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Introduction 
 

The development of targeted biological therapies has been one of the greatest medical 

advances in the last 30 years. Since the FDA approval of the first biologics Abciximab, 

Capromab Pendetide and Rituximab in the mid-1990s, there have been a plethora of biological 

therapies proven to be oral corticosteroid (OCS) sparing and life changing for innumerable 

individuals with inflammatory diseases. The development of these therapies has been enabled 

by an exponential increase in knowledge of the functioning of the immune system in health 

and disease.  

The Global Initiative of Asthma (GINA)  reports the incidence of asthma to be between 

1-18% of the population of different countries,1 affecting an estimated 334 million people 

worldwide,2 with around 17% having severe asthma that remains difficult to treat despite 

medium-high dose ICS plus additional controllers.3 This subset of patients endure much of the 

excessive disability associated with having asthma, and consume a disproportionate amount 

(50-80%) of the healthcare costs attributed to asthma.4,5 Prior to the availability of targeted 

biological agents, the addition of oral glucocorticoids (OCS) was the treatment option of choice 

for such patients with the result being that in 2012, it was reported that approximately 60% of 

those in specialist severe asthma services in the UK received maintenance OCS.6 The 

multisystem adverse effects associated with OCS use are well recognised and contribute to the 

excessive morbidity, increased mortality and significant socioeconomic burden of severe 

asthma.7,8,9 

Over the latter half of the 20th century, there was an increased understanding of asthma 

as a heterogeneous disease with varying immunopathology, clinical features and biomarkers 

with the observation that asthmatic patients with evidence of airways eosinophilia were more 

clinically responsive to both oral and inhaled corticosteroids when compared to those without 

airways eosinophilia.10,11,12 Further, corticosteroid-responsive eosinophilic asthma has been 

shown to be associated with the upregulation of type-2 cytokines IL-5, IL-13 and IL-413 which 

can be reliably detected using non-invasive biomarkers, namely peripheral blood eosinophil 

count and fractional exhaled nitric oxide (FeNO).14,15,16 Unsurprisingly, these T2-cytokines and 

their receptors became targets for inhibition by monoclonal antibodies with a number now 
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proven to be effective in reducing corticosteroid-requiring exacerbations and maintenance OCS 

requirements17,18,19,20,21,22,23,24,25 in patients with severe asthma, namely mepolizumab and 

reslizumab (anti-IL5 monoclonal antibodies), benralizumab (an anti-IL5 receptor blocker) and 

dupilumab (an anti-IL4 alpha receptor blocker). Although each of the aforementioned 

monoclonal antibodies inhibiting T2 interleukins are effective in reducing exacerbations in 

severe, eosinophilic asthma by between 36-54%, there remains a residual exacerbation rate 

regardless of which part of the T2 axis is blocked (see Figure 1). It should be noted that Phase 

III clinical trials for the anti-IL13 agent Lebrikizumab (the Lavolta studies) failed to 

consistently show a reduction in asthma exacerbations between placebo and treatment groups.  

This may have been due to a flawed study design as number of exacerbations in the previous 

12 months were not part of the inclusion criteria or criteria for randomization; in fact only 

around two thirds of participants included in the study had an exacerbation in the year prior to 

study enrolment, leaving very little room for improvement in exacerbation rate.  

Upstream mediators released from airway epithelium (namely the alarmins such as thymic 

stromal lymphopoietin (TSLP), IL-33, IL-25), are responsible for activating T2 pathways and 

have also been of interest as potential therapeutic targets. It is hypothesized that anti-alarmin 

monoclonals may be even more efficacious at reducing exacerbation rates than the anti-

IL5/4/13 monoclonal antibodies owing to suppression of a greater number of downstream T2 

cytokines; although the phase III clinical trials for an anti-TSLP monoclonal antibody 

‘tezepelumab’ are under way, the results are not yet published.  
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Figure 1. Reduction in exacerbations compared to placebo for phase III clinical trials for reslizumab
20

, 

mepolizumab (Mensa and Dream studies) 21,22
, benralizumab (Calima and Sirocco studies) 23,24

 and 

dupilumab
25

. 

