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Abstract: No head-to-head trials have compared the efficacy and safety between the licensed dosage
and administration dosage of dupilumab and benralizumab for inadequately controlled asthma.
We conducted an indirect treatment comparison to estimate differences in the efficacy and safety
between dupilumab and benralizumab for inadequately controlled asthma using the Bayesian
approach. The primary efficacy endpoint was annual exacerbation rate (AER). A subgroup analysis
by blood eosinophil count was also performed. The primary safety endpoint was the incidence
of any adverse events (AAEs). The results demonstrate that there was no significant difference
in the AER between dupilumab and benralizumab in overall patients and the subgroup with the
blood eosinophil count of <150. However, the AER was significantly lower in the dupilumab
group than in the benralizumab group in the subgroup with a blood eosinophil count of ≥150
but <300, and ≥300 with the rate ratio and 95% credible interval of 0.51 (0.29–0.92) and 0.58
(0.39–0.84), respectively. There was no significant difference in the AAEs between the dupilumab and
benralizumab groups. This indirect treatment comparison indicates that dupilumab is superior to
benralizumab in patients with inadequately controlled asthma having higher blood eosinophil counts.
A direct comparison is required to provide definitive evidence. Systematic Review Registration:
UMIN-CTR no. UMIN000036256.
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1. Introduction

Bronchial asthma is estimated to affect 300 million patients worldwide, and thus, is a major
global health and public health problem [1]. The Global Initiative for Asthma (GINA), a global
asthma guideline, recommends a so-called “graded method” for increasing the number of inhaled
steroids and β2 stimulants that are combined until adequate control is achieved to treat these asthma
patients [2]. However, there are patients with severe asthma that cannot achieve asthma control
(approximately 5% of all asthma patients) even with a combination of leukotriene receptor antagonist
(LTRA), theophylline, and several oral asthma medications, such as oral corticosteroids, in addition
to the maximum volume of inhaled corticosteroids (ICS)/long acting beta-2 stimulant (LABA) [3–5].
Several treatment options are already available and are widely used by patients with uncontrolled
asthma [6–8]. These include biological agents such as anti-IgE antibody (omalizumab), anti-interleukin-
(IL)-5 antibody (mepolizumab), and anti-IL-5 receptor α subunit -(IL-5Rα) antibody (benralizumab) [9],
which are only effective for patients with specific characteristics, such as an atopic phenotype or
eosinophilic phenotype; thus, these agents can only be used by a limited population [10,11]. That is, the
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patient population that can expect an improvement in lung function, a reduction in asthmatic attack
frequency, an improvement in symptom score, etc., by these biological treatments is relatively limited.
Therefore, there is a need for agents that can be highly effective for a broader patient population [12].

In this context, recently, an anti-IL-4 receptor α subunit (IL-4Rα) antibody (dupilumab) was
approved and is available for patients with asthma when standard treatment cannot provide adequate
asthma control. Dupilumab is profoundly involved in the amelioration of asthma by specifically
binding to IL-4Rα shared by the IL-4 and IL-13 receptor complexes, inhibiting their signaling [13–20].
A recent phase III trial showed that dupilumab reduced the frequency of asthma exacerbation in not
only asthma patients with high blood eosinophil count, but also in those with a relatively lower blood
eosinophil count compared to patients administered conventional biologics [21]. These results suggest
that dupilumab might be effective for a wide range of patients. However, although it is expected
to be indicated in more asthma patients than conventional biological agents, some patients may be
considered for treatment with multiple biological agents. For such patients, clinicians need to consider
which biological agents to use (i.e., what biological agents are most likely to be effective).

Few direct head-to-head randomized controlled trials (RCTs) comparing the efficacy of dupilumab
to existing biological agents have been performed. Thus, when clinicians consider the use of biologics
for asthma patients for whom standard treatment does not provide adequate control, the data
underlying drug selection are currently inadequate. A comparison of the efficacy and safety of multiple
biological products to each other is therefore warranted [22], especially with dupilumab and existing
antibody formulations such as mepolizumab and benralizumab. This is because data accumulated
as a result of the comparison may provide clinicians with the guidance needed to select biological
agents. Mepolizumab and benralizumab have been shown to be more effective for patients with
higher blood eosinophil count (blood eosinophil count ≥300) [23–26]. Thus, the results of a study
comparing dupilumab to biological agents such as mepolizumab and benralizumab via a blood
eosinophil count subgroup, are expected to more clearly reveal the factors that are important when
making formulation choices.

We specifically focused on comparing the efficacy of dupilumab and benralizumab, which are
receptor subunit antibodies, on inadequately controlled asthma [27,28]. From a clinical application
viewpoint, it was desirable that these comparisons be performed at the licensed dosage and
administration. Furthermore, analysis results comparing these drugs by blood eosinophil count
were considered useful information for clinicians to select drugs based on blood eosinophil count.
With this point of view, we conducted a Bayesian network meta-analysis and compared the efficacy
and safety of licensed doses of dupilumab and benralizumab administered to uncontrolled, persistent
asthma cases via a blood eosinophil count subgroup. Although head-to-head RCTs may be the preferred
method to compare efficacy and safety between drugs, they are generally costly, time consuming,
and tedious to perform. In contrast, indirect treatment comparisons (ITCs) can be performed in the
absence of a head-to-head RCT and may deliver much needed information to clinicians more quickly
than RCTs [29]. Using a Bayesian network meta-analysis, it is possible to perform indirect comparison
via a common comparison drug (usually a placebo group) [29]. If there is no direct comparison,
the results of the analysis are expected to provide useful evidence for clinicians to select biological
agents. The aim of the present study was to indirectly compare the efficacy and safety of dupilumab
and benralizumab at the licensed dosage and administration by blood eosinophil counts using the
statistical method of the Bayesian network meta-analysis.

2. Results

2.1. Systematic Review

By performing a systematic literature review, 557 studies were identified (348 from PubMed,
146 from Embase, 31 from CENTRAL, and 32 from SCOPUS), of which 436 articles were retained
after duplicates were removed. Among these, three studies were identified based on the patients,
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interventions, comparison, outcomes, and study design (PICOS) criteria; these included one
dupilumab study (LIVERTY ASTHMA QUEST) [21] and two benralizumab studies (CALIMA and
SIROCCO [23,24]). These three studies were considered eligible and were included in the analysis.
The study selection process is shown in Figure 1.

Figure 1. Preferred reporting items for systematic reviews and meta-analyses flow diagram of the
study selection.

