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Abstract

Introduction—~Patients with severe eosinophilic asthma have an unmet need for novel and
efficacious treatments. Reslizumab is one of three monoclonal antibodies targeting the
interleukin-5 (IL5) pathway and has been found in phase 3b clinical trials to reduce asthma
exacerbations, control asthma-related symptoms and improve pulmonary function in patients with
eosinophilic asthma.

Areas covered—In this article we will discuss the results of asthma clinical trials using
reslizumab, beginning with a discussion of the relationship between eosinophils, IL5 and asthma.
We conducted PubMed searches using the terms ‘reslizumab’, ‘anti-1L5’, ‘eosinophilic asthma’,
‘IL5 asthma’. We also searched ClinicalTrials.gov for ‘reslizumab’, ‘reslizumab asthma’, ‘SCH
55700, ‘SCH 55700 asthma’, *‘Cinquil’, and ‘Cinquil asthma’.

Expert opinion—Reslizumab and other anti-IL5 therapies have seen success in recent trials
through more stringent study participant selection targeting eosinophilic inflammation. This
selection can now be based on simple blood counts. These drugs have shown a very good safety
profile, but long-term safety data is not yet available. Approval for these drugs is eagerly awaited
by clinicians and patients alike.
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1. Introduction: an unmet need for novel asthma therapies

Asthma is a common chronic respiratory illness posing a substantial burden to society in
terms of morbidity, mortality and cost!: 2. This burden is disproportionately born by the
subset of patients with ‘severe’ asthma, who by definition depend on daily medications
otherwise found to be efficacious in most asthmatics34. Considerable efforts have been
directed at distinguishing this treatment-resistant patient subset from others, which has
resulted in the categorization of asthma according to inflammatory signatures 2 6, clusters’,
and pathophysiologic mechanisms®8. The development of novel asthma therapies is grounded
on these categories, and many small molecule and monoclonal antibodies targeting these
biomolecular specificities are being investigated®11. One major asthma subtype,
constituting roughly half of all patients with asthma®, is phenotypically characterized by
eosinophilic inflammation12,

Interleukin-5 (IL5) is the chief cytokine responsible for eosinophil production, survival and
maturation3. Since eosinophils are thought to play a pathophysiologic role in asthma,
energies have been invested in generating therapies that target IL5 and its receptor. The aim
of such therapies is to reduce eosinophilic inflammation in the hopes of controlling asthma.
Anti-IL5 therapies in eosinophilic diseases have been reviewed elsewhere4-19. In this
article, we will discuss the clinical performance of reslizumab, including data from recently
completed phase 3b clinical trials using this antibody. We will begin with a review the
biology of eosinophils and IL5 and their role in asthma, explore the biochemical differences
between reslizumab and other anti-IL5 therapies, and consider the potential hurdles limiting
the clinical efficacy of targeting eosinophils as a therapeutic goal in asthma.

2. The role of eosinophils in asthma

The connection between eosinophils and asthma was made over a century ago??, and their
role as culprit vs. bystander in the pathobiology of this disease has been debated ever since.
Although no definitive proof for causality has been provided, multiple lines of evidence
suggest that airway eosinophils are capable of causing the clinical and pathologic traits seen
in asthma. Following their discovery, the abnormal presence of eosinophils in the airway and
peripheral blood in cases of fatal asthma were frequently (but not universally) reported?®.
Peripheral blood eosinophilia was later found to correlate with clinical and physiological
features of asthma such as symptoms?2 and bronchial hyperreactivity?3. Repeated allergen
challenges were found to result in both airway eosinophilia and airway hyperreactivity in
primates24. Simultaneously, eosinophil-derived chemical mediators were determined to
recreate the pathologic features of asthma (Figure 1). BAL-derived eosinophils and their
cationic protein contents were found to correlate with severity in patients with asthma.
Importantly, degranulated intraepithelial eosinophils were found to be a pathologic feature
suggestive of severe asthma?®. Co-incubation of human BAL-harvested eosinophils was
shown to result in epithelial cell cytotoxicity2, and to trigger histamine release from both
mast cells and basophils 7 vitrc®’. More recently, eosinophils have been shown to be
important contributors to airway remodeling, partly due to their production of TGF-beta?8.
Major basic protein, the most abundant component of crystalloid granules in eosinophils??,
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was found to be elevated in sputum of patients with asthma3C. It was also shown to cause
airway smooth muscle contraction ex vivc®L, and airway hyperresponsiveness /n vivo using
intratracheal instillation in primates32,

