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Abstract: Within the context of the heterogeneous phenotypic stratification of asthmatic
population, many patients are characterized by moderate-to-severe eosinophilic asthma, not
adequately controlled by relatively high dosages of inhaled and even oral corticosteroids.
Therefore, these subjects can obtain significant therapeutic benefits by additional biologic
treatments targeting interleukin-5 (IL-5), given the key pathogenic role played by this cytokine
in maturation, activation, proliferation, and survival of eosinophils. In particular, reslizumab
is a humanized anti-IL-5 monoclonal antibody that has been found to be an effective and safe
add-on therapy, capable of decreasing asthma exacerbations and significantly improving disease
control and lung function in patients experiencing persistent allergic or nonallergic eosinophilic
asthma, despite the regular use of moderate-to-high doses of inhaled corticosteroids. These
important therapeutic effects of reslizumab, demonstrated by several controlled clinical trials,
have led to the recent approval by US Food and Drug Administration of its use, together with
other antiasthma medications, for the maintenance treatment of patients suffering from severe
uncontrolled asthma.

Keywords: IL-5, eosinophilic asthma, reslizumab, chronic obstructive pulmonary disease,
MAPK, Janus kinases

Introduction

Asthma is a chronic respiratory disease, clinically manifesting as wheezing, cough,
shortness of breath, and chest tightness, which is characterized by bronchial obstruction
mainly due to inflammatory and structural changes leading to airway hyperresponsive-
ness and acute bronchoconstriction.'* This widespread airway disorder affects over
300 million people worldwide, which may increase to more than 400 million by 2020.3#
Rather than a single disease entity, asthma is currently believed to be a heterogeneous
complex of multiple clinical and pathobiologic phenotypes characterized by differ-
ent responses to pharmacological therapies.>® The majority of asthmatic patients can
achieve a good control of their symptoms using standard treatments including inhaled
corticosteroids and bronchodilators such as [3,-adrenergic agonists, eventually inte-
grated with oral leukotriene inhibitors and/or tiotropium.”™”

However, despite an optimized inhaled therapy, a minority of subjects with severe
disease are not adequately controlled and experience frequent exacerbations. More-
over, asthma severity in these difficult-to-treat patients is often further worsened by
the coexistence of one or more comorbidities, including chronic rhinitis and sinusitis,
gastroesophageal reflux, obesity, obstructive sleep apnea, and even chronic obstructive
pulmonary disease.'® Although when considering the overall population of asthmatic
subjects, patients suffering from severe disease constitute a relatively small percentage,
ranging from 5% to 10%; however, they consume a huge share of economic resources,
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amounting to about 50% of the global asthma budget.'""
This very high cost of severe asthma is caused by a higher
utilization of health care services including unscheduled
consultations and emergency visits, and also additional
consumption of drugs as well as frequent hospitalizations
for recurrent exacerbations. Furthermore, severe asthma is
associated with significant losses of school- and work-days,
and asthmatic subjects with uncontrolled disease also often
experience anxiety and depression.!* Therefore, patients
expressing asthma phenotypes refractory to conventional
treatments are characterized by the most urgent unmet
medical needs, which thus require a closer attention to the
assessment, monitoring, and therapeutic management of their
disease. Hence, particularly in severe asthma, an accurate
phenotypic characterization should be pursued to identify the
relevant cellular and molecular targets involved in disease
pathobiology. Through such a personalized strategy, it would
be possible to tailor individual therapies aimed to achieve an
adequate and persistent control of symptoms, as well as to
decrease the risk of future exacerbations and to slow down
the progression of lung function decline.”® Within this con-
text, the present and future cornerstone of patient-centered
treatment of severe asthma is based on the use of biological
drugs.!'*? Biologic therapies usually include monoclonal
antibodies, soluble receptors, and genetically altered cytok-
ines. Because biologic treatments for asthma point to specific
molecular and cellular targets, eligible patients should be
identified through a search for reliable and easily assessable
biomarkers. Among these, the most commonly measured in
asthmatic patients are serum IgE, sputum or blood eosino-
phils (the latter being used more often), fractional exhaled
nitric oxide, and periostin, a matricellular protein produced
by both inflammatory and airway structural cells.?!