The main characteristics of the included studies are shown in Supplementary Table S1. In these RCTs,
there were multiple treatment arms set for different dosages and administrations, but only the arms of
licensed dosage and administration and matched placebo arms (total number of patients = 2640) were
included in the present analysis. Although data of the included studies were available for an ITC
analysis of one pre-defined primary efficacy endpoint (AER), there were insufficient data for an ITC
analysis of two pre-defined secondary efficacy endpoints (change in forced expiratory volume at 1.0 s
(FEV1.0) and AQLQ score). This is because the data reported in the included studies for the licensed
dose of dupilumab were insufficient to analyze the patient group with the blood eosinophil count of
≥150 but <300, and <150. The ITC analysis of these secondary efficacy endpoints was performed only
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in the overall population and in the subpopulation with a blood eosinophil count of ≥300. This did not
pose a problem for the comparison of efficacy between dupilumab and benralizumab in patients with
a higher blood eosinophil count, which we were most interested in. As a result of this assessment, the
model convergence condition using the BCR diagnostic method, the preferred model convergence,
was confirmed in the analysis. A network map of this ITC is presented in Figure 2.

Figure 2. Network of the indirect treatment comparison performed in this study. The randomized
controlled trials included in this analysis are shown as solid lines with their thickness representing the
number of included studies. s.c., subcutaneous; RCT, randomized controlled trial.

2.2. Primary Efficacy Endpoint

AER

Dupilumab and benralizumab reduced the AER compared with that of the placebo with the
respective rate ratio (RR) and 95% credible interval (CrI) of 0.54 (0.43–0.67) and 0.65 (0.55–0.77) in the
overall population and 0.32 (0.24–0.45) and 0.57 (0.46–0.70) in the subgroup with the blood eosinophil
count of ≥300 (Figure 3A,B). In the subgroup with blood eosinophil ≥150 and <300, dupilumab reduced
AER compared to placebo with RR and 95% CrI of 0.40 (0.26 to 0.61), whereas benralizumab did not
show a significant AER difference compared to placebo (RR and 95% CrI of 0.77 (0.52 to 1.15); Figure 3C).
In the sub-group with a blood eosinophil count of <150, neither dupilumab nor benralizumab showed
a significant difference in AER compared to the placebo with RR and 95% CrI of 1.15 (0.75 to 1.72)
and 0.73 (0.48 to 1.10), respectively (Figure 3D). The comparison between the drugs showed that AER
was significantly better in the dupilumab group than the benralizumab group for the subgroup with
a blood eosinophil count of ≥300 and a blood eosinophil count of ≥150 but <300 with RR and 95%
CrI of 0.58 (0.39 to 0.84) and 0.51 (0.29 to 0.92), respectively (Figure 3B,C). We found no significant
difference in the AER between both drugs in the overall population and in the subgroup with the blood
eosinophil count of <150 with the RR and 95% CrI of 0.83 (0.62–1.09) and 1.57 (0.73–2.82), respectively
(Figure 3A,D).
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Figure 3. Comparative efficacy in annualized exacerbation rate (AER) of dupilumab 300 mg (loading
dose, 600 mg) when administered subcutaneously every 2 weeks and benralizumab 30 mg administered
subcutaneously every 8 weeks (first three doses administered every 4 weeks). Data are expressed as
rate ratio and 95% credible intervals (CrIs). (A) Comparison in the overall population, (B) comparison
in the patient subgroup with the blood eosinophil count of ≥300, (C) comparison in the patient group
with the blood eosinophil count of ≥150 but <300, (D) comparison in the patient group with the blood
eosinophil count of <150; DUP, dupilumab; BENRA, benralizumab; PBO, placebo.

2.3. Secondary Efficacy Endpoint

Changes in FEV1.0 and AQLQ Score from Baseline

The changes in FEV1.0 from the baseline for the dupilumab and benralizumab groups were
significantly better than those for the placebo with the respective mean difference (MD) and 95% CrI of
0.130 (0.068–0.194) and 0.099 (0.051–0.146) in the overall population, and 0.251 (0.155–0.347) and 0.146
(0.088–0.204) in the subgroup with the blood eosinophil count of ≥300 (Figure 4A,B). The comparison
of the two drugs showed no significant difference in the change in FEV1.0 from the baseline in the
overall population and the subgroup with the blood eosinophil count of ≥300 (Figure 4A,B).
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Figure 4. Comparative efficacy in the change in FEV1.0 of dupilumab 300 mg (loading dose, 600 mg)
when administered subcutaneously every 2 weeks and benralizumab 30 mg administered every
8 weeks (first three doses administered every 4 weeks). Data are expressed as mean difference (MD)
(L) and 95% credible interval (CrI). (A) Comparison in the overall population, (B) comparison in the
patient subgroup with the blood eosinophil count of ≥300; DUP, dupilumab; BENRA, benralizumab;
PBO, placebo.

The changes in AQLQ score from baseline in the dupilumab group and benralizumab group were
significantly better than the placebo with respective MD and 95% CrI of 0.261(0.111 to 0.408) and 0.220
(0.106 to 0.333) in the overall population, and 0.342 (0.120 to 0.565) and 0.300 (0.161 to 0.439) in the
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subgroup with a blood eosinophil count of ≥300 (Figure 5A,B). The comparison between the two drugs
showed no significant difference in the AQLQ score from the baseline in the overall population and the
subgroup with the blood eosinophil count of ≥300 with the MD and 95% CrI of 0.041 (−0.145 to 0.227)
and 0.042 (−0.220 to 0.304), respectively (Figure 5A,B).

Figure 5. Comparative efficacy in the change in AQLQ score of dupilumab 300 mg (loading dose,
600 mg) when administered subcutaneously every 2 weeks and benralizumab 30 mg administered
every 8 weeks (first three doses administered every 4 weeks). Data are expressed as mean difference
(MD) and 95% credible interval (CrI). (A) Comparison in the overall population, (B) comparison in the
patient subgroup with the blood eosinophil count of ≥300; DUP, dupilumab; BENRA, benralizumab;
PBO, placebo.

2.4. Primary and Secondary Safety Endpoint

Incidence of AAE and SAE

There were no significant differences in the incidence of AAEs between dupilumab or benralizumab
and placebo, with the odds ratio (OR) and 95% CrI of 0.830 (0.591–1.165) and 0.811 (0.619–1.061),
respectively, and between dupilumab and benralizumab with the OR and 95% CrI of 1.023 (0.688–1.526)
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(Figure 6A), and there were no significant differences in the incidence of any SAEs between dupilumab
or benralizumab and placebo, with OR and 95% CI of 1.039 (0.657 to 1.639) and 0.787 (0.550 to 1.129),
respectively, and between dupilumab and benralizumab, with 1.319 (0.768–2.265) (Figure 6B).

Figure 6. Comparative safety in the incidence of any adverse events (A), and any severe adverse events
(B) of dupilumab 300 mg (loading dose, 600 mg) when administered subcutaneously every 2 weeks and
benralizumab 30 mg administered every 8 weeks (first three doses administered every 4 weeks), in the
overall population. Data are expressed as odds ratio and 95% credible interval (CrI); DUP, dupilumab;
BENRA, benralizumab; PBO, placebo.
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2.5. Bias Assessment

Evaluating the risk of bias using the Cochrane risk of bias tool revealed a low risk of bias for all
studies included in this analysis. The risk of bias graph and risk of bias summary are presented in
Figure 7A,B.

