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In 2007, the National Heart, Lung and Blood Institute published its update of
the guidelines for the diagnosis and management of asthma the Expert Panel
Report 3 [101]. In 2009, the update of the International Global Initiative for
Asthma guidelines was published [102]. Both the Expert Panel Report 3 and Global
Initiative for Asthma guidelines recommended that inhaled corticosteroids (ICSs)
be the foundation of treatment for all ages of patients with persistent asthma
with little variation between them. Although ICSs are well-established therapies
and very effective for many patients with asthma, ongoing clinical investigations
have continued to assess best dosing strategies, determinants of responsiveness
and potential risks from long-term use of ICSs. It is the purpose of this paper to
report on the past 5 years of these investigations that may affect future guidelines.

Determinants of response

= Pharmacogenomic

It has become clear over the years of many clinical trials that while the majority
of patients with asthma respond well to ICS therapy, the response can be highly
variable with up to 10-15% of patients not responding and as many as 24% hav-
ing a poor lung function response [1]. A number of investigations have assessed
both genetic, as well as phenotypic, explanations for the relative lack of response.
Utilizing a genome wide association analysis, a functional variant (rs37973) in the
GLCCII, was shown to be associated with a decreased response in lung function
(forced expiratory volume in 1 s) to ICS in children participating in the CAMP
clinical trial [2]. Patients who were homozygous for the variant allele had only
a third of the response to budesonide than those homozygous for the wild-type
allele. This finding was replicated in four other distinct populations with asthma.
The variant allele occurs in approximately 16% of the population and the geno-
type accounted for approximately 6.6% of the response variability in those who F U T U Rj

part of
had it, as well as the increased risk of a poor response. This study has added to .
previous studies in the CAMP cohort by this group, demonstrating a diminished C I E N C E
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lung function response to ICSs secondary to minor
alleles of the FCER2 gene and in the CRHRI gene [1].

m Phenotype & environment

Phenotypic and environmental factors can also alter
response to the ICSs. Asthma-related factors predictive
of a response to ICSs in children in terms of improved
asthma control, include increased concentrations of
fraction of exhaled nitrous oxide (FENO), increased
eosinophil counts and eosinophil cationic protein,
increased IgE, lower lung function, increased airway
hyper-responsiveness as measured by methacholine
bronchoprovocation, increased bronchodilator respon-
siveness to short-acting B, agonist and a parental his-
tory of asthma [1,3]. However, only FENO, airway
hyper-responsiveness and parental history of asthma
predicted a greater response to ICSs than leukotriene
modifier [3]. Interestingly, asthma characteristics that
predict poor lung function response do not neces-
sarily predict a poor response for preventing asthma
exacerbations and vice versa [1].

A major nonasthma specific phenotype predictive
of poor response to ICSs is elevated BMI and obesity
(45]. Clinically, this has resulted in both decreased
lung function response and protection against asthma
exacerbations from ICSs [s5]. This effect appears to be
related decreased clearance of apoptotic inflamma-
tory cells by airway macrophages, which is normally
improved by corticosteroids in nonobese patients with
asthma [6]. The decreased response, defined by forced
expiratory volume in 1 s, asthma symptom score, and
albuterol use also occurs with combination therapy of
ICSs with long-acting inhaled B agonists (LABAs),
despite the fact that the addition of LABAs has been
shown to produce a synergistic activation of the glu-
cocorticoid receptor and improved anti-inflammatory
activity [7.8]. It is notable that, although the response
to ICS/LABA combination is diminished in obese
patients compared with normal weight patients, the
obese patients have a superior response to ICS/LABA
compared to montelukast [7].

