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Abstract: Asthma is associated with eosinophilic airway inflammation which contributes to poor asthma outcomes in a subset of
severe asthmatics. This review traces the scientific rationale as well as the clinical development of novel therapeutics to target either
IL-5 or the IL-5a receptor to deplete eosinophils from the airway to improve asthma outcomes in severe asthma with eosinophilic
airway inflammation. The importance of IL-5 to eosinophil growth, survival, and function was initially identified in mice, and has been
confirmed in studies of human eosinophils. As both IL-5 and the IL-5a receptor were identified as therapeutic targets to deplete
eosinophils in the airway in asthmatics, humanized IgG antibodies were developed to target either IL-5 or the IL-5a receptor in
eosinophilic asthma. The current availability of three biologics that deplete eosinophils (mepolizumab, reslizumab, and benralizumab)
has provided a novel therapeutic approach to treat severe asthma with eosinophilic inflammation not controlled by inhaled corticos-
teroids in combination with long acting bronchodilators. Two of these eosinophil targeted biologics (mepolizumab, reslizumab) target
IL-5 an eosinophil growth factor, while the third eosinophil targeted biologic (benralizumab) targets the IL-5a receptor expressed by
eosinophils. Each of these eosinophil targeted therapies significantly deplete eosinophils in the blood, sputum, and airway and are
associated with a significant approximately 50% reduction in asthma exacerbations in most studies without significant side effects. In
addition, selected studies have shown that eosinophil targeted biologics improve asthma symptom quality of life scores and lung
function. At present, there are no direct head to head comparison studies to determine whether any of the three eosinophil targeted
biologics has a better asthma outcome profile/safety profile. The development of eosinophil targeted biologics has been a significant
advance in the treatment of severe asthma with eosinophilic inflammation.
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Introduction

Airway Inflammation and Asthma

Airway inflammation is a well recognized and cardinal feature of asthma.' Unraveling how the individual components of
the airway inflammatory response contribute to the pathogenesis of asthma has been an important focus of investigators
wishing to understand which of the component(s) of the inflammatory response are worth targeting to improve asthma
outcomes. A variety of airway inflammatory cells have been implicated in the pathogenesis of asthma including
eosinophils, CD4 cells, mast cells, neutrophils, dendritic cells, macrophages, as well as structural cells in the airway
including airway smooth muscle, epithelium, and fibroblasts.' In this review, we focus on understanding the benefits and
drawbacks of targeting only one of the components of the airway inflammatory response in asthma (ie eosinophils) to
improve asthma outcomes.

Rationale for Targeting Eosinophils to Improve Asthma Outcomes

Eosinophilic inflammation is a key component of the airway inflammatory response in asthma, and increased numbers of
circulating and airway ecosinophils are accompanied by more frequent asthma exacerbations and declines in lung
function.”* Eosinophilic inflammation is present in approximately 50% of patients with asthma® and is associated with
asthma severity, greater frequency of asthma exacerbations, and decreased lung function.> Additionally, poor asthma
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control is associated with progressive increases in sputum and blood eosinophil counts.* Thus, there is a need for novel
therapies in severe asthma that target eosinophilic inflammation. Approximately 5% to 10% of asthmatics have severe
asthma that is usually managed, but often incompletely controlled, with high-dose inhaled corticosteroids and long acting
bronchodilators. Although severe asthmatics only comprise a small percentage of all asthmatics, severe asthmatics utilize
approximately 50% of the total care costs of asthma which in the USA in 2014 was estimated to be approximately
$37 billion due to the high cost of hospitalizations, ER visits, medications, and productivity loss.” As approximately 32%
to 45% of severe asthmatics rely on either frequent oral corticosteroid bursts, or maintenance use of continuous oral
corticosteroids because of poor asthma control,® it is important to develop non-corticosteroid therapies for severe
asthma that are both effective and also avoid the side effects associated with chronic oral corticosteroid use.

The initial rationale for targeting eosinophils to improve asthma outcomes was based on several lines of evidence
including the fact that a) eosinophils produce many pro-inflammatory mediators’ that can contribute to the pathogenesis
of asthma, b) large numbers of eosinophils have been identified in the airway in asthmatics which are associated with

asthma exacerbations, decline in lung function, and poor asthma control,”*

and that c) depleting eosinophils in pre-
clinical models of asthma improves asthma outcomes.'® In this review, we provide greater detail about the sequence of
studies that contributed to targeting the eosinophil in asthma, as well as the benefits and drawbacks of targeting the

eosinophil that have been identified from these studies.

Biology of Eosinophils: Implications for the Pathogenesis of Asthma

Eosinophil Trafficking from Bone Marrow to the Lung in Asthma

Eosinophils are bone marrow derived granulocytes which traffic from the bone marrow to the lung in response to
cytokine and chemokine signals. IL-5 is an eosinophil active cytokine which induces eosinophil differentiation and
proliferation in the bone marrow.” Eosinophils express cell surface adhesion molecules (including L-selectin, 1 and $2
integrins) which allows the eosinophil to bind to adhesion counter-receptors expressed by endothelial cells lining the
interior of inflamed blood vessels at sites of inflammation in the lung.'' If there is no inflammation in the lung,
endothelial cells lining the interior of blood vessels in the lung do not express induced adhesion molecules and
eosinophils in the blood stream do not bind to endothelium in the lung and continue their flow in the circulation.
However, if there is inflammation in the lung, mediators such as histamine or cytokines (TNFa, IL4, IL13) released from
lung mast cells, macrophages, and/or other lung cells upregulate adhesion molecule expression by endothelium allowing
cosinophils to adhere to adhesion molecules expressed by endothelial cells in the lung.'' Eosinophils adherent to
adhesion receptors such as VCAM-1 and ICAM-1 expressed by endothelial cells migrate into the airway in response
to chemokines released by airway cells in particular airway epithelium. Eosinophils express a4f1 adhesion molecules,
also known as VLA-4, which binds to its counterreceptor VCAM-1 expressed by endothelial cells."' As neutrophils do
not express significant VLA-4, the eosinophil expression of VLA-4 allows for a VLA-4/VCAM-1 pathway that
preferentially recruits eosinophils as opposed to neutrophils to the lung.'" Eosinophils and neutrophils both express $2
integrins which bind to ICAM-1 expressed by endothelium allowing both eosinophils and neutrophils to utilize this B2
integrin and ICAM-1 pathway to enter the lung from the bloodstream. Eotaxin-1 is an example of prominent eosinophil
specific chemoattractant, released by bronchial epithelium, which can direct migration of eosinophils from blood vessels
in the airway to the bronchial epithelial cell mucosal surface along a chemokine gradient highest at the epithelium.

Eosinophil Pro-Inflammatory Mediators and Contribution to Asthma

The eosinophil expresses many pro-inflammatory mediators which can contribute to airway inflammation and airway
hyperreactivity (AHR) in asthma including preformed cytoplasmic granule proteins (ie Major Basic Protein or MBP),
newly released lipid mediators (ie Leukotriene C4 or LTC4), and newly transcribed cytokines (ie TNFa, ILS, GM-CSF,
and multiple other cytokines).” Thus, eosinophils recruited to the lung have the potential to contribute to airway
inflammation and airway hyperreactivity in asthma through a variety of their mediators that can contribute to airway
inflammation and airway hyperreactivity. For example, MBP due to its extremely basic pH is toxic to airway epithelium
and can denude areas of airway epithelium and contribute to AHR.'?> LTC4 is a potent contractor of airway smooth
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muscle leading to bronchoconstriction. The ability of a therapeutic intervention to reduce eosinophilic inflammation in
the airway would thus reduce levels of the multiple mediators each eosinophil is able to express and release.

Targeting IL-5 and the IL-5 Receptor o to Selectively Deplete Eosinophils in Asthma
As IL-5 is a lineage specific eosinophil growth and survival factor, IL-5 and its receptor'® became a major focus of
research into developing a therapy to deplete eosinophils that was both eosinophil specific (ie not targeting cell types
other than eosinophils) and highly effective in depleting eosinophils (IL-5 is the key eosinophil growth factor). IL-5 has
been detected by ELISA in BAL in spontaneously symptomatic asthmatics with airway eosinophilia,'* as well as by
in situ hybridization which detected IL-5 mRNA in BAL cells of asthmatics.'® In asthma, IL-5 is generated by multiple
cell types including CD4+ T lymphocytes, ILC2, mast cells, and eosinophils themselves.'> Thus, targeting IL-5 would
target the eosinophil indirectly by reducing levels of IL-5 produced predominantly by cell types other than eosinophils
and thus depleting the amount of IL-5 available to bind to IL-5 receptors expressed by eosinophils and eosinophil
progenitors and as a consequence influence eosinophil function (reduced eosinophil proliferation and survival).'®
Alternatively targeting the IL-5 Receptor (IL-5R) would target the eosinophil directly using an anti-IL-5R antibody
which binds to the IL-5R a subunit on the eosinophil cell surface and blocks the ability of IL-5 to engage the IL-5R on
eosinophils. The IL-5R is a heterodimer composed of two different subunits, including an IL-5 specific alpha (a) subunit
and a common beta (B) subunit.'* The IL-5R o subunit binds IL-5, and the B subunit is essential for signal
transduction.'® The IL-5Ra is a low affinity receptor, but dimerization with the p-chain produces a high affinity receptor.
Unlike the a-chain, the B-chain does not bind IL-5, the B-chain is not specific to IL-5, as the IL-5R B subunit is also part
of the receptors for IL-3 and GM-CSF. In addition, the IL-5R B subunit is not specific for eosinophils as it is expressed on
practically all leukocytes. The IL-5Ra is thus a target to deplete eosinophils, for example by using monoclonal antibodies
to the IL-5Ra that block IL-5 binding to the IL-5R.

Pre-Clinical Models and the Role of Eosinophils in Asthma

Pre-clinical models of asthma, in particular in the mouse, have demonstrated that IL-5 deficient mice do not develop
airway eosinophilic inflammation, increased AHR, or airway remodeling in response to inhalation allergen challenge.'’
In addition, studies in non-human primates pretreated with anti-IL-5 and challenged with allergen demonstrate that they
have reduced airway eosinophils and airway reactivity. These pre-clinical models, as well as studies of human asthmatics
demonstrating increased levels of IL-5 and eosinophils in the airway in asthma,'* provided support for investigating
whether targeting IL-5 and eosinophils in human asthmatics would be equally as effective as pre-clinical models in
reducing eosinophils and improving asthma outcomes.