Considering these findings, trials were conducted testing asthma treatment strategies
targeting eosinophil numbers as a therapeutic aim. One such strategy adjusted the daily
inhaled corticosteroid (ICS) dose to decrease sputum eosinophil numbers. This was found to
reduce asthma exacerbations compared to guideline-driven decisions, suggesting a major
role for eosinophils in asthma33: 34,

3. IL5, eosinophils and asthma

IL5 is the principal eosinophilopoietic cytokine in humans3®. It mediates eosinophil
chemotaxis, activation, maturation, and survival. Additionally, IL5 enhances eosinophil
cytotoxicity and the secretion of chemical mediators3® (Figure 1). Classically, it is conceived
as being predominantly produced by Th2 cells, but IL5 has also been found to be produced
by group 2 innate lymphoid cells (ILC2)37, and in smaller quantities by mast cells and
eosinophils38. The connection between IL5, eosinophils, and asthma was bolstered by in
vivo experiments using IL5 knockout mice. These mice were sensitized and challenged with
ovalbumin, and did not develop eosinophilia, pulmonary cytotoxicity, or airway
hyperreactivity compared with wild-type mice. The allergic phenotype in the knockout was
restored with reconstitution of 1L5%9. In humans, the colocalization of IL5 mRNA, T cells
and eosinophils was shown to occur in bronchial biopsies of patients with asthma and not in
those of normal controls®0. T cells were identified as a source of IL5 mRNA in BALF only
of patients with asthma?L. Clinically, bronchial mucosal IL5 levels were shown to correlate
with asthma symptoms, pulmonary function, and degree of airway hyperreactivity*2.
Further, serum IL5 concentrations were reported to increase during asthma exacerbations?3.
IL5 was directly demonstrated to cause airway eosinophilia in asthma through instillation of
purified IL5 into patients with asthma undergoing bronchoscopies®®.

Design and biology of therapies targeting IL5 and its signaling pathway

Anti-IL5 therapies target elements of the IL5 signaling pathway. These monoclonal
antibodies are aimed at IL5 (ligand) or the IL5 receptor. Three such monoclonal antibodies
are being investigated in asthma clinical trials. Two of these target IL5 (ligand) itself, the
other targets the IL5 receptor alpha subunit. The mechanism of action of antibodies targeting
the IL5 ligand is thought to be disruption of the IL5 properties (described in the prior
section); additional consequences of this blockade include reduction of adhesion molecule
expression in eosinophils®®. In this review we will focus on reslizumab. Reslizumab (Sch
55700) is a humanized monoclonal antibody against human IL5, in which the antigen
recognition sites from a rat 1gG,, antibody were incorporated into a human IgGa/kappa
constant regions using complementarity determining region grafting technology*®. Mapping
of the IL5 epitope recognized by reslizumab and further characterization through site-
directed mutagenesis showed that amino acids 89-93 (out of the 115 amino acids that
compose IL5) are critical for recognition and for signaling through the IL5R*. /n vitro
studies show that reslizumab binds IL5 with high affinity (Kd =20pM) and has a long
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duration of action, with control of pulmonary eosinophilia in a model of eosinophilic
allergic pulmonary inflammation in monkey up to 6 months after administration of
reslizumab?®. Similarly, mepolizumab (SB-240563) is humanized monoclonal antibody
against human IL5, but from murine origin, and grafted onto a human 1gG4 heavy chain“®.
The 1gG1 subclass has a greater binding affinity to Fcy receptors, and thus 1gG, or 1gG,4 are
chosen in the design of monoclonal antibody therapeutics when a reduction in antibody-
directed cell-mediated cytotoxicity is desired*®. But since the target of both reslizumab and
mepolizumab is a soluble protein, the significance of this difference is unclear.