Environmental factors that blunt the response to
ICSs include smoking and vitamin D insufficiency
and deficiency [9.10]. Although it has been known for a
long time that smoking impairs the response to ICSs,
a recent report found that in utero smoke exposure
reduced improvement in airway responsiveness to ICS
therapy in children 5-12 years of age [11]. Whether the
mechanism for the decreased response from smoking
and 77 utero exposure is similar, is unknown. Recent
evidence suggests that the oxidative stress from smok-
ing increases the activity of PI3K$, which leads to the
inactivation of histone deacetylase-2, which prevents
transactivation of corticosteroid responsive genes [9].
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This finding may allow the development of therapeutic
strategies for improving the response to ICS in patients
who smoke or are past smokers or have severe asthma
where the inflammation produces oxidative stress. An
in vitro study found that nortriptyline, a direct inhibi-
tor of PI3K$, restores corticosteroid sensitivity induced
by oxidative stress in monocytic cells [12]. Whether
this approach will improve response in patients awaits
clinical trials. Up to 35% of children with persistent
asthma are vitamin D insufficient (<30 ng/ml serum
concentration) and the decreased corticosteroid respon-
siveness may, in part, explain the association between
vitamin D insufficiency and increased risk of severe
exacerbations, decreased asthma control and increased
ICS and oral corticosteroid usage [13-15]. In addition,
vitamin D deficiency is associated with decreased lung
function improvement from ICSs [16]. While the exact
mechanism by which vitamin D insufficiency reduces
corticosteroid responsiveness is unknown, it has been
shown to increase levels of the immune-modulatory
cytokines TGF-f, MKP1 and IL-10 from T-regulatory
cells (15]. A large multicenter clinical trial stratified by
vitamin D status is underway to determine whether
supplementation of vitamin D improves outcomes in
patients requiring ICSs.

Long-term adverse effects of ICSs

= Growth

Corticosteroids can produce a variety of adverse sys-
temic effects when taken either continuously or fre-
quently over many years, including: decreased linear
growth; decreased bone mineral density (BMD) and
osteoporosis; decreased hypothalamic—pituitary—
adrenal axis activity; and posterior subcapsular cata-
racts. Patients receiving high doses of ICSs have shown
an increased risk of experiencing these effects [101,102].
In addition, patients receiving low to medium doses of
some ICSs have demonstrated small (1-2 cm) reduc-
tions in growth in the first 1-2 years of initiation of
ICS therapy; however, it was unknown what the long-
term consequences were on adult height from the initial
reduction [101,102]. In the first long-term prospective trial
of ICS therapy in children 5-12 years of age followed
into adulthood, the initial -1.2 cm difference in height
seen in the budesonide group at year 2 of the CAMP
trial persisted into the final adult height in comparison
with the group that received the placebo [17]. Although
the mean effect over all the patients was small, a sig-
nificant dose-response effect was found (-0.1 cm/pg/kg
budesonide) so that the younger, smaller children expe-
rienced a greater reduction in height. Two additional
studies demonstrated dose-response effects on growth
in preschool and school aged children. A study by the
Childhood Asthma Research and Education Network
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of the National Heart, Lung, and Blood Institute
reported a significant reduction in height (mean:
-1.6 cm) in preschoolers 2 years of age weighing <15 kg
who received fluticasone propionate 176 pg/day by chlo-
rofluorocarbon propelled metered dose inhaler (MDI)
via Aerochamber™ valved holding-chamber (VHC)
(18]. The importance of these results is amplified by a
recent study comparing the delivery of the newer hydro-
fluoroalkane propelled fluticasone propionate MDI
with the Aerochamber™ Max made with antistatic
polymers [19]. Both preschool and school aged children
(1-4 and 5-9 years old, respectively) achieved signifi-
cantly higher steady state plasma fluticasone propionate
concentrations than 5-18 year olds not using the anti-
static VHC with the MDI. In addition, the concentra-
tions they reported were threefold greater than those
seen using the same doses in children 12 years with an
older static VHC. Thus, safety data from older MDI
formulations and VHCs should not be extrapolated to
newer preparations and devices. Low doses of the newer
hydrofluoroalkane propelled beclomethasone dipropi-
onate (80 pg/day) produced significant reduction in
growth (-1.1 cm over 1 year) in children 5-18 years old
[20]. However, low to medium dose mometasone furoate
(100-200 pg/day) by dry powder inhaler produced lit-
tle to no significant growth suppression in 4-9 year olds
over 1 year [21]. The results of this study were interesting
in that 100 pg twice daily did not produce a differ-
ence from placebo, but 200 pg once in the morning
did produce a significant reduction (-0.70 c¢m). This
suggests that the peak serum concentration may be
as or more important as the total daily dose. These
results are similar to the lack of a growth effect from
fluticasone propionate by dry powder inhaler at 100
and 200 pg/day, which is to be expected as fluticasone
propionate and mometasone furoate have very similar
potencies and pharmacokinetic properties [22]. Unfor-
tunately, fluticasone propionate by hydrofluoroalkane
MDI alone or with a VHC has not been evaluated for
growth effect. The newer ciclesonide was studied but
in dosages that did not produce a therapeutic effect in
children so it is unclear whether ciclesonide’s apparently
improved therapeutic index in adults as measured by
adrenal axis suppression extends to growth in children
(22,23]. This is particularly important because the effects
of ICSs on growth occur at doses that do not affect the
adrenal axis [22].

