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Novel Therapies in Asthma: Leukotriene Antagonists,
Biologic Agents, and Beyond

Eric S. Papierniak, DO,'x David T. Lowenthal, MD, PhD,*?
and Eloise Harman, MD*

Asthma is one of the most common conditions seen in clinical practice and carries both a significant
disease burden in terms of patient morbidity and a high economic burden in both direct and indirect
costs. Despite this, it remains a comparatively poorly understood disease, with only modest advan-
ces in treatment over the past decade. Corticosteroids remain the cornerstone of therapy. Both patient
compliance with medications and physician adherence to evidence-based guidelines are often poor,
and a high percentage of patients continue to have inadequately controlled disease even with
optimal therapy. Following a contextual overview of the current treatment guidelines, this review
focuses on novel asthma therapies, beginning with the introduction of the leukotriene receptor
antagonist zafirlukast in the 1990s, continuing through advanced endoscopic therapy and into cyto-
kine-directed biologic agents currently in development. Along with clinically relevant biochemistry
and pharmacology, the evidence supporting the place of these therapies in current guidelines will be
highlighted along with data comparing these agents with more conventional treatment. A brief
discussion of other drugs, such as those developed for unrelated conditions and subsequently exam-
ined as potential asthma therapies, is included.

Keywords: asthma, leukotriene antagonists, montelukast, zafirlukast, omalizumab, bronchial
thermoplasty

few, if any, pharmaceutical classes have disappeared
completely from use. Indeed, only 2 completely new
classes of drug have been approved since the 1960s."
Despite great progress in describing the underlying
pathophysiology of asthma, it remains an incom-
pletely understood syndrome with distinct pheno-
types.>® Furthermore, this knowledge has yet to
substantially impact management of this disease: As
it has since antiquity,* treatment remains nonspecific
and driven by self-reported symptoms more than any
other factor. Inhaled corticosteroids (ICS), in use for
over 40 years, remain the cornerstone of therapy.”®

INTRODUCTION

Although the treatment of asthma has evolved signif-
icantly in the past 100-plus years, from the use of
“Asthma cigarettes” at the beginning of the 20th Cen-
tury, to the monoclonal antibody omalizumab today,
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Although treatment of breathlessness with various
inhaled agents is recorded in accounts from ancient
China and Egypt,*” the term asthma first appears in
The Iliad as Homer describes Hector’s rapid or panting
breathing pattern as he lie exhausted on the field of
battle after defeat at the hands of Ajax.® The term is
used frequently in the works of Hippocrates, though it
is arguably as a symptom, interchangeable with
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dyspnea, and not a disease. The earliest clear descrip-
tion of asthma as a single clinical entity is in the vivid
writings of the greek philosopher/physician Aretaeus
in the first century AD; “The cheeks are ruddy and the
eyes protuberant, as if from strangulation; a rale can be
heard ... voice is liquid and without resonance; a desire
of much and of cold air ... they breathe standing, as if
desiring to draw in all the air they can possibly
inhale.” He broadly defines the disease: “If from run-
ning, gymnastic exercises, or from any other work, the
breathing becomes difficult it is called asthma.”” In the
19th century, the “modern” concept of the disease was
refined by Dr Henry Salter. An asthmatic himself,
Salter recognized the role of bronchospasm mediated
by airway smooth muscle and described asthma as
“paroxysmal dyspnea of a peculiar character with
intervals of healthy respiration between attacks.”’

The 21st century “working” definition, courtesy of
the National Institutes of Health (NIH), is slightly less
succinct: “Asthma is a chronic inflammatory disorder
of the airways in which many cells ... play a role: in
particular, mast cells, eosinophils, neutrophils
T lymphocytes, macrophages, and epithelial cells. ...
this inflammation causes recurrent episodes of cough-
ing ... wheezing, breathlessness, and chest tightness.
These episodes are usually associated with ... airflow
obstruction that is often reversible, either spontane-
ously or with treatment.”® The socioeconomic effect
of asthma is not trivial: Asthma affects approximately
80% of the US population, or over 22 million peo-
ple,>'? with an estimated annual treatment cost of 18
billion dollars for the adult population alone."!

The clinical presentation, evaluation, and differential
diagnosis of suspected asthma is a broad topic unto
itself.>*'? The purpose of this review is to discuss mod-
ern or “novel” treatment options for asthmatic patients,
address drugs in development with relevant pharmacol-
ogy, and review newer therapies (ie, approved or devel-
oped within the last 2 decades) already in clinical use.

ASTHMA CLASSIFICATION AND
GUIDELINES

Typically, asthma has been classified by severity, with
categories such as ‘mild intermittent,” “mild persistent,’
‘moderate persistent.” However, beyond the initial
evaluation of a patient who is not on long-term ther-
apy, the conventional classification schema is not as
clinically useful as more dynamic assessments of treat-
ment response. Indeed, the categories of severity were
never intended to be applied to patients on long-term
therapy and, in fact, have not been well validated even
in their target population.'* Unfortunately, in practice,
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they were frequently used inappropriately to assess
patients on therapy," resulting in underestimation of
disease severity and consequent undertreatment.'**
With increasing recognition of this issue, the most recent
guidelines (see below) have de-emphasized these con-
ventional severity assessments. The treatment of asthma
is geared toward “control,” or minimizing the symptoms
and acute exacerbations of asthma as these can lead to
airway remodeling and irreversible loss of pulmonary
function. Therefore, it is recommended that once long-
term therapy has been initiated, patients be classified by
the level of treatment (measured in ‘steps’) they require
to maintain good control of their symptoms, and the
quality and durability of that control.>*'*> The conven-
tional classifications of disease severity have been virtu-
ally eliminated from the World Health Organization
guidelines entirely,” whereas in the NIH-sponsored
guidelines,” they are recommended only for the initial
evaluation of patients that are either treatment naive or
are being considered for inclusion in clinical trials.

At present, there are 2 sets of asthma guidelines in
widespread use. The National Asthma Education and
Prevention Program (NAEPP) Expert Panel Report 3°
was last published in 2007. The Global Initiative for
Asthma (GINA) guidelines were last updated in
2010."° Although not entirely correct, these are some-
times referred to as the “American” (NAEPP) and
“European” (GINA) guidelines, based on their author-
ship by the National Institutes of Health (NIH) and
World Health Organization, respectively.

In both sets of guidelines, ICSs and beta-agonists
are the cornerstones of therapy, with other agents
added on in “steps”: If the patient does not demon-
strate good disease control, then the therapeutic regi-
men is increased to the next step up in the algorithm
(see below for the definition of control). Once control
is achieved, stepping down to the lowest level of med-
ication required for maintenance is recommended.
Tables 1 and 2 summarize the different steps in both
sets of adult guidelines, and Table 3 summarizes the
definitions of control.”®

The differences between these 2 guidelines, at least
where the basic treatment algorithms are concerned,
are generally quite subtle and pertain primarily to
pediatric patients and the initiation of a long acting
beta agonist (LABA). The GINA guidelines also more
explicitly endorse the use of multiple-drug regimens,
such as an inhaled steroid, LABA, and leukotriene
antagonist simultaneously, a common clinical practice
for severe asthma. The stepwise progression of thera-
pies are otherwise quite similar. (For specific reference,
any treatment guidelines discussed henceforth are
those of the NAEPP, and for adults, unless otherwise
noted.)
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Table 1. Treatment steps for adult patients, from the NAEPP expert report 3.

. Persistent Asthma: Daily Medication
Intermittent
Asthma Consult with asthma specialist if step 4 care or higher is required.
Consider consultation at step 3.
Step 6 Step up if
StepS || poarre: needed
WM' H]gh.dosq (ﬂfst, chWk
Step 4 Highddose [XPIVITORE  adherence,
Step 3 || Preferrec: ICS + LABA corticosteroid environmental
Gt Medium-dose ICS AND AND czg:;‘:)":baigd
Step 2 Low-dose LA Consi e
+ Considec nsider conditions)
. ICS + LABA ) .
Preferred: OR Alternative: Omalizumab for Om.al-zum:) 1:«
Step 1 Low-dose ICS Mediumdose ICS | | Medium-dose iCs | | Patents who have ;T;;:Zw e 4
Alternative: Alternative: +either LTRA, allergies $56sS
Preferred: Cromolyn, LTRA, | | Low-dose ICS + Theophylline, or control
SABA PRN Nedocromil, or either LTRA, Zileuton
Theophylline Theophylline, or
Zileuton Step down if
possible

Each step: Patient education, environmental control, and management of comorbidities.
Steps 2-4:  Consider subcutaneous allergen immunotherapy for patients who have alkergic asthma (see notes).

(and asthma is
well controlled
at least

3 mos)

Quick-Relief Medication for All Patients

+ SABA as needed for symptoms. Intensity of treatment depends on severity of symptoms: up to 3 treatments at 20-min intervals
as needed. Short course of oral systemic corticosteroids may be needed.
+ Use of SABA >2 days a week for symptom relief (not prevention of EIB) generally indicates inadequate control and the need to step

up treatment.