Human Allergen Challenge Models of Asthma and the Role of Eosinophils

Human Endobronchial Allergen Challenge Late Phase Response and Eosinophils

Studies of endobronchial allergen challenge in mild asthmatics in which the allergen is delivered to a small airway via
a bronchoscope have demonstrated that eosinophils are recruited to the airway during the late phase response, and that
these airway eosinophils are activated to express cytokines including IL-5 and GM-CSF mRNA.'® In contrast, peripheral
blood eosinophils following allergen challenge did not express IL-5 and GM-CSF mRNA,'” suggesting that eosinophils
trafficking from the bone marrow to the lung were activated in the lung to express IL-5 and GM-CSF. At present, the
physiologic stimulus that activates eosinophils to express cytokines and/or release mediators in the lung is unknown.
Studies with anti-IL-5 administered before endobronchial allergen challenge have not yet been reported to determine
whether anti-IL-5 blocks the late phase eosinophil response in the airway following endobronchial allergen challenge.

Human Inhalation Allergen Challenge: Effect of Anti-IL-5 on Late Phase Eosinophil Response

Inhalation allergen challenge can be used as a model to study the immediate response (approximately 10-30 minutes
after allergen challenge) and the late phase response (approximately 4—8 hours after allergen challenge) in the lung in
asthmatics. The immediate response is due to IgE mediated activation of mast cells and release of histamine and other
mast cell derived mediators which occurs rapidly within minutes of allergen cross linking high affinity IgE receptors
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(FcER1) on mast cells. The late phase response is associated with the presence of cosinophils in the airway and takes
several hours to occur as eosinophils need time to traffic from the bone marrow to the blood stream to the lung. Pre-
treatment prior to inhalation allergen challenge with a therapeutic intervention targeting eosinophils could thus poten-
tially provide insight into whether the intervention could inhibit the late phase response and associated airway
eosinophilia.

Studies of anti-IL5 in reducing the late phase response to allergen inhalation challenge produced mixed results. For
example, Leckie et al'® performed a double-blind randomized placebo-controlled trial, in which a single intravenous
infusion of humanized (IgG-k) monoclonal antibody to IL-5 (SB-240563) was given at doses of 2.5 mg/kg or 10 mg/kg
to eight subjects in each group. Anti-IL-5 significantly reduced the sputum eosinophilia (12. 2%, placebo group vs 0.9%
in thel0 mg/kg anti-IL-5 group) and the blood eosinophilia that follows allergen challenge, but had no significant effect
on the late asthmatic pulmonary function response, or on AHR to histamine. Thus, this study provided evidence that anti-
IL-5 can significantly inhibit blood and sputum eosinophilia but anti-IL-5 did not inhibit AHR associated with the late
phase response to inhalation allergen challenge. However, issues with the study design, including sample size and
methodology, may have limited these conclusions."’

Effect of Anti-IL-5 on Blood Eosinophils in Asthma

Anti-IL-5 therapy has been associated with a very stable population of residual blood eosinophils that are not depleted.*
Anti-IL-5 does not elicit any detectable transcriptional response in these residual blood eosinophils assessed by RNAseq
in mepolizumab-treated severe eosinophilic asthmatics.>® These results suggest that anti-IL5 spares residual blood
eosinophils in severe eosinophilic asthma through an at present unknown mechanism. The residual blood eosinophils
in severe eosinophilic asthma largely resemble blood eosinophils in healthy individuals not treated with anti-IL-5.%° The
limitations of this study®® include the fact that levels of IL-5 receptors were not quantitated by FACS in the residual
blood eosinophils to determine whether the lack of responsiveness of residual blood eosinophils to anti-IL-5 was related
potentially to their low IL-5 receptor levels. In addition, this study®® relied solely on eosinophil gene expression profiling
for determining the effect of anti-IL-5 on residual eosinophil function, and thus this study*® cannot exclude that anti-IL-5
could have effects on alternate residual blood eosinophil functions (ie adhesion, proliferation, release of granule
mediators, LTC4 production, etc) not directly related to eosinophil gene expression.

Studies have also been performed on the effect of anti-IL-5 pathway biologics on recently described homeostatic
(hEOs) and inflammatory (iEOs) eosinophil subsets designated as CD62L high hEOs or CD62L low iEOs.' Peripheral
blood hEOs and iEOs were measured by flow cytometry assessment of surface CD62L protein in severe asthma patients
treated with either mepolizumab or benralizumab.?' Mepolizumab depleted iEOs, and also reduced circulating eosinophil
viability, in severe asthma but preserved a residual population of circulatory hEOs.?! These results are similar in some
respects to another study describing persistence of residual blood eosinophis in severe asthmatics treated with
mepolizumab.?° In contrast, benralizumab (which targets the IL-5 receptor) depleted both iEOs and hEOs.?' Higher
iEO abundance and eosinophil viability were associated with poorer clinical outcomes following mepolizumab-
treatment.”’ Whether monitoring circulating eosinophil phenotype and viability is useful to predict biologic treatment
response to IL-5 targeted therapies in severe asthma requires further study.”’

Initial Intervention Studies Targeting IL-5 in Asthma Disappoint
Early clinical studies investigating anti-IL-5 antibodies as therapy in unselected patients with asthma (ie, irrespective of
eosinophil levels) demonstrated limited clinical efficacy.'®

One initial clinical study with anti-IL-5 (SCH 55700) administered as a single dose intravenously was conducted in
a small group of patients with difficult-to-manage asthma, all of whom were taking high doses of ICS and/or oral
corticosteroids.”? The study demonstrated that anti-IL-5 reduced blood eosinophils and, at one of the doses administered,
had a small, but significant, transient benefit in improving FEV, but not in any of the other clinical outcomes.**

A few years later, the efficacy of anti-IL-5 (in this study mepolizumab) was investigated at two doses (250 mg or
750 mg IV at monthly intervals for three doses) in 362 patients with moderate to severe asthma with poor asthma control,
a study that was adequately powered to find a clinically useful improvement in peak expiratory flow (PEF).”
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Mepolizumab reduced blood and sputum eosinophils but did not improve PEF or any other clinical outcome renewing
concerns from this and prior studies about whether eosinophils and IL-5 was an important target.”* Interestingly, there
was a trend for a decrease in asthma exacerbation rates in the mepolizumab 750-mg treatment group (P = 0.065),%* as
future studies that showed a positive effect of anti-IL-5 in asthma were powered on asthma exacerbations as the primary
outcome. In addition, as this study in persistent asthma did not use eosinophil levels as an entry criteria,”® future asthma
studies modified entry criteria to include increased eosinophils.

Support for the Link Between Eosinophils and Asthma Exacerbations

Several studies have demonstrated that eosinophilic inflammation is present in the airway in asthma'® and that the
increased BAL eosinophils in symptomatic asthmatics is associated with increased IL-5 in BAL.'* Increased sputum
eosinophilia has been observed to develop several weeks before the onset of an asthma exacerbation, suggesting that
eosinophils play a role in the development of the asthma exacerbation.”® In addition, studies have demonstrated that an
asthma treatment strategy directed at normalization of the induced sputum eosinophil count reduces asthma exacerbations
and hospital admissions supporting the link between eosinophils and asthma exacerbations.?® However, in this study26 as
the asthma treatment strategy included adjusting the dose of inhaled corticosteroids when sputum eosinophil counts
increased, the inhaled corticosteroid treatment strategy could not only reduce sputum ecosinophils but also other
inflammatory cells and pathways associated with asthma exacerbations.

As it is easier to use blood eosinophil levels rather than sputum eosinophil levels to identify asthmatics with airway
eosinophilia to enter into clinical trial with eosinophil targeted therapies studies have attempted to define blood
eosinophil levels that would predict sputum eosinophilia. A study investigating the accuracy of using peripheral blood
eosinophil levels in detecting sputum eosinophilia (=3%) in different adult asthma phenotypes showed that blood
eosinophil levels of 0.34-0.73x10° eosinophils/L had a 95% upper threshold specificity for predicting sputum
eosinophilia, while a blood eosinophil level of <0.09x10° eosinophils/L was associated with absence of airway
eosinophilia in 92% of 336 asthmatics in the study.”” Additional studies have shown that a cutoff of
>0.45%x10° eosinophils/L for blood eosinophilia could usefully predict sputum eosinophilia (>2%) in 9/10 patients
with severe asthma receiving high levels of treatment.”® Peripheral blood eosinophil counts >400/uL are a risk factor
for asthma exacerbations in the subsequent year.”’ Clinical trials with biologics targeting eosinophils have used
a variety of peripheral blood eosinophil counts (eg 150, 300, or 400 eosinophils /uL) as entry criteria for severe
asthmatics with eosinophilic inflammation. The lower the eosinophil blood count used as an entry criterion (ie 150
eosinophils/puL) the easier it will be to identify sufficient study subjects to enter the study. However, lower eosinophil
blood counts do not correlate as well with increased sputum eosinophil counts and these studies may therefore be
enrolling subjects without significant eosinophilic airway inflammation that would benefit from an eosinophil targeted
biologic.

Clinical Trials of Anti-IL-5 or Anti-IL-5 Receptor a in Severe Eosinophilic Asthma

Demonstrate Effectiveness
After the initial studies of anti-IL-5 disappointed in moderate to severe asthmatics with persistent symptoms despite ICS

: : 22,2
who were not enrolled based on eosinophil counts,****

several large scale studies enrolled asthmatics based on eosinophil
counts and used asthma exacerbations as the primary end point to demonstrate the significant effectiveness of anti-IL5 in
asthma with eosinophilic inflammation. The following are the key studies with anti-IL-5 (mepolizumab or reslizumab)
and the anti-IL-5 receptor a antibody (benralizumab) that demonstrate their effectiveness in asthma with eosinophilic
inflammation and led to their regulatory approval (Table 1). The comparative asthma outcomes of these three biologics

are summarized in Table 2.

Mepolizumab (Anti-IL-5)
Mepolizumab is a humanized IgG1 antibody which binds with high affinity to IL-5, preventing IL-5 binding to the a-unit
of the IL-5 receptor, thereby inhibiting downstream IL5 Receptor signaling.

Journal of Inflammation Research 2025:18 hetps: 12425



Broide

Table | Eosinophil Targeted Biologics

Biologic Target Severe Eosinophilic Asthma CRSwNP*
Route | Maintenance Dose Age®
Benralizumab | [IL-5R sC 30mg 2 6 years | Not currently FDA approved
every
8 weeks®
Mepolizumab IL-5 sC 300mg 2 6 years FDA approved
every >18 years
4 weeks
Reslizumab IL-5 v 3 mg/kg 2|8 years | Not currently FDA approved
every
4 weeks

Notes: *Benralizumab is administered 30mg every 4 weeks sc for the first three doses, and then switched to a maintenance
dose of 30 mg every 8 weeks sc. ®United States FDA approved age for administration of the biologic for severe eosinophilic
asthma “United States FDA approved (or not approved) listed biologic for CRSWNP, with age for this indication listed.