= Bone-mineral density

High-dose ICSs have been associated with decreased
bone-mineral density (BMD), osteoporosis and
increased risk of fracture in patients with other high-
risk factors [101,102]. However, long-term prospective con-
trolled trials in children had not been completed. The
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CAMP cohort of children (n = 877) were followed with
dual-energy X-ray absorptiometry scans of the lumbar
spine for a median duration of just over 7 years and the
effect of both cumulative ICS and oral corticosteroid
doses for acute exacerbations on mean bone mineral
accretion over that time was assessed [24]. No effect
was found for ICS on bone mineral accretion or risk of
osteoporosis or fracture risk. Interestingly, a decreased
bone mineral accretion and an associated increased risk
of osteopenia was found in boys who received approxi-
mately two oral courses of prednisone per year. This
shows that effects on growth do not translate into effects
on BMD. A recent follow up to this study found that
the decreased BMD and osteopenia risk only occurred
in those patients with vitamin D insufficiency or defi-
ciency [25]. Based upon the previous discussion, this
suggests that vitamin D may have a twofold benefi-
cial effect in children with asthma in preventing severe
exacerbations, reducing the risk of receiving courses of
prednisone and preventing mineral resorption from the
bone due to oral corticosteroids.

m Cataracts

Finally, 232 patients from the original CAMP cohort
received slit lamp exams 1213 years after the initial
randomization [2¢]. Following the initial CAMP trial
of 46 years there was one patient in the budesonide
group that had a small post-subcapsular cataract. At
the final exam, 16 patients had findings consistent with
cataracts, but there was no significant difference in the
percentage of patients who received corticosteroids or
never received corticosteroids over CAMP and follow
up (6.7 vs 8.3%, respectively). Oral corticosteroid use
did not have an effect on the development of cataracts.

= Summary

The relative lack of long-term adverse effects of ICSs in
children with persistent asthma is important because
an almost 5-year follow up of the CAMP study found
that the patients who had received ICSs for a mean of
4.3 years did not differ in lung function, airway hyper-
responsiveness or asthma control [27] and that less than
10% had their asthma in remission [28]. In addition, all
the children in the follow-up cohort, despite the ini-
tial randomized treatment, required ICSs for asthma
control during 30% of the post-trial period [27].

Intermittent versus continuous ICSs

m Children & adults

Due to the fact that it has become increasingly clear
that continuous ICS therapy does not alter the natural
progression of asthma, investigators have been explor-
ing the use of intermittent ICSs for both adults and
children with mild persistent asthma [20,29]. A recent
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meta-analysis of the comparative trials found that con-
tinuous ICS therapy provided greater improvement in
measures of the impairment domains from the guide-
lines including: lung function, asthma control days,
symptom-free days and as-needed short-acting inhaled
B, agonists for rescue, as well as biomarkers of inflam-
mation such as FENO [29]. However, there was no dis-
cernible difference in the risk domain (hospitalization,
emergency department visits, or withdrawals from treat-
ment failure). The two most recent trials illustrate the
differences in approach to intermittent therapy. In the
first, school aged children, with mild-to-moderate per-
sistent asthma, were first controlled with medium dose
budesonide (800 pg/day), then the daily dose reduced
or discontinued [30]. The intermittent therapy consisted
of 2 weeks of budesonide 800 pg/day for any children
with worsening asthma and who were not responding
to six doses of short-acting inhaled P, agonist in the
first 24 h, whether or not they were receiving continu-
ous low doses of budesonide [30]. In the other trial the
ICS was given continuously and as needed whenever
the short-acting inhaled B, agonist was administered
or just as needed [20]. Children 618 years of age were
randomly assigned to one of four treatment arms after
a run-in period confirming well-controlled asthma.
The treatment arms were beclomethasone dipropion-
ate 40 pg one puff twice daily plus a combination of
beclomethasone dipropionate 40 pg and albuterol one
puff as needed, placebo daily plus a combination of
beclomethasone dipropionate and albuterol one puff
each as needed, beclomethasone dipropionate, 40 pg
one puff twice daily plus albuterol as needed, or placebo
daily plus albuterol as needed. The primary outcome
was time to first exacerbation requiring prednisone.
Both studies demonstrated a reduction in exacerbations
and median time to exacerbation in the continuous ICS
arms of the study, but their definitions of exacerbation
differed [20.30]). However, both studies also demon-
strated reductions in growth velocity in the continu-
ous ICS arms of the trial while the intermittent-only
periods did not (see discussion on growth above).