Key: Alphabetical order is used when more than one treatment option is listed within either preferred or
alternative therapy. EIB, exercise-induced bronchospasm; ICS. inhaled corticosteroid; LABA. long-acting inhaled beta;-
agonist: LTRA. leukotriene receptor antagonist; SABA, inhaled short-acting betaz-agonist

Treatment algorithm

Once a patient has been diagnosed with asthma, a typ-
ical (NAEPP, adult) treatment algorithm proceeds
thusly®: At step I, a patient is treated with as-needed
short-acting beta-agonists alone. As a general rule, the
need to use a so-called “rescue inhaler” such as albu-
terol more than twice a week is considered to be inad-
equate asthma control and indicates a need to “step
up” the treatment regimen.

At step II, a low-dose ICS is started. See Table 4 for
comparative ICS dosing. LABAs are not recommended
for monotherapy owing to concern about the safety of
LABAs without concomitant ICS use.'*™"

At step 111, the ICS is increased to ‘medium dose,” or
dual therapy with low-dose ICS and a LABA is initi-
ated. Other agents such as leukotriene (LT) receptor
antagonists (LTRAs) can be used at any step above I
but are not considered “preferred” therapeutic options.
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Step 4 preferred therapy is medium-dose ICS plus
a LABA, increasing to high-dose ICS at step 5. At this
point, omalizumab should also be considered for
patients with allergies. The GINA guidelines advocate
for expanded multi-drug regimens at step 4 as shown
in Table 2.

Finally, at step 6, triple therapy with high-dose ICS
plus LABA plus another agent such as an LTRA should
be given a trial. However, once this step is reached, there
are essentially no clinical trials to guide therapy and the
recommendations are based solely on expert opinion.

NOVEL THERAPIES FOR ASTHMA
—FDA APPROVED

Agents from a multitude of pharmacologic classes,
many of which will be discussed later, have been
tested or are presently at various stages of

American Journal of Therapeutics (2013) 20(1)
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Table 2. Treatment steps for patients 5 years of age to adults. From the GINA guidelines.

Q

[ Level of control

I E |

Treatment action

Controlled

o
\EVMaintain and find lowest controlled step

Partly controlled

/\ Consider stepping up to gain control

Papierniak et al

Uncontrolled 4 § B Step up until controlled
o
Exacerbation iC’ Treat as exacerbation
Step 1 Step 2 I Step 3 I Step 4 | Step 5
Asthma education
Environmental control
As-needed rapid- - . 5
acting B, -agogist As needed rapid-acting ,-agonist
Select one Select one Add one or more Add one or both
Low-dose ICS Medium- or high- Oral
Low-dose plus long-acting [ dose ICS plus long- | glucocorticosteroid
ICS B,-agonists acting ,-agonist (lowest dose)
Controller
options Leukotriene Medium- or Leukotriene Anti-IgE
modifier* high-dose ICS modifier treatment

Low-dose ICS plus | Sustained release

leukotriene modifier theophylline

Low-dose ICS plus

sustained release
theophylline

development. However, as of this writing, there are
only 2 “modern” (ie, developed in the last few deca-
des) therapeutic classes that have been approved by
the Food and Drug Administration (FDA) for the treat-
ment of asthma: LTRAs and a single monoclonal anti-
body, omalizumab. The newest “class” of treatment
approved by the FDA is actually nonpharmacologic:
bronchial thermoplasty (BT).

Leukotriene-receptor antagonists

Although the vast majority of medications approved
for asthma in the recent past were essentially improve-
ments on established classes (eg, ICS/LABA combina-
tions), LTRAs, starting with zafirlukast® in 1997, were
the first truly new class of FDA-approved medications
since the cromones (cromolyn, necrodomil) in the 1960s.
LTRAs are well established as controller medications
for asthma and are included in both the NAEPP and
GINA guidelines as previously discussed. Unlike the
other commonly used controller medications, LTRAs
are orally administered, and thus, the inherent prob-
lems with technique and compliance found with in-
halers are avoided.?"? Montelukast,>® with once daily
dosing, is one of the top 10 highest selling drugs in the
United States, second only to fluticasone/salmeterol
(Advair)** among asthma medications. They act by
competitively antagonizing cysteinyl leukotriene recep-
tor 1 (CysLT1), preventing the binding of leukotrienes
D4 and E4.
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There are 2 LTRAs commonly prescribed in clinical
practice: montelukast (Singula'ur)23 and zafirlukast (Acco-
late),20 though montelukast, as noted above, is more
widely used (a distantly related third compound, zileu-
ton, works by a separate mechanism and is not generally
recommended due to concerns about hepatotoxicity®).
Montelukast is also the only agent in the class approved
for patients under 5 years of age. Their chemical struc-
tures are shown in Figure 1.

Pharmacology/biochemistry of LTRAs

Cysteinyl LTs have a myriad of proven and theoretical
roles in human diseases,”?® which are outside the
scope of this discussion and are reviewed elsewhere.”
In human airways, they predominantly exert proinflam-
matory effects by binding to the CystLT1 receptor. These
receptors are in airway smooth muscle cells and resident
white blood cells.*® Antagonism of CystLT1 results in
a blunted bronchoconstrictor response to antigen.

In patients with asthma, the number of cells express-
ing CysLT1 is increased: Eosinophils, neutrophils,
mast cells, macrophages, B lymphocytes, and plasma
cells located in the bronchial mucosa all express this
receptor, but T lymphocytes do not.>' These cells are
not only found in increased number in asthma patients
compared with healthy controls but multiply even fur-
ther during acute exacerbations. They are expressed to
a lesser extent in bronchial smooth muscle®”*! and also
in the nasal mucosa (including the epithelium and
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Table 3. Assessment of asthma control in patients age 12 to adult. From the NAEPP expert panel report 3.

Classification of Asthma Control

(212 yrs of age)
Components of Control
Not Very Poorly
Well Controlled Well Controlled Controlled
Symptoms <2 days/week >2 days/week Throughout the day
Nighttime awakenings <2x/mon’ 1-3x/week =4x/week
Interference with normal activity None Some limitation Extremely limited
Short-acting beta,-agonist use for <2 days/week >2 days/week Several times per day
symptom control (not prevention of EIB)
Impairment
FEV, or peak flow >80% Predicted/ 60-80% Predicted/ <60% Predicted/
personal best personal best personal best
Validated questionnaires
ATAQ 0 1-2 3-4
AC <0,75* =1.5 N/A
Al =20 16-19 s15

Exacerbations requiring oral systemic 0-1/year -2/year (see note)
corticosteroids Consider severity and interval since last exacerbation

Risk Progressive loss of lung function
Treatment-related adverse effects

Evaluation requires long-term follow-up care

Medication side effects can vary in intensity from none to very troublesome

and worrisome. The level of intensity does not correlate to specific levels of
control but should be considered in the overall assessment of risk.

» Maintain current step.  » Step up 1 step and

» Consider short course of

 Regular followups * Reevaiuate in oral systemic
Recommended Action every 1-6 mo to 2-6 Wk, corticosteroids,
for Treatment maintain control. « For side effects, « Step up 1-2 steps, and
» Consider step down if consider alternative < Reevaluate in 2 wk.
well controlled for at treatment options. « For side effects,
(see Figure 4 and 5 for treatment steps) fact 3 ma Eonsider altarnative

treatment options.

*ACQ values of 0.76-1.4 are indeterminate regarding well-controlled asthma.
Key. EIB, exercise-induced bronchospasm; ICU, intensive care unit.

inflammatory cells) of patients with various types of
chronic rhinitis and atopy.**** It should be noted that
a second receptor, CystLT2, is also highly expressed in
the nasal mucosa and is not antagonized by the clini-
cally available LTRAs.** The CystLT2 receptors are not
as strongly expressed in human airways, however,**°
and their role in the pathogenesis of asthma is unclear.
They are expressed in bronchial eosinophils and mac-
rophages,®” but until recently, there were no specific
antagonists to these receptors with which to evaluate
their contribution to human disease. Recent data indi-
cate they may be the predominant mediators of the
actions of LTs in the cardiovascular system.’® The
CystLT1 receptors are thought to be the most potent
mediators of bronchoconstriction yet described.”” In
addition, they have been experimentally shown to

www.americantherapeutics.com

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

impair mucociliary clearance, increase mucus secre-
tion, and increase microvascular permeability, leading
to pulmonary edema.””*° CystLT1 receptors have also
been implicated in smooth muscle hyperplasia and
airway remodeling.*!

Aduverse reactions and interactions

The most noteworthy adverse events that have been
reported for this class are hepatic failure, an increased
incidence of Churg-Strauss syndrome (CSS), and neu-
ropsychiatric symptoms including suicide. The FDA
has issued a warning for this last potential adverse
event, though the evidence for a causal link with
increased risk of suicide is limited.***’ In fact, a study
recently published noted a trend towards a lower risk
of suicide.***

American Journal of Therapeutics (2013) 20(1)
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Table 4. Comparative doses for inhaled corticosteroids.