Several inflammatory phenotypes of asthma have been
characterized, which include eosinophilic, neutrophilic,
mixed, and paucigranulocytic patterns.>?2 Eosinophils are the
inflammatory cells most frequently infiltrating the airways
of asthmatic patients, and they are crucially implicated in
the development of both allergic and nonallergic asthma.?*2
Eosinophilic asthma originates from the activation of
immunopathologic and proinflammatory pathways, mainly
coordinated by T-helper (Th)2 lymphocytes, which release
interleukins (IL)-5, 4, and 13. In addition to being driven by
adaptive immune responses, airway eosinophilia can also
arise from innate immune mechanisms, which are mediated
by intercellular communications involving bronchial epithe-
lial cells and innate lymphoid cells.?>2¢

Because of the central role played by IL-5 in maturation,
activation, proliferation, and survival of eosinophils, this

cytokine is a key target for the treatment of eosinophilic
asthma.?”*° In this regard, it is noteworthy that, among the
pleiotropic effects of corticosteroids, inhibition of IL-5
synthesis is one of the most important mechanisms under-
lying the very effective antiasthma action of these drugs.*!
Corticosteroids are indeed powerful inducers of eosinophil
apoptosis;**** nevertheless, despite a regular or almost con-
tinuous use of inhaled and even systemic corticosteroids,
some subgroups of asthmatic subjects display persistent
bronchial and/or blood eosinophilia, associated with an
inadequate control of asthma.** Therefore, these patients can
potentially benefit from additional therapies based on the
use of biological drugs targeting IL-5. Moreover, previous
studies showed that neutrophilic asthma may be related to
corticosteroid resistance. Indeed, it is known that corticoster-
oids inhibit neutrophil apoptosis and contribute to activation
of these cells, suggesting that corticosteroid treatment itself
could have some role in the development of neutrophilia,
thus contributing to worsening of severe asthma.*

Role of IL-5 in eosinophilic asthma

IL-5 plays a pivotal pathogenic role in eosinophilic asthma.
In asthmatic airways, the main cellular sources of IL-5
include Th2 lymphocytes, CD4" invariant natural killer
T-cells, Type 2 innate lymphoid cells, mast cells, and
eosinophils themselves.?*3¢3 Production of Th2 cytokines,
also including IL-5, is markedly enhanced by IL-25.4
In patients with allergic asthma, the bone marrow is able
to respond to allergen challenge with an enhanced capacity
of producing eosinophils, and this effect is associated with
higher concentrations of IL-5 mRNA in subjects experienc-
ing dual early and late asthmatic responses, when compared
to patients showing only early bronchoconstrictive
reactions.*! The stimulatory action of IL-5 on eosinophil
differentiation extends from the bone marrow to the
airways; indeed, increased levels of IL-5, eosinophil pro-
genitors, and mature eosinophils have been detected in the
induced sputum of dual-responder asthmatics.* IL-5 syn-
ergizes with powerful eosinophil-chemotactic chemokines,
namely, eotaxins 1, 2, and 3, in eliciting airway eosino-
philia and bronchial hyperresponsiveness.** Furthermore,
significantly increased sputum levels of IL-5 and eotaxins
have been found in patients experiencing acute asthma
exacerbations when compared with both healthy controls
and subjects with mild persistent disease.* IL-5 and eotax-
ins cooperate in favoring eosinophil accumulation into the
airways, especially during asthma exacerbations, and this
effect is at least in part dependent on IL-5-induced inhibi-
tion of eosinophil apoptosis.*#> Sputum levels of IL-5 were

submit your manuscript

1076

Dove

Therapeutics and Clinical Risk Management 2016:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Reslizumab in severe eosinophilic asthma

indeed found to be inversely correlated with the numbers of
apoptotic eosinophils in both stable patients and asthmatic
subjects experiencing exacerbations. Also in nonallergic,
late-onset eosinophilic asthma, IL-5 exerts a key pathogenic
role.?* In this particular asthmatic phenotype, large amounts
of IL-5 are produced by Type 2 innate lymphoid cells,*
in the absence of active allergic pathways triggered by
Th2 lymphocytes.