 

Mepolizumab is a humanised monoclonal antibody that binds to circulating IL5 

inhibiting the recruitment, activation and longevity of eosinophils and so inhibiting 

eosinophilic inflammation associated with persistent asthma and exacerbations in patients with 

eosinophilic asthma. During phase III clinical trials, mepolizumab was shown to facilitate 

reduction of maintenance OCS as well reducing OCS-requiring exacerbations in patients with 

severe, eosinophilic asthma (SEA), see Figure 2.  
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Figure 2. The Dream study, mepolizumab phase III clinical trial: Reduction in exacerbations with mepolizumab 

treatment compared to placebo.22 

 

Although the reduction in OCS-requiring exacerbations in mepolizumab treated patients is 

commendable, the number of residual exacerbations remains substantial, further the 

inflammatory mechanisms and physiological characteristics of residual exacerbations have not 

been described. In addition, although OCS reduction is the aim of all steroid-sparing therapies, 

the clinical effects of OCS reduction at the individual patient level have not previously been 

reported in a prospective, systematic manner.  The aim of this works as a whole was therefore; 

 

i. To gain an understanding of the inflammatory mechanisms and physiological 

characteristics of residual OCS-requiring asthma exacerbations in mepolizumab 

treated patients through an observational cohort study, ‘The inflammatory profile of 
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exacerbations in patients with severe refractory eosinophilic asthma receiving 

mepolizumab (the MEX study): a prospective observational study’. 

 

ii. To describe GC-toxicity burden in a heavily OCS exposed severe eosinophilic 

asthma population on commencing mepolizumab, and toxicity reduction after 12 

months mepolizumab treatment, in a consecutive cohort of severe asthmatic patients 

in routine care. 

 

 

 

 

  



 

 

Chapter 1 

Different endotypes and phenotypes drive the heterogeneity in severe asthma. 
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1  | INTRODUC TION

In 1958, Dr Harry Morrow Brown published a seminal paper in the 
Lancet, which demonstrated the clinical response to corticosteroids 
in patients with chronic persistent asthma was associated with the 
presence of eosinophils in sputum.1 This study was performed after 
the United Kingdom Medical Research Council subcommittee on 
clinical trials in asthma reported no advantage of cortisone acetate 
in the treatment of chronic asthma, which was a result that many in‐
cluding Dr Morrow Brown found surprising.2 This outcome may have 
been due in part to the study design and reported outcomes but 
also in part to the inclusion of a heterogeneous patient population 
with a clinical diagnosis of asthma. Many years later, a study using 

sputum samples induced with hypertonic saline also demonstrated 
that patients with asthma and a sputum eosinophil count ≥3% had a 
greater response to inhaled corticosteroids (ICS) compared to those 
with an eosinophil count <3%.3 Woodruff and colleagues subse‐
quently demonstrated that an IL‐13‐derived epithelial gene signa‐
ture (periostin, serpin B2 and CCLA1) was associated with airway 
eosinophilia and upregulation of type‐2 cytokines IL‐5 and IL‐13 but 
importantly this gene signature was only seen in 50% of asthmatics 
who had withdrawn ICS.4 Further, reintroduction of ICS was again 
associated with an improvement in lung function in subjects with 
evidence of eosinophilia and upregulation of type‐2 cytokines, but 
which importantly was not seen in those subjects without evidence 
of airway type‐2 inflammation/eosinophilia. The authors coined the 
terms Th2‐high and Th2‐low asthma and reinvigorated the debate 
about noneosinophilic asthma and, importantly, asthma which is not 
responsive to ICS. In another study, using data from the National 
Asthma Research Programme in the United States, McGrath and 
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colleagues also demonstrated that subjects with mild‐to‐moderate 
asthma and no evidence of sputum eosinophilia (defined as sputum 
eosinophil count <2%) had no improvement in lung function with 
ICS but showed evidence of a bronchodilator response consistent 
with asthma.5 This study also identified that in ICS naive subjects, 
47% have no evidence of sputum eosinophilia in serial samples taken 
at various points over a 1‐year period but this proportion increased 
to 72% in subjects currently taking ICS treatment. Taken together, 
these data would suggest that substantial groups of patients with 
mild and moderate asthma have little evidence of type‐2 cytokine‐
driven airway eosinophilia (T2‐low asthma) and by extension are 
likely to have little response to either initiation or escalation ICS 
treatment.