m Infants & preschool children

Infants and preschool children often have intermit-
tent wheezing episodes, primarily associated with
upper respiratory viral infections without detectable
symptoms in between episodes, and may represent a
different phenotype from older children and adults
(101,102]. Current recommendations state that patients
0—4 years with two or more exacerbation in 6 months
or four or more wheezing episodes/year and risk factors
for asthma (i.e., a positive modified asthma predictive
index [101,102]), should be treated as persistent asthma
and a systematic review and meta-analysis reported a
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40% reduction in asthma exacerbation rate in preschool
children with asthma and recurrent wheezing on daily
ICS therapy [31.101]. However, many clinicians and par-
ents are unwilling to prescribe and administer chronic
medication for what they perceive as an intermittent
problem. Recent clinical trials have shed more light on
appropriate therapy for these patients. In a comparison
study of budesonide 1 mg by nebulizer solution twice
daily with montelukast 4 mg orally once daily and pla-
cebo for 7 days at the start of a respiratory illness, no
treatment arm reduced the use of oral corticosteroids;
however, those children with a positive modified asthma
predictive index experienced symptom reduction during
the episodes with both active treatments [32].

In a placebo-controlled trial of very high dose flutica-
sone propionate (750 pg twice daily via MDI and VHC)
at the start of respiratory illness for up to 10 days in chil-
dren 1-6 years old, asthma exacerbation rate, which was
defined as the use of oral corticosteroid, was reduced by
50% [33]. There was no difference between the groups in
the number of upper respiratory tract infections. How-
ever, the high dose of ICS was associated with a signifi-
cantly reduced height and weight gain compared with
those receiving the placebo over the median period of
40 weeks of the study. Infants (n = 276) between 1 and
4 years of age with frequent wheezing were randomized
to three arms for 3 months: nebulized beclometha-
sone dipropionate 800 pg twice daily plus salbutamol
2500 pg as needed, daily placebo plus combination of
beclomethasone dipropionate 800 pg and salbutamol
1600 pg as needed, or daily placebo plus salbutamol
2500 pg as needed [34]. Only children on regular daily
beclomethasone dipropionate had significantly higher
symptom-free days compared with those on only rescue
salbutamol. However, the children on as-needed therapy
were not significantly different from those on continu-
ous therapy with ICS. Interestingly, children with risk
factors for persistent asthma did not differ in response.
Finally, the Childhood Asthma Research and Education
clinical trials network of the National Heart, Lung and
Blood Institute assessed the use of nebulized budeson-
ide 0.5 mg daily versus intermittent budesonide, 1 mg
twice daily for 7 days at the start of a respiratory illness
usually associated with exacerbations in children aged
12 to 53 months and a positive modified asthma pre-
dictive index [35]. At the end of the 1-year trial, there
was no difference in the rate of asthma exacerbation as
defined by use of oral corticosteroids, asthma symptoms
or severity of episodes between the treatment arms. The
linear growth was the same in both groups.

= Summary

In adults and school aged children with mild persistent
asthma, the use of as-needed or intermittent ICSs may
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prevent some use of prednisone bursts for acute exac-
erbations but reduce the beneficial effect on daily and
night time symptoms, short-acting 3, agonist use and
biomarkers of inflammation (i.e., FENO). In children
and adults with truly intermittent or seasonal asthma,
the use of continuous treatment during the season is
appropriate. In infants and preschool children with
intermittent viral associated exacerbations intermit-
tent high dose ICS therapy, may prevent exacerbations
requiring systemic corticosteroid therapy; however,
the appropriate dose and formulations have yet to be
determined.