Benralizumab (MEDI-563) is a humanized murine monoclonal directed against the alpha
chain of the IL5R. It potentially causes eosinophil depletion through two mechanisms --
disruption of IL5-mediated signaling and potentially through antibody-directed cell-
mediated cytotoxicity®C. It also causes depletion of basophils, since these granulocytes also
express the IL5Ra°L,

4. Clinical studies on reslizumab and its effect on asthma, in comparison

with other anti-IL-5 therapies

The first clinical trial using reslizumab for asthma was a phase 2, dose-ranging pilot study
conducted by Kips et al. looking at safety, biologic activity and pharmacokinetics. Patients
were selected on the basis of asthma severity and use of oral or high-dose ICS as controller
therapy®2. This study verified the safety of this drug, and determined that doses =0.3mg/kg
significantly lowered peripheral blood eosinophil levels from baseline compared to placebo
(a mean 53% reduction at 48 hours). This effect was significant for up to 30 days after
injection, although less dramatic (mean 19% reduction). This of course implied that
reslizumab did not lead to complete eosinophil depletion, at least at the dosages tested.
Further, and like the early phase mepolizumab clinical trials®3: %4, this study strikingly did
not report clinical benefit. Reslizumab was found to be no different than placebo in terms of
symptom control, peak flow recordings, or physician evaluation. FEV{ was significantly
improved transiently (only 24 hours after administration), and only with a dose below the
proposed threshold for biological activity (with 0.3mg/kg rather than with 1mg/kg).
Furthermore, not all participants experienced a reduction in sputum eosinophilia even at the
1mg/kg dose. The lack of clinical benefit was partly attributed to the study not being
powered to evaluate clinical efficacy. But importantly, participants in these studies were
recruited without consideration of their inflammatory cell profile.

The initial studies on eosinophil-directed therapy in asthma were disappointing. However, as
it became clear that asthma pathobiologic subtypes existed (vide supra) studies were
developed targeting patients with evidence of eosinophilic inflammation. The first such
studies targeted patients with persistent sputum eosinophils despite high dose inhaled
corticosteroid therapy. In studies with mepolizumab, Haldar et al showed a mean 43% fewer
asthma exacerbations relative to placebo over the course of 50 weeks (95% CIl 8-68%);
P=0.02); Nair et al reported 1 asthma exacerbation in 1 of 9 participants given mepolizumab,
while 12 exacerbations occurred on 10 participants given placebo: 55 56, Interestingly, the
Nair trial which included only patients with current sputum eosinophilia (of =3% sputum
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eosinophils) reported improvement in symptoms but the Haldar trial, which enrolled subjects
with a documented episode of sputum eosinophilia in the preceding two years, did not report
such improvements.

The success of those two mepolizumab trials rekindled interest in reslizumab and other
drugs targeting the IL5 pathway. The first phase 2 trial to study the clinical efficacy of
reslizumab was reported by Castro et al. on patients with uncontrolled asthma refractory to
high-dose ICS and at least one other controller therapy®’. Current eosinophilia was required
and defined as =3% sputum eosinophils at the time of randomization. Participants were also
stratified at randomization by degree of asthma control, and the primary outcome was the
difference in asthma control between the treatment and control group. Although a statistical
significance was not reached in their primary outcome, a non-significant trend towards
improved control was observed. Importantly, on pre-specified secondary outcomes
reslizumab was found to significantly decrease sputum eosinophils by 95% from baseline
(95% CI1 -100-316%; P=0.01), to decrease blood eosinophils by 400/uL (95% CI 0-1,500;
P<0.001; the median at baseline was 500/uL), and to improve lung function with an increase
in FEV1 of 180mL (SD 372mL; P<0.01) (Figure 2). Pivotal lessons from this study were
that the greatest improvement in asthma control was experienced by i. those most
uncontrolled at baseline, ii. those with higher eosinophils levels, and iii. those with nasal
polyposis. Prior evidence for the efficacy of reslizumab in treating nasal polyposis had been
documented®8, noting the frequent connection between nasal polyposis and eosinophilia
(particularly when in the setting of asthma). These findings also lent support for trials using
the anti-IL5Ra drug benralizumab. In a recently completed phase 2b trial, benralizumab
given in 20mg/dose injections was found to decrease asthma exacerbations by 57%
(p=0.015, 80% CI 33-72) for patients with asthma and a peripheral blood count of =300
eosinophils/uL as compared to those receiving placebo®®. These results further support to
targeting the IL5 pathway in eosinophilic asthma, and to using peripheral blood eosinophil
counts to select patients for these trials.