On eosinophils, the cellular effects of IL-5 are mediated
by its binding to a membrane receptor including a ligand-
specific o subunit (IL-5Rc) and a nonspecific signaling e
subunit (Figure 1), which also interacts via a shared extracel-
lular domain with two other hematopoietic cytokines IL-3 and
granulocyte-macrophage colony stimulating factor.*® High-
affinity binding of IL-5 to IL-5Ra is followed by ligation of
this activated IL-5/IL-5R0. complex to the Bc subunit, which
probably triggers signal transduction via dimerization of its
cytoplasmic domain.*-*° The signaling pathways activated by
the interaction of IL-5 with its receptor involve several trans-
ducing enzymes, mainly including intracellular kinases such
as Janus kinases (JAK), mitogen-activated protein kinases,
Lyn tyrosine kinase, Raf-1 kinase, and phosphoinositide
3-kinase (PI3K) (Figure 1).%

In the absence of IL-5, JAK?2 and JAK1 are constitutively
associated with IL-5Ra and the Pc chain, respectively.®!
Upon IL-5 binding, the receptor construct undergoes a
dynamic conformational change, leading to the association

~ STAT1 |
~ STAT3 |
STATS |

IL-5RN \ \ Bc

MAPK

of JAK1 with IL-5Ro..’! Therefore, IL-5 activates both JAK1
and JAK?2, thus triggering the assembly of a functional
IL-5R0-Be complex. As a result of this IL-5-dependent
stimulatory process, JAK2 induces the activation of signal
transducers and activators of transcription (STAT)1, 3,
and 5, which enhance the expression of pim-1, cyclin D3,
and other IL-5-inducible genes involved in cell cycle
progression and eosinophil proliferation.’>3 JAK2 is
also implicated, via a cooperative action with Lyn and
Raf-1 kinases, in IL-5-mediated inhibition of eosino-
phil apoptosis, thereby contributing to cell survival.*
Moreover, Raf-1 plays a key role in eosinophil activation
and degranulation.*

Within the context of the intricate IL-5-stimulated signal-
ing network activated by the Bc receptor subunit, a central role
is played by both extracellular-signal-regulated kinase (ERK)
and p38 subgroups of mitogen-activated protein kinases
(MAPK). In particular, Ras/Raf-1/MEK-mediated activa-
tion of ERK is crucially responsible for induction of c-fos
gene expression and eosinophil differentiation, proliferation
and survival, and also for the release of leukotriene C,.”
Furthermore, p38 MAPK mainly induces, also acting through
activation of the transcription factor NF-kB, cytokine pro-
duction by eosinophils, as well as eosinophil adhesion and
chemotaxis occurring during allergic inflammation.*® % IL-5-
induced interaction of eosinophils with intercellular adhesion
molecule-1 is also promoted by phosphoinositide 3-kinase,
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\
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\
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Figure | Molecular mechanisms and signaling pathways activated by IL-5 in eosinophils.

Notes: Binding of IL-5 to the o subunit of its receptor (IL-5Rct) induces the assembly of a dimeric receptor complex consisting of both o and Bc subunits. The subsequent
activation of several signaling pathways, including JAK/STAT, MAPK, PI3K, and NF-xB, is responsible for transcription of genes involved in eosinophil differentiation,
degranulation, survival, proliferation, chemotaxis, and adhesion.

Abbreviations: IL-5, interleukin-5; JAK, Janus kinases; STAT, signal transducers and activators of transcription; PI3K, phosphoinositide 3-kinase; MAPK, mitogen-activated
protein kinases.
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Figure 2 Anti-IL-5/IL-5R biologic therapies.

Notes: Monoclonal antibodies aimed to inhibit eosinophil functions include
mepolizumab and reslizumab, which bind to and neutralize IL-5, as well as
benralizumab, which targets and blocks IL-5Ro.

Abbreviation: IL-5, interleukin-5.

and this effect is mediated by downstream stimulation of
protein kinase C and phosphorylation-dependent activation
of ERK1/2.!