McGrath and colleagues also reported that the patients with 
noneosinophilic mild asthma had less bronchial hyperrespon‐
siveness than those with airways eosinophilia. Likewise, Arron 
and colleagues demonstrated an inverse relationship between 
an IL13‐high gene signature (T2‐high asthma) and bronchial hy‐
perresponsiveness, suggesting that T2‐low/noneosinophilic dis‐
ease is associated with less physiological abnormality.5,6 This is 
supported by data which suggest that noneosinophilic asthma 
is associated with lower risk of asthma exacerbation and there 
is strong evidence that surrogate biomarkers of type‐2 airways 
inflammation (blood eosinophil count, fractional exhaled nitric 
oxide [FeNO], serum ECP and serum periostin) are all prognos‐
tic biomarkers for exacerbation.7‐9 The evidence is most robust 
for elevated blood eosinophil count and FeNO, which have con‐
sistently been associated with a higher exacerbation rate in the 
placebo arms of clinical trials in patients with severe asthma se‐
lected on the basis of a prestipulated biomarker threshold.10‐12 
Taken together, this would suggest there are those with per‐
sistent symptoms who meet the diagnostic criteria for severe 
asthma (Box 1)13 but have little evidence of active T2‐driven 
disease. Although these patients are biomarker low and have a 

Major Milestone Discoveries

• Characterisation of type‐2 cytokine pathways, which 
have allowed identification of molecular targets for bio‐
logical therapies.

• Development of novel biological therapies effective 
in treating type‐2 cytokine‐driven eosinophilic severe 
asthma.

• Identification of clinically useful biomarkers of type‐2 in‐
flammation that are easily measured, are prognostic for 
exacerbation, aid phenotyping and guide treatment in 
severe asthma.

• Development of smart inhalers with aligned biomarker 
profiling to define treatment pathways in severe asthma.

Future Research Perspectives

• A greater understanding of non‐type‐2 mechanisms 
driving asthma to enable the development of biomark‐
ers and identification of therapeutic targets.

• Clarity around the factors and mechanisms driving 
residual severe exacerbations in type‐2 high asthma 
treated with biologics targeting these pathways.

• Further data on molecules targeting epithelial alarmins 
in the treatment of severe asthma.

• Elucidating the best interventions to improve adherence 
in subjects with severe asthma likely to benefit from 
regular treatment with inhaled corticosteroids.

• Identification and development of disease‐modifying 
treatments for severe asthma.

Box 1 GINA guideline definitions of uncontrolled asthma, difficult‐to‐treat asthma and severe asthma13

Uncontrolled asthma
Defined as one or both of the following:
• Poor symptom control
• Frequent exacerbations

Difficult‐to‐treat asthma
Defined as either of the following:
• Uncontrolled asthma despite GINA 4/5 treatment
• Asthma that requires GINA 4/5 treatment to maintain good control and reduce exacerbation risk

Severe asthma
Defined as either of the following:
• Asthma uncontrolled despite adherence with maximal optimized therapy and treatment of contributory factors
• Asthma that worsens when high‐dose treatment is decreased
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comparatively low exacerbation risk, it is important to comment 
that severe asthma exacerbations still occur in these symptom 
high, type‐2 biomarker‐low patients albeit at a much lower rate.