Abbreviations: IL-5R, Interleukin-5 Receptor; IL-5, Interleukin-5; SC, subcutaneous; IV, intravenous; CRSWNP, Chronic
Rhinosinusitis with Nasal Polyps; FDA, Food and Drug Administration.

Table 2 Asthma Outcomes in Phase 3 Studies of Eosinophil Targeted Biologics

Biologic Phase 3 Entry Eos Asthma Outcomes
Study
Asthma Exacerbations FEV, ACQ, TASS,
or SGRQ
Benralizumab CALIMA3® * >300/pL —-33%* + 125 mI** —0.12™s8
* >300/uL —26%% + 116 mI®® —0.23™8
SIROCCO?! #2>300/pL ~55%% +106 ml** —0.08™5S
#2300/pL 9% +159 ml® —0.25™S
Mepolizumab MENSA3?2 >150/uL -53% +98 mL —0.447C2>
MUSCA33 >150/uL -58% +120 mL ~7.7056RQ
Reslizumab Study 1/2%* 2400/l -50%"" +126 mP' | —0.26°<7S!
>400/pl5? —41%52 +90 mIs2 | —0.24ACQ752
Bjermer et al*® >400/uL s NR +160mL —0.354¢%

Notes: Phase 3 Study lists study name with superscript number indicating reference number. As the Reslizumab Study /2
included results of two reslizumab studies in one publication,** the results of study | are listed with suprascript S! and the results
of study 2 with suprascriptsz. For Benralizumab two dosing frequencies q4 weeklyq", and g8 weeklyqs results are depicted with
suprascripts. Entry Eos lists the number of peripheral blood eosinophils at entry into the study required for a study subject to be
enrolled in that study. *This asterisk indicates that levels of blood eosinophils (Eos) were not a study subject entry requirement
for the benralizumab studies. However, the primary end point and other results were analysed in placebo vs benralizumab treated
subjects with blood eosinophil counts >300/ pL. Asthma Exacerbations are reported as the % reduction in the annual rate of
asthma exacerbations. For benralizumab results of two dosing regimens q4 weekly, and q 8 weekly are depicted. **NR in the
Asthma exacerbation column indicates not reported in that study. FEV, The mean difference in FEV, in mL compares the biologic
therapy and placebo. ACQ is the Asthma Control Questionnaire which is reported as the improvement in the score comparing
the biologic to the placebo group. ACQS5 or ACQ7 scores were recorded in different studies. For both ACQ5 and ACQ7, the
minimal clinically important change for the patient is considered to be 0.50. SGRQ is the St. George’s Respiratory Questionnaire
score and is reported as the improvement in the score comparing the biologic to the placebo group. A 4 unit reduction in the
total SGRQ score is generally accepted as the minimal clinically important difference for improvement in asthma. TASS is the total
asthma symptom score a composite score with no minimally clinically important difference reported}a3I The suprascript TASS,
ACQ 5, ACQ7, or SGRQ are included next to the improvement in score to indicate whether the result reported is TASS, ACQS5,
ACQ7, or SGRQ.

Two companion studies published in 2009 in the NEJM by Haldar et al*® and Nair et al’’ demonstrated the
effectiveness of mepolizumab when asthmatics were enrolled based on having eosinophilic inflammation and the primary

end point was the frequency of asthma exacerbations.
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Haldar et al (NEJM 2009)*

In this study of refractory eosinophilic asthma (sputum eosinophils >3%) and a history of recurrent severe asthma
exacerbations, asthmatics received infusions of either 750 mg mepolizumab intravenously (29 subjects), or placebo (32
subjects) at monthly intervals for 1 year. The primary outcome measure was the number of severe asthma exacerbations
per subject. Mepolizumab was associated with a significant 57% reduction in severe asthma exacerbations compared to
placebo (2.0 mepolizumab vs 3.4 placebo, mean exacerbations per asthmatic), and with a significant 35% improvement
in the Asthma Quality of Life Questionnaire (AQLQ) score. Mepolizumab significantly lowered eosinophil counts in the
blood and sputum. Mepolizumab did not improve asthma symptoms, FEV; after bronchodilator use, or airway
hyperresponsiveness.

Nair et al (NEJM 2009)3’

This small study of 20 asthmatics examined the prednisone-sparing effect of mepolizumab in a subgroup of asthmatics
who have sputum eosinophilia (>3%) and persistent airway symptoms despite continued treatment with oral prednisone.
The primary outcomes of the study were asthma exacerbations and the mean reduction in the dose of prednisone as
a percentage of the maximum possible reduction. Nine asthmatics received mepolizumab (five monthly IV infusions of
750 mg) and 11 asthmatics received placebo. The placebo group had significantly increased numbers of asthma
exacerbations compared to the mepolizumab group (12 vs 1 asthma exacerbation) (P = 0.002). Nine of the asthma
exacerbations in the placebo group were associated with sputum eosinophilia at the time of the asthma exacerbation,
whereas only one patient who received mepolizumab had an asthma exacerbation, and this episode was not associated
with sputum eosinophilia. Asthmatics who received mepolizumab were able to reduce their prednisone dose by
approximately 83% as compared with approximately 47% in the placebo group (P = 0.04). The use of mepolizumab
was associated with a significant decrease in the number of sputum and blood eosinophils.

DREAM Study (Pavord et al, Lancet 2012)%®

The DREAM study (Dose Ranging Efficacy And safety with Mepolizumab) was a large multi-center study (81 centers)
of 621 severe asthmatics which investigated whether mepolizumab reduced asthma exacerbations (the primary endpoint)
in patients with a history of recurrent severe asthma exacerbations and signs of eosinophilic inflammation (sputum
eosinophil >3% or blood eosinophils >0.3x10° per L). Asthmatics received 13 intravenous mepolizumab (75 mg,
250 mg, or 750 mg) or matched placebo infusions at 4-week intervals. The rate of clinically significant asthma
exacerbations was 2.4 per patient per year in the placebo group. Mepolizumab significantly reduced the frequency of
asthma exacerbations by 48% (75 mg mepolizumab), 39% (250 mg mepolizumab), and 52% (750 mg mepolizumab)
compared to placebo. Mepolizumab reduced blood and sputum eosinophil counts and was well tolerated for 12 months.
However, although mepolizumab significantly reduced asthma exacerbation rates mepolizumab had only small effects on
FEV, and AQLQ and Asthma Control Questionnaire (ACQ) scores, which generally did not differ significantly from
those reported with placebo.

Mepolizumab Large Scale Studies for FDA Approval in USA

In 2015, Mepolizumab was the first biologic targeting eosinophils that was approved in the USA as an add on treatment
for severe eosinophilic asthma by the Food and Drug Administration. The approval was based on the results of large
scale two Phase III studies which included the MENSA (Mepolizumab as Adjunctive Therapy in Patients with Severe
Asthma),*? and the SIRIUS (Steroid Reduction with Mepolizumab Study)39 clinical trials which are described next.

MENSA (Ortega et al, NEJM 2014)3?

The MENSA study examined whether mepolizumab (75 mg IV or 100 mg subcutaneously compared to placebo) could
reduce asthma exacerbations (the primary outcome) in 571 asthmatics with recurrent asthma exacerbations (at least two
asthma exacerbations in the past year) and evidence of eosinophilic inflammation (peripheral blood eosinophil >150
cells/uL at screening, or >300 cells/uL during the previous year) despite high doses of inhaled glucocorticoids.
Mepolizumab significantly reduced the rate of asthma exacerbations by approximately 47% in asthmatics receiving
intravenous mepolizumab, and by approximately 53% in asthmatics receiving subcutaneous mepolizumab, as compared
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with those receiving placebo. Mepolizumab therapy also resulted in improvements in secondary outcomes including an
increase in FEV, of approximately 100 mL greater in patients receiving mepolizumab than in those receiving placebo,
and improvements in both the 5-item Asthma Control Questionnaire (ACQ-5), and the St. George’s Respiratory
Questionnaire (SGRQ).

SIRIUS (Bel et al, NEJM 2014)*°

The SIRIUS study (Steroid Reduction with Mepolizumab Study) compared the glucocorticoid-sparing effect of mepo-
lizumab (100 mg subcutaneously every four weeks for five months, compared to placebo) in 135 severe eosinophilic
asthma subjects (defined as in the MENSA study).>? The primary outcome was the degree of reduction in the oral
prednisone dose, a lack of asthma control during weeks 20 to 24, or withdrawal from treatment. The mean dose of oral
prednisone at the start of the study was 12.5 mg in the mepolizumab group and 15 mg in the placebo group.
Mepolizumab permitted a significant reduction from baseline in the prednisone dose of 50%, as compared with no
reduction in the placebo group (P = 0.007). Despite a reduction in prednisone dose by asthmatics in the mepolizumab
group, the mepolizumab group had a relative reduction of 32% in the annualized rate of asthma exacerbations (compared
to placebo), and a significant reduction of 0.52 points with respect to asthma symptoms as measured on the Asthma
Control Questionnaire 5 (in which the minimal clinically important difference is 0.5 points). Thus, mepolizumab had
a significant glucocorticoid-sparing effect, without a deterioration in asthma control. However, although mepolizumab
permitted a significant 50% reduction from baseline in the prednisone dose, this 50% reduction would equate to a mean
reduction from the 12.5 mg prednisone baseline dose to a mean dose of 6.25 mg prednisone after 5 months of
mepolizumab. It should be noted that more patients in the mepolizumab group than in the placebo group had
a reduction of 90% to 100% in the oral prednisone dose (23% vs 11%) and a reduction of 70% to less than 90%
(17% vs 8%). Thus, a subset of mepolizumab treated severe asthmatics (23%) were able to taper 90% to 100% of their
oral prednisone dose.

Mepolizumab is Not FDA Approved to Reduce Oral Corticosteroids

Despite evidence of mepolizumab’s ability to reduce oral corticosteroids in severe eosinophilic asthma,*”*°

mepolizumab
is not currently FDA approved for this indication. Mepolizumab is approved by the FDA as add-on maintenance
treatment of adult and pediatric patients aged 6 years and older with severe asthma and with an eosinophilic phenotype
(Table 1).