Given the pivotal role played by IL-5 in eosinophil
functions and asthma pathobiology, this cytokine and its
receptor are suitable targets of biological therapies and
are being evaluated for treatment of eosinophilic asthma.®
In this regard, several preclinical studies have been carried
out in experimental animal models of asthma. Indeed, the
anti-IL-5 antibody TRFK-5 suppressed airway eosinophilia
in allergen-sensitized mice.®® Moreover, in nonhuman
primate models of asthma, TRFK-5 inhibited the influx of
eosinophils into bronchi and the associated airway hyperre-
sponsiveness.® Later, other monoclonal antibodies directed
against IL-5 (mepolizumab and reslizumab) or IL-5Ra
(benralizumab) have been developed and evaluated in clinical
trials (Figure 2).16:65-¢7

Reslizumab: mechanism of action,

efficacy, and safety

Reslizumab is an IgG4/x monoclonal antibody, also known as
SCH-55700, which was humanized from the rat monoclonal
IgG2a antibody JES1-39D10 via a synthetic process based on
recombinant technology using complementarity-determining
region grafting, aimed to incorporate rat antigen recognition
sites for human IL-5 onto a human IgG4 structure.®7° Resli-
zumab has a molecular weight of 146 kDa and binds with

high affinity to an epitope region corresponding to amino
acids 89-92 of human IL-5, thus preventing this cytokine
from binding to IL-5Ra.” 7

The first clinical study aimed to assess the efficacy of
reslizumab in asthma treatment was carried out by Kips
et al™® in a small group of asthmatic subjects. This Phase
II, double-blind, randomized, and dose-ranging pilot trial
evaluated the biological, clinical, and functional effects, as
well as the safety and pharmacokinetic profiles of reslizamab.
Enrolled patients were recruited on the basis of their severe
persistent asthma, treated with oral glucocorticoids or high
doses of inhaled corticosteroids, regardless of the underly-
ing inflammatory phenotypes. Reslizumab was compared
with placebo (n=8) and administered as a single intravenous
infusion at four rising doses of 0.03 mg/kg (n=2), 0.1 mg/kg
(n=4), 0.3 mg/kg (n=6), or 1.0 mg/kg (n=12), respectively.
When compared with placebo, reslizumab doses =0.3 mg/kg
significantly reduced eosinophil counts in peripheral blood
with respect to baseline values, thus inducing mean decreases
in circulating eosinophils ranging from 52.5% at 48 hours
to 18.9% at day 30. Moreover, reslizumab lowered sputum
eosinophil numbers in three of four patients with documented
bronchial eosinophilia. However, no significant changes
were detected in both symptom control and physician
evaluation of overall clinical status. With regard to lung
function, in comparison with placebo reslizumab elicited a
transiently significant increase in forced expiratory volume
in one second (FEV), recorded 24 hours after administra-
tion of the 0.3 mg/kg dosage. Although a trend toward FEV
improvement also persisted at subsequent time points, no
dose of reslizumab was able to induce further significant
FEV, changes. On day 30, FEV | increases with respect to
baseline values were 11.2% in the 0.3 mg/kg group, 8.6%
in the 1.0 mg/kg arm, and 4.0% in patients assigned to pla-
cebo treatment. Furthermore, no meaningful variations were
observed in terms of either FEV /FVC (forced vital capacity)
ratio or peak expiratory flow. With regard to safety, all single
doses of reslizumab were well tolerated, and no significant
alterations of vital signs or laboratory parameters were found.
The most common adverse events included headache and
fatigue, which were reported with the same frequency also in
the placebo group. Similarly, no significant differences were
detected with regard to asthma worsening, which occurred
in three of 12 patients treated with 1.0 mg/kg of reslizumab,
and in one of eight subjects of the placebo arm. In one patient
treated with the dosage of 1.0 mg/kg, nonneutralizing serum
antibodies to reslizumab were found. The plasma levels
of reslizumab were dose proportional. At 6.9 hours after
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administration of the 1.0 mg/kg dose, the pharmacokinetic
profile of reslizumab was characterized by a mean maximal
concentration of 30.3 pg/mL. After the same drug dosage,
mean concentrations of 0.87 and 0.43 pug/mL were detected
on days 90 and 120, respectively. The elimination half-life
ranged between 24.5 and 30.1 days.