Low daily dose Medium daily dose High daily dose

=12 yrs Child Child =12 yrs
Child Child Of age Child Child =12 yrs 0-4 5-11 Of age
0-4 yrs 5-11yrs and 0-4 yrs 5-11 yrs Of age yrs yrs and
Drug of age  of age adults of age of age and adults of age of age adults
Beclomethasone, NA 80-160  80-240 NA >160-320 >240-480 NA >320 >480
HFA, 40 or
80 pg/puff
Budesonide DPI, NA 180-400 180-600 NA >400-800 >600-1200 NA >800 >1200
90, 180, or
200 pg/inhalation
Budesonide inhaled: 0.25-0.5 0.5 NA >0.5-1.0 1.0 NA >1.0 2.0 NA
inhalation suspension
for nebulization (mg)
Flunisolide: NA 500-50 500-1000 NA 1000-1250 >1000-2000 NA  >1250 >2000
250 pg/puff
Flunisolide HFA NA 160 320 NA 320 >320-640 NA >640 >640
80 ng/puff
Fluticasone: HFA/MDI: 176 88-176  88-264 >176-352 >176-352 >264-440 >352 >352 >440
44, 110, or
220 pg/puff
DPI: 50, 100, or NA 100-200 100-300 NA >200-400 >300-500 NA >400 >500
250 pg/inhalation
Mometasone DPI: NA NA 200 pg NA NA 400 pg NA NA >400 pg
200 pg/inhalation
Triamcinolone NA 300-600 300-750 NA >600-900 >750-1500 NA >900 >1500
acetonide:
75 ng/puff

From the NAEPP expert panel report 3.

The CSS, also known as allergic granulomatosis and
angiitis, is an antineutrophil cytoplasmic antibody asso-
ciated small vessel vasculitis. Both peripheral eosino-
philia and asthma are hallmarks of the disease.*"
This syndrome is of particular note, as many asthma
therapies from different classes have also been impli-
cated as potential causes of CSS*: high-potency ICSs
such as fluticasone (alone or in combination with
LABA), LTRAs, and omalizumab.*® LTRAs have argu-
ably been the most closely associated and studied over
the past decade.””

The traditional view, termed the formes frustes of
CSS, is that the CSS is a preexisting condition that
had been unknowingly suppressed by oral steroid
use in a patient with severe asthma. Once a new ther-
apy allows steroids to be tapered off, the CSS becomes
“unmasked” and manifests clinically.****° In 3 of the
original 4 reported cases,*® oral steroids were tapered
off without the substitution of a different agent. In
subsequent case reports or series, patients were started

American Journal of Therapeutics (2013) 20(1)

on an LTRA before the diagnosis of CSS, leading to the
question of causality. This remains controversial.*’>'>>

Zafirlukast and montelukast are metabolized by the
Cytochrome P450 (CYP450) system and thus have
a number of potential drug-drug interactions. The
most noteworthy interaction of either LTRA is that of
zafirlukast with warfarin, as zafirlukast increased the
prothrombin time by 35% in one drug interaction
s’rudy.53 Montelukast, on the other hand, was shown
not to interact significantly with warfarin.”*

The most potent effect of montelukast in vitro was
on the CYP450 subgroup CYP2C8.”> However, drug—
drug interaction studies, performed using zafirlukast
and montelukast with pioglitazone and rosiglitazone,
commonly used examples of CYP2C8 metabolized
drugs, showed that this effect did not occur
in vivo.”*”

Montelukast and zafirlukast are both pregnancy cat-
egory B. Zafirlukast should be taken on an empty
stomach, at least 1 hour before eating. Montelukast,
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Montelukast

Zafirlukast

FIGURE 1. Chemical structures of leukotriene receptor
antagonists. Montelukast. Zafirlukast.

however, can be taken without respect to meals. For
example, montelukast is available in a granular formu-
lation for administration to infants and small children
(eg, dissolved in infant formula or sprinkled on foods
such as applesauce).

Clinical use

As previously discussed, LTRAs are recommended in
the NAEPP guidelines as alternate therapy at steps 2
and above for all patients, and a preferred agent at
step 3 for children ages 5-11 years already on ICS.
Again, montelukast is the only LTRA approved for
children under 5 years of age and is additionally a ‘pre-
ferred” add-on medication at steps 4 and above in that
population. These recommendations are based largely
on the following evidence:

Ostrom et al®® compared inhaled fluticasone with
oral montelukast in a randomized, double-blinded
trial in 342 children ages 6-12 years of age. Fluticasone
was statistically superior to montelukast in essentially
every outcome measured, at only one-third the cost
per patient. The Pediatric Asthma Controller Trial
(PACT)® was a 3-armed study comparing twice-daily
fluticasone alone, montelukast alone, or the “PACT
combination” of fluticasone once daily plus salmeterol
twice daily (this combination was the study drug).
Twice daily fluticasone was statistically superior to
montelukast monotherapy in all measured outcomes.
The “PACT combination” was superior to montelukast
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in the primary-end point of asthma control days but
not many secondary end points. A recent follow-up
analysis of the data from this trial also revealed that
compared with montelukast, fluticasone was both
lower in total cost and more cost effective in all sub-
groups studied.*

In adults, the Mild Asthma Montelukast versus
Inhaled Corticosteroid (MIAMI)®! trial compared
low-dose fluticasone with montelukast in adults with
mild persistent asthma. Fluticasone gave significantly
better results, especially in those patients with greater
baseline severity of disease.

In the Clinical Outcomes with Montelukast as a Part-
ner Agent to Corticosteroid Therapy study,®* adult
patients who were not well controlled on ICS mono-
therapy (800 ng/d of budesonide) were randomized
to either doubling the dose of ICS or addition of mon-
telukast, the first trial to examine these 2 options head
to head. There was no difference in efficacy between the
2 arms.

Finally, in the first randomized controlled trial
(RCT) to directly compare LTRAs with LABAs, Busse
et al®® compared zafirlukast and salmeterol. Roughly
80% of the patients in each group were on concomitant
ICS therapy. The patients in the salmeterol group had
statistically significantly less use of albuterol and
greater improvement in spirometry and reported
symptoms than those in the zafirlukast group. Subse-
quent trials and multiple Cochrane reviews®**> have
confirmed these findings.

Current guidelines do not recommend LTRAs as
a preferred first-line controller agent in any popula-
tion.”® Instead they are recommended as add-on or
alternative therapy, with the conventional wisdom
holding that ICS are the mainstay of asthma controller
therapy and that addition of a LABA to ICS was likely
a more effective approach overall in patients who
required >1 controller medication.®>® However,
a recent pair of randomized trials by Price et al,*” chal-
lenge this thinking. The intent of these so-called prag-
matic trials was to demonstrate that under “real
world” conditions (ie, outside the confines of a tightly
controlled RCT), LTRAs were equivalent not only to
the addition to LABA to an ICS (the “Add-on therapy
trial”), but also equivalent to ICS as first-line controller
therapy (“First line controller trial”). The primary out-
come of both trials was the score on the Mini Asthma
Quality of Life Questionnaire. Although both trials
met their primary outcome at 2 months, they
approached but did not meet the criteria for equiva-
lence at 2 years. Secondary outcomes were not signif-
icantly different between the 2 groups. Although
acknowledging the inherent limitations of pragmatic
trials, the authors concluded that based on their
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results, LTRAs could be considered equivalent to both
first line ICS or add-on LABA, as “caution should be
applied in extrapolating results from RCT’s to the
broad population ... treated in the community set-
ting.” It has previously been suggested that adherence
to oral therapies are generally expected to be higher
due to patient preference,”’ and earlier “real-world”
trials such as the Montelukast in Chronic Asthma
(MONICA) study have also given positive results.”!

Finally, the addition of LTRAs to standard care in the
acute setting has yielded some promising results, at
least in adult patients. High-dose (160 mg) oral zafirlu-
kast given in the acute setting was shown to signifi-
cantly increase the FEV1 compared with placebo. There
was a trend toward a decreased need for “extended
care” [defined as an emergency department (ED) stay
longer than 4 hours or hospital admission], but this
effect did not reach significance despite a 34% relative
risk reduction.”

Two studies by Camargo et a evaluated the use
of intravenous montelukast in the emergency depart-
ment. In the 2003 study, patients were randomized to
standard therapy (albuterol plus or minus 60 mg of
oral prednisone) plus either placebo or intravenous
montelukast. The patients randomized to montelukast
had a statistically significant improvement in spirom-
etry and were also significantly less likely to require
treatment with corticosteroids. There was no differ-
ence in the number of patients experiencing treatment
failure, which was defined analogously to “extended
care” in the zafirlukast study above.

In the 2010 study, the treatment protocol was altered
and all the patients received oral corticosteroids imme-
diately after the dose of montelukast (or placebo) was
given. Again, the improvement in FEV1 was statisti-
cally significant between the 2 groups. However, as
with the previous trials, no difference in the rate of
treatment failure or total dose of nebulized medications
was shown. Interestingly, however, when only the US
sites in the study were considered, a statistically signif-
icant decrease in the need for hospitalization was seen.
Other than usual site-to-site variation in admission cri-
teria and various nonclinical factors, the authors did not
hypothesize as to why this was the case. Regardless,
they felt that LTRAs should be given serious consider-
ation as adjunctive treatment for acute asthma exacer-
bations in adults.