It is recognized that treatment with corticosteroids will down‐
regulate type‐2 inflammation and related biomarkers and that 
prednisolone may have a larger effect on peripheral blood eosin‐
ophil count compared with sputum eosinophil count or FeNO.14‐

16 High‐dose ICS and oral corticosteroid therapy are therefore 
an important confounder in subjects with more severe asthma. 
This raises two important issues—firstly, whether true T2‐low 
asthma exists in more severe asthma when corticosteroids are 
down titrated and secondly, what is the mechanism of persistent 
symptoms in subjects with asthma when type‐2 corticosteroid‐
responsive asthma is not present. As discussed above, “true” T2‐
low asthma appears to be relatively common in mild asthmatic 
subjects who do not require regular ICS treatment but is gen‐
erally associated with mild symptoms, less bronchial hyperres‐
ponsiveness and a lower risk of asthma exacerbation compared 
to subjects with T2‐high disease. Intuitively, it seems improbable 
that this group of patients would be progressed to high‐dose ICS 
treatment; however, if symptoms are persistent and not ICS re‐
sponsive as appears to be the case, it is possible that some of 
these patients may be escalated to high‐intensity treatment to 
try and improve their symptoms. The issue of whether true T2‐
low asthma exists in severe asthma is currently being explored in 
the RASP‐UK programme, where patients are having corticoste‐
roids “downtitrated” if their biomarkers of T2‐driven disease are 
low.17 This study offers much needed exploration of the use of 
T2 biomarkers in high‐dose ICS and oral corticosteroid‐treated 
asthmatics, and a comparison of their performance to more tradi‐
tional markers such as sputum eosinophil counts. The other ques‐
tion on the mechanism of persistent symptoms and lung function 
impairment in T2‐low asthma (type‐2 biomarker‐low patients) is 
discussed further below.

2  | DISE A SE STR ATIFIC ATION IN SE VERE 
A STHMA—UNR AVELLING COMPLE XIT Y

The 2018 GINA Guideline on difficult‐to‐treat and severe asthma in 
adults and adolescents outlines the definitions for uncontrolled, dif‐
ficult‐to‐treat and severe asthma (Box 1).13 It is recognized that severe 
asthma is a complex clinical problem which is not exclusively about 
airways inflammation and response to treatment—behavioural factors, 
common comorbidities, cough reflex hypersensitivity, bronchial hy‐
perresponsiveness and structural change are all features that may be 
related or separate to inflammatory events in the airways (Figure 1).18 
Over a decade ago, studies of severe asthma cohorts first described the 
contribution of multiple comorbidities to patients' disease burden.19,20 
These comorbidities appear to be very reproducibly represented in se‐
vere asthma cohorts and where possible should be considered poten‐
tial targets for intervention or “treatable traits” in severe asthma.21,22 
As an exemplar of this complexity and how important it is to have a ho‐
listic approach to the assessment of poorly controlled severe asthma, 
Ten Brinke and colleagues examined risk factors for frequent exac‐
erbations in difficult‐to‐treat asthma and demonstrated psychological 
dysfunction was the greatest driver of recurrent exacerbation in this 
population.23 Thus, detailed systematic assessment, including a firm 
diagnosis of asthma and identification of all contributing factors and 
particularly traits which are potentially treatable, is an important part 
of clinical assessment in severe asthma rather than continually escalat‐
ing treatment in response to persistent symptoms.24

3  | FAILURE TO RESPOND TO INHALED 
CORTICOSTEROID TRE ATMENT

Assuming a robust diagnosis of asthma and that other factors con‐
tributing to symptoms have been identified and addressed insofar as 

F I G U R E  1   Deconstructing severe 
asthma into component parts which can 
be identified and potentially addressed in 
the clinic—this includes extra‐pulmonary 
factors that can contribute to persistent 
symptoms (reproduced with permission 
from reference 17). These factors may 
evolve with time, necessitating regular 
patient evaluation13
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is possible, there are broadly speaking three reasons why patients 
with asthma do not respond to ICS treatment in the clinic 7:

1. Nonadherence: ICS responsive but not taking ICS treatment.
2. Relative resistance to corticosteroids: Persistent type‐2 inflam‐

mation despite good adherence with high‐dose ICS treatment 
(before biological therapy, these patients usually progressed to 
maintain systemic steroids).