Later, in a Phase II multicenter, double-blind study per-
formed in Northern America (United States and Canada) and
specifically targeted to eosinophilic asthma, Castro et al”
evaluated the effects of reslizumab in 106 patients with inad-
equately controlled disease despite the use of high doses of
inhaled corticosteroids. Patient enrollment was made on the
basis of an eosinophil percentage of at least 3% in induced
sputum. In particular, 53 subjects were randomly assigned to
treatment with placebo, and the other 53 patients were treated
with four intravenous infusions of 3.0 mg/kg of reslizumab,
administered every 4 weeks for 12 weeks, respectively. With
respect to baseline counts, at the end of treatment, reslizumab
induced a significant, median 95.4% reduction of sputum
eosinophils. In clinical terms, this effect was associated with
a positive trend toward better asthma control, which however
did not reach the threshold of statistical significance; greater
improvements in asthma control were achieved by a subgroup
of patients characterized by the highest levels of blood and
sputum eosinophils, associated with nasal polyposis. In com-
parison with placebo, a positive but not significant difference
in favor of the reslizumab arm was also observed in the
rate of asthma exacerbations. With regard to lung function,
when compared to placebo reslizumab elicited significant
improvements in both FEV | (mean FEV  increase: 180 mL)
and FVC. This trial confirmed the good tolerability profile
of reslizumab. Indeed, in reslizumab and placebo arms, the
proportions of patients who experienced adverse events were
very similar. The most frequently reported adverse event was
nasopharyngitis.

More recently, two large, multicenter, double-blind,
randomized, and placebo-controlled, Phase III trials have
been carried out by Castro et al’® with the primary end
point of evaluating the effects of reslizumab on asthma
exacerbations in patients with poorly controlled disease
and blood eosinophilia. Inclusion criteria were based on
the occurrence of one or more exacerbations treated with
systemic corticosteroids during the previous year, associ-
ated with blood eosinophil counts =400 cells/uL, and with
an inadequate asthma control despite the use of medium-
to-high doses of inhaled corticosteroids, with the eventual
addition of other drugs including long-acting B, adrenergic
agonists, leukotriene modifiers, cromolyn sodium, and even

oral glucocorticoids. Recruited patients continued their
usual asthma therapies at constant doses throughout both
studies. Among 2,597 patients screened, 953 were enrolled
and randomly assigned to receive intravenous infusions of
either placebo or reslizumab, administered at a dosage of
3.0 mg/kg every 4 weeks for 52 weeks. When compared with
placebo, reslizumab significantly lowered the annual rate of
clinical asthma exacerbations by 50%—59%. Reslizumab also
prolonged the time to first exacerbation. Moreover, in both
trials reslizumab significantly decreased blood eosinophil
numbers, improved asthma symptom control, and increased
FEV, values. These two parallel trials confirmed the good
safety profile of reslizumab, which was found to be similar to
that of placebo.” In both studies, the most commonly reported
adverse events, occurring in more than 5% of patients
receiving reslizumab, were worsening of asthma symptoms,
nasopharyngitis, upper respiratory tract infections, sinusitis,
influenza, and headache. Overall, when compared with
subjects treated with placebo, serious adverse events were
less frequent in patients receiving reslizumab. Local reactions
at injection sites were uncommon and not different between
placebo and reslizumab arms. In study 2, two patients receiv-
ing reslizumab experienced anaphylactic reactions judged
to be treatment related, which responded well to standard
therapy at clinic site, but led to withdrawal from the trial;
antidrug antibodies (ADA) were not detected in either
subject. Transient, low-titer antireslizaumab antibodies were
found in eight patients (3%) in study 1, and in seven patients
(2%) in study 2, respectively. However, in these subjects, the
overall safety pattern of reslizumab was not different from
that globally recorded in both study populations.

The positive effects on lung function, mainly referring to
enlargement of proximal airways, can be integrated by further
improvements also occurring at level of peripheral airways,
as shown by another Phase III study conducted by Bjermer
et al.”” In particular, the results of this trial (aimed to evalu-
ate the effects of two different doses [0.3 and 3.0 mg/kg] of
intravenous reslizumab) refer to 311 patients with persistent
asthma, reversible airflow limitation, and high levels of blood
eosinophils (=400 cells/uL), not adequately controlled by
inhaled corticosteroids. At the end of the first part of this
investigation, 271 patients chosen among those receiving
either drug (n=179) or placebo (n=92) were enrolled in an
open-label extension study and received the 3.0 mg/kg dose
of reslizumab. When compared to placebo after 16 weeks
of treatment, both doses of reslizumab induced significant
increases in mean FEV values (115 and 160 mL with 0.3 and
3 mg/kg, respectively). Furthermore, only when administered