The data on pediatric populations, however, are less
encouraging. A trial evaluating the use of intravenous
montelukast with a design very similar to the Camar-
go trials, but in patients aged 6-14 years, failed to
show any benefit in either the primary or secondary
outcomes.”” Another study evaluating the use of oral
montelukast for acute asthma in 6- tol4-year-olds was

173, 74
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terminated early after an interim analysis demon-
strated that there was no benefit.”® In a significantly
larger RCT evaluating the addition of oral montelukast
to standard therapy in 2- to 15-year-olds there was no
statistically significant difference between the 2 groups
in any outcome measure, with there actually being
a slight trend favoring the placebo arm.”” Other trials
have similarly shown a lack of benefit.”®

At present, neither the NAEPP nor GINA guidelines
list LTRAs as accepted adjunctive treatments for acute
exacerbations of asthma.”® However, the NAEPP
guidelines state that although there is insufficient evi-
dence to make recommendations, “Intravenous LTRAs
could provide another pathway to rapid bronchodila-
tion during impending respiratory failure,” such that
intubation could theoretically be avoided. Due to the
mixed results just discussed, it does not seem at this
time that anyone is actively pursuing FDA approval
for IV LTRAS, nonetheless.”

Patient selection

In many patients, LTRAs can significantly improve
asthma control, whereas others respond poorly. There
is additionally a small subset of patients, who have an
excellent response to LTRAs, and in whom they are
more effective than even ICS.”’ The central dilemma
surrounding this class is identifying responders and
nonresponders, a goal which no method (beyond the
age-old practice of giving it to the patient and seeing
how they do) has been successful, as the available data
are inconclusive and often involve retrospective analy-
sis of other trials: Some comorbidities or patient factors
such as age or concomitant allergic rhinitis (for which
montelukast is also therapeutically used) were associ-
ated with a better response in a post hoc subgroup
analysis of the open-label MONICA study,® for exam-
ple. The excretion of LTE4 in the urine had been
explored both as a marker of disease activity in the
early stages of development of the class,*"** and a pos-
sible predictor of response to LTRA therapy. It had also
been suggested by data from the CLIC trial (Character-
izing the Response to an LT Receptor Antagonist and
an ICS) that exhaled nitric oxide (FeNO, a well-studied
marker of airways inflammation®?) could predict which
patients would respond more to ICS than LTRA. More
recently, it was concluded after analysis from the com-
bined data of the PACT and CLIC trials®* that there
was no demographic factor that reliably predicted
response to montelukast (in contrast to the MONICA
results). However, a higher ratio of urinary LTE4 to
FeNO was associated with a better response to oral
montelukast compared with inhaled fluticasone.
Although the American Thoracic Society has issued
a practice guideline stating that FeNO is useful in the
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prediction and monitoring of response to ICS,2% no
such recommendation has been made regarding uri-
nary LTE4 or LTRAs by any large organization to date.

Until expert consensus can be reached, or a random-
ized trial corroborates these associations with either
patient characteristics or biomarkers, simple therapeutic
trials and patient/physician preference will continue to
drive the use of LTRAs. For acute asthma, oral therapy
can be considered as an adjunct for severe asthma
exacerbations as per the guidelines® but certainly not
as an alternative to standard therapy.

Omalizumab

Omalizumab (Xolair) represents the second recently
developed novel therapy for asthma, and is the first
biologic agent approved by the FDA for use in
asthma.®® Tt is a recombinant humanized monoclonal
antibody directed against immunoglobulin E (IgE).

Pharmacology/biochemistry of omalizumab

Omalizumab acts at the same high-affinity binding site
(known as FceRlI) at which IgE interacts with mast cells
and basophils.*® Cell-bound IgE forms crosslinks when
exposed to allergens. This leads to degranulation of the
mast cell or basophil, releasing histamine and other
proinflammatory molecules, precipitating broncho-
spasm in the asthmatic patient. Importantly, this inter-
action is not thought to be inhibited by corticosteroids.”

The FceRI receptor is located in the IgE constant
region. Therefore, omalizumab binds to all types of
IgE, regardless of antigen specificity. It also binds only
to free IgE molecules, and not those that have already
become activated; this precludes any usefulness in the
acute setting. Once circulating IgE levels are dimin-
ished, there is a measurable decline in sputum and
tissue eosinophil counts, along with those of other
proinflammatory lymphocytes and the expression of
interleukin-4 (IL-4). The FceRI receptor also becomes
downregulated. If therapy is stopped, serum IgE and
receptor activity return to previous levels fairly
quickly, but there is no evidence of a rebound
phenomenon.®%%%

Adverse reactions and interactions

The most common troublesome side effect reported
from omalizumab therapy is injection-site reaction.
Hypersensitivity reactions (see below as well) have
been the subject of much debate, as there were con-
cerning reports of anaphylaxis in the early trials,” and
the FDA has issued a “black box” warning for such
reactions.®” A joint task force of the American Acad-
emy of Allergy, Asthma, and Immunology and the
American College of Allergy, Asthma, and
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Immunology, has issued periodic reports, the most
recent of which was published in 2011.”" They noted
that such reactions occurred in approximately 0.09% of
patients taking the drug. They continued to recom-
mend that patients being administered omalizumab
should be treated with the following precautions: (1)
informed consent related to these risks, (2) patient edu-
cation on the signs and symptoms of anaphylaxis, (3)
omalizumab patients should have an epinephrine
injector (“epi-pen”) on hand for 24 hours postadminis-
tration, (4) patients should be observed for 2 hours
after the first 3 injections, then for 30 minutes after
subsequent injections (or less based on physician
judgment).

As with LTRAs, there have been case reports of the
CSS associated with use of omalizumab, but an analy-
sis of the 37 cases reported to the manufacturers safety
database noted that less than half of them met criteria
for diagnosis of the disease, and there was little, if any,
evidence for a causal relationship beyond the “unmask-
ing” of preexisting CSS as corticosteroid therapy was
being tapered.*® Another reported adverse effect of
questionable significance is an increased rate (an odds
ratio of 2.2) of helminthic infections noted in a trial
from Brazil, in patients at high risk for such infections.
Of note, the 95% confidence interval was wide and
“crossed one” (0.94-5.15); in other words, the likeli-
hood of such infections in patients on omalizumab
could have been anywhere from slightly less likely to
5 times more likely than in patients not on therapy.’>**

There was some suggestion in pooled data from ini-
tial trials that there might be an increased risk of
malignancy associated with omalizumab therapy,
though it could be considered a stretch to attribute
a causal relationship of this type in trials that lasted
a year or less.* Interestingly, when the data were ana-
lyzed more closely, the number of cancers in the oma-
lizumab groups in these trials actually matched that of
the general population, whereas the placebo groups
had an unexplained cancer rate only one-third of what
would be expected.”*

Omalizumab is pregnancy category B. As a monoclo-
nal antibody, no drug—drug interactions are associated
with its use.

Clinical use

Three pivotal phase 3 trials led to the approval of
omalizumab for the treatment of allergic asthma. In
all 3 studies, the patients were on monotherapy with
moderate or high-dose ICS (beclomethasone propio-
nate) alone. During the first 16 weeks of therapy, the
dose of ICS was kept stable, and then tapered over the
subsequent 8 weeks as tolerated. Busse et al’® random-
ized 525 patients aged 12-75 years to either placebo or
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subcutaneous omalizumab every 2 weeks. Compared
with placebo, there was a significant reduction in
asthma exacerbations (14.6% vs. 23% in the omalizu-
mab and placebo groups, respectively). The patients
were more likely to be able to tolerate a taper of the
ICS dose, and more patients were able to be taken off
ICS as well. Omalizumab was also significantly better
in terms of improvements in spirometry, symptom
scores, and rescue inhaler use. There was no difference
in adverse events between the 2 groups, and no patients
experienced hypersensitivity-type reactions. The other
adult phase 3 trial” gave strikingly similar results.

In the pediatric phase 3 trial, 334 patients from 6 to
12 years of age on moderate or high dose ICS were
randomized to omalizumab or placebo, with an ICS
tapering schedule as in the other 2 trials.”” However,
the results were slightly less impressive: The difference
in exacerbations was not statistically significant until
after 16 weeks, with 18% of patients in the omalizu-
mab group experiencing an exacerbation compared
with 38.5% with placebo. There were significant reduc-
tions in ICS and rescue inhaler use. Children in the
omalizumab group also missed significantly fewer
days of school. Finally, unlike in the adult trials, there
were more study drug-related adverse events in the
omalizumab (6% vs. 0.9%) group, and there was evi-
dence of hypersensitivity reactions (primarily urti-
caria). One patient in the omalizumab group was
discontinued from the study due to recurrent urticarial
reactions. A more recent and significantly larger RCT
(576 patients completed the trial) looking at omalizu-
mab use in the same age group over 52 weeks (24
weeks of fixed ICS, followed by 28 weeks of ICS taper)
reduced the exacerbation rate by 43% compared with
placebo (P < 0.001).® The difference actually increased
as the study progressed, indicating a treatment effect
over time.