Figure 7. Risk of bias graph (A): review of authors’ judgements regarding each risk of bias item
presented as percentages across all included studies. The risk of bias summary (B): review of authors’
judgements regarding each risk of bias item for each included study.

3. Discussion

The present ITC compared the efficacy and safety of dupilumab and benralizumab in patients
with inadequately controlled asthma. The studies included in this ITC were obtained via a systematic
literature review conducted in accordance with generally accepted methodologies (i.e., Preferred
Reporting Items for Systematic reviews [PRISMA] guidelines) [30] and further adapted the PICOS
framework eligibility criteria. The licensed dosage and administration of dupilumab and benralizumab
in patients with uncontrolled asthma were interpreted using the statistical method of Bayesian network
meta-analysis based on the results of the included phase III studies. Currently, there are several
biologics available for patients with uncontrolled asthma who are often eligible for multiple biological
treatments. It is important and meaningful to compare the efficacy and safety of dupilumab and
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benralizumab, which can help clinicians in drug prescription. A recent review of severe asthma
emphasized the importance of comparing the effects of biological agents [22].

In the overall population, AER, which is the primary endpoint, did not differ significantly between
dupilumab and benralizumab. A subgroup analysis by eosinophil count also showed no significant
difference in AER between dupilumab and benralizumab in the group of <150; however, in the
subgroup with blood eosinophil count ≥150 and <300, and ≥300, AER was significantly better in
the dupilumab group compared to the benralizumab group. Changes in FEV1.0 and AQLQ score
from baseline were analyzed in the overall population and in the subgroup with blood eosinophil
count of ≥300. The results reveal that the changes from baseline (i.e., FEV1.0 and AQLQ score) were
significantly better than placebo, with no significant difference between the two drugs. Regarding
safety profiles, there was no significant difference between the two drugs for the incidence of AAEs,
any SAE, and death caused by AAEs.

In a phase III trial included in this study, dupilumab and benralizumab significantly improved
AER compared to placebo in the patient group with blood eosinophil count of ≥300. In the group
with blood eosinophils of ≥150 but <300, dupilumab had a significantly better AER compared to
placebo, but there was no significant difference in AER compared to placebo for benralizumab in this
subgroup [21,23,24]. As expected, in the group with blood eosinophils ≥150 and <300, dupilumab
displayed a better efficacy profile for AER than benralizumab. Although there is very little evidence
on the comparison of dupilumab and benralizumab in groups with >300 blood eosinophils, the results
of our indirect comparison, for the first time, indicate that dupilumab significantly improve AER
compared to benralizumab in the group with blood eosinophil count of ≥300.

Similarly, in a phase III trial of uncontrolled persistent asthma which we included in this
study [21,23,24], dupilumab and benralizumab statistically significantly improved FEV1.0 and AQLQ
scores compared to placebo, respectively, particularly in the group with blood eosinophil count of
>300. In our indirect comparison, data of FEV1.0 and AQLQ scores from the included studies were
available only in the analysis of the overall population and subgroups with blood eosinophil count
of ≥300. Although we did not find any significant difference in FEV1.0 and AQLQ scores between
these drugs, this indirect comparison revealed that in terms of change in FEV1.0, dupilumab had a
better tendency than benralizumab in subgroups with blood eosinophil count of ≥300. Although the
safety profiles of both treatments are similar, eosinophilia was reported as a minor adverse event in the
Dupilumab Phase III trial, specifically in the dupilumab group. These results indicate that additional
clinical studies are needed to assess the safety of dupilumab.

In this analysis, dupilumab showed a better efficacy profile than benralizumab, especially in the
high blood eosinophil group. This result may be explained by molecular biology. The IL-5 receptor is a
protein complex belonging to the type I cytokine receptor family and is located at the cell membrane [31].
Various signaling pathways including Ras-MAP kinase, JAK-STAT, PI3-kinase, and Src family kinases
are activated by the binding of the IL-5 ligand to the extracellular domain of the IL-5 receptor [31,32].
These signaling pathways play a key role in infiltration into the airway tissue and are implicated in the
pathogenesis of bronchial asthma [32]. Benralizumab is a fucose-deficient humanized immunoglobulin
G subclass 1, κ isotype (IgG1κ) monoclonal antibody that specifically shows a high binding affinity for
human IL-5Rα [33]. Due to fucose deficiency in the Fc domain, benralizumab exhibits a high affinity
(dissociation constant: 45.5 nM) for FcγRIIIa. Benralizumab induces antibody-dependent cytotoxicity,
which triggers apoptosis of eosinophils and basophils expressing IL-5Rα [33,34]. However, type 2
inflammation, which is closely related to the intractability and severity of bronchial asthma, is known to
involve not only IL-5 and its downstream signals but also various inflammatory cytokines. IL-5 plays
only a limited role in mediating type 2 inflammation [13,15]. In contrast, IL-4 and IL-13 are chiefly
produced by CD4+ Th2 and type 2 innate lymphoid cells. They play a key role in type 2 inflammation
and are predominantly responsible for many changes, including inflammatory and structural changes
that characterize the pathogenesis of asthma [35–37]. In fact, IL-4 and IL-13 promote the switching
of Ig class from IgM antibodies to IgE in the B lymphocytes, induce retractility of airway smooth
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muscle via synthesis of eotaxin, and recruit eosinophils to the airways [38–40]. IL-13 also enhances
airway remodeling in asthma by inducing the transformation of bronchial fibroblasts to myofibroblasts;
in addition, it promotes hyperplasia of goblet cells, stimulates proliferation of airway smooth muscle
cells, and induces collagen deposition (Figure 8).

Figure 8. IL-4 and IL-13 are chiefly produced by CD4 + Th2 and type 2 innate lymphocytes. They play
a vital role in type 2 inflammation, which is deeply involved in the typical inflammation as well as
structural changes that characterize the pathogenesis of asthma.

A heterodimeric receptor complex consisting of IL-4Rα and IL-13 receptor α1 subunit (IL-13Rα1) is
activated by IL-4 and IL-13. These heterodimeric receptor complexes are not only frequently expressed
in eosinophils, but also in basophils, lymphocytes, monocytes/macrophages, dendritic cells, fibroblasts,
bronchial epithelial cells, endothelial cells; these play an important biological role [41–44]. IL-5 is a
cytokine with high specificity for eosinophils while IL-4 and IL-13 are highly diverse cytokines that
not only affect inflammatory cells, but also constitutive cells. In our indirect comparison, dupilumab
resulted in a relatively better improvement, although not significant, in respiratory function than
benralizumab in subgroup with higher blood eosinophil counts. This may reflect the effect of dupilumab
on bronchial smooth muscle. IL-4 and IL-13 play a central role in the pathophysiology of asthma
and could be very promising and appropriate targets for specific and effective new therapies [45,46].
The molecular biological mechanisms may explain the superiority of dupilumab to benralizumab.
As this analysis is an indirect comparison, it is rather difficult to draw definitive conclusions from
the results attained; however, they may suggest the superiority of dupilumab to benralizumab in
patients with inadequately controlled asthma. As asthma is a rather diverse disease, patients with high
blood eosinophil counts may not display a better efficacy with dupilumab than with benralizumab.
In addition, in a specific patient population, benralizumab may be more effective than dupilumab.
Therefore, future research that seeks to find the characteristics of patients that display more effective
results with benralizumab than dupilumab might be desired.