Targeting small airways

Since the mid-1990s, inflammation in small airways
has been increasingly recognized as a major contribu-
tion to the pathology of asthma and chronic obstruc-
tive pulmonary disease (COPD) [36-39]. Small airways
(<2 mm diameter) inflammation results in increased
air-trapping and bronchial hyper-responsiveness and is
associated with increased nocturnal asthma and severe
uncontrolled asthma phenotypes, as well as COPD
(36-39]. A primary difficulty for assessing treatment of
small airways inflammation has been the identification
of a standardized tests and relating the improvement
in those tests with overall improvement in patients
(38.39]. It has been posited that the newer small par-
ticle generating (or ultrafine particle) ICS MDIs may
provide enhanced control because of their improved
delivery to the peripheral small airways, and this posi-
tion has high face validity [38.39]. Studies have clearly
demonstrated improved overall lung deposition and
greater peripheral lung deposition of the ultrafine
particles [39,40]. Some investigators have suggested
the improved delivery in small airways indicates that
ultrafine preparations be the delivery of choice for
infants and young children who by definition have
smaller airways [41]. Clinical studies using radiolabeled
ICSs have confirmed greater delivery in young chil-
dren for ultrafine particle devices [42]. However, no
clinical studies of efficacy or on the safety of using
ultrafine particles have been completed in infants and
children. Investigations in small numbers of adult
patients have demonstrated preferential improvement
in some measures of small airways disease from the
newer ultrafine particle devices; however, results have
been inconsistent and confounded by differential dos-
ing of the ultrafine versus standard particle delivery
devices and study design flaws (36,39]. Unfortunately,
large comparative trials of ultrafine and standard par-
ticle ICSs have not recruited patients specifically with
small airways dysfunction that occurs in 50% or less
of patients [36,39]. As a result, those comparisons do not
support a differential improved asthma outcomes for
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the ultrafine [36,39]. Improved methods of measuring
small airways disease and large-scale trials targeted at
patients with significant small airways inflammation
are required to determine if targeted therapy provides
clinically relevant improvement in asthma and COPD
control [36-39].

Future perspective

ICSs are likely to remain the foundation of therapy
for asthma in the next 5-10 years, as no other single
mediator inhibitor or other classes of anti-inflamma-
tories have demonstrated as robust efficacy. However,
there are ongoing investigations of newer products that
provide longer durations of action [44]. Whether these
products will provide improved effectiveness with
fewer adverse effects is speculative at this point in time.
Preclinical studies investigating corticosteroids and
other glucocorticoid receptor agonists that preferen-
tially stimulate the repression of inflammatory genes,
but do not activate the genes responsible for systemic
adverse effects, are also in development. In addition,
methods of overcoming corticosteroid resistance are
being investigated, although most will not be available
in the next 5 years. Although the addition of LABAs to
ICS have been shown to provide enhanced glucocorti-
coid receptor activation [45] and reduced exacerbations,
which is considered an anti-inflammatory effect [46],
there remains concern in the USA that ICSs may not
prevent the rare association of severe life-threatening
exacerbations from LABAs [47]. Based upon studies
adding LABA monotherapy to patients’ usual asthma
therapy, which demonstrated an increased risk of death
from asthma in adults and hospitalization in children,
all LABA containing products, including combination
products with ICSs, contain a boxed warning of those
risks [47]. However, even the US FDA meta-analysis
of all the studies with LABAs as monotherapy and
in combination with ICSs found no increased risk of
death or hospitalization with simultaneous use of the
combination [48]. The FDA determined that the data
on combination therapy were of insufficient power to
conclude ICSs mitigated the risk, and therefore, man-
dated large ongoing clinical trials to address this issue;
however, results will not be available for at least 5 years
(47]. A large clinical trial of vitamin D supplementation
will help answer the question of whether it reverses
some corticosteroid insensitivity. In infants and young
children, we have good evidence that preemptive use
of high-dose ICSs prevents the use of oral corticoste-
roids; however, we need much more information on
appropriate dose, duration, and safety, particularly
for the newer hydrofluoroalkane MDIs that generate
smaller particles. Hopefully more clinical trials will be
performed in this patient population.
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Executive summary

improving efficacy.

m Although inhaled corticosteroids (ICSs) remain the foundation of care for patients with persistent asthma, new clinical studies
have identified genetic and environmental causes of corticosteroid resistance that should allow the discovery of methods for

m While the long-term use of ICSs at medium doses has a strong safety profile, their inability to alter the natural progression of
asthma has spurred investigations of intermittent dosing strategies to minimize exposure; however, continuous therapy will
remain preferred in persistent asthma.

= Intermittent ICS therapy of infants and young children who have primarily intermittent asthma associated with viral respiratory
tract infections is effective but more information on appropriate dosing is required.

m There is an increasing interest in targeting small airways inflammation to improve outcomes in asthma as more ultrafine particle
generating devices are developed. Early studies are promising but have suffered from inconsistencies, design flaws and ease of
assessing small airways and response to therapy.
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