69.6%) trials reported treatment response for urticaria symptoms using the
urticaria activity score over 7 days (UAS7). Meanwhile, 13 (56.5%) and 12 (52.2%) trials
reported the component of urticaria symptoms—pruritus and hives severity, respectively.
Regarding safety profiles, the unacceptability of treatment (all-cause study dropout), inci-
dence of adverse events, and serious adverse events were the most reported outcome theme
(>80% of the included trials). However, less than half of the included trials recognized
patient-reported outcomes. Based on validated tools, patient-reported outcomes included a
measure of HRQOL (dermatology-specific, chronic urticaria-specific, angioedema-specific,
and generic measures), impact on sleep, and general well-being. Regarding treatment-level
comparisons, all possible individual pharmacological nodes for each outcome of interest
are illustrated in Figure 3.

3.4. Evidence Gap across Included Trials

No clinical trials are available in African and low-income countries. Meanwhile, lim-
ited clinical trials have been conducted in regions other than America and Europe. Based
on the World Bank income grouping, 18 (78.3%) of the included trials were conducted in
high-income countries and five (21.7%) in lower/upper-middle-income countries. The
distribution of participants and trial characteristics (Table 2), including age (p < 0.001), du-
ration of CSU (p = 0.029), trial setting (p = 0.033), trial location and continent (p = 0.001), the
control group in a trial (p = 0.040), trial blinding (p = 0.006), and funding (p = 0.001), demon-
strated a statistically significant association with the country income groups (high-income
vs. lower/upper-middle-income countries). Moreover, trials in high-income countries
were more likely to use a well-established tool—UAS7—and report on the component
of urticaria symptoms (severity of pruritus and hives) compared with trials conducted
in lower/upper-middle-income countries (all p < 0.050, Table 3). However, disparities
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in reported results, particularly patient-reported outcomes in the core outcome set and
measurement tools, were observed across the included trials.

Dapsone

@ Cyclosporine

Hydroxychloroquine o o Canakinumab

(@)

Ligelizumab 24 mg

o AZDI1981

Ligelizumab 72 mg « Azathioprine

I 240 mg Placebo

Miltefosine ® Zafirlukast

Methotrexate o * Quilizumab

Omalizumab 75 mg Omalizumab 600 mg

Omalizumab 150 mg Omal b 300
malizumab 300 mg

Ligelizamab 24 mg

(c)

Ligelizumab 240 mg

» Dapsone

* AZDI1981

Miltefosine @

Placebo

Methotrexate

® Quilizumab

Omalizumab 75 mg

Omalizumab 600 mg

Omalizumab 150 mg

Omalizumab 300 mg

Hydroxychloroquine
.

Ligelizumab 24 mg « Dapsone

(e)

Ligelizumab 72 mg @ Cyclosporine

* AZDI981

Ligelizumab 240 mg

Placebo

® Zafirlukast

Methotrexate

Omalizumab 75 mg e Quilizumab

Omalizumab 600 mg

Omalizumab 150 mg

Omalizumab 300 mg

Dapsone «

closporine
Hydroxychloroguine « @ e

» Canakinumab

(b)

Ligelizumab 24 mg

« AZD1981
Ligelizumab 72 mg
» Azathioprine
Ligelizumab 240 mg
Placebo
Miltefosine
¢ Zafilukast

Montelukast
¢ Quilizumab

Methotrexate
® Omalizumab 600 mg
Omalizumab 75 mg

Omalizumab 150 mg Omalizumab 300 mg

(d)

Ligelizumab 24 mg

« Dapsone

« AZDI981
Miltefosine o
Placebo

Methotrexate &
® Quilizumab

Omalizumab 75 mg

Omalizumab 600 mg

Omalizumab 150 mg

Omalizumab 300 mg

Cyclosporine

(f)

Ligelizumab 24 mg

Dapﬁor\e'

Hydroxychloroquine o Canakinumab
.

AZD198]1
.

Ligelizumab 72 mg

o Azathioprine

Ligelizumab 240 mg

Miltefosine &
o Zafirlukast

Montelukast ®
 Quilizumab

Methotrexate
® Omalizumab 600 mg
‘Omalizumab 75 mg

Omalizumab 150 mg Omalizumab 300 mg

Figure 3. Geometry networks for pharmacologic treatment-level comparisons. (a) urticaria symptoms;
(b), unacceptability of treatment (all-cause study dropout); (c) pruritus severity; (d) hive severity;
(e) adverse event; (f), serious adverse event. Nodes denote pharmacological treatments and lines
denote trials of the corresponding treatment comparison. The size of a node is proportional to the
number of trials that included the corresponding treatment. The thickness of the lines corresponds to
the number of trials performing each comparison (green and yellow lines represent studies with a
low risk of bias and some concerns, respectively, according to the overall risk-of-bias assessment).
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Table 3. Outcome categorization and frequency of outcome reporting.