Arguably one of the most important studies sup-
porting the clinical utility of omalizumab, the INNO-
VATE (Investigation of Omalizumab in Severe Asthma
Treatment) trial”® examined its efficacy in patients
with poor asthma control despite step 4 therapy by
the 2002 GINA guidelines. The primary end point
was the rate of “clinically significant” exacerbations,
requiring treatment with systemic corticosteroids.
After post hoc analysis accounted for an unexpected
baseline difference in disease severity between groups,
the rate of exacerbations was reduced by 26%, which
did reach significance (P = 0.042). The number needed
to treat for 1 year to prevent 1 exacerbation was 2.2.
The rate of hospital admissions was also cut in half.

The major criticism of the aforementioned pivotal
phase 3 trials is that patients were suboptimally trea-
ted with moderate or high-dose ICS monotherapy,””
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and indeed many of these trials studied patients who
may very well not qualify for omalizumab based on
current guidelines.” Here, however, all study patients
were on GINA step IV therapy with high-dose ICS and
LABA, and >20% of the patients were also on main-
tenance oral corticosteroids in addition to the high-
dose ICS. The results of the INNOVATE trial can best
be evaluated by considering the severity of disease in
the population studied. Although omalizumab has not
been compared head-to-head with other add-on con-
troller medications such as LTRAs, the INNOVATE
trial certainly demonstrates its efficacy in patients on
otherwise maximal therapy. Few, if any, other agents
have comparable data in patients with such difficult-to-
control asthma.

However, as with biologic agents used for other dis-
eases such as rheumatoid arthritis, much of the debate
over its use centers not on efficacy but on cost effec-
tiveness. Sullivan and Turk'® evaluated 6 prior cost-
effectiveness analyses, noting that 4 of the 6 provided
evidence that it was cost effective. In the 2 studies that
demonstrated that it was not, it was estimated that
each symptom-free day from omalizumab came at
a cost of $523,'" and the cost per quality adjusted life
year was a staggering $821,000.'> However, the au-
thors of the former analysis nonetheless concluded that
in patients with particularly severe asthma at high risk
of hospitalization (eg, =5 times in the past year), oma-
lizumab was likely cost effective.

Noting methodological issues in many of the cost-
effectiveness analyses, particularly in the areas of
patient selection and response criteria, Sullivan and
Turk concluded that omalizumab was cost effective
in appropriately selected patients (ie, those who met
GINA steps 4/5 criteria and responded to the drug by
16 weeks) and compared favorably with the costs of
biologic agents for other diseases such as rheumatoid
arthritis or Crohn disease.

The most recent Cochrane review of omalizumab
also cited the high cost as a significant concern in ques-
tioning its clinical usefulness but refrained from mak-
ing any direct statement about cost effectiveness.'®
They, too, noted the need for appropriate patient
selection.

Patient selection

Pooled analysis of data from the 2 adult phase 3 tri-
als'™ identified 3 factors most predictive of response:
need for emergency treatment of asthma in the past
year, use of higher doses of ICS, and lower FEV1 (in
essence, the patients with the most severe asthma). In
addition, they demonstrated that most of the patients
(87%) who showed a response to the drug at 16 weeks
had done so by 12 weeks. However, only 61% had by 4
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Table 5. FDA-approved dosing tables for omalizumab.

Omalizumab Doses (milligrams) Administered SQ
Injection Every 4 Wks (>12 Yrs of Age)

b
e
[oc i/l o (=0 --
oo [ | w0 | w0 | w0 |
Administered Every 2 Wks

Omalizumab Doses (milligrams) Administered SQ
Injection Every 2 Wks (=12 Yrs of Age)

Baseline IgE Body Weight (kg)

Admlnlste Every 4 Wks

>500-600
>600-700

weeks; patients should therefore be given an extended
therapeutic trial of 12-16 weeks before assessing for
a positive therapeutic response.

Omalizumab is given as a subcutaneous injection
every 2—4 weeks, based on body weight and IgE levels.
The total is given biweekly if doses >300 mg are
required, as summarized in Table 5. As noted previously,
it is recommended at step 5 of both the GINA and
NAEPP guidelines.”® The FDA labeling is for patients
with “moderate to severe persistent asthma who have
a positive skin test or in vitro reactivity to a perennial
aeroallergen and who's symptoms are inadequately con-
trolled with inhaled steroids.”® In the United Kingdom,
patients must be on high-dose ICS, and in many parts of
Europe, a LABA as well. In practice, this generally cor-
responds to patients who meet (all) the following criteria:
(1) =12 years of age, (2) moderate to severe persistent
asthma, (3) inadequate control with ICS (regional varia-
tions as noted above), (4) skin or serum allergen testing
positive for a year-round allergen such as dust mites,
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molds, animal dander, etc, and (5) an elevation in total
serum IgE.

Of note, the recommended range of IgE upon which
omalizumab dosing is based lies between 30 and 700
IU/mL (Table 5). This is thought to be the range in
which omalizumab has sufficient activity to be effec-
tive. However, many centers, including our own, have
successfully treated patients with levels above this
range; we do not necessarily consider there to be a true
‘ceiling” on IgE levels above which omalizumab will
not be beneficial. In such cases, we use the maximum
approved dose of 375 mg every 2 weeks, and monitor
for response to therapy as with any other patient.

Bronchial thermoplasty

BT is a nonpharmacologic therapy approved by the
FDA in 2010. It is a bronchoscopically performed pro-
cedure in which controlled thermal energy (in essence,
radiofrequency ablation, Figure 2) is applied to the
bronchial wall during 3 serial procedures.'® The
applied energy results in a reduction of airway smooth
muscle mass, with the goal of reducing airway con-
tractility and obstruction of airflow. Up to 5-year fol-
low-up data are available demonstrating no significant

adverse sequelae at that interval.'*®'%”

Aduverse reactions and interactions

All the studies on BT to date have demonstrated an
increased risk of asthma exacerbation (and other respi-
ratory complications) in the postprocedure period. For

FIGURE 2. BT (image provided courtesy of Boston
Scientific Corporation).
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example, 5% of BT patients (compared with 2% in the
sham procedure group) in the Asthma Intervention
Research 2 (AIR?2) trial were hospitalized for “worsen-
ing of asthma,” most of them within one day of the
procedure.'® Therefore, BT is not appropriate if the
patient has experienced an asthma exacerbation within
the prior 4 weeks. Chronic oral corticosteroid therapy
is not a contraindication to the procedure, provided the
dose has been stable for the same period of time. As
with any endoscopic intervention, anticoagulation
should be held for the procedure, but no asthma med-
ications need be.

Clinical use

A small early RCT, the Research in Severe Asthma (RI-
SA) trial,'” demonstrated a short-term increase in
asthma-related morbidity but suggested long-term
improvement in symptoms. The Asthma Intervention
Research (AIR) trial'" was substantially larger and ran-
domized patients in a nonblinded fashion to BT plus
ICS/LABA or ICS/LABA alone. Again, there was
a short-term increase in respiratory adverse events
related to the invasive BT procedure, but compared
with the control group, there was a decrease in the
incidence of mild exacerbations (the primary end point)
compared with baseline. There was also a significant
improvement in morning peak expiratory flow (PEF),
AQLQ, and ACQ scores compared with controls.

Five-year follow-up data from both trials demon-
strated no significant difference in adverse events from
years 2 to 5 for the thermoplasty group compared with
controls.'*'%” No follow-up histologic data have been
reported from any BT trial.

The pivotal AIR2 trial randomized patients to either
BT or a sham procedure.'” In this study, the patients
randomized to the sham procedure had a surprisingly
high improvement in AQLQ score from baseline (dou-
ble that which is considered clinically significant, in
fact), which was the primary end point. Although pa-
tients randomized to BT did have an even greater
improvement, the difference between groups was less
than the accepted clinically important absolute score
change of 0.5. There was no difference in any of the
secondary end points, but there was a statistically sig-
nificant decrease in ED visits and rate of severe exac-
erbations. An accompanying editorial''' notes that
these outcomes were “not considered in the rationale
and hypothesis of the study.” It also points out that
there are no data on the histologic changes induced by
the procedure and that simply placing patients in
a strict and monitored study protocol, as was the case
in the sham group, was more than sufficient to result
in a marked improvement in AQLQ scores.
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Nonetheless, the recently published 2-year follow-up
data on patients randomized to the BT group in the
AIR? trial (there was no long-term enrollment of the
control group due to ethical concerns) demonstrated
a persistence of the therapeutic effect as evidenced by
a similar or improved rate of severe exacerbations,
hospitalizations, and stable FEV1 values from years 1
to 2112 A 5-year follow-up is planned, but, again, no
histologic data have been collected thus far.

Patient selection

A recent pair of point—counterpoint editorials debated
the yet-to-be defined role of BT in current practice. The
“pro” editorial, coauthored by members of the AIR
study groups, advocated for BT to be used in patients
with “truly difficult to control” asthma as add-on ther-
apy at steps 5 or 6.'"* The counterargument, by Mi-
chaud and Ernst,''* cautioned that BT “is not yet ready
for prime time,” and at this point should only be per-
formed at research centers that will adhere to strict
protocols and “all patients ... treated with the proce-
dure must be included in databases that allow for con-
tinued evaluation of efficacy and long-term safety.”