MUSCA (Chupp et al, Lancet Resp Medicine 2017)**

The MUSCA study® aimed to examine the effect of mepolizumab in severe eosinophilic asthma on health-related quality
of life as measured by the St George’s Respiratory Questionnaire (SGRQ) as the primary outcome. Mepolizumab
(100 mg subcutaneous; n = 274 subjects) was compared to placebo (n = 277 subjects) every 4 weeks for 6 months.
Asthmatics also had to have a history of at least two asthma exacerbations in the previous 12 months to enter the study, as
well as evidence of eosinophilia (peripheral blood eosinophil >150 cells/uL at screening, or >300 cells/uL during the
previous year). Mepolizumab therapy resulted in significant improvements in SGRQ total score (—15.6 mepolizumab vs
—7.9 placebo), and also significantly reduced clinically significant asthma exacerbations by 58% compared to placebo.

Post-Hoc Analysis of DREAM and MENSA Demonstrate Close Relationship Between

Baseline Blood Eosinophil Count and Response to Mepolizumab

A post-hoc analysis of the DREAM®® and MENSA®? studies showed a close relationship between baseline blood
eosinophil counts and the clinical efficacy of mepolizumab.*® The overall rate of asthma exacerbations with mepolizu-
mab was reduced by 47% by combining the results of the two studies. When stratified for baseline eosinophil counts, the
reduction in asthma exacerbations with mepolizumab increased progressively from 52% in asthmatics with a baseline
blood eosinophil count of >150 eosinophils/uL, to 70% in patients with a baseline eosinophil count >500 eosinophils/pL.
Baseline eosinophil counts of <150 eosinophils/pL predicted a poor response to mepolizumab, ie asthma exacerbations
were reduced by only 26%.
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Reslizumab (Anti-IL5)
Reslizumab is a humanized IgG4 monoclonal anti-IL5 antibody that was FDA approved in 2016 for the treatment of

134,41,42

severe eosinophilic asthma based on results of studies by Castro et a and Bjermer et al>> whose results as well as

other reslizumab studies*® are described in greater detail below.

Castro et al (Am ] Resp Crit Care Med, 201 1)*'

This study evaluated the effect of reslizumab, in patients with eosinophilic asthma (induced sputum eosinophils of >3%) that
was poorly controlled with high-dose inhaled corticosteroid. The primary outcome measure was the difference in Asthma
Control Questionnaire (ACQ) score from baseline to end of therapy (Week 15) between the reslizumab (3mg/kg IV) (n = 53)
and placebo groups (n = 53). Reslizumab therapy resulted in a greater improvement in ACQ score than placebo with a —0.7
improvement in the reslizumab group and —0.3 in the placebo group (P = 0.054). Reslizumab also significantly improved
FEV, by 180 mL as compared to a loss of 80 mL in FEV1 in the placebo group. Median percentage reductions from baseline in
sputum eosinophils were 95% in the reslizamab group and 38% in the placebo group. Asthma exacerbations trended fewer in
the reslizumab group (8%) compared to the placebo group (19%) (P = 0.083).

Castro et al (Lancet Resp Med, 2014)*

This phase 2b dose-ranging study assessed the efficacy and safety of subcutaneous reslizumab (2 mg, 20 mg, 100 mg, or
placebo) in adults with uncontrolled eosinophilic asthma with two to six exacerbations in the past year. The primary
endpoint was annual exacerbation rate in cosinophilic individuals after 1 year of follow-up. Severe eosinophilic
asthmatics (n = 324) were randomly assigned to placebo (n = 80), or benralizumab 2 mg (n = 81), 20 mg (n = 81), or
100 mg (n = 82). In addition, 285 non-eosinophilic severe asthmatics received 100 mg benralizumab (n = 142) or placebo
(n = 143). Study drugs were given as two subcutaneous injections every 4 weeks for the first three doses, then every
8 weeks, for 1 year. In severe asthmatics with eosinophilia, benralizumab 100 mg reduced asthma exacerbation rates by
41% compared to placebo, while benralizumab 2 mg and 20 mg did not reduce asthma exacerbation rates. Asthma
exacerbation rates did not differ between benralizumab 100 mg and placebo for the non-eosinophilic participants.

Castro et al (Lancet Resp Med, 2015)**

Reslizumab was administered intravenously (3 mg/kg) every 4 weeks for one year in two phase III studies of
inadequately controlled asthma with elevated blood eosinophil counts (>400 eosinophils/uL), and the primary endpoint
was the number of asthma exacerbations/year. Reslizumab significantly reduced the annual rate of asthma exacerbations
by 50% in study 1 (n = 245 reslizumab; n = 244 placebo; recruited at 128 sites), and by 41% in study 2 (n = 232
reslizamab; n = 232 placebo; recruited at 104 sites), compared with placebo. Therapy with reslizumab also significantly
improved FEV1 by 126 mL in study 1 and by 90 mL in study 2, which was associated with significant improvements in
asthma quality of life measures including AQLQ, ACQ7, and Asthma Symptom Utility Index (ASUI) scores. Two of the
232 asthmatics (0.86%) assigned to the reslizumab group in study 2 had anaphylactic reactions. Both events were judged
to be treatment-related, responded to standard treatment at the clinic site, and these patients were discontinued from the
study. Both patients were negative for antidrug antibodies.

Bjermer et al (Chest, 2016)**

This phase 3 study investigated the efficacy and safety of reslizumab in asthmatics aged 12 to 75 years (n = 315)
inadequately controlled by at least a medium-dose inhaled corticosteroid and with a blood eosinophil count >400 cells/
pL. Asthmatics were randomized to receive reslizumab 0.3 or 3.0 mg/kg intravenously or placebo administered once
every 4 weeks for 16 weeks (total four doses). The primary end point was change from baseline in pre-bronchodilator
FEV, over 16 weeks. Reslizumab significantly improved the primary end-point FEV; with a 115 mL difference vs
placebo (reslizumab 0.3 mg/kg) and a 160 mL difference (reslizumab vs placebo 3.0 mg/kg). Reslizumab improved
scores on the Asthma Control Questionnaire (ACQ) and Asthma Quality of Life Questionnaire (AQLQ) vs placebo
(greater effects seen with 3.0 mg/kg), but the minimally important difference was reached only for the AQLQ
(reslizumab 3.0 mg/kg) but not on the ACQ. Asthma exacerbations were not recorded as an outcome in this study.
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Overall, the 3.0-mg/kg dose of reslizumab provided greater improvements in asthma outcomes vs the 0.3-mg/kg dose,
with comparable safety.

Corren et al (Chest, 2016)*

This study was conducted in inadequately controlled asthmatics, unselected for baseline blood eosinophil counts, to
determine the impact of baseline eosinophil levels on identifying the asthma population most likely to benefit clinically
from reslizumab. The primary end point in this study was the change in FEV, from baseline to week 16, which differs
from the primary end-point of asthma exacerbations frequently used in other studies of ant-IL-5. The mean change in the
primary endpoint FEV, from baseline to week 16 was 255 mL in the reslizumab group and 187 mL in the placebo group,
with a between-group difference of 68 mL which was not statistically significant (P = 0.17). The reslizumab group had
small improvements in secondary outcomes such as quality of life measures (ACQ), and rescue SABA use. A post-hoc
analysis of FEV; outcomes in response to reslizumab was performed comparing asthmatics with high blood eosinophil
counts >400 eosinophils/uL (20% of the study population), and asthmatics with blood eosinophil counts of <400
eosinophil/uL. at randomization (80% of the study population). Reslizumab had no effect on FEV; in those with
eosinophil counts of <400 eosinophil/uL, but did improve FEV, in those with eosinophil counts >400 eosinophils/pL.
Limitations of post-hoc analysis need to be understood in interpreting these results. Two out of 395 asthmatics in the
reslizumab group (0.51%) had anaphylaxis (one was associated with reslizumab; one was related to ongoing aller-
gen immunotherapy). For the reaction related to reslizumab, symptoms of wheezing, shortness of breath, and flush-
ing occurred shortly after infusion, without hemodynamic compromise. The patient responded
to epinephrine, salbutamol, antihistamine, and prednisone at the study site, and subsequently tested anti-drug antibody
negative.

Additional Post-Hoc Studies of Reslizumab in Asthma

Several additional post-hoc analysis studies of reslizumab in asthma***® have been performed from pooled analysis of
study subjects enrolled in prior studies, rather than enrolling new study subjects. These studies using a post-hoc analysis
of a subpopulation of patients with refractory asthma have reported on the long term safety and efficacy of reslizumab in
patients with eosinophilic asthma,** the safety of reslizumab in uncontrolled asthma,** and the ability of reslizumab to
reduce asthma exacerbation frequency, improve lung function, asthma control, and QoL versus placebo in patients with
severe eosinophilic asthma with a high exacerbation rate before treatment.*® Prospective studies of reslizumab are needed
to confirm these study results obtained by post-hoc analysis of prior studies of reslizumab. Reslizumab is approved by the
FDA as add-on maintenance treatment of adult patients aged 18 years and older with severe asthma and with an
eosinophilic phenotype (Table 1).

Benralizumab (Anti-IL5 Receptor o)

Benralizumab targets the IL-5 Receptor a and thus differs from mepolizumab and reslizumab which target the cytokine
IL-5 and not its receptor expressed by eosinophils. Benralizumab binds to the IL-5Ra subunit present on eosinophils (and
also basophils) tagging eosinophils for antibody-dependent cell-mediated cytotoxicity via natural killer cell-induced
apoptosis without the release of eosinophil pro-inflammatory mediators. Benralizumab is a humanized IgG1 monoclonal
anti-IL5Ra antibody that was FDA approved in 2017 for the treatment of severe eosinophilic asthma based predomi-
nantly on results of phase 3 studies by Bleecker et al®' Fitzgerald et al’® and Nair et al*’ whose results are described in
greater detail below.

SIROCCO (Bleecker et al, Lancet 2016)>'

This phase 3 study investigated the safety and efficacy of benralizumab in patients with severe, uncontrolled asthma with
eosinophilia (eosinophil counts >300 eosinophils/uL; or <300 eosinophils/uL). Asthmatics were randomly assigned
(1:1:1) to benralizumab 30 mg subcutancously every 4 weeks (Q4W) (n = 400), benralizumab 30 mg subcutaneously
every 8 weeks (Q8W; first three doses every 4 weeks) (n = 398) or placebo Q4W (n = 407) for 48 weeks as add on to
their standard treatment. The primary endpoint was annual asthma exacerbation rate comparing benralizumab versus
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placebo. Benralizumab significantly reduced the annual asthma exacerbation rate by 55% (when given Q4W) and by 49%
(when given Q8W) in asthmatics with peripheral blood eosinophil counts >300 eosinophils/uL. Asthmatics with blood
eosinophil counts <300 eosinophils/ul. had a smaller response to benralizumab in terms of reductions in asthma
exacerbation rates ie in asthmatics with eosinophil counts <300 eosinophils/uL benralizumab reduced the annual asthma
exacerbation rate by 30% (when given Q4W) and by 17% (when given Q8W). Thus, benralizumab was more effective in
reducing asthma exacerbations in asthmatics with eosinophil counts >300 eosinophils/uL. Benralizumab also signifi-
cantly improved the FEV; by 106 mL (when given Q4W) and by 159 mL (when given Q8W) in asthmatics with
peripheral blood eosinophil counts >300 eosinophils/pL.