Number of Trials (%)

Outcomes Overall High-Income Lower/Upper-Middle-  p-Value
(1 = 23) Countries Income Countries
n=18)"* n=5"1
Treatment Efficacy (Specific Assessment Tool): Urticaria
symptom
UAS?7 (scale, 0-42) 16 (69.6) 15 (83.3) 1(20.0) 0.017
Daily UAS (scale, 0-3), 1(4.4) 0(0.0) 1(20.0)
USS (scale, 0-93), 1(4.4) 0 (0.0) 1(20.0)
VAS (scale, 0-100) 1(44) 1(5.6) 0(0.0)
Not reported 4(17.4) 2 (11.1) 2 (40.0)
Treatment Efficacy (Specific Assessment Tool): Pruritus
severity
UAS7-subscale itch (scale, 0-21) 13 (56.5) 13 (72.2) 0(0.0) 0.007
Daily UAS-subscale itch (scale, 0-3) 1(4.4) 0 (0.0) 1(20.0)
VAS (scale, 0-100) 1(44) 1(5.6) 0(0.0)
Not reported 8 (34.8) 4(22.2) 4 (80.0)
Treatment Efficacy (Specific Assessment Tool): Hive
severity
UAS7-subscale hive/wheal (scale, 0-21) 12 (52.2) 12 (66.7) 0(0.0) 0.006
Daily UAS-subscale hive/wheal (scale, 0-3) 1(4.4) 0 (0.0) 1(20.0)
Not reported 10 (43.5) 6 (33.3) 4 (80.0)
Safety Profile
Unacceptability of treatment (all-cause study dropout) 22 (95.6) 18 (100.0) 4 (80.0) 0.217
Occurrence of adverse events reported
(participant with >1 adverse events) 20 (87.0) 170044) 3 (60.0) 0.107
Occurrence of serious adverse events reported
(participant with >1 serious adverse events) 23 (1000) 18 (100.0) 5 (100.0) 1.000
Patients-Reported Outcomes (Specific Assessment
Tools) ¥
HRQOL: dermatology—specific measure (DLQI) 10 (43.5) 8 (44.4) 2 (40.0) 1.000
HRQOL: chronic urticaria—specific measure (CU-Q20L) 4 (17.4) 4(22.2) 0(0.0) 0.539
HRQOL: angioedema—specific measure (AE-QoL) 1(4.4) 1(5.6) 0(0.0) 1.000
HRQOL—generic measure (MOSS-SF12) 1(44) 1(5.6) 0(0.0) 1.000
Impact on sleep (UPDD-weekly sleep, VAS [scale, 0-100]) 1 (4.4) 1(5.6) 0(0.0) 1.000
General well-being (WHO-5 well-being index) 5(21.7) 5(27.8) 0(0.0) 0.545

* On the basis of primary site economy. ¥ Patient-reported outcomes were counted independently, as many
trials included multiple interventions. Abbreviations: AE-QoL, angioedema-quality of life; CU-Q20L, chronic
urticaria-quality of life; DLQI, Dermatology Life Quality Index; HRQOL, health-related quality of life; MOSS-SF12,
Medical Outcomes Study Survey—Short Form 12 Item; UAS, urticaria activity score; UAS7, urticaria activity score
over 7 days; UPDD, urticaria patient daily diary; USS, urticaria severity score; VAS, visual analog scale; WHO,
World Health Organization.

3.5. Summary of the Findings

This systematic review highlighted a global evidence gap and provided important
information regarding pharmacological treatments for H1l-antihistamine-refractory CSU
clinical trials. Significant global increases in published clinical trials and new investigational
medicinal products, especially biologic drugs, demonstrate the progress made between 2000
and 2021. However, we hypothesized that people living with H1-antihistamine-refractory
CSU who are members of minority groups (non-white population), part of regions other
than North America/Europe (i.e., Africa, Asia, and South America), and live in low- to
lower /upper-middle-income countries would be underrepresented in CSU clinical trials.

Currently, licensed biologic therapy—omalizumab (anti-immunoglobulin E)—has
become the frontline treatment and revolutionized the management of Hl-antihistamine-
refractory CSU [1]. Subsequently, overall increases were observed in the number of H1-
antihistamine-refractory CSU drugs investigated. Based on promising mechanisms, there
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has been a rapid surge of clinical trials among new biologics drugs that reduce mast cell
activation by blocking activating pathways and engaging inhibitory receptors or mast cell
members [5-7].

3.6. Comparison with Other Studies

The poor representation of minority groups in this study is consistent with previous
systematic reviews [10]. Chen et al. (2022) [39] examined the diversity of participants
in dermatologic clinical trials in the United States published conducted between 2010
and 2020 and found that clinical trials that included at least 20% non-white participants
were noticeably few. Of note, 10 (43.5%) of the trials included in this study did not report
on race or ethnicity. One possible explanation for the poor enrollment of racial/ethnic
minority groups in clinical trials is that existing national or international policies for
promoting patient engagement in randomized clinical trials are not effective. Currently, the
United States FDA has implemented an action plan to support and encourage diversity in
randomized clinical trials conducted by the industry to improve and publish transparent
data regarding race or ethnicity [11]. However, these FDA regulations focus on investigating
new drugs and are not implemented in all industry-sponsored and non-industry-sponsored
clinical trials.