In turn, two larger phase 3reslizumab studies have been completed® 61, Preliminary data
from Corren et al and Bjermer et al were presented in abstract form at the 2014 annual
meeting of the European Respiratory Society. These trials used ‘uncontrolled asthma’ as an
inclusion criterion—consistent with the above phase 2 trial’s observation of greatest benefit
for reslizumab when used in participants with uncontrolled asthma at enrollment. As a
departure from prior recruitment schemes, these studies defined persistent eosinophilia as a
peripheral blood eosinophil count of >400/uL at the time of enrollment and did not require
sputum eosinophil counts. In addition, controller therapy requirements were relaxed,
allowing participants to be on medium dose ICS. Both investigations reported that
reslizumab at 3mg/kg significantly improves lung function and symptoms compared to
placebo®? 63, as follows. The increases in FEV1 in these studies were similar in magnitude
to those of the above phase 2 trial. Corren et al reported a 270mL increase in FEV1 and a
0.49 drop in ACQ score after 16 weeks of reslizumab (P=0.04 for both measures). Bjermer
et al reported a 160mL increase in FEV1 (P<0.024) and a 0.359 drop in ACQ score
(P<0.033) after 16 weeks of reslizumab. These studies were first to show a significant effect
for reslizumab on asthma control. They also demonstrate that identifying current
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eosinophilia in peripheral blood, as opposed to sputum, is sufficient to identify appropriate
candidates for this therapy.

These results were recently confirmed in a report of two large phase 3 clinical trials designed
to evaluate reslizumab for its effect on asthma exacerbations. The data from the two trials
were pooled together for analysis and presented in a single manuscript®4. Enroliment
targeted patients with asthma inadequately controlled with high dose ICS and =400/uL
eosinophils at screening. Similar to mepolizumab8°-67  this year-long study found that
reslizumab decreased rates of asthma exacerbations by 54% (95% CI 42-63%; P<0.001) and
prolonged the time to first exacerbation compared with placebo (Figure 3). Critically, the
strongest signal for these outcomes was detected in the 20% of patients who were on oral
corticosteroids at entry. For those participants maintained on oral steroids at baseline, the
rate of asthma exacerbations was reduced by 68% compared with placebo (95% CI 45-82%;
reslizumab, N=73; placebo N=73). For those on ICS plus long-acting beta-2 adrenergic
receptor agonists (LABA), the rates of asthma exacerbations were reduced by 55% (95% CI
42-65%; reslizumab, N=397; placebo N=383). For those on ICS alone, the rates of asthma
exacerbations were reduced by 49% (95% CI 11-71%; reslizumab, N=80; placebo N=93)
(Figure 3). The reductions in rates of asthma exacerbation in this trial are similar in
magnitude to comparable mepolizumab trials (47% (95% CI, 29-61%)55: 42% (95% Cl, 1-
53%)56; 52% (95% CI 36-64%)57). Other efficacy outcomes such as pulmonary function
and asthma control were also significantly improved compared with placebo after 52 weeks
of therapy. These findings further validate the anti-IL5 strategy in general for treatment of
eosinophilic asthma.

Post-injection anaphylaxis after injection was reported in two patients in the most recent
reslizumab trial (out of 477 participants administered reslizumab, 0.42%; anaphylaxis was
not reported on participants receiving placebo), and guidelines on how to safely administer it
need to be specified. ‘Rebound eosinophilia’ after stopping treatment with anti-I1L5 therapy
has concerned many due to /n vitro observations of up-regulation of the IL5R in
eosinophils®8, and due to rebound eosinophilia in patients with the hypereosinophilic
syndrome after treatment with mepolizumab®°. Haldar reported worsening of symptoms
with discontinuation of mepolizumab’®, but commented did not find evidence of ‘rebound’
airway eosinophilia to attribute this increase in asthma symptoms to. His follow-up study
was conducted with 56 participants (27 who has been assigned to mepolizumab) out of the
original 61 who participated in the trial. No other similar observations have been reported,
and no other systematic follow-up studies have been conducted.