3. Non‐T2 mechanisms: ICS unresponsive mechanisms.

In terms of inhaled medication nonadherence, this is known to be 
common and remains the major challenge in achieving much better 
asthma control. Adherence with inhaled treatment in mild asthma 
can be less than 35% of prescribed treatment when compared to 
objective monitoring.25,26 Even in UK patients with severe asthma 
who were very prone to exacerbation and had a high symptom 
burden, 65% of new referrals for specialist assessment collected 
less than 80% of their inhaled preventive medication.27,28 In an 
elegant study from the Netherlands, 17.4% of the adult asthma 
population had “difficult‐to‐control” asthma (poor asthma control 
despite prescription of high‐intensity treatment) but after exclud‐
ing nonadherence/poor inhaler technique, only 3.6% had severe 
refractory asthma.29

Nonadherence is consistently associated with poor clinical out‐
comes including death, hospital admission, poor control and qual‐
ity of life.30‐32 It is economically expensive for healthcare systems 
due to increased healthcare utilization costs, systemic corticoste‐
roid‐induced morbidity in severe disease33‐35 and the potential for 
inappropriate escalation of treatment to the novel biological thera‐
pies targeting the type‐2 cytokine axis. In mild asthma, recent data 
have suggested that as required use of a combination inhaled rapid 
onset long‐acting β2‐agonist and ICS inhaler may be a good option 
for treating mild disease.36,37 This strategy is superior to as required 
short‐acting β2‐agonist alone and equivalent to regular ICS (with 
good adherence) in terms of exacerbation reduction, but regular ICS 
treatment appeared to deliver overall better asthma control. As an‐
ticipated, the exacerbation rate in this mild population is relatively 
low so an as required treatment strategy in patients with intermit‐
tent symptoms may be intuitively more attractive and deliverable in 
the mild asthma population.

However, there are patients with more severe asthma where as 
required ICS treatment is unlikely to be effective and where reg‐
ular treatment needs to be delivered to maintain disease control 
and reduce exacerbation risk. As a starting point, it is helpful in 
this population to confirm that type‐2 inflammation is present and 
the use of easily measureable biomarkers of type‐2 inflammation 
such as FeNO and blood eosinophil count should be advocated 
prior to “blindly” escalating treatment in this population. FeNO is 
an excellent biomarker of response to ICS,15,38 and it has previ‐
ously been shown that suppression of this biomarker with 5 days 
of directly observed treatment is useful to identify nonadherence 
in subjects referred for specialist assessment with poor asthma 
control despite prescription of GINA 4/5 treatment.39 This type 

of approach facilitates the identification of patients who would 
achieve a good response to better adherence with inhaled treat‐
ment but also identifies patients who, despite adequate treat‐
ment with high‐dose ICS treatment, are likely to have persisting 
type‐2 inflammation and will probably require escalation to novel 
biologic therapies.38 The advent of novel “Smart inhalers” aligned 
with biomarker profiling (FeNO and blood eosinophil count) will 
make this an important process in the clinic prior to treatment 
escalation.40,41 It is important to note alignment of ICS exposure 
using a “smart inhaler” technology with biological response is a 
“phenotyping” process to identify where to initiate novel biologic 
treatments but also to identify those patients to target adherence 
interventions. It does not “fix” poor adherence but relatively sim‐
ple interventions, such as mobile text messaging in chronic disease 
management, have been shown to improve adherence and simple 
reminder systems have also been shown to improve inhaled main‐
tenance treatment in asthma.42,43 The pharmaceutical industry 
is now moving into smart inhaler technology with digitally con‐
nected inhaler systems; however, we need further studies to de‐
fine the best intervention to improve adherence in subjects where 
optimized inhaled treatment is likely to be effective.