Our present ITC had several limitations. First, there were inconsistencies between studies.
Moderate to severe bronchial asthma patients diagnosed by the GINA guidelines were included in
the Dupilumab Phase III trial but only patients with severe illness were included in the benralizumab
group. That is, the inclusion criteria with respect to disease severity differed between the two drugs.
In particular, the benralizumab group had at least two exacerbations per year, while the dupilumab
group had at least one exacerbation per year. Biologics have been reported to be particularly effective
in patients with more severe disease and in those with more frequent exacerbations. If the severity
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or frequency of exacerbations is standardized among the studies, the difference in efficacy between
the two drug groups is expected to be more pronounced. Thus, heterogeneity among studies was
not considered to affect the final conclusion of our analysis, which suggested that dupilumab is
superior to benralizumab. Second, an analysis was performed for multiple endpoints, but the asthma
control questionnaire (ACQ) score and the reduction effect of hospitalization could not be included
as endpoints. The AER, which is the endpoint included in this analysis, is considered to be the most
important and a highly relevant endpoint, not only for the patient’s medical condition, but also from
the aspect of healthcare economics.

In summary, this study compared the efficacy and safety of dupilumab and benralizumab in
patients with poorly controlled persistent asthma. In the eosinophil high level group, dupilumab
was found to display a better efficacy profile than benralizumab and was generally well tolerated.
Considering that this analysis is an indirect comparison, a further verification, such as an RCT by direct
comparison, is required to confirm the results reported herein.

4. Materials and Methods

4.1. Systematic Review

To identify published RCTs of dupilumab and benralizumab from 1946 to the present, we conducted
a comprehensive literature search of PubMed (MEDLINE), Embase, Cochrane Central Register of
Controlled Trials (CENTRAL), and SCOPUS using search terms such as “asthma”, “dupilumab”,
and “benralizumab”. The search strategy for PubMed is described in Supplementary Table S2. The same
search strategy was used to search Embase, CENTRAL, and SCOPUS. This systematic review of the
literature is mainly intended to identify all publicly available RCTs to support the comparison of efficacy
and safety between dupilumab and benralizumab in patients with inadequately controlled asthma. To
identify all relevant eligible studies and minimize publication bias, a review of the references presented
in the articles and a manual search of relevant articles were performed. This systematic review process
was conducted in accordance with PRISMA guidelines [30]. The inclusion and exclusion criteria
for predefined PICOS were adapted for the studies retrieved in this systematic review to address
the clinical or methodological heterogeneity between studies and to ensure quality of the indirect
comparison analysis.

4.2. Quality Evaluation

The risk of bias tool recommended by the Cochrane Collaboration [47] was used to assess
the qualities of RCTs included in the present analysis. Several parameters: (1) random sequence
generation; (2) allocation concealment; (3) blinding of participants and personnel; (4) blinding of
outcome assessment; (5) incomplete outcome data; (6) selective reporting; and/or (7) other bias, were
assessed as high, unclear, or low.

4.3. Inclusion and Exclusion Criteria (Pre-Defined PICOS)

Patients

To be included in this analysis, the patient group had to meet the following criteria: adolescent
or adult patients with asthma who met the GINA guidelines diagnostic criteria of 12 years of age or
older [2]; patients with moderate-to-severe persistent asthma who received 200 µg/day fluticasone
or an equivalent or more ICS with at least one clinically significant episode (require administration
of systemic steroids or consultation at an emergency outpatient center or admission); FEV1.0 before
bronchodilator administration of less than 80% (an adolescent with less than 90% was acceptable);
FEV1.0 reversibility after administration of short-acting beta-2 agonist of ≥12%, or ≥200 mL; and the
ACQ score of ≥1.5 before inclusion. The exclusion criteria were patients under 12 years of age, current
smokers, or COPD patients.
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4.4. Interventions/Comparisons

Treatments eligible for this analysis (ITC) were dupilumab 300 mg every 2 weeks (first
administration with 600 mg as loading dose) and benralizumab 30 mg every 8 weeks (every 4 weeks
for the first three administrations), which are licensed dosages and administrations; included studies
should have had either of these as a treatment group. The common comparative group in the dupilumab
studies and benralizumab studies was assumed to be placebo.

4.5. Outcomes

The primary efficacy endpoint was the frequency of clinically significant exacerbations.
Clinically significant exacerbation was defined as exacerbation requiring systemic corticosteroid
treatment, hospital admission, or emergency clinic visits. The result is expressed as AER. Secondary
efficacy endpoints were changes in FEV1.0 and asthma quality of life questionnaire (AQLQ) score from
baseline. In addition to an analysis of the overall population, a subgroup analysis by blood eosinophil
count was performed in each group with blood eosinophils of ≥300, ≥150 but <300, and <150 for these
primary or secondary efficacy outcomes. The primary safety endpoint was incidence of any adverse
event (AAE), and the secondary safety endpoint was incidence of SAE. These pre-defined endpoints
were analyzed only if the data reported in the included studies were available.

4.6. Study Design

Studies eligible for inclusion in this analysis were defined as phase III studies in a double-blind,
parallel group RCT. One or more preset efficacy or safety endpoints should have also been available
for the analysis.