CALIMA (FitzGerald et al, Lancet, 2016)*°
This phase 3 study investigated the safety and efficacy of benralizumab in patients with severe, uncontrolled asthma with
eosinophilia (eosinophil counts >300 eosinophils/uL; or <300 eosinophils/uL) and a history of two or more asthma

exacerbations in the previous year. The study design for investigating benralizumab in asthma by Fitzgerald et al*°

was
similar to the study design of Bleecker et al.’' Asthmatics were randomly assigned (1:1:1) to receive 56 weeks of
benralizumab 30 mg every 4 weeks (Q4W) (n = 425), benralizumab 30 mg every 8 weeks (Q8W; first three doses
4 weeks apart) (n = 441), or placebo (all subcutaneous injection) (n = 440). The primary endpoint was annual asthma
exacerbation rate comparing benralizumab versus placebo for patients receiving high-dosage ICS plus LABA with
baseline blood eosinophils >300 eosinophil/uL.. Benralizumab significantly reduced the annual asthma exacerbation rate
by 36% (when given Q4W) and by 28% (when given Q8W) in asthmatics with peripheral blood eosinophil counts >300
eosinophils/uL. Benralizumab also significantly improved pre-bronchodilator FEV; (Q4W and Q8W) and total asthma
symptom score (Q8W only) in these asthmatics.

Despite similar trial designs and target eosinophilic asthma populations included in the primary analyses, reductions
in asthma exacerbation rates were greater with benralizumab in the Bleecker et al SIROCCO study (55% reduction)®’
than in this FitzGerald et al CALIMA study (36% reduction).”® An explanation for this difference in benralizumab
efficacy between the two trials is not completely clear at this time.

Nair et al (NEJM, 2017)*

This study investigated whether benralizumab, was effective as an oral glucocorticoid-sparing therapy in severe
eosinophilic asthmatics relying on oral glucocorticoids (median dose 10 mg prednisone or prednisolone for 6 months
at trial entry) to manage severe asthma associated with eosinophilia (blood eosinophil >150 eosinophils/pL). The primary
end point was the percentage change in the oral glucocorticoid dose from baseline to week 28. Two benralizumab dosing
regimens were investigated (30 mg subcutaneously either every 4 weeks n = 72, or every 8 weeks with the first three
doses administered every 4 weeks n = 73) compared to placebo (n = 75). Both the two benralizumab dosing regimens
significantly reduced the median final oral glucocorticoid doses from baseline by 75%, as compared with a reduction of
25% in the oral glucocorticoid doses in the placebo group (P < 0.001 for both comparisons). A total of 24 patients (33%)
who received benralizumab every 4 weeks and 27 patients (37%) who received benralizumab every 8 weeks had
a reduction of 90% or more from baseline in their final oral glucocorticoid dose, as compared with 9 patients (12%)
who received placebo. Benralizumab allowed the tapering of oral glucocorticoids without increasing asthma exacerba-
tions or reducing lung function.

Benralizumab is Not FDA Approved to Reduce Oral Corticosteroids

Despite evidence of benralizumab’s ability to reduce oral corticosteroids,*” it is not currently FDA approved for this
indication. Benralizumab is approved by the FDA as add-on maintenance treatment of adult and pediatric patients aged 6
years and older with severe asthma and with an eosinophilic phenotype (Table 1).

Completeness of Eosinophil Depletion in Severe Asthma Using Eosinophil Targeted
Therapies

There are currently no direct head to head comparison studies with the three eosinophil depleting agents in terms of
showing their comparative completeness of eosinophil depletion and importantly whether this leads to better asthma
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outcomes. In addition, studies of the relative completeness of eosinophil depletion in sputum or the airway would be
more important to severe asthma than the relative completeness of eosinophil depletion in peripheral blood. The
following information on the completeness of eosinophil depletion is obtained from studies of the individual eosinophil
depleting agents. Caveats include that studies with each eosinophil depleting agent had different study protocols (ie
different eligibility criteria, levels of eosinophils needed to enter study, timing of eosinophil counts, etc) which could
influence the completeness of eosinophil depletion. However, until comparison studies are performed this is the data we
have available.

Benralizumab

The pre-benralizumab median and IQR blood eosinophil levels in the >300 eosinophils/puL group were 450 eosinophils/
puL [300-720] for Q4W benralizumab, and 440 eosinophils/uL [280—-691] for Q8W benralizumab.?' The IQR is defined
as the difference between the 25™ and 75" percentiles of the data, so values above the 75™ percentile are not included in
the IQR. Treatment of severe eosinophilic asthma with benralizumab reduced blood eosinophil counts in the >300
eosinophils/pL group significantly to a median of 0 eosinophils/uL (Interquartile range or IQR 0—10) by Week 4.' This
blood eosinophil reduction in response to benralizumab was maintained to week 48.*' Blood eosinophil levels in the
placebo cohort remained similar between baseline and week 4. Blood eosinophil responses to benralizumab were similar
for asthmatics with blood eosinophil counts less <300 eosinophils/uL.>' Thus, in this study benralizumab showed
a significant eosinophil depleting effect in the blood of >95% from week 4 to week 48.%"!

Mepolizumab

Mepolizumab decreased the blood eosinophil counts by week 4 and blood eosinophil counts reached a nadir around week
12 (with reductions of 83% in the intravenous group and 86% in the subcutaneous group), and the decreases were
maintained during the study.’**° Baseline mean blood eosinophil counts were similar in the placebo (320 eosinophils/
pL), IV mepolizumab (280 eosinophils/uL), and subcutaneous mepolizumab (290 eosinophils/uL) groups.

Reslizumab

Reslizumab decreased the blood eosinophil counts by week 4 and blood eosinophil counts reached a nadir around week
16 (with reductions of 84% in study 1 of reslizumab, and 94% in study 2 of reslizumab), and the decreases were
maintained during the 52 week study.*> Baseline mean blood eosinophil counts were similar in study 1 in the placebo
(624 eosinophils/uL) and reslizumab groups (696 eosinophils/uL), as well as in study 2 in the placebo (688 eosinophils/
puL) and reslizumab groups (610 cosinophils/uL). The baseline blood eosinophil counts are higher in this reslizumab
study (610 and 696 eosinophils/uL) compared to studies described above for benralizumab (450 eosinophils/uL),*' and
mepolizumab (290 eosinophils/pL).*?

Which Severe Asthmatics Benefit from Biologics ?

Responses to biologics appear to exist on a spectrum despite patients meeting similar eligibility criteria.*® Studies in
Denmark (n = 501 severe asthma),*” Australia (n = 453 severe asthma),’® and the UK (n = 1,111 severe asthma)’' have
relied on cross-sectional data collected at the time of biologic initiation to uncover why some severe asthmatics achieve

4850 which was associated

remission on biologic therapy while others do not. One common feature in all three studies
with severe asthmatics achieving remission on biologic therapy was shorter duration of asthma. These studies suggest
remission is currently achievable in approximately 20-30% of severe asthmatics on biologic therapy and that shorter
asthma duration may be a key factor for attaining on-biologic remission.** >! Additional factors identified in some
studies®' that were associated with biologic therapy induced asthma remission include higher T2 biomarkers, male sex,
lower body mass index and asthma symptoms at baseline.

At present, there are no universally accepted definitions of how asthma phenotypes are defined and thus having well
accepted standardized definitions of phenotypes would help to identify severe asthmatics who respond well to
biologics.” At present, T2 high and T2 low biomarker phenotypes are frequently used to identify severe asthmatics
who are likely to respond to anti-IL5 therapy.’> The T2 biomarkers most commonly used to determine T2 high and T2
low phenotype include blood eosinophil levels and FeNO.>? Although different studies use different definitions of levels
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of blood eosinophils or FeNO that equate to T2 high, the ERS/ATS guidelines suggest a T2 cutoff of >150 eosinophils/ul
as T2 high to guide anti-IL-5 initiation in adults with severe asthma and a history of severe and asthma exacerbations™>
(Table 3), while the ATS guidelines state that high FeNO levels (defined as >25 ppb in adults) are used to determine the
T2 high status of a patient with severe asthma.’” There are important caveats to just using these T2 high and T2 low
biomarkers (BEC and FeNo) in isolation, as clinical phenotyping (ie age, age of asthma onset, allergic sensitization,
obesity, etc) should be combined with biomarkers in determining an asthma phenotype.* In addition, phenotypes are not
fixed and can change in response to environmental triggers (ie respiratory viral infections, tobacco smoke, air
pollution).>

A retrospective study of the Danish Severe Asthma Register (n = 755) applied an unsupervised clustering method and
sequencing analysis, identified three distinct trajectories of asthma disease progression in patients initiating biologic
therapy.”® Each of the identified asthma disease trajectories identified was associated with distinct asthma outcomes on
biologic therapy with sudden onset severe asthma most likely to achieve remission (32%), compared to those with
gradual onset (29%) and chronic severe asthma (17%).>> The findings of all these studies highlight the potential
importance of early intervention with biologics to prevent the long-term consequences of severe asthma.*®

Long Term Response to Anti-IL-5

The long term responses to anti-IL-5 have been studied in severe asthmatics (n = 114) who had initiated an anti-IL-5
biologic (mepolizumab, reslizumab, benralizumab) 2 years earlier.”* After 2-years of anti-IL-5 treatment, 14% of severe
eosinophilic asthmatics were super responders, 69% partial responders, and 11% non-responders.>* Super response was
predicted by shorter asthma duration and higher FEV1 and tended to be associated with adult onset asthma, absence of
nasal polyps, and lower body mass index.* After 2-years of anti-IL-5 therapy, the most common residual disease
manifestations included impaired lung function (59%), uncontrolled sino-nasal disease (58%), and uncontrolled asthma
symptoms (48%).> 4

Substituting One Eosinophil Depleting Agent for Another

In a single-center, single blind, placebo controlled study of 20 patients whose severe asthma was uncontrolled after >6
months of regular IL-5 targeted therapy (mepolizumab or reslizumab), treatment with an anti-IL-5Ra targeted therapy
(benralizumab) significantly reduced sputum eosinophils (99.9%) and blood eosinophils (100%).%> The inclusion criteria
for this study included evidence of persistent sputum eosinophil counts >3% (presence or absence free eosinophil
granules) and an Asthma Control Questionnaire—5 (ACQ-5) score >1.5. Approximately 71% of the severe asthmatics in
the study were receiving prednisone at a median daily dose of 7.5 mg. Study subjects received monthly injections of the