BT is FDA approved for patients with severe persis-
tent asthma inadequately controlled on ICS and LABA,
but no specific guidelines have been established. How-
ever, the criteria used in the AIR2 trial are commonly
used in lieu of them (Table 6).'% In simplified terms,
patients can be considered to be appropriate candidates
if their asthma is not well controlled despite being on
step 4-5 therapy.

Table 6. Notable BT appropriateness criteria from the
AIR2 trial.

Regular use of maintenance ICS and LABA
1000 pg/d Of eclomethasone or equivalent
100 wg/d Of salmeterol or equivalent

Other controller medications, including stable oral
corticosteroids (<10 mg/d) but excluding
immunosuppressants such as methotrexate, were
allowed

Non-life threatening or uncontrolled asthma
Stable use of asthma medications for =4 wks

<3 Hospitalizations for asthma or pneumonia in the
past year

<4 Pulses of oral corticosteroids in the past year

At least 2 d of asthma symptoms during that period
Nonsmoker

No smoking in the past year

<10 Pack-year history

Documented airway hyperresponsiveness

Baseline AQLQ 6.25 or lower
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NOVEL THERAPIES FOR ASTHMA —
NOT FDA APPROVED

Treatment of asthma remains a fertile ground for
research, and a multitude of new therapies are being
developed. Monoclonal antibodies and other biologics,
various mast cell inhibitors, antifungal therapy, and
novel anti-inflammatories are all at various stages of
development.''>'!” There have also been some intrigu-
ing data involving the role of vitamin D supplementa-
tion in asthma, and randomized trials are ongoing.''®

BIOLOGIC THERAPIES OTHER
THAN OMALIZUMAB

Multiple cytokines and their receptors have been eval-
uated as potential therapeutic targets in asthma.
Monoclonal antibodies directed at key mediators of
asthmatic inflammation are on the “cutting edge” of
asthma research.” Agents developed for other autoim-
mune diseases are also being studied: for example,
tumor necrosis factor-alpha antagonists developed
for rheumatoid arthritis. These will be discussed in
a later section. The following is an overview of some
of the many investigational biologic therapies being
specifically developed for asthma.

Interleukin targeted therapy

The role of the ILs in the pathogenesis of asthma and
other disease have been extensively studied,'" and
agents specifically targeting IL-4, -5, -9, and -13 have
been or are being explored as possible therapies for
asthma.'*® Daclizumab, an intravenous anti-IL-2 anti-
body approved for prevention of renal transplant rejec-
tion, has been evaluated in a single RCT in patients
with poor asthma control despite ICS, with positive
results.'” However, the IV route of administration
makes this agent impractical and no studies evaluating
subcutaneous dosing have been reported.'*!

IL-4 and -13 act via the same receptor complex
(IL-40) and may have multiple common pathways
and mechanisms of action.'” Several biologic thera-
pies targeting IL-4 have been studied (including a sol-
uble TL-4 receptor, altrakincept,'>> and pascolizumab,
a monoclonal anti-IL-4 antibody'?*), but failed to show
efficacy. However, a recombinant human variant of
IL-4, pitrakinra, continues through phase II trials in
both inhaled and subcutaneous formulations.' Tt acts
as a competitive inhibitor of the IL-4a receptor itself,
thereby lowering the activity of both IL-4 and IL-13. It
has been theorized that the redundancy of the Il-4/
IL-13 complex may be to blame for the failure of
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IL-4-specific therapies. In 2 phase 2a trials, pitrakinra
decreased the bronchoconstrictive response to an
inhaled allergen challenge compared with placebo.
The difference from placebo was statistically signifi-
cant only for the nebulized route of administration.'*
Tralokinumab (CAT-354),"%” lebrikizumab, IMA-638,
and QAX 576 are monoclonal antibodies specific for
IL-13."*! They are in phase 2 trials for the treatment of
both chronic obstructive pulmonary disease (COPD)
and asthma.

IL-5 is a key cytokine in the differentiation and mat-
uration of eosinophils. IL-3 and GM-CSF (granulocyte-
macrophage colony-stimulating factor) also play a role,
but IL-5 is more specific for eosinophils. IL-5 also mod-
ulates histamine release by basophils.'*® Resizumab and
mepolizumab are humanized monoclonal antibodies
directed at IL-5, and both are administered by subcuta-
neous infusion. Early studies on anti-IL-5 therapy dem-
onstrated limited efficacy in unselected patients.'*™'3!
However, in patients with increased sputum eosino-
phils, mepolizumab administration resulted in a statisti-
cally significant reduction in AQLQ scores and
exacerbations, and both sputum and peripheral eosino-
phil counts compared with placebo.'** In another RCT
of mepolizumab, which specifically enrolled patients
with refractory asthma and eosinophilic airway inflam-
mation, there was a significant reduction in severe
exacerbations requiring oral prednisolone and sputum
and blood eosinophilia, but no change in FEV1.'*® A
recent trial evaluating reslizumab compared with pla-
cebo in non-steroid-dependent patients with sputum
eosinophila134 demonstrated significant, albeit mild,
improvement in FEV1 and a nonsignificant trend
toward fewer exacerbations and higher AQLQ scores.
Post hoc analysis noted greater improvement in patients
with nasal polyps, such that the difference in AQLQ
scores became statistically significant. An editorial'®®
postulated that these trials may be the first tentative
steps toward therapy directed by specific patient
phenotypes.

IL-9 is thought to play a role in asthma pathogenesis
primarily by inducing the proliferation and activity of
mast cells.’*®* MEDI-528, an anti IL-9 monoclonal anti-
body, is currently in phase 2 trials of both subcutane-
ous and intravenous formulations. The initial data has
demonstrated only modest success.'*”'?®

Anti T-lymphocyte therapies

T-helper type 2 (Th2) lymphocytes are thought to play
a central role in asthma pathogenesis. The anti-IL agents
just discussed (specifically anti-IL-4, -5, and -13) block
some “downstream” effects of Th2 cell activity. Criti-
cally, many existing asthma therapies, including ICS,
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have limited direct effects on Th2-mediated inflamma-
tory processes, especially in regard to activation and
differentiation of the Th2 cells themselves. In fact,
in vitro studies have shown that corticosteroids may
guide the differentiation of T-lymphocytes toward the
Th2 phenotype.'*

A multitude of other potential therapeutic targets
involving Th2 cells have been identified. Several are
in varying but early stages of development, although
only a few have published human data at this point'*:
CTRH2 (Chemoattractant receptor homologous mole-
cule expressed on Th2 cells) is a G-protein—coupled
receptor expressed on a number of inflammatory cells,
especially Th2 lymphocytes and eosinophils.

A recently published double-blind phase 2 RCT'* of
OC000459, an oral highly selective antagonist of the
CRTH?2 receptor, demonstrated statistically significant
decreases in AQLQ scores and (only in the per-proto-
col group) significant increases in FEV1. Of note, these
patients had moderate persistent allergic asthma but
were not on an ICS.

Therapies directed at Th2 lymphocytes are in the
early stages of development and the ultimate benefit
of such treatment compared with conventional ther-
apy is yet to be determined.

Immunomodulators

OM-85 (Broncho Vaxom) is an immunostimulant
derived from several different pathogenic bacteria of
the upper respiratory tract. It has been shown to
decrease the number of exacerbations in children (ages
1-6) with a history of wheezing attacks but has not
been extensively studied in adults.'*!

MISCELLANEOUS AGENTS

Any number of agents approved for other diseases
have been or are being explored as potential therapies
for asthma, with varying success. Inhaled anticholin-
ergic agents are perhaps the most noteworthy exam-
ples and will be discussed later.

Many of the other classes of drugs have been found
to have limited efficacy or unfavorable risk:benefit
ratios but may illustrate therapeutic targets for future
drug development, as there is usually a plausible, usu-
ally anti-inflammatory, biologic mechanism of action
in the existing drug that can potentially be exploited
by a more specifically targeted therapy. For example,
the inhibition of mast cells by loop cliuretics,117 or the
antinflammatory properties of thiazolidinediones
(TZDs). TZDs, widely used in the treatment of diabe-
tes, have antinflammatory effects via their action as
peroxisome proliferator—activated receptor gamma
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antagonists. Pioglitzone'** was first suggested for
treatment of asthma following a small case series.'*?
An RCT with rosiglitazone, treating smokers with
asthma, showed small improvement in lung function
compared with ICS."** There is at least 1 NIH-spon-
sored phase 2 trial of pioglitazone currently recruiting
patients. Given the ongoing and serious controvers
regarding the cardiovascular risk profiles of TZDs'*;
however, there may be little enthusiasm for future
research in this area.

Other notable agents in this category include inhaled
furosemide,'**'? inhaled heparins,148 colchicine,'*® and
primarily as possible steroid-sparing agents, cyclospor-
ine A rr1ycopher1ola’ce,151'152 methotrexate,>>1%*
IVIG,'551% and gold.!"1%

Tumor necrosis factor-a antagonists

Tumor necrosis factor-alpha (TNF-o) is an important
cytokine in the innate immune response and has sev-
eral possible roles in the pathogenesis of asthma.' It
is found in greater concentrations in the airways of
asthmatic patients compared with controls,'**'®" indu-
ces airway hyperresponsiveness and neutrophilia in
nonasthmatic subjects,'®® and directly induces hista-
mine release from mast cells,'®® to name just a few.