4  | RECENT NOVEL THER APEUTIC 
ADVANCES

Novel treatments in severe asthma target components of the type‐2 
cytokine axis (Figure 2). In a recent Cochrane review of 13 studies 
examining add‐on mepolizumab, reslizumab and benralizumab in ca 
6000 patients with poorly controlled, severe eosinophilic asthma (ei‐
ther ≥2 exacerbations in preceding year/ACQ ≥1.5) despite standard 
treatment, all reduced exacerbation rates (rescue OCS ≥3 days) by ap‐
proximately 50%.44 There were modest improvements in symptoms 
and asthma‐related quality of life measured by ACQ and AQLQ (which 
did not meet the minimally clinically important difference [MCID]) 
with improvements in St. George's Respiratory Questionnaire (SGRQ) 
assessed in two studies. A small improvement in prebronchodilator 
FEV1 of 80‐110 mL was noted. There were no excess serious ad‐
verse events with anti‐IL‐5 treatment, although drug discontinuation 
was significantly more for benralizumab than placebo; however, the 
numbers were small (36/1599 benralizumab versus 9/998 placebo). 
Benralizumab and mepolizumab have also been shown to reduce oral 
corticosteroid dose compared to placebo with a parallel reduction 
in exacerbation rate.45,46 Drugs targeting IL‐13 alone (lebrikizumab 
and tralokinumab) have demonstrated less efficacy than anticipated 
in phase 3.47,48 However, dupilumab, which targets the IL4 receptor 
preventing IL‐4 and IL‐13 signalling, demonstrated a significant reduc‐
tion in severe exacerbations (47.7% reduction for 200 mg dupilumab 
compared to placebo, P < 0.001) and additionally demonstrated lung 
function improvement which was evident early after treatment ini‐
tiation (at week 12, FEV1 increased 0.14 litres compared to placebo, 
P < 0.001).11 Dupilumab treatment also resulted in a significant re‐
duction in OCS in subjects on maintaining OCS treatment (70.1% 
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with dupilumab vs 41.9% in the placebo group [P < 0.001] with a 59% 
lower exacerbation rate than placebo and mean increase in FEV1 of 
0.22 litres more than placebo).49

In all these studies, it has become clear that type‐2 biomarkers 
(FeNO and blood eosinophils) are not only prognostic for severe ex‐
acerbations, they are also predictive of therapeutic response to these 
therapies. In other words, for anti‐IL5 treatment, in patients with a 
higher peripheral blood eosinophil count, there is a greater thera‐
peutic effect.50‐54 Similarly for dupilumab, a greater treatment effect 
is seen in patients with either increased FeNO or peripheral blood 
eosinophil count.11 The current evidence on the role of T2 biomark‐
ers as a predictor of response to anti‐IgE therapy is conflicting. Post 
hoc analysis of pivotal clinical trials reported a greater reduction in 
exacerbations with omalizumab treatment in T2 biomarker‐high sub‐
groups.55,56 In contrast, real‐world observational studies STELLAIR 
and PROSPERO have shown no difference in exacerbation reduction 
between the biomarker‐high and biomarker‐low subgroups treated 
with omalizumab.57,58 What may also be clinically useful is that these 
studies have helped identify biomarker thresholds for blood eosino‐
phil count and FeNO, where intervention with a drug targeting the 
type‐2 cytokine axis is unlikely to deliver significant clinical benefit—
specifically little benefit is seen if blood eosinophil count is <150 cells/
µL (anti‐IL‐5/anti‐IL‐4R) and FeNO is <25 ppb (anti‐IL‐4R).43,49 It has 
become clear that the available type‐2 biologics target overlapping 
clinical populations, and it remains to be seen if these biomarkers can 
also be helpful in selecting the best drug for individual patients. For 
example in a patient who has a blood eosinophil count <150 cells/

µL but elevated FeNO, then dupilumab may be a better therapeutic 
option, but this remains to be tested in clinical trials or potentially in 
real‐world clinical settings using severe asthma clinical registries. A 
50% reduction in severe exacerbations has been seen consistently in 
clinical trials targeting the IL‐5 or IL4/13 axes, and understanding the 
mechanism of the residual severe exacerbations with these therapeu‐
tic interventions is a pressing unmet need in severe asthma.