Regarding infrastructure and economic indices for clinical trials, only five (21.7%) of
23 trials were conducted in lower/upper-middle-income countries between 2000 and
2021. Moreover, the included trials were generally small-scale, with a median sam-
ple size of 75 (range, 20-340) participants and a median study treatment duration of
12 (range, 3-24) weeks. Remarkably, our study illustrated a statistically significantly differ-
ent in the age of participants, duration of CSU, trial setting, trial location and continent, the
control group in a trial, trial blinding, and funding between high-income and lower/upper-
middle-income countries. Unfortunately, we found no clinical trials in African regions or
low-income countries, suggesting that the pharmaceutical industry and clinical research
organizations need to set policies and harmonize trial designs to increase participants’
demographic and geographical diversity.

Regarding outcome reporting, most included trials were designed to evaluate urticaria
treatment responses and safety profiles. However, disparities in the clinimetric tools for
assessing treatment responses have been observed. More than one-half of the included
trials (16 trials, 69.6%) used UAS7—a validated tool suggested by the 2021 joint update
guideline recommendations from the European Academy of Allergology and Clinical
Immunology, Global Allergy and Asthma European Network, European Dermatology
Forum, and the Asia Pacific Association of Allergy, Asthma and Clinical Immunology [1];
other trials used other clinimetric tools, including daily UAS, urticaria severity score (USS),
or visual analog scale (VAS, scale 0-100). Beyond treatment efficacy and safety profiles, less
than half of the included trials reported patients’ perspectives regarding patient-reported
outcomes. Most trials assessed HRQOL, but lacked information regarding other aspects
of patient-reported outcomes, such as sleep problems, symptom burden, psychosocial
and mental health problems, and work or school impairment. Although the Cochrane
Skin—Core Outcome Set Initiative has been developed as a core outcome set for several
skin conditions, there is a lack of specific outcome sets for patients with CSU [40]. To better
compare across-trial results, we recommend that standardized reporting in core outcome
sets for people living with CSU (including efficacy, safety events, and patient-reported
outcomes) be developed and applied to make trial evidence more useful [41].

3.7. Strengths and Limitations

To the best of our knowledge, this is the first systematic review to elucidate the dispar-
ities and evidence gaps across pharmacologic treatment clinical trials for H1-antihistamine-
refractory CSU. However, our systematic review has some limitations. First, age was
reported in various ways—by category, mean, range, and percentage older than 12 years,
with the exclusion age criteria (i.e., 65, 70, or 75 years)—resulting in difficulty in addressing
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age disparities. Second, we could not assess representativeness based on sexual identity
and orientation because of the lack of information on these issues. Third, 10 (43.5%) trials
did not report race or ethnicity; therefore, we had to deduce racial makeup based on the
country or judge that neither race nor ethnicity was reported owing to insufficient data.
Lastly, we only assessed published H1-antihistamine-refractory CSU randomized clinical
trials that used validated measurement tools for outcomes assessment. As a result, we lack
information on ongoing studies based on clinical trial registries, non-randomized studies,
and post-marketing trials, as well as other aspects of dermatology trials.

3.8. Implications for Conducting Clinical Trials, Future Research, and Conclusion

Establishing disparities and evidence gaps in H1-antihistamine-refractory CSU clinical
trials is the first step toward developing a system for conducting clinical trials that involve
an increasingly diverse population. Given that the clinical trials included in this systematic
review were generally small, we postulate that our findings are informative for the pharma-
ceutical industry, researchers, patients, and policymakers to promote medical innovation in
CSU. Collectively, we advocate the inclusion of diverse populations in CSU trials globally.
Different study site selections in industry-sponsored clinical trials based on multinational
studies are required to improve diversity in participant enrollment and drug development
for diverse populations. Besides population availability and timely recruitment, patient
enrollment based on heterogonous inclusion of age, sex, and race or ethnicity should be
employed in the protocol generation phase. Ultimately, to conduct clinical trials, experience
is not required; the pharmaceutical industry and clinical research organizations should col-
laborate with inexperienced trial sites, particularly in low- or lower/upper-middle-income
countries, if they have access to the relevant patient population.

To facilitate and encourage the formation of a highly motivating environment for
pharmaceutical innovation, it is essential for future research and development strategies
to create equitable access to new investigational medical products and the efficiency of
pharmaceutical research in high- and lower/upper-middle-income countries. Furthermore,
apart from international collaborative clinical trials, the approaches being considered at
present will need head-to-head trials with high methodological quality and harmonized
trial design and outcomes to help inform subsequent international guidelines for managing
people living with CSU.

4. Conclusions

In this systematic review, the number of randomized clinical trials for the pharma-
cologic treatment of H1-antihistamine-refractory CSU increased between 2000 and 2021,
particularly in biologic drug intervention trials. However, relatively small trial sizes, un-
derrepresentation of minority groups (non-white populations, populations of regions other
than North America/Europe, and low- to lower/upper-middle-income countries), and
disparities in outcome reporting were observed across Hl-antihistamine-refractory CSU
clinical trials. To close the evidence gap in H1-antihistamine-refractory CSU clinical trials,
strategies for improving clinical trials and participant enrollment and standardizing core
outcome sets for trial reporting are needed.
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