Initially, there was a fair amount of enthusiasm
about the potential of TNF-a inhibitors, with promis-
ing early results using etanercept.'**'*® However, one
of the larger and more widely cited early RCTs, which
demonstrated significant benefit with infliximab,'®”¢®
was later retracted.'® In addition, the largest RCT to
date, using golimumab, was stopped early due to seri-
ous adverse reactions including increased rates of
malignancy and serious infections.'”’ Given these
data, the clinical usefulness of TNF-a inhibitors (and
perhaps only etanercept) is currently thought to be
limited and may only be helpful in a small, yet-to-be
defined subset of patients.'”!

HMG-CoA reductase inhibitors

The HMG-Co0A reductase inhibitors, or statins, are
well established in the treatment of cardiovascular dis-
eases. They are also being studied for a number of
other diseases due to their anti-inflammatory proper-
ties."”*'”> Some promising results in animal models
and humans have been seen with these agents in
asthma, including simvastatin'’#'”® and atorvasta-
tin."’®"7 In addition, three population-based retro-
spective studies of asthma patients on ICS have been
published. All 3 demonstrated that concurrent statin
use was independently associated with a lower risk of
asthma related ED visits or hospitalizations.*'® The
most recent of the 3,'”® which analyzed 1500 patients
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from a state Medicaid database, showed a nearly 50%
reduction (odds ratio 0.55) in that end point. Multiple
trials, including a small phase 3 RCTs of ICS plus sim-
vastatin or placebo (NCT00792337), are ongoing or
recently completed but have not yet published their
results.'®!

Antireflux therapy

It has been widely hypothesized that gastroesophageal
reflux (GERD), whether overt or silent, may contribute
to asthmatic symptoms, and some open label or non-
randomized trials support this.'"®>'%* However, RCTs
comparing treatment with a proton pump inhibitor to
placebo in children with poorly controlled asthma did
not demonstrate any meaningful clinical benefit.'® In
fact, the largest and most recent RCT not only demon-
strated a lack of benefit, there was also an increased
incidence of respiratory infections.'®® A large RCT in
adults by many of the same investigators found a sim-
ilar lack of efficacy, but without increased adverse
events.'"” There was no difference between patients
with symptomatic versus so-called “silent” GERD in
either trial.

Anticholinergic agents

The use of anticholinergic agents is an interesting
chapter in the history of asthma therapy. Currently,
there are no FDA-approved anticholinergic drugs for
use in asthma, as will be discussed below. However, at
one time, they were considered first-line therapy: In
a curious contradiction, no less an authority than Osler,
in The Principles and Practice of Medicine,"®® suggested
the use of so-called “asthma cigarettes.” These gener-
ally contained the leaves of one or more belladonna
alkaloid—containing plants, which work via an anticho-
linergic mechanism. Other classic works from that era,
such as those of Stedman and Cecil, carried similar
recommendations.' In fact, asthma cigarettes were still
recommended in Cecil’s A Textbook of Medicine until the
1950s."®” However, by the 1970s, such therapies had
fallen out of favor, and mention of belladonna alkaloids
in any form had disappeared from that text.'”® With the
introduction of longer-acting anticholinergics, there is
renewed interest in this therapeutic class.

There are 2 commonly prescribed inhaled anticho-
linergic agents at present: ipratropium and tiotropium.
Both are FDA approved for COPD and not asthma,
though there are data to support their use in both.
Ipratropium, a short-acting agent, either alone or as
part of a combination inhaler with albuterol,191 is com-
monly used in EDs for acute exacerbations of asthma,
and is included in the asthma guidelines as such.”®
There are some data for its efficacy as a ‘rescue’ inhaler
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as well,192’193 but it is usually reserved for that use only
in patients who cannot tolerate albuterol due to
tachyarrythmias or other side effects.

Tiotropium (Spiriva) is an inhaled long-acting anti-
cholinergic bronchodilator and is one of the cornerstone
therapies for COPD.'**'*> Although not FDA approved
for use in asthma, recent RCTs have shown it to be an
effective agent. The TALC (Tiotropium Bromide as an
Alternative to Increased Inhaled Glucocorticoid in Pa-
tients Inadequately Controlled on a Lower Dose of
Inhaled Corticosteroid) study demonstrated that addi-
tion of tiotropium to patients on low-dose—inhaled be-
clomethasone was superior to doubling the dose of the
ICS. Adding tiotropium was also noninferior to adding
a LABA (salmeterol) to the low-dose ICS.'”® A more
recent placebo-controlled RCT demonstrated that tio-
tropium was superior to placebo when added on to
ICS/LABA (with or without other agents such as
LTRAs) in patients with severe uncontrolled asthma.'®”
These results are perhaps not surprising given the
aforementioned historical use of anticholinergic agents
for asthma over the last 100-plus years.! However, as
the current guidelines predate these studies, the use of
tiotropium in asthma is not addressed therein.

Antimicrobial therapy

Both antibiotic and antifungal agents have been stud-
ied as adjunctive therapy in severe asthma.

Severe asthma with fungal sensitization is loosely
defined as severe asthma despite standard therapy,
with evidence of fungal sensitization (ie, by allergy
testing), but without meeting criteria for Allergic Bron-
chopulmonary Aspergillosis.'”® The Fungal Asthma
Sensitization Trial study'®” evaluated the use of itraco-
nazole,”® versus placebo, in the treatment of patients
with severe asthma with fungal sensitization. There
was a statistically significant improvement with itra-
conazole in AQLQ score (the primary end point) and
morning PEF and serum IgE levels. As fungal coloni-
zation was shown to be present in only a minority of
patients, the authors postulated that there may be an
additional immunomodulatory effect of itraconazole.

The use of antibiotics, and macrolides in particular,
has been the subject of study for several years, primar-
ily for acute exacerbations of asthma.””! They have an
established role in other pulmonary diseases: Azithro-
mycin®?? is used commonly to slow the progression of
disease and reduce the number of exacerbations in
patients with cystic fibrosis. The mechanism of action
is thought to be due primarily to a systemic anti-
inflammatory effect, and not the drugs antimicrobial
properties.’®>?** A more recent RCT also demon-
strated a reduction in the frequency of COPD exacer-
bations with daily use of azithromycin.**®
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These same effects suggest a possible role in the
chronic treatment of asthma.”® Clarithromycin,*”
another macrolide, has been shown to have similar
properties. Clarithromycin improved quality of life
and reduced the levels of inflammatory markers in
the airways of asthmatic patients.*”® Another RCT not
only showed some benefit*” but also demonstrated no
change in serum cortisol levels, indicating no change in
the metabolism of endogenous steroids. This is some-
what in opposition to another proposed mechanism of
action of clarithromycin in this context; multiple stud-
ies suggest that macrolides may inhibit the metabolism
of exogenous corticosteroids, thus acting as a steroid-
sparing agent, in a sense.’’®*'" A cochrane review
similarly challenged this theory.*'?

Finally, the use of macrolides in their intended
function, that of an antibiotic, has also been studied.
It has been suggested that Mycoplasma pneumoniae and
Chlamydophila (formerly Chlamydia) pneumoniae may
play an under-recognized role in the pathogenesis of
asthma.?'® One placebo-controlled RCT demonstrated
that, in patients with stable asthma with proven col-
onization with one of these bacteria (by polymerase
chain reaction), 6 weeks of clarithromycin treatment
resulted in a statistically significant increase in FEV1
compared with placebo.”'* A second trial, this time
using roxithromycin, also demonstrated improve-
ment in lung function after 6 weeks of therapy. How-
ever, the benefit was not durable.?’®> A more recent
trial compared treatment with clarithromycin or pla-
cebo in patients inadequately controlled on ICS alone,
and showed minimal benefit irrespective of whether pa-
tients were polymerase chain reaction positive or
negative.”'®
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In the acute setting, a 2006 multicenter RCT examined
the effect of a 10-day course of telithromycin (a ketolide),
added on to standard therapy for acute exacerbations of
asthma.”’” Telithromycin use, compared with placebo,
resulted in a statistically significant reduction in only 1
of the 2 primary end points, self-reported symptoms
(morning PEF was unchanged).