Therapeutics and Clinical Risk Management 2016:12

submit your manuscript

1079

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Pelaia et al

Dove

at the 3.0 mg/kg dose, reslizumab also elicited significant
increases in mean values of both FVC (130 mL) and forced
expiratory flow at 25%—75% of FVC (233 mL/s). At both
doses (0.3 mg/kg and 3.0 mg/kg), reslizumab improved
symptom control evaluated through asthma control question-
naire score, as well as decreased the use of inhaled rescue
medications. Additionally, although both reslizumab doses
significantly lowered blood eosinophil counts, a greater effect
was observed when the 3 mg/kg dose was used. Treatment
with reslizumab at both dosages was well tolerated, and only
mild-to-moderate and self-limiting adverse events related to
the study drug, including headache, nasopharyngitis, upper
respiratory tract infections, and sinusitis, were recorded. Low
ADA titers were detected in 12% and 11% of patients treated
with reslizumab 0.3 and 3 mg/kg, respectively. However, the
majority of these patients were found to be ADA-positive
only once during the 16-week treatment period. Moreover,
the safety profile of ADA-positive patients was similar to that
observed in the global study population, and ADA positivity
did not have any impact on blood eosinophil suppression
caused by reslizumab, thus suggesting that ADAs were not
neutralizing.”’

The aforementioned data were indirectly confirmed by a
further Phase III study performed by Corren et al,”® who com-
pleted their analysis in 492 patients with poorly controlled
asthma, not selected on the basis of their blood eosinophil
counts, who over a period of 16 weeks received every 4 weeks
placebo (n=97) or 3.0 mg/kg of intravenous reslizumab
(n=395). The authors did not report significant changes in
FEV | in the overall study population and in the subgroup of
patients with less than 400 blood eosinophils/uL. However,
in the subgroup of patients with more than 400 blood eosino-
phils/uL, with respect to placebo, reslizumab produced a
significant mean FEV | increase (270 mL). Reslizumab was
well tolerated, and patients receiving this drug experienced
fewer overall adverse events when compared with subjects
assigned to the placebo arm (55% versus 73%). Low and
transient ADA titers were detected in 5% of patients treated
with reslizumab, but ADA positivity did not affect either
safety profile or eosinophil depletion pattern, thereby indicat-
ing a lack of neutralizing activity.”

Conclusion

The well-established awareness of the role of IL-5 as a key
player in the pathobiology of eosinophilic asthma has pro-
moted the development of effective therapeutic strategies
aimed to neutralize this cytokine. Indeed, as a result of several
randomized controlled trials, mepolizumab and reslizumab

have been recently approved for biological treatment of
asthma. In particular, the pharmacologic profile of reslizumab
is very interesting because this drug is characterized by a
high affinity for an IL-5 epitope including residues §9-92
of the amino acid sequence.” This small region of IL-5
molecule is critically involved in cytokine binding to its
receptor o subunit. Therefore, reslizumab strongly prevents
IL-5/IL-5R0. interaction, thereby very effectively blocking
IL-5 bioactivity.

Of course, a focused selection of eligible asthmatic
patients for anti-IL-5 biotherapies requires a careful pheno-
typic stratification based on reliable clinical, functional, and
biologic features. In particular, subjects who can take the
best advantages from the use of biologic drugs targeting IL-5
are likely those suffering from uncontrolled eosinophilic,
allergic or nonallergic asthma, also experiencing recurrent
disease exacerbations despite the use of inhaled corticoster-
oids at relatively high doses. Of course, the most important
biomarkers of eosinophilic airway inflammation are sputum
eosinophils. However, because of the practical unfeasibility
of induced sputum in many clinical settings of real-life rou-
tine medical activity, peripheral blood eosinophils represent
a very useful and easily measurable parameter to characterize
these patients. Indeed, the levels of circulating eosinophils
approximately reflect, even better than fractioned exhaled
nitric oxide, the state of ongoing bronchial inflammation.” 8!
Therefore, it seems very reasonable that anti-IL-5 add-on
treatments will soon contribute to satisfy the unmet needs of
many patients with moderate-to-severe eosinophilic asthma,
not adequately controlled by current standard therapies.

Disclosure

No external help was received in writing this manuscript,
and no author has a financial interest related to reslizumab or
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