4.7. Statistical Analysis Method of Indirect Comparison

ITCs of dupilumab (300 mg administered subcutaneously, 600 mg administered subcutaneously
as loading dose, every 2 weeks) and benralizumab (30 mg subcutaneously every 8 weeks but every
4 weeks for the first three administrations) for each predefined endpoint via the common comparator
of placebo was performed using the Bayesian network meta-analysis statistical method in accordance
with the established methodology outlined by the National Institute for Health and Care [48–50].
This method is supported not only by the International Society for Pharmacoeconomics and Outcome
Research (ISPOR) guidelines for indirect comparison and network meta-analysis, but the National
Institute for Health and Clinical Excellence and Haute Autorité de Santé [51,52]. In the absence of
direct comparison RCTs, the methodology of indirect comparison is useful for comparing treatment
regimens [29]. In this analysis, we performed an indirect comparison by using statistical methods of
Bayesian network meta-analysis with the random effect model. This statistical method is considered to
be a well established statistical method of ITC [53,54], and in a broad range of fields, many reports of ITC
using this statistical method have been described previously [55–61]. An analysis was performed not
only in the overall population, but in the limited population with blood eosinophils of ≥300, ≥150 but
<300, and <150 as subgroup analysis. In this Bayesian analysis, the posterior distribution of treatment
effects was estimated by Gibbs sampling using the Markov chain Monte Carlo method. The treatment
effect is expressed as the RR, MD, and OR with 95% CrIs. If the number of included clinical trials is
small and the number of subjects is high, the National Institute for Health and Clinical Excellence
recommends that a non-informative prior distribution be used for Bayesian analysis [62]. The present
analysis was intended to be based on Phase III trials and was assumed to involve many patients.
However, the number of included studies was limited and the non-informative prior distribution was
assumed for all treatment effects. We used Gould’s method in the present ITC [63]. Iteration was
performed 50,000 times with the first 10,000 taken as burn-in samples. We derived 95% CrI from 2.5 and
97.5% of the posterior distribution. Results were interpreted as not significant if the 95% CrI exceeded
the ineffective line (i.e., if the RR or OR was 1 and MD was 0). The Brooks-Gelman-Rubin (BGR)
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diagnostic method was used to assess model convergence [64,65]. The analysis was performed using
OpenBUGS 1.4.0 (MRC Biostatistics Unit, Cambridge Public Health Research Institute, Cambridge,
UK). STATA (ver14.College Station, TX) was used to create graphics for the presentation of the results.

4.8. Ethical Aspects

Institutional review board approval and patient consent were not required and were thus waived
due to the nature of the review performed in this study.

5. Conclusions

In this study, we compared the efficacy and safety of dupilumab and benralizumab in patients
with inadequately controlled asthma. Dupilumab revealed a better efficacy profile than benralizumab
in the group with a high eosinophil count, and it was generally well tolerated. Considering that this
analysis is an indirect comparison, a further analysis, such as an RCT by direct comparison, is required
to confirm the results reported herein.
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Author Contributions: Conceptualization and design of the study, K.A. and A.T.; Methodology, K.A.; Software,
K.A.; Validation, K.A.; Formal Analysis, K.A.; Investigation, K.A.; Resources, K.A.; Data Curation, K.A.;
Writing—Original Drafting the article, K.A.; Writing—Review and Editing, A.T.; Visualization, K.A.; Supervision
and final approval of the version to be submitted, H.S.; Project Administration, H.S.; Funding Acquisition, K.A.
All authors have read and agree to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We would like to thank Hisashi Noma of The Institute of Statistical Mathematics for his
statistical advice. This research received no external funding.

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

Abbreviations

AAE any adverse event
ACQ asthma control questionnaire
AER annualized exacerbation rate
AQLQ asthma quality of life questionnaire
BCR Brooks-Gelman-Rubin
BENRA benralizumab
CrI credible interval
DUP dupilumab
FEV1.0 forced expiratory volume at 1.0 s
GINA Global Initiative for Asthma
ICS inhaled corticosteroid
IL-4Rα interleukin-4 receptor alfa
IL-5Rα interleukin-5 receptor alfa
ISPOR International Society for Pharmacoeconomics and Outcome Research
ITC indirect treatment comparison
LABA long acting beta-2 agonist
LTRA leukotriene receptor antagonist
MD mean difference
OR odds ratio
PBO placebo
PRISMA Preferred Reporting Items for Systematic reviews
RCT randomized controlled trial
RR rate ratio
SAE severe adverse event

http://www.mdpi.com/1422-0067/21/3/889/s1


Int. J. Mol. Sci. 2020, 21, 889 15 of 18

References

1. To, T.; Stanojevic, S.; Moores, G.; Gershon, A.S.; Bateman, E.D.; Cruz, A.A.; Boulet, L. Global asthma
prevalence in adults: Findings from the cross-sectional world health survey. BMC Public Health 2012, 12, 204.
[CrossRef] [PubMed]

2. Becker, A.B.; Abrams, E.M. Asthma guidelines: The Global Initiative for Asthma in relation to national
guidelines. Curr. Opin. Allergy Clin. Immunol. 2017, 17, 99–103. [CrossRef] [PubMed]

3. Bateman, E.D.; Boushey, H.A.; Bousquet, J.; Busse, W.W.; Clark, T.J.; Pauwels, R.A.; Pedersen, S.E. Can
guideline-defined asthma control be achieved? The Gaining Optimal Asthma Control study. Am. J. Respir.
Crit. Care Med. 2004, 170, 836–844. [CrossRef] [PubMed]

4. Hermosa, J.L.; Sanchez, C.B.; Rubio, M.C.; Minguez, M.M.; Walther, J.L. Factors associated with the control
of severe asthma. J. Asthma 2010, 47, 124–130. [CrossRef] [PubMed]

5. Peters, S.P.; Ferguson, G.; Deniz, Y.; Reisner, C. Uncontrolled asthma: a review of the prevalence, disease
burden and options for treatment. Respir. Med. 2006, 100, 1139–1151. [CrossRef] [PubMed]

6. Barnes, P.J. Cytokine-directed therapies for asthma. J. Allergy Clin. Immunol. 2001, 108, S72–S76. [CrossRef]
[PubMed]

7. Dunn, R.M.; Wechsler, M.E. Anti-interleukin therapy in asthma. Clin Pharmacol. Ther. 2015, 97, 55–65.
[CrossRef] [PubMed]

8. Wechsler, M.E. Getting control of uncontrolled asthma. Am. J. Med. 2014, 127, 1049–1059. [CrossRef]
9. Chung, K.F. Targeting the interleukin pathway in the treatment of asthma. Lancet. 2015, 386, 1086–1096.

[CrossRef]
10. Fajt, M.L.; Wenzel, S.E. Asthma phenotypes and the use of biologic medications in asthma and allergic

disease: the next steps toward personalized care. J. Allergy Clin. Immunol. 2015, 135, 299–310. [CrossRef]
11. Olin, J.T.; Wechsler, M.E. Asthma: Pathogenesis and novel drugs for treatment. BMJ 2014, 349, g5517.

[CrossRef] [PubMed]
12. Mitchell, P.D.; El-Gammal, A.I.; O’Byrne, P.M. Emerging monoclonal antibodies as targeted innovative

therapeutic approaches to asthma. Clin Pharmacol. Ther. 2016, 99, 38–48. [CrossRef] [PubMed]
13. Gandhi, N.A.; Bennett, B.L.; Graham, N.M.; Pirozzi, G.; Stahl, N.; Yancopoulos, G.D. Targeting key proximal

drivers of type 2 inflammation in disease. Nat. Rev. Drug Discov. 2016, 15, 35–50. [CrossRef] [PubMed]
14. Biedermann, T.; Skabytska, Y.; Kaesler, S.; Volz, T. Regulation of T cell immunity in atopic dermatitis by

microbes: The Yin and Yang of cutaneous inflammation. Front Immunol. 2015, 6, 353. [CrossRef]
15. Wynn, T.A. Type 2 cytokines: mechanisms and therapeutic strategies. Nat. Rev. Immunol. 2015, 15, 271–282.