Phosphodiesterase inhibitors

Roflumilast (Daliresp) is an oral phosphodiesterase 4
(PDE4) inhibitor FDA approved for the treatment of
COPD associated with chronic bronchitis.*'® Similar
functionally to theophylline, which is a nonspecific
inhibitor of PDEs, it exerts a number of anti-inflamma-
tory effects. Their chemical structures (with caffeine
included for comparison) can be seen in Figure 3.
Although theophylline has a number of poorly under-
stood effects outside of its weak PDE inhibition,*'?
leading to a number of significant drug—drug interac-
tions and side effects such as cardiac arrhythmia, ro-
flumilast is specific to PDE4. However, as noted below,
they both hold the label of “narrow therapeutic index”
as they share the same gastrointestinal side effects.
PDE4 receptors are nearly ubiquitous on inflammatory
cells, and inhibition of these receptors, via increased
levels of cyclic AMP and GMP, decreases release of
LTs, IL-2 and -4, and synthesis of tumor necrosis factor
alpha 220221

Although sometimes derided as “designer” theoph-
ylline,>*' there are some promising data for the use of
roflumilast in asthma: Bateman et al*** demonstrated
significant improvement from baseline in FEV1 and
peak expiratory flow measurements in all 3 doses of
roflumilast studied. The improvement from baseline in
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FIGURE 3. Chemical structures of PDE inhibitors and caffeine roflumilast theophylline caffeine.
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FEV1 was an impressive 400 mL at the maximum dose
of 500 mg. However, this result needs to be taken in
the context that the patients were not on any other
asthma medications other than as-needed albuterol.
Headache and gastrointestinal side effects also were
far more frequent as the dose escalated. A noninferior-
ity study®® also demonstrated statistically significant
improvements from baseline in spirometry and self-
reported asthma symptoms in patients treated with
either inhaled beclomethasone or roflumilast, with no
difference between the 2. Again, there was a higher
rate of gastrointestinal side effects in the roflumilast
arm. There was also a higher rate of dropout due to
worsening asthma in the roflumilast arm.

Phase II and III trials are ongoing, but as with
COPD, the side-effect profile of this class is a significant
concern: The primary drawback is dose-limiting gas-
trointestinal side effects. There are multiple subtypes
of PDE4 receptors, with PDE4-B receptors thought to
be the mediators of the beneficial anti-inflammatory
properties of these agents, and PDE4-D mediating
the primary adverse effect, nausea, in the central ner-
vous system.”** Inhaled PDE4 inhibitors are now being
investigated, in the hope that the therapeutic index can
be widened by limiting systemic absorption: GSK256066
is currently in phase II trials. It has been shown to
reduce both early and late responses to inhaled allergen
challenge.”” This is another contrast with theophylline,
in which inhaled administration has been shown to be
poorly tolerated with limited efficacy.”®> Other oral
PDE4 inhibitors are in early stages of development as
well, with more selectivity for the PDE4-B receptor.**®

Phosphodiesterase 5

PDES inhibitors such as sildenafil are far more widely
known for their use in the treatment of erectile dysfunc-
tion. During the development of this class of drugs
there were some studies demonstrating a lack of benefit
in airways disease with zaprinast, an early PDE5 inhib-
itor.??’ However, there are some more recent animal
data®® and a single case series™” demonstrating some
intriguing positive effects on airway hyperresponsive-
ness and spirometric improvements, respectively, with
sidenafil. However, another study looking at the com-
bination of L-arginine and sildenafil in a murine model
of asthma gave the opposite result.**’

Other Phosphodiesterases

Phosphodiesterases 3 and 7 have also been studied.
Studies on PDE3 inhibitors have been mixed, and it
has been suggested they may only be beneficial in
combination with PDE4 inhibition.”® A recent study
on both PDE7 knockout mice and a murine asthma
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model treated with both roflumilast and PDE? inhib-
itors did not show any effect of PDE7 on airway hyper-
responsiveness. There was a beneficial response to
roflumilast. This seems to discount the possibility of
PDE? being a useful therapeutic target for asthma.?!

DISCUSSION/CONCLUSIONS

Although it was first described centuries ago, optimal
asthma therapy remains an elusive target and a fertile
ground for research. The incidence of asthma contin-
ues to increase, affecting >22 million people in the
United States alone. Despite this, only 3 new therapeu-
tic classes, with a total of four individual drugs
approved by the FDA, have been developed specifi-
cally for asthma since the 1960s. Existing therapies
such as ICSs are effective but underutilized.'® In addi-
tion, some patients cannot maintain good asthma con-
trol even with proper use, and there are minor but
lingering concerns about complications from chronic
use of high-dose ICSs, especially in children.”**** In
fact, in the large (>3400 patients) GOAL study (Gain-
ing Optimal Asthma control), asthmatics were closely
followed by clinicians experienced in asthma care and
had their doses of ICS and LABA titrated to the high-
est approved dose. Even in such an ideal setting, one-
third of patients with severe asthma failed to achieve
complete control of their disease with ICS/LABA
alone.”*

Outside of such a controlled environment, adher-
ence to inhaled therapy is often poor,”” and 1 strategy
that has been suggested to combat this is single inhaler
maintenance and reliever therapy, or SMART. Multi-
ple studies®™ have demonstrated improvements in
asthma control and reduced rate of exacerbations
when a budesonide/formoterol combination inhaler
is used both as twice-daily maintenance therapy and
as-needed “rescue” medication (salmeterol and once
daily LABAs such as indacaterol cannot be used with
SMART due to potential side effects; theoretically, any
ICS can be used, however). This has the benefit of both
providing some immediate anti-inflammatory effect
with symptom flare-ups, and reducing (or even elim-
inating) the critical problem of poor adherence with
controller medications.

Even with the use of strategies such as SMART to
maximize adherence, the preference of most patients
for oral medications is undeniable—one need only
consider the high prescribing rate for LTRAs com-
pared with other agents that have consistently demon-
strated better efficacy in clinical trials (ie, LABAs).
Consequently, the lack of oral controller medications
that are effective in a majority of patients, but without
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the side effect profile of systemic corticosteroids, is an
obvious need. Nonsteroid agents, notably omalizumab
and LTRAs, are both expensive and only effective in
certain patients. Identifying which ones will respond
can be difficult, as has been discussed in this review.
Recent trials of other novel agents, notably TNF-a an-
tagonists, have been disappointing,'”! and results with
IL-based therapies have been mixed.''® Future direc-
tions for asthma therapy include not only improve-
ments on existing classes, as with the newer ultra—
long-acting beta agonists and inhaled versions of oral
drugs such as LTRAs and PDE4 inhibitors but also into
the new frontiers of medicine such as biologic agents
and pharmacogenomics.”® The current view of
asthma is one of different phenotypes, rather than
a homogeneous disorder of generalized airway hyper-
responsiveness.”’ At least 6 different phenotypes have
been identified,® and unfortunately, in the vast major-
ity of cases, identifying the phenotype of a specific
patient, either in terms of symptoms or clinical
response to medications, is primarily a process of
(therapeutic) trial and error.

The search for genetic or biologic markers that will
predict whether or not an individual patient will respond
to a particular agent or class of agents is ongoing.** Tt
may be that the next great asthma breakthrough is not
a novel class of medication or therapeutic procedure, but
the discovery of a means by which a combination of
existing agents can be easily tailored to the individual
patient for maximal efficacy with the simplest and safest
regimen possible.
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Appendix: Glossary of Frequently Used Terms

and Abbreviations

AQLQ: Asthma Quality of Life Questionnaire. A validated
32-item quality of life questionnaire. Each item is given a score
from 1 (severe impairment) to 7 (no impairment). A change of 0.5
in the total score is considered clinically significant and is termed
the minimal important difference. An abbreviated version
(15 items) is known as the mini-AQLQ.?*!

ACQ: Asthma Control Questionnaire. A 7-item questionnaire
that unlike the AQLQ is geared specifically toward an assessment of
disease control. It omits the “emotional function” components of the
AQLQ and includes objective data such as the FEV1 and rescue
inhaler use. A modified version omits FEV1 in situations when it
is not available. The ACQ is scored from 0 (good control) to 6 (poor
control).?4!

CysLT1: Cysteinyl LeukoTriene receptor 1. The site of action
of leukotriene receptor antagonists. There is also a type 2, which is
not thought to play a role in asthma.

FEV1: forced expiratory volume in 1 second. One of the key
parameters of spirometry, assesses the severity of airway
obstruction.

GINA: Global INitiative for Asthma. The World Health Orga-
nization asthma group.

Modified Pulmonary Index Score: A validated symptom score
used to assess the severity of asthma in children. Six categories are
evaluated: oxygen saturation, accessory muscle use, inspiratory to
expiratory flow ratio, degree of wheezing, heart rate, and respiratory
rate.**?

Methacholine: An inhaled agent commonly used clinically to
assess the level of reactivity (or hyperreactivity) of the airways to
irritant stimuli. It is administered in serial dilutions to give an objec-
tive measure of the level of stimulus needed to produce broncho-
spasm in an individual patient.

NAEPP: National Asthma Education and Prevention Pro-
gram. The National Institute of Health’s asthma group.

PEF: Measures the airflow from a forced expiration, generally
measured by the patient with a pocket-sized meter; it has been shown
to correlate well with formal FEV1 testing. Used as a simple at-home
measurement (often in the morning) by asthma patients to monitor
their level of disease activity. Patients are generally counseled to report
a significant decrease from baseline and/or implement a previously
discussed treatment plan (referred to as an “asthma action plan” in
the guidelines) in response. The use of PEF has not been demonstrated
to improve outcomes compared with careful symptom self-monitoring
by reliable patients but is commonly recommended for patients with
more severe asthma or poor perception of their bronchospasm.®

QALY: Quality Adjusted Life Year. A commonly used mea-
sure of the relative cost effectiveness of a given intervention. $50,000
per QALY (the cost of a single year of dialysis) is traditionally cited
as the “cutoff” value of a cost-effective therapy.
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