Table 3 T, High Versus T, Low Asthma

Biomarkers
T, Biomarkers
T, High T, Low
AEC = 150/uL AEC < 150/uL
FeNO = 25PPB FeNO < 25PPB

Notes: AEC: AEC is the “Absolute Eosinophil Count” in
peripheral blood. ERS/ATS guidelines suggest an AEC T2 cutoff
of 2150 eosinophils/ul as T2 high to guide anti-IL-5 initiation in
adults with severe asthma and a history of severe and asthma
exacerbations.”? FeNO: ATS guidelines state that high FeNO
levels (defined as >25 ppb in adults) are used to determine the
T2 high status of a patient with severe asthma.*? ppb is parts
per billion. Caveats: Clinical phenotyping (ie age, age of asthma
onset, allergic sensitization, obesity, etc.,) should be combined
with T2 biomarkers in determining asthma phenotype. In addi-
tion, phenotypes are not fixed and can change in response to
environmental triggers (ie respiratory viral infections, tobacco
smoke, air pollution).52
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study medication (Injection 1, 2, 6, 8 were placebo; benralizumab injection was administered at 3-, 4-, 5-, 7-, and
9-month visits, constituting five doses administered according to benralizumab dosing schedule). The primary study
outcome was a significant reduction in sputum eosinophils at the end of treatment. Sixteen of the 20 severe asthmatics
showed clinically relevant improvement in their asthma control (ACQ-5 score <1 and improvement of >0.5 points).
Many severe asthmatics including the four who showed a poor response to treatment (ACQ-5 score>1.5) had CT
evidence of mucus plugging and sinus disease. Thus, benralizumab can suppress sputum eosinophilia that is not
suppressed by mepolizumab or reslizumab administered at the currently approved dosing regimens.

While this small study demonstrated interesting results, further large scale double blind studies are needed to
determine whether switching from one eosinophil depleting agent targeting IL-5 to another agent targeting the IL-5Ra
improves sputum eosinophilia and asthma control in severe asthmatics with sputum eosionophilia >3% as described in
this single blind study.> In addition, the study population in this study is a subset of very severe asthmatics receiving
prednisone at a median daily dose of 7.5 mg and whether similar results would be obtained with the much larger
population of severe eosinophilic asthmatics not on daily prednisone requires further study. Finally, there are no studies
investigating whether severe asthmatics not improving clinically on an anti-IL-5Ra targeted therapy (benralizumab)
would improve clinically on an IL-5 targeted therapy (mepolizumab or reslizumab).

Kinetics of Eosinophil Depletion with Eosinophil Targeted Therapies

The rapid onset of depletion of blood and airway eosinophils with eosinophil depleting biologics may be important if
these biologics are to be considered to be used as an alternative for prednisolone as a treatment of acute eosinophilic
exacerbations of asthma. A small study therefore compared the rate of blood eosinophil depletion after administration of
the first dose of either mepolizumab 100 mg subcutancously (n = 6), benralizumab 30 mg subcutancously (n=6), or
prednisolone 30 mg (n = 6) in patients with severe eosinophilic asthma.’® The primary outcome of this study was the
time to reach a 50% reduction in blood eosinophil count after administration of either mepolizumab, benralizumab, or
prednisolone. Inclusion criteria included a known diagnosis of severe asthma and baseline blood eosinophil count >300
eosinophils/pL. Baseline blood eosinophil counts were not significantly different between the groups. The mean time for
the blood eosinophil level to decrease 50% from baseline was 25.8 +14.3 hours on mepolizumab, 1.7 + 0.7 hours on
benralizumab, and 2.5 £+ 0.3 hours on prednisolone (P <0.001 for both benralizumab and prednisolone compared with
mepolizumab; P = 0.874 between prednisolone and benralizumab). A blood eosinophil count <100 cells/puL was achieved
by 4 hours in 5/6 participants treated with benralizumab and 5/6 treated with prednisolone. In contrast 0/6 mepolizumab
treated subjects had <100 cells/uL by 4 hours with only by 1/6 patient mepolizumab treated subjects had <100 cells/uL
by 96 hours. Thus, benralizumab in this study depleted peripheral blood ecosinophils at a similar rate to prednisolone
during the first 24 hours after treatment. The speed and magnitude of the depletion were much greater than
mepolizumab.>® Future studies demonstrating a similar outcome on sputum eosinophils as with blood eosinophils will
be important in understanding whether benralizumab is likely equivalent to prednisolone in the treatment of acute
eosinophilic exacerbations of asthma. Mepolizumab and benralizumab have similar efficacy and safety in the longer-term
treatment of severe eosinophilic asthma suggesting that the difference in the speed of onset is not relevant to the chronic

use of these therapies.

Effect of Eosinophil Targeted Therapies on Airway Remodeling in Asthma

Studies in mouse models of allergen induced chronic asthma have demonstrated that IL-5 deficient mice have sig-
nificantly reduced levels of eosinophilic airway inflammation, eosinophils expressing TGFB1, and reduced features of
airway remodeling including reduced peribronchial fibrosis, reduced thickness of the peribronchial smooth muscle layer,
and reduced mucus.'® The importance of TGFf1 to these observations is suggested from studies of SMAD3 deficient
mice (that are unable to mediate TGFB1 signaling) that also have reduced levels of airway remodeling in the allergen
induced chronic asthma mouse model.”” Studies in mild asthmatics treated with anti-IL-5 have extended these murine
findings to human asthmatics by showing that anti-IL-5 reduces levels of BAL eosinophils expressing TGFB1 as well as
levels of extracellular matrix proteins associated with airway remodeling.’®
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Effect of Anti-IL-5 on Co-Morbidities: Nasal Polyps
Mepolizumab and Nasal Polyps (SYNAPSE Study; Han et al, Lancet Resp Med 2021)*°
Mepolizumab has an FDA approved indication for nasal polyps in patients 18 years and older based on large scale phase

3 studies including the study of Han et al.>®

Chronic Rhinosinusitis with Nasal Polyps (CRSwNP) affects approximately
2-4% of the general population, and long-term use of systemic corticosteroids in such patients is associated with adverse
effects. Approximately 20%—60% of patients with nasal polyps have associated asthma.®® The aim of the SYNAPSE
study (a randomised, double-blind, placebo-controlled, phase 3 study) was to assess the efficacy and safety of mepoli-
zumab in adults with recurrent, refractory severe bilateral CRSWNP. Eligible patients had refractory, severe, bilateral
nasal polyp symptoms (nasal obstruction symptom visual analogue scale [VAS] score of >5), were eligible for repeat
nasal surgery despite standard of care treatment, and had to have at least one nasal surgery in the past 10 years. Patients
received either 100 mg mepolizumab (n = 206) or placebo (n = 201) subcutancously every 4 weeks for 52 weeks, as well
as standard of care (mometasone furoate intranasal spray, nasal saline irrigations, systemic corticosteroids and/or
antibiotics). The co-primary endpoints were total endoscopic nasal polyp score, and mean nasal obstruction VAS
score. In patients with CRSWNP mepolizumab significantly improved both endoscopic nasal polyp size as well as
nasal obstruction VAS score compared to placebo.® These findings suggest that mepolizumab provides an effective add-

on treatment option to standard of care in CRSwNP with continued nasal polyps and symptoms.

Benralizumab and Nasal Polyps (OSTRO, Bachert et al, ] Allergy Clin Immunol 2022)°®'

The OSTRO phase 3 study investigated the efficacy and safety of benralizumab for treating CRSWNP.®' Patients with
severe CRSwWNP who were symptomatic despite treatment with intranasal corticosteroids and who had a history
of systemic corticosteroid (SCS) use and/or surgery for nasal polyps (NP) were randomized to either
benralizumab 30 mg (n = 207) or placebo (n = 206) for 40 weeks. Co-primary end points were change in Nasal Polyp
Score (NPS) and Nasal blockage score. Benralizumab significantly improved NPS and nasal blockage score compared to
placebo at week 40 (P < 0.005), and reduced difficulty with sense of smell. However, there were no improvements in
Sinonasal Outcome Test 22 (SNOT 22) score, time to first NP surgery, and/or corticosteroid use for NP. Benralizumab is
currently as of May 2025 not FDA approved for the treatment of CRSWNP and in 2022 the FDA asked Astra Zenica for
additional clinical information for the FDA to reconsider their decision.

Reslizumab and Nasal Polyps
There are currently no published large scale phase 3 studies of reslizumab in CRSWNP and reslizumab as of May 2025 is
not FDA approved to treat CRSWNP.

Which Biologic to Chose to Target Eosinophils in Asthma?

As there are no direct head-to-head comparator trials of different eosinophil targeted biologics in severe eosinophilic
asthma, it is not possible to provide a strong evidence based choice of which of the three currently available eosinophil
targeted biologic to choose in severe eosinophilic asthma. All three eosinophil targeted biologics appear to be equally
effective in the treatment of severe eosinophilic asthma and have a similar excellent safety profile. Each are FDA
approved for the treatment of severe eosinophilic asthma based on large scale phase 3 clinical trials. Some considerations
in choosing one of the three eosinophil targeted biologics include if the individual with severe eosinophilic asthma also
had a comorbidity such as CRSWNP as currently only mepolizumab has FDA approval for treatment of CRSwNP.
Patients may also express a preference for subcutaneously administered therapy (mepolizumab, benralizumab) as these
can be administered at home as compared to intravenous administered eosinophil targeted therapies (reslizamab) which
require clinic visits. In addition, the frequency of administration of eosinophil targeted therapies is either every 4 weeks
(mepolizumab, reslizumab), or alternatively initially every 4 weeks and then every 8 weeks on maintenance (benralizu-
mab) can influence patient choices. The pediatric age of the individual may also influence the choice as reslizumab is not
FDA approved in pediatric patients and is currently only approved in ages 18 years and older (Table 1). Mepolizumab is
approved for ages >6 years, whereas benralizumab is approved for ages >12 years (Table 1). Boxed prescribing warnings
in the FDA package insert may also influence the choice of eosinophil targeted biologic. For example, reslizumab has
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a boxed prescribing warning indicating that anaphylaxis occurred with reslizumab infusion in 0.3% of patients in
placebo-controlled studies, and that patients should be observed for an appropriate period of time after reslizumab IV
infusion. Although the risk of anaphylaxis with reslizumab is very small, it can influence very risk averse patients if there

is an alternate option without this warning.