[CrossRef]
16. Bai, B.; Yamamoto, K.; Sato, H.; Sugiura, H.; Tanaka, T. Complex regulation of S100A8 by IL-17, dexamethasone,

IL-4 and IL-13 in HaCat cells (human keratinocyte cell line). J. Dermatol. Sci. 2007, 47, 259–262. [CrossRef]
17. Guttman-Yassky, E.; Nograles, K.E.; Krueger, J.G. Contrasting pathogenesis of atopic dermatitis and

psoriasis—Part II: Immune cell subsets and therapeutic concepts. J. Allergy Clin. Immunol. 2011, 127,
1420–1432. [CrossRef]

18. Noda, S.; Krueger, J.G.; Guttman-Yassky, E. The translational revolution and use of biologics in patients with
inflammatory skin diseases. J. Allergy Clin Immunol. 2015, 135, 324–336. [CrossRef]

19. Gittler, J.K.; Shemer, A.; Suarez-Farinas, M.; Fuentes-Duculan, J.; Gulewicz, K.J.; Wang, C.Q.; Mitsui, H.;
Cardinale, I.; de Guzman Strong, C.; Krueger, J.G.; et al. Progressive activation of T(H)2/T(H)22 cytokines
and selective epidermal proteins characterizes acute and chronic atopic dermatitis. J. Allergy Clin. Immunol.
2012, 130, 1344–1354. [CrossRef]

20. Guttman-Yassky, E.; Dhingra, N.; Leung, D.Y. New era of biologic therapeutics in atopic dermatitis. Expert
Opin. Biol. Ther. 2013, 13, 549–561. [CrossRef]

21. Castro, M.; Corren, J.; Pavord, I.D.; Maspero, J.; Wenzel, S.; Rabe, K.F.; Busse, W.W.; Ford, L.; Sher, L.;
FitzGerald, G.M.; et al. Dupilumab efficacy and safety in moderate-to-severe uncontrolled asthma. N. Engl.
J. Med. 2018, 378, 2486–2496. [CrossRef] [PubMed]

22. Patterson, M.F.; Borish, L.; Kennedy, J.L. The past, present, and future of monoclonal antibodies to IL-5 and
eosinophilic asthma: A review. J. Asthma Allergy 2015, 8, 125–134. [PubMed]

http://dx.doi.org/10.1186/1471-2458-12-204
http://www.ncbi.nlm.nih.gov/pubmed/22429515
http://dx.doi.org/10.1097/ACI.0000000000000346
http://www.ncbi.nlm.nih.gov/pubmed/28118238
http://dx.doi.org/10.1164/rccm.200401-033OC
http://www.ncbi.nlm.nih.gov/pubmed/15256389
http://dx.doi.org/10.3109/02770900903518835
http://www.ncbi.nlm.nih.gov/pubmed/20170317
http://dx.doi.org/10.1016/j.rmed.2006.03.031
http://www.ncbi.nlm.nih.gov/pubmed/16713224
http://dx.doi.org/10.1067/mai.2001.116435
http://www.ncbi.nlm.nih.gov/pubmed/11498676
http://dx.doi.org/10.1002/cpt.11
http://www.ncbi.nlm.nih.gov/pubmed/25670383
http://dx.doi.org/10.1016/j.amjmed.2014.05.006
http://dx.doi.org/10.1016/S0140-6736(15)00157-9
http://dx.doi.org/10.1016/j.jaci.2014.12.1871
http://dx.doi.org/10.1136/bmj.g5517
http://www.ncbi.nlm.nih.gov/pubmed/25420994
http://dx.doi.org/10.1002/cpt.284
http://www.ncbi.nlm.nih.gov/pubmed/26502193
http://dx.doi.org/10.1038/nrd4624
http://www.ncbi.nlm.nih.gov/pubmed/26471366
http://dx.doi.org/10.3389/fimmu.2015.00353
http://dx.doi.org/10.1038/nri3831
http://dx.doi.org/10.1016/j.jdermsci.2007.06.001
http://dx.doi.org/10.1016/j.jaci.2011.01.054
http://dx.doi.org/10.1016/j.jaci.2014.11.015
http://dx.doi.org/10.1016/j.jaci.2012.07.012
http://dx.doi.org/10.1517/14712598.2013.758708
http://dx.doi.org/10.1056/NEJMoa1804092
http://www.ncbi.nlm.nih.gov/pubmed/29782217
http://www.ncbi.nlm.nih.gov/pubmed/26604804


Int. J. Mol. Sci. 2020, 21, 889 16 of 18

23. Bleecker, E.R.; FitzGerald, J.M.; Chanez, P.; Papi, A.; Weinstein, S.F.; Barker, P.; Sproule, S.; Gilmartin, G.;
Aurivillius, M.; Werkström, V.; et al. Efficacy and safety of benralizumab for patients with severe asthma
uncontrolled with high-dosage inhaled corticosteroids and long-acting beta2-agonists (SIROCCO): A
randomised, multicentre, placebo-controlled phase 3 trial. Lancet 2016, 388, 2115–2127. [CrossRef]

24. FitzGerald, J.M.; Bleecker, E.R.; Nair, P.; Korn, S.; Ohta, K.; Lommatzsch, M.; Ferguson, G.T.; Busse, W.W.;
Barker, P.; Sproule, S.; et al. Benralizumab, an anti-interleukin-5 receptor alpha monoclonal antibody, as
add-on treatment for patients with severe, uncontrolled, eosinophilic asthma (CALIMA): A randomised,
double-blind, placebo-controlled phase 3 trial. Lancet 2016, 388, 2128–2141. [CrossRef]

25. Chupp, G.L.; Bradford, E.S.; Albers, F.C.; Bratton, D.J.; Wang-Jairaj, J.; Nelsen, L.M.; Trevor, J.L.; Magnan, A.;
Ten Brinke, A. Efficacy of mepolizumab add-on therapy on health-related quality of life and markers of
asthma control in severe eosinophilic asthma (MUSCA): A randomised, double-blind, placebo-controlled,
parallel-group, multicentre, phase 3b trial. Lancet Respir. Med. 2017, 5, 390–400. [CrossRef]

26. Goldman, M.; Hirsch, I.; Zangrilli, J.G.; Newbold, P.; Xu, X. The association between blood eosinophil count
and benralizumab efficacy for patients with severe, uncontrolled asthma: Subanalyses of the Phase III
SIROCCO and CALIMA studies. Curr. Med. Res. Opin. 2017, 33, 1605–1613. [CrossRef]

27. Pelaia, C.; Vatrella, A.; Gallelli, L.; Terracciano, R.; Navalesi, P.; Maselli, R.; Pelaia, G. Dupilumab for the
treatment of asthma. Expert Opin. Biol. Ther. 2017, 17, 1565–1572. [CrossRef]

28. Saco, T.V.; Pepper, A.N.; Lockey, R.F. Benralizumab for the treatment of asthma. Expert Rev. Clin. Immunol.
2017, 13, 405–413. [CrossRef]