The long-term consequences of eosinopenia are not known. Recent animal models identified
IL-10-producing eosinophils that did not contribute to the development of airway
hyperresponsiveness but did promote the resolution of airway inflammation’?. So far, reports
on adverse effects from reslizumab has been no different than those from placebo, except for
2 cases of anaphylaxis (none in the placebo group), as mentioned above. Whether
elimination of eosinophils would adversely affect ability to combat parasites is unclear.
Evaluation for parasites may be advisable in those with history of exposure or travel.
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5. Gaps in knowledge

Current data supports the use of reslizumab and other anti-IL5 biologics in patients with
uncontrolled, persistently eosinophilic asthma. While we know that patients with eosinophils
and asthma respond best to these therapies, we still do not know the cutoffs for these
responses and how therapy modifies our ability to characterize responders. The optimal
duration and dose of therapy are unknown. Eosinophilia was found to recur in one follow-up
study for mepolizumab??, and is expected to do so after most of these therapies. Since all
these therapies will be significantly more expensive than current therapies, cost-benefit
analyses in relation to existing, less expensive, therapies will need to be performed’2. Head-
to-head trials between reslizumab and the other anti-IL5 agents have not been performed.

6. Conclusion

A substantial portion of the asthmatic population remains symptomatic despite the use of
currently available controller therapies. For those in whom eosinophilic inflammation is
prominent, anti-1L5 therapies promise to be a welcome addition to the asthma
armamentarium. After a slow start in their drug development process, anti-IL5 therapies
have seen success in newer trials through more informed study participant selection targeting
eosinophilic inflammation.

7. Expert opinion

The studies with reslizumab have examined thresholds of sputum eosinophils =3%, or blood
eosinophils =400/uL. However, studies with other agents suggest that in patients with two or
more exacerbations in the prior year there may be effectiveness using a threshold as low as
150 eosinophils/uL%%. This effect may not to extend to patients with fewer exacerbations.
While these drugs appear to have a very good safety profile, long-term safety is yet to
accumulate especially in areas with greater prevalence of parasites. However, these drugs
appear to represent the first apparent low-morbidity therapy for patients who remain
symptomatic despite our best currently available therapy and who have evidence that
eosinophils play a role in their disease. That evidence can now be obtained from simple
blood counts. These drugs clearly impact recurrent exacerbations in these patients and future
studies will define those who achieve improvements in symptoms and lung-function. The
approval of reslizumab and other drugs targeting eosinophils is eagerly awaited by the target
patients and the clinicians who treat them.
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Figurel.
Schematic representation of the biology of IL-5 [36], eosinophils and their mediators

[29,73], and their effect on asthma. The point in this cascade where therapies targeting IL-5
or its receptor act is shown. Depletion of cells expressing IL-5Ra (eosinophils and basophils)
results from antibody-directed cell-dependent cytotoxicity.

The HE-stained eosinophil was adapted with permission from wordpress.com [74].

Eos: Eosinophils; EPO: Eosinophil peroxidase; ILC2: Group 2 innate lymphoid cells; LTC4:
Cysteinyl leukotriene C4; MBP: Major basic protein; MC: Mast cells; MMP-9: Matrix
metalloproteinase 9; PAF: Platelet-activating factor.
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Figure2.
Change in lung function in a Phase Il clinical trial of reslizumab on eosinophilic asthma

presented by Castro et al. The addition of reslizumab to daily high-dose inhaled
corticosteroid controller therapy significantly increased forced expiratory volume in 1 s
(FEVY) by 4 weeks in comparison to placebo. This improvement remained at the end of the
study, at week 15. FEV1 is expressed in liters.

Reprinted with permission of the American Thoracic Society. Copyright _ 2015 American
Thoracic Society. Castro M, Mathur S, Hargreave F, et al. 2011.

Reslizumab for poorly controlled, eosinophilic asthma: a randomized, placebo-controlled
study. American journal of respiratory and critical care medicine.

184:1125-32. The American Journal of Respiratory and Critical Care Medicine is an official
journal of the American Thoracic Society [57].
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Figure 3.
Time to first exacerbation in two Phase I11b clinical trials of reslizumab on eosinophilic

asthma reported by Castro et al. The addition of reslizumab to usual asthma controller
therapy significantly reduced the time to first CAE in both trials (A and B). Subgroup
analysis showed that the greatest effect occurred in participants using OCS at baseline (C).
Adapted with permission from Lancet Respiratory Medicine*. Castro M, Zangrilli J,
Wechsler ME, et al. Reslizumab for inadequately controlled asthma with elevated blood
eosinophil counts: results from two multicentre, parallel, double-blind, randomised, placebo-
controlled, P [64].

CAE: Clinical asthma exacerbation; ICS: Inhaled corticosteroids; HR: Hazard ratio; LABA:
Long-acting b-2 adrenergic receptor antagonists; OCS: Oral corticosteroids.
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