Target Eosinophils or Alternate Pathways in Asthma!?

There are currently six FDA approved biologic therapies for severe persistent asthma that target different pathways (eosinophil
and non-eosinophil pathways) in an attempt to reduce asthma exacerbations, improve asthma symptom control, improve lung
function, and potentially decrease oral corticosteroid use (ie anti-IgE;** dupilumab targeting the IL-4Ro;* tezepelumab
targeting TSLP;** and the three eosinophil targeted biologics). No information is currently available from randomized
controlled clinical trials in severe asthma to compare any of the 6 available biologic therapies head-to-head in asthma.
Thus, in the absence of such studies, the selection of a specific biologic agent for severe asthma should be individualized by
utilizing a profile of clinical features including comorbid conditions that could also be controlled by that biologic (ie
CRSwNP), biomarker status (eosinophils, FeNO, IgE), corticosteroid dependence (dupilumab is the only biologic with

65-70

FDA indication for corticosteroid dependent asthma), patient preference (IV vs sc medication), and side effect profile.”’

The following specific asthma clinical circumstances warrant consideration of the selection of particular biologics:

a. Severe asthma with oral corticosteroid dependence: Dupilumab is the only biologic with FDA approval for
corticosteroid dependent asthma (irrespective of biomarker status).®> Mepolizumab®”*° and benralizumab*’ have
also shown corticosteroid sparing effects for severe eosinophilic asthma but do not have FDA approval for this
indication.

b. Severe asthma without evidence of elevated type 2 biomarkers: Tezepelumab is the only biologic therapy with
FDA approval for severe persistent asthma with and without evidence of elevated type-2 biomarkers.®’

c. Asthma and CRSwNP: There are three biologics with FDA approval for treatment of nasal polyposis and asthma
(mepolizumab,®® dupilumab,®® anti-IgE®®). No direct head to head comparator studies have been performed of
these three FDA approved biologics for treatment of nasal polyposis and asthma. A post-hoc indirect comparator
study suggested that dupilumab had the biggest impact on patient-reported outcome measures compared to
mepolizumab or omalizumab.”> However, there are significant limitations to post-hoc indirect comparator studies,
and thus direct prospective head to head comparator studies are needed to make firm objective conclusions.

d. Severe Asthma: Biologic Improvement in Lung Function-Indirect Comparison: Indirect comparison suggests
that dupilumab and tezepelumab appear to provide the best improvement in lung function and the highest
reduction in asthma exacerbation risk compared to placebo.”® However, until prospective head to head biologic
comparison studies are performed with all 6 current biologics in severe asthmatics these indirect conclusions are
not yet substantiated by conclusive evidence.

Use of Historical Blood Eosinophil and Sputum Eosinophil Counts to Define Severe

Eosinophilic Asthma

A one time eosinophil blood count may not accurately reflect the true underlying eosinophil phenotype in severe asthma
as levels of eosinophilic inflammation are variable over time, and oral corticosteroid therapy can suppress eosinophilic
inflammation.”* A ten year retrospective study of 235 biologic therapy naive severe asthmatics in the WATCH cohort
demonstrated that approximately 40% were blood eosinophilic (>300 eosinophils/uL) at WATCH enrollment whilst an
additional approximately 43% who were not eosinophilic at enrollment demonstrated eosinophilia at least once during
the previous decade.”* Thus, historical eosinophil blood counts may identify severe asthmatics with previous but not
current eosinophilia which may be related to changes in asthma therapy and/or other factors. Further studies are needed
to determine whether severe asthmatics with previous, but not current eosinophilia, respond as well to eosinophil target

biologics as severe asthmatics with current eosinophilia.
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Three Component Definition of T2 High Status in Severe Asthma (Eosinophils;
FeNO; Clinical)

Using a three factor multicomponent definition of T2 high status that included eosinophilic blood inflammation (>150
eosinophils/uL), as well as two additional components (FeNO > 20; maintenance oral corticosteroid use and/or clinically
allergen driven asthma), 93% of 388 biologic naive severe asthmatics were identified as T2 high.” Interestingly, of the
7% of severe asthmatics identified as T2 low by this definition, 75% of them had raised peripheral blood eosinophils
within the preceding 10 years which left only 1.8% of severe asthmatics who had never had a T2 signal.”” As there are 6
biologics that can target T2 high asthma, the ability to identify the vast majority of severe asthmatics as T2 high using
a three component definition improves the ability to identify severe asthmatics who may benefit from a T2 directed
therapy but does not identify the specific biologic that is likely to be best.

Evaluating and Treating an Asthma Exacerbation While on Mepolizumab

The MEX study’® which investigated the inflammatory phenotype and physiological characteristics of asthma exacer-
bations events in severe eosinophilic asthma treated with mepolizumab have demonstrated that asthma exacerbations on
mepolizumab have two distinct phenotypes, which can largely be differentiated by using FeNO. Non-eosinophilic asthma
exacerbations which are likely driven by infection are associated with a low FeNO and high C-reactive protein
concentration, whereas eosinophilic asthma exacerbations are FeNO high.”® A FeNO measurement of <20 ppb demon-
strated a 100% positive predictive value for predicting non-eosinophilic, infectious asthma exacerbations.”® As oral
prednisolone has extensive additional biologic and anti-inflammatory effects in patients taking mepolizumab, predniso-
lone use should be considered in high FeNO mepolizumab associated asthma attacks.””’® Whether low Feno asthma
exacerbations in the setting of anti-IL-5 therapy benefit from prednisolone require further study.”””® The results of the
MEX study’® challenge the routine use of oral corticosteroids for the treatment of all asthma exacerbation events on
mepolizumab, as well as the switching of biological therapies for treatment failure without profiling the inflammatory
phenotype of ongoing asthma exacerbations.

Future Directions: Ultra Long Acting Anti-IL-5

Depemokimab is an ultra-long-acting anti-IL-5 with enhanced binding affinity for IL-5 that may enable effective 6-month
dosing intervals.” In two phase 3A placebo-controlled replicate trials, the efficacy and safety of depemokimab was
examined in patients with severe eosinophilic asthma (>300 eosinophils/uL in the previous 12 months, or >150
eosinophils/pL at screening) and a history of asthma exacerbations.”” Asthmatics were randomly assigned to receive
either depemokimab (100 mg subcutaneously) (n = 502) or placebo (n = 260) at weeks 0 and 26, plus standard care. The
primary end point was the annualized rate of asthma exacerbations at 52 weeks which was reduced by approximately
59% with depemokimab (mean exacerbation rate 0.46) compared to placebo (mean exacerbation rate 1.11). This study of
depokinumab’® was placebo controlled but did not have an active short acting anti-IL-5 comparator administered every
month such as mepolizumab to determine whether depokinumab every 6 months was as effective as mepolizumab every
month. The mean number of asthma exacerbations in the placebo group in this depokinumab study was only 1.1 which is
a small number of annual exacerbations. Nevertheless, patients will likely prefer a twice yearly anti-IL-5 therapy if it is
equally effective as a monthly IL-5 therapy especially if it can be administered at home.

Targeting Eosinophils in Asthma: Drawbacks
How Often Do We Have a Clinical Remission to an Eosinophil Targeted Biologic in

Severe Asthma!

If a therapy is not effective or minimally effective in severe asthma that would be a significant drawback. Several studies
have shown that biologics only induce clinical remission in approximately 20% to 40% of severe asthmatics with no
substantial differences in efficacy across the different classes of biologics.*® ®® Asthma characteristics associated with
a suboptimal or lack of response to an asthma biologic include a high asthma exacerbation rate, longer asthma duration,
greater oral corticosteroid requirements, and relatively impaired lung function (which may may be associated with airway
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remodeling).?” However, our current method of biomarker endotyping of eosinophilic asthma (based on blood eosino-
phils or sputum eosinophils) is not sufficiently rigorous to differentiate between IL-5 driven causes of eosinophilic
inflammation (which will respond to an IL-5 targeted therapy) and non-IL-5 driven causes of eosinophilic inflammation
(which will not respond to an IL-5 targeted therapy).

Nolasco et al®*® have proposed that the response to mepolizumab may have either the desired outcome (ie clinical
remission occurring in approximately 20%-40% of severe asthmatics treated with mepolizumab), or an inadequate or
lack of response to mepolizumab (in approximately 60%—80% of severe asthmatics). A significant clinical asthma
remission response with mepolizumab occurred in 20%—40% of severe asthmatics treated with mepolizumab whose
response included a significant reduction in sputum eosinophils, asthma exacerbations, asthma symptoms, and improve-
ment in lung function.®® This mepolizumab responsive subset is likely due to IL-5 being the primary cytokine
contributing to the pathogenesis of asthma in this subset of mepolizumab treated patients, and the dose of mepolizumab
being sufficient to neutralize all the IL-5 in the airways.®” A second subset of asthmatics treated with mepolizumab
(mepolizumab partially responsive subset) may have continued asthma symptoms and eosinophilic asthma exacerbations,
which may occur when the standard dose of mepolizumab is inadequate to neutralize the very high levels of IL-5 in the
airway and is thus ineffective in reducing high eosinophil numbers in the airway.*® This partially responsive mepolizu-
mab subset may need either higher doses of anti-IL-5, or switching to an anti-IL-5Ra agent, that may allow more
complete depletion of sputum eosinophils, which may improve treatment outcomes in such asthmatics.®® A third subset
of asthmatics treated with mepolizumab (mepolizumab unresponsive subset) may have continued asthma symptoms
because their eosinophilic asthma is not due to IL-5 but due to other non-IL-5 mechanistic pathways such as IL-4/IL-13,
TSLP, IL-33, mast cells, ILC2, or other pathways.80 These studies underscore the need to develop additional validated
biomarkers for specific cytokines (ie IL-5, IL-4/IL-13, TSLP, IL-33, eotaxin-1, RANTEs, etc), and cell types (mast cells;
ILC2 which are IL-13" IL-5") that may be contributing to the pathogenesis of asthma in partially responsive and
unresponsive eosinophilic asthmatics. Additionally, it is also possible that a remodeled airway with structural changes of
airway wall fibrosis and smooth muscle hypertrophy (or hyperplasia) may also show poor treatment response to an anti-
IL-5 biologic as suggested in studies examining mepolizumab responses in an Australian registry of mepolizumab
treatment for severe asthma which described three different responses to mepolizumab when monitored over a 12 month
period.®®

What Happens When Eosinophil Directed Therapies are Discontinued?