29. Bucher, H.C.; Guyatt, G.H.; Griffith, L.E.; Walter, S.D. The results of direct and indirect treatment comparisons
in meta-analysis of randomized controlled trials. J. Clin Epidemiol. 1997, 50, 683–691. [CrossRef]

30. Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Gøtzsche, P.C.; Ioannidis, J.P.; Clarke, M.; Devereaux, P.J.;
Kleijnen, J.; Moher, D. The PRISMA statement for reporting systematic reviews and meta-analyses of studies
that evaluate health care interventions: Explanation and elaboration. PLoS Med. 2009, 6, e1000100. [CrossRef]

31. O’Byrne, P.M.; Inman, M.D.; Parameswaran, K. The trials and tribulations of IL-5, eosinophils, and allergic
asthma. J. Allergy Clin. Immunol. 2001, 108, 503–508. [CrossRef] [PubMed]

32. Martinez-Moczygemba, M.; Huston, D.P. Biology of common beta receptor-signaling cytokines: IL-3, IL-5,
and GM-CSF. J. Allergy Clin. Immunol. 2003, 112, 653–665. [PubMed]

33. Kolbeck, R.; Kozhich, A.; Koike, M.; Peng, L.; Andersson, C.K.; Damschroder, M.M.; Reed, J.L.; Woods, R.;
Dall’acqua, W.W.; Stephens, G.L.; et al. MEDI-563, a humanized anti-IL-5 receptor alpha mAb with enhanced
antibody-dependent cell-mediated cytotoxicity function. J. Allergy Clin. Immunol. 2010, 125, 1344–1353.
[CrossRef] [PubMed]

34. Wechsler, M.E.; Fulkerson, P.C.; Bochner, B.S.; Gauvreau, G.M.; Gleich, G.J.; Henkel, T.; Kolbeck, R.;
Mathur, S.K.; Ortega, H.; Petel, J.; et al. Novel targeted therapies for eosinophilic disorders. J. Allergy Clin.
Immunol. 2012, 130, 563–571. [CrossRef]

35. Romeo, M.J.; Agrawal, R.; Pomes, A.; Woodfolk, J.A. A molecular perspective on TH2-promoting cytokine
receptors in patients with allergic disease. J. Allergy Clin. Immunol. 2014, 133, 952–960. [CrossRef]

36. Levine, S.J.; Wenzel, S.E. Narrative review: The role of Th2 immune pathway modulation in the treatment of
severe asthma and its phenotypes. Ann Intern Med. 2010, 152, 232–237. [CrossRef]

37. O’Byrne, P.M. Cytokines or their antagonists for the treatment of asthma. Chest 2006, 130, 244–250. [CrossRef]
38. Izuhara, K.; Arima, K.; Yasunaga, S. IL-4 and IL-13: Their pathological roles in allergic diseases and their

potential in developing new therapies. Curr. Drug Targets Inflamm. Allergy 2002, 1, 263–269. [CrossRef]
39. May, R.D.; Fung, M. Strategies targeting the IL-4/IL-13 axes in disease. Cytokine 2015, 75, 89–116. [CrossRef]
40. Mueller, T.D.; Zhang, J.L.; Sebald, W.; Duschl, A. Structure, binding, and antagonists in the IL-4/IL-13 receptor

system. Biochim. Biophys. Acta 2002, 1592, 237–250. [CrossRef]
41. Oh, C.K.; Geba, G.P.; Molfino, N. Investigational therapeutics targeting the IL-4/IL-13/STAT-6 pathway for

the treatment of asthma. Eur. Respir. Rev. 2010, 19, 46–54. [CrossRef] [PubMed]
42. Steinke, J.W. Current prospective of anti-IL-4, -IL-9, and -IL-13 therapies in allergic disease. Recent Pat.

Inflamm. Allergy Drug Discov. 2010, 4, 222–230. [CrossRef] [PubMed]
43. Gour, N.; Wills-Karp, M. IL-4 and IL-13 signaling in allergic airway disease. Cytokine 2015, 75, 68–78.

[CrossRef] [PubMed]
44. Walsh, G.M. Biologics targeting IL-5, IL-4 or IL-13 for the treatment of asthma—An update. Expert Rev. Clin

Immunol. 2017, 13, 143–149. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(16)31324-1
http://dx.doi.org/10.1016/S0140-6736(16)31322-8
http://dx.doi.org/10.1016/S2213-2600(17)30125-X
http://dx.doi.org/10.1080/03007995.2017.1347091
http://dx.doi.org/10.1080/14712598.2017.1387245
http://dx.doi.org/10.1080/1744666X.2017.1316194
http://dx.doi.org/10.1016/S0895-4356(97)00049-8
http://dx.doi.org/10.1371/journal.pmed.1000100
http://dx.doi.org/10.1067/mai.2001.119149
http://www.ncbi.nlm.nih.gov/pubmed/11590372
http://www.ncbi.nlm.nih.gov/pubmed/14564341
http://dx.doi.org/10.1016/j.jaci.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20513525
http://dx.doi.org/10.1016/j.jaci.2012.07.027
http://dx.doi.org/10.1016/j.jaci.2013.08.006
http://dx.doi.org/10.7326/0003-4819-152-4-201002160-00008
http://dx.doi.org/10.1378/chest.130.1.244
http://dx.doi.org/10.2174/1568010023344661
http://dx.doi.org/10.1016/j.cyto.2015.05.018
http://dx.doi.org/10.1016/S0167-4889(02)00318-X
http://dx.doi.org/10.1183/09059180.00007609
http://www.ncbi.nlm.nih.gov/pubmed/20956165
http://dx.doi.org/10.2174/187221310793564281
http://www.ncbi.nlm.nih.gov/pubmed/20807191
http://dx.doi.org/10.1016/j.cyto.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26070934
http://dx.doi.org/10.1080/1744666X.2016.1216316


Int. J. Mol. Sci. 2020, 21, 889 17 of 18

45. Corry, D.B.; Kheradmand, F. Biology and therapeutic potential of the interleukin-4/interleukin-13 signaling
pathway in asthma. Am. J. Respir. Med. 2002, 1, 185–193. [CrossRef]

46. Dunican, E.M.; Fahy, J.V. The role of type 2 inflammation in the pathogenesis of asthma exacerbations. Ann.
Am. Thorac. Soc. 2015, 12, S144–S149.

47. Higgins, J.P.T.; Green, S. Cochrane Handbook for Systematic Reviews of Interventions; Version 5.1. 0; The Cochrane
Collaboration: Wiley-Blackwell: Hoboken, NJ, USA, 2011.

48. Dias, S.; Sutton, A.J.; Ades, A.; Welton, N.J. Evidence synthesis for decision making 2: A generalized linear
modeling framework for pairwise and network meta-analysis of randomized controlled trials. Med. Decis.
Making 2013, 33, 607–617. [CrossRef]

49. Dias, S.; Sutton, A.J.; Welton, N.J.; Ades, A.E. Evidence synthesis for decision making 3:
Heterogeneity–subgroups, meta-regression, bias, and bias-adjustment. Med. Decis. Making 2013, 33,
618–640. [CrossRef]

50. Dias, S.; Welton, N.J.; Sutton, A.J.; Caldwell, D.M.; Lu, G.; Ades, A.E. Evidence synthesis for decision
making 4: Inconsistency in networks of evidence based on randomized controlled trials. Med. Decis. Making
2013, 33, 641–656. [CrossRef]

51. Jansen, J.P.; Fleurence, R.; Devine, B.; Itzler, R.; Barrett, A.; Hawkins, N.; Lee, K.; Boersma, C.; Annemans, L.;
Cappelleri, J.C. Interpreting indirect treatment comparisons and network meta-analysis for health-care
decision making: report of the ISPOR Task Force on Indirect Treatment Comparisons Good Research Practices:
Part 1. Value Health 2011, 14, 417–428. [CrossRef]

52. Hoaglin, D.C.; Hawkins, N.; Jansen, J.P.; Scott, D.A.; Itzler, R.; Cappelleri, J.C.; Boersma, C.; Thompson, D.;
Larholt, K.M.; Diaz, M.; et al. Conducting indirect-treatment-comparison and network-meta-analysis studies:
Report of the ISPOR Task Force on Indirect Treatment Comparisons Good Research Practices: part 2. Value
Health 2011, 14, 429–437. [CrossRef]

53. Jansen, J.P.; Crawford, B.; Bergman, G.; Stam, W. Bayesian meta-analysis of multiple treatment comparisons:
An introduction to mixed treatment comparisons. Value Health 2008, 11, 956–964. [CrossRef]

54. Lumley, T. Network meta-analysis for indirect treatment comparisons. Stat. Med. 2002, 21, 2313–2324.
[CrossRef] [PubMed]

55. Ford, J.A.; Elders, A.; Shyangdan, D.; Royle, P.; Waugh, N. The relative clinical effectiveness of ranibizumab
and bevacizumab in diabetic macular oedema: An indirect comparison in a systematic review. BMJ 2012,
345, e5182. [CrossRef] [PubMed]

56. Thompson Coon, J.S.; Liu, Z.; Hoyle, M.; Rogers, G.; Green, C.; Moxham, T.; Welch, K.; Stein, K. Sunitinib
and bevacizumab for first-line treatment of metastatic renal cell carcinoma: A systematic review and indirect
comparison of clinical effectiveness. Br. J. Cancer 2009, 101, 238–343. [CrossRef]

57. Medic, G.; Lindner, L.; van der Weijden, M.; Karabis, A. Efficacy and Safety of Aclidinium/Formoterol versus
Tiotropium in COPD: Results of an Indirect Treatment Comparison. Adv. Ther. 2016, 33, 379–399. [CrossRef]

58. Cure, S.; Diels, J.; Gavart, S.; Bianic, F.; Jones, E. Efficacy of telaprevir and boceprevir in treatment-naive
and treatment-experienced genotype 1 chronic hepatitis C patients: An indirect comparison using Bayesian
network meta-analysis. Curr. Med. Res. Opin. 2012, 28, 1841–1856. [CrossRef]

59. Betts, K.A.; Griffith, J.; Friedman, A.; Zhou, Z.Y.; Signorovitch, J.E.; Ganguli, A. An indirect comparison
and cost per responder analysis of adalimumab, methotrexate and apremilast in the treatment of
methotrexate-naive patients with psoriatic arthritis. Curr. Med. Res. Opin. 2016, 32, 721–729. [CrossRef]

60. Freemantle, N.; Ginsberg, D.A.; McCool, R.; Fleetwood, K.; Arber, M.; Khalaf, K.; Loveman, C.; Ni, Q.;
Glanville, J. Comparative assessment of onabotulinumtoxinA and mirabegron for overactive bladder: An
indirect treatment comparison. BMJ Open 2016, 6, e009122. [CrossRef]

61. Miwa, H.; Igarashi, A.; Teng, L.; Uda, A.; Deguchi, H.; Tango, T. Systematic review with network meta-analysis:
Indirect comparison of the efficacy of vonoprazan and proton-pump inhibitors for maintenance treatment of
gastroesophageal reflux disease. J. Gastroenterol. 2019, 54, 718–729. [CrossRef]

62. Dias, S.; Welton, N.J.; Sutton, A.J.; Ades, A.E. NICE DSU Technical Support Document 2: A Generalised Linear
Modelling Framework for Pairwise and Network Meta-Analysis of Randomised Controlled Trials; National Institute
for Health and Clinical Excellence (NICE): London, UK, 2011.

63. Gould, A.L. Using prior findings to augment active-controlled trials and trials with small placebo groups.
Drug Inf. J. 1991, 25, 369–380. [CrossRef]

http://dx.doi.org/10.1007/BF03256608
http://dx.doi.org/10.1177/0272989X12458724
http://dx.doi.org/10.1177/0272989X13485157
http://dx.doi.org/10.1177/0272989X12455847
http://dx.doi.org/10.1016/j.jval.2011.04.002
http://dx.doi.org/10.1016/j.jval.2011.01.011
http://dx.doi.org/10.1111/j.1524-4733.2008.00347.x
http://dx.doi.org/10.1002/sim.1201
http://www.ncbi.nlm.nih.gov/pubmed/12210616
http://dx.doi.org/10.1136/bmj.e5182
http://www.ncbi.nlm.nih.gov/pubmed/22890029
http://dx.doi.org/10.1038/sj.bjc.6605167
http://dx.doi.org/10.1007/s12325-016-0299-4
http://dx.doi.org/10.1185/03007995.2012.734798
http://dx.doi.org/10.1185/03007995.2016.1140026
http://dx.doi.org/10.1136/bmjopen-2015-009122
http://dx.doi.org/10.1007/s00535-019-01572-y
http://dx.doi.org/10.1177/009286159102500307


Int. J. Mol. Sci. 2020, 21, 889 18 of 18

64. Brooks, S.P.; Gelman, A. General methods for monitoring convergence of iterative simulations. J. Comput.
Graph Stat. 1998, 7, 434–455.

65. Brooks, S.P.; Roberts, G.O. Convergence assessment techniques for Markov chain Monte Carlo. Stat. Comput.
1998, 8, 319–335. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1023/A:1008820505350
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Systematic Review 
	Primary Efficacy Endpoint 
	Secondary Efficacy Endpoint 
	Primary and Secondary Safety Endpoint 
	Bias Assessment 

	Discussion 
	Materials and Methods 
	Systematic Review 
	Quality Evaluation 
	Inclusion and Exclusion Criteria (Pre-Defined PICOS) 
	Interventions/Comparisons 
	Outcomes 
	Study Design 
	Statistical Analysis Method of Indirect Comparison 
	Ethical Aspects 

	Conclusions 
	References