Studies in severe eosinophilic asthma have demonstrated that subjects who discontinued mepolizumab experienced
significant increases in blood eosinophils, asthma symptoms, and number of asthma exacerbations within 3 to 6 months
after the last dose of mepolizumab.®® Thus, a potential minor drawback to eosinophil targeted therapies is that they do not
induce long term remission off of therapy and in this aspect are similar to other therapies used for the treatment of severe
asthma such as inhaled or oral corticosteroids, and biologics that do not target eosinophils.

FDA Approved Biologics for Eosinophilic Asthma are Well Tolerated

Biologics that are FDA approved for targeting eosinophils in the treatment of asthma are generally well-tolerated. Meta-
analysis of randomized controlled trials that assessed the efficacy of biologics approved to treat eosinophilic asthma have
generally been associated with fewer adverse effects than the control subjects including serious adverse events and
deaths.”® The most common adverse effects noted with biologics used to treat asthma are generally minor and common to
all agents, and include nasopharyngitis, upper respiratory infection, and reactions at the injection site.°®’® However,
there are a few very rare potential side effects and warnings from the FDA regarding specific biologics that we discuss in
greater detail below.

Very Low Incidence of Herpes Zoster

Opportunistic infection occurred in approximately 4%—7% of patients receiving mepolizumab (n = 339) in two 52 week
open-label extension trials for severe eosinophilic asthma.’' Herpes zoster was the most common of these infections (n =
11),°" with one episode of herpes zoster considered serious’'* and all other episodes resolved despite the continuation of
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mepolizumab.’' Mepolizumab’s FDA approved package insert recommends consideration of vaccination prior to starting
therapy if appropriate.®®

Benralizumab therapy in eosinophilic asthma had no increased risk of infection, and there were no reported helminth
infections.*'*7-2 There was one reported case of herpes zoster associated with benralizumab.*® Subsequently in 2019,
a case report described a 6l-year-old asthmatic who developed disseminated herpes zoster after initiation of
benralizumab.’? Benralizumab 1- and 5-year extension trials did not demonstrate an increased risk of herpes zoster
infection.”**** There are no published contraindications or FDA recommendations regarding herpes zoster vaccination for
benralizumab.

Reslizumab: Very Low Risk of Anaphylaxis/Hypersensitivity Reaction

Reslizumab is an IV administered biologic and features a boxed warning by the FDA for anaphylaxis.®® A pooled
analysis of 6 clinical trials with 1,028 reslizumab treated asthmatics revealed three cases of anaphylaxis occurred with
reslizumab administration (0.3%).*> All episodes of anaphylaxis occurred shortly after initiating or completing the
infusion, and all affected patients were successfully managed with standard anaphylaxis therapies.*> In an open-label
extension trial, no cases of anaphylaxis were reported among 1,051 patients who received reslizumab.** The FDA

package insert recommends observation after reslizumab infusion for “an appropriate period of time.”®’

Benralizumab: Hypersensitivity Reactions

In placebo-controlled trials of benralizumab hypersensitivity reactions to benralizumab (primarily urticarial rash) were
reported in approximately 1%-3% of asthmatics.’*>"*” Anaphylaxis to benralizumab did not occur in randomized,
controlled, double-blind studies among patients receiving benralizumab. However, anaphylaxis to benralizumab was
reported in one patient in the open-label extension trial of 1,576 benralizumab treated asthmatics.”

Eosinophils and Risk of Parasitic Infections

While eosinophils are associated with several parasitic infections and are effective at killing parasites in vitro, their role
in clearing parasites in humans in vivo is complex and not fully understood.”® In vitro, eosinophils kill various helminth
and protozoan parasites in laboratory settings, often in the presence of antibodies or complement.”® The precise role of
eosinophils in clearing parasites in vivo in humans is less clear. While eosinophils are known to be attracted to parasitic
infections, their role in killing adult parasites is not as well-established as their ability to kill larval stages.”® Studies also
suggest that eosinophils are not always essential for clearing parasitic infections, and other immune cells like neutrophils
and T cells can also play important roles. The use of eosinophil depleting agents has led to some information regarding
the risk of parasitic infection in eosinophil depleted patients (who may or may not have been exposed to parasites, and
who were not specifically monitored with tests for parasitic infection). For example, there were no reported helminth
infections or opportunistic infections in a 24-month open-label extension trial of reslizumab.*’

Eosinophils and Risk of Malignant Neoplasms

As eosinophils are associated with malignant neoplasms studies with eosinophil depleting agents have also focused on
understanding whether eosinophil depleting agents are associated with an increased risk of malignancies. Although,
eosinophils infiltrate multiple tumors their role in influencing tumor growth either positively or negatively in vivo is not
known.”” Eosinophils are capable of releasing unique granule proteins that can potentially kill tumor cells.”’
Alternatively, eosinophils can secrete pro-angiogenic and matrix-remodeling soluble mediators that could promote
tumor growth.”” As eosinophils infiltrate tumors, the potential impact of eosinopenia induced by benralizumab on the
risk of malignancy has been raised.”> However, there is insufficient evidence to suggest an increased risk of malignancy
among patients receiving benralizumab. In a 1-year open-label extension study of benralizumab, new malignancy
occurred in 1% of asthmatics, and one case was felt by the investigator to be related to benralizumab.”® This asthmatic
had a history of prostatic hypertrophy and elevated prostate-specific antigen and developed prostate cancer 3 days after
the second dose of benralizumab.”>*> A subsequent 5-year extension study of benralizumab did not demonstrate an
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increased risk of malignancy compared to placebo. Malignancy was reported in 3 (0.7%) of patients receiving
benralizumab compared to 1 (0.5%) of patients receiving placebo.”?

Risks of Eosinophil Targeted Biologics in Pregnancy

As many asthmatics are in their child bearing years, consideration needs to be given as to whether therapies targeting
either IL-5 or the IL-5 Receptor a are safe to use in pregnancy. Mepolizumab, reslizumab, and benralizumab are IgG
monoclonal antibodies that transport across the placenta in a linear fashion as pregnancy progresses.”® '*’ Thus, their
potential effects on a fetus are likely to be greater during the second and third trimester. In non-human primate studies, no
evidence of fetal harm has been observed with eosinophil targeted therapies.”” For example, in pregnant non-human
primates, administration of mepolizumab (9-fold the maximum recommended human dose)®® or benralizumab (310-fold
of the maximum recommended human dose)’” elicited no maternal or fetal adverse effect up to 9 months after birth. No
such data are available for reslizumab.®® No signal of harm in human pregnancy and breastfeeding has yet been published
for mepolizumab, benralizumab, or reslizumab.”® ' Although the absence of a signal of harm in pregnancy for IL-5/IL-
SRa targeted therapies thus far is reassuring, as with all therapies administered in pregnancy the pros/cons of adminis-
tering the therapy should be discussed with the patient. There are currently ongoing pregnancy exposure registries for
mepolizumab, and benralizumab, but no registry for reslizumab.'®' However, the value of the registry is dependent upon
information related to pregnancy outcomes on biologics (good and bad) being voluntarily provided to the registry.

Eosinophil Targeted Therapies Open Label Extension Studies of Safety
Limitations of the Interpretation of Safety and Efficacy in Open Label Extension
Studies

While long term open label studies of mepolizumab,'®? reslizumab,***

and benralizumab®® provide useful information
on long term safety and efficacy, the absence of a placebo control group and the lack of blinding are a significant
limitation of such study designs.'® The lack of a placebo-controlled arm means it is difficult to make robust clinical
interpretations regarding any follow up treatment-related outcomes.”®'® Patient recruitment to extension studies are also
biased toward recruitment of those who responded to therapy, and to those without AEs, as those with AEs may
discontinue and not be included in extension studies.”®'%* These factors may bias and positively affect the long term
treatment safety and efficacy outcomes.”®'*® Finally, in extension studies if the use of background asthma therapies are
not systematically checked during the extension study and are at the investigator’s discretion whether to increase
background asthma therapies, this approach may influence the results of efficacy outcomes.”®'®® In addition, any changes

in bronchodilator therapy may affect the lung function results.”®'*®

Decreased Adherence to Inhaled Corticosteroids in a Subset of Asthmatics While on
Biologic
A subset of asthmatics receiving biologic therapy demonstrate decreasing adherence to inhaled corticosteroids (ICS)

treatment. It is therefore essential to check ICS adherence'®*

while an asthmatic is on a biologic, as mepolizumab
associated nonadherence to ICS predicts a poor clinical response.'®> Benralizumab in the SHAMAL trial'®® demonstrated
that asthmatics controlled on benralizumab can have meaningful reductions in ICS dose while maintaining their asthma
control. However, benralizumab was associated with a decline in FEV in a subset of asthmatics who decreased their ICS
dose to as-needed budesonide-formoterol'®® No significant decrease in FEV, was noted in asthmatics on benralizumab
receiving low-to-moderate dose ICS therapy. Thus, it is important to ensure that asthmatics receiving biologics adhere to

taking at least a low to moderate dose of ICS.

Conclusion

Human IL-5 was initially cloned in 1987'°” and its functional ability to regulate eosinophil proliferation in mice'*'®

and
humans'*'*'%7 led to subsequent studies demonstrating that IL-5 was present in the airway of asthmatics'® and that
inhibiting IL-5 in the mouse prevented allergen induced eosiniophilic airway inflammation, airway hyperreactivity, and
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airway remodeling.'® These and other pre-clinical studies provided the impetus for the development by pharma of
biologics targeting IL-5 and the IL-5Ra. The trials and tribulations of bringing an IL-5 targeted therapy to the clinic'’
were underscored by the lack of response in initial studies which did not focus on requiring an entry criteria of
eosinophilic inflammation in severe asthmatics, or an end point of asthma exacerbations which were later shown to be
essential in demonstrating the effectiveness of IL-5 targeted therapies in severe asthma. FDA approval for the first IL-5
targeted therapy occurred in 2015,°® approximately 28 years after the initial discovery of human IL-5 underscoring the
length of time taken for these IL-5 targeted biologics to reach the clinic. IL-5 and IL-5Ra targeted therapies have been an
important advance in the treatment of severe asthmatics with eosinophilic inflammation. Side effects are infrequent and
generally mild. However, as only approximately 20% to 40% of severe asthmatics with eosinophilic inflammation
respond significantly to IL-5 and IL-5Ra targeted therapies it is important to correctly choose those severe asthmatics
with eosinophilic inflammation who are most likely to respond to IL-5 and IL-5Ra targeted therapies by improving our
ability to measure the specific biologic target biomarkers (ie IL-5 in the case of anti-IL-5 therapy), as well as by making
sure that the dose of the biologic being used is optimal for an individual asthmatic, and by investigating whether an
alternate non-IL-5 pathway is mediating eosinophilic airway inflammation if there is no response to IL-5 and IL-5Ra
targeted therapies.
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