Tezepelumab targets thymic stromal lymphopoietin which is an 
epithelial alarmin and in a phase 2 clinical trial reduced exacerba‐
tions by 60%‐70% in patients on moderate dose ICS and a second 
controller.12 All biomarkers of type‐2 biology were suppressed in‐
cluding blood eosinophil count, FeNO and serum immunoglobulin 
E, suggesting a broader profile of action against the type‐2 cytokine 
axis than currently available biologic therapies. In addition, in sub‐
jects with FeNO <24 ppb, a small but significant exacerbation reduc‐
tion has been seen, raising the possibility that this treatment may 
impact exacerbations which are not primarily caused by type‐2 in‐
flammation.12 Subsequently, this agent was awarded “breakthrough 
therapy designation” by the US Food and Drug Administration in 
September 201859; however, it remains to be seen if this promise 
is maintained in phase 3 of the clinical drug development. Clinical 
trials targeting another epithelial alarmin namely the IL33/ST2 axis 
are also currently in phase 2, and results are eagerly awaited.

Azithromycin taken regularly reduced moderate exacerba‐
tions in a large Australian study in moderate‐to‐severe asthma 
(AMAZES).60 The definition of moderate exacerbations included 
episodes requiring antibiotics or increased medication usage but 

F I G U R E  2   Novel therapies in severe asthma target components of the type‐2 cytokine axis. anti‐Il4R, anti‐IL4 receptor antagonist; anti‐
IL5R, anti‐IL5 receptor antagonist; DC, dendritic cell; DP2, prostaglandin D2 receptor; IgE, immunoglobulin E; IL, interleukin; ILC2, innate 
lymphoid cell type‐2; PGD2, prostaglandin D2; EOS, eosinophil; MC, mast cell; BAS, basophil
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importantly in a predefined post hoc analysis azithromycin reduced 
severe exacerbations requiring rescue systemic corticosteroids. Of 
interest, the treatment benefit of azithromycin was reported to be 
seen in subjects with both eosinophilic and noneosinophilic asthma 
where noneosinophilic asthma was defined by sputum eosinophil 
count of less than 3% at study entry or, if sputum was unavailable, a 
blood eosinophil count of less than 300/µL. This would suggest that 
this intervention potentially works in all patients with asthma who 
remain exacerbation prone despite background ICS treatment in‐
cluding those with T2‐high phenotype. However, widespread use of 
this approach needs to be weighed up against the potential for anti‐
biotic resistance, which is a recognized problem with regular macro‐
lide use, but in subgroups of patients where there are persistent or 
frequent bacterial isolates, this is a clinically useful strategy.

Other interventions putatively targeting non‐type‐2 inflamma‐
tion in asthma including IL‐17 and CXCR2 have thus far been disap‐
pointing in clinical trials but importantly, these trials did not preselect 
on the basis of the relevant target being both upregulated and causal 
in recruited patients with asthma.61,62 It has been suggested that 
IL‐17 and IL‐13 are reciprocally regulated in asthma which may mean 
that targeting these inflammatory pathways together may be advan‐
tageous but the reduced efficacy in targeting IL‐13 alone has poten‐
tially questioned the efficacy of this strategy.63

There has been interest in a potential role of IL‐6 in severe 
asthma and other pulmonary disease.64 Data from the Severe 
Asthma Research Programme (SARP) in the United States have 
suggested that elevated IL‐6 is seen predominantly in obese pa‐
tients with asthma and is associated with metabolic dysfunction 
including elevated CRP and neutrophil leucocytosis.65 Of note, lung 
function was lower in IL6‐high patients, including those who were 
not obese, but the precise mechanism remains to be established 

and whether this is an effect on lung function which is independent 
of having asthma. Data from the Seinäjoki Asthma Study in Finland 
also reported high circulating levels of CRP and/or IL‐6 in adult‐
onset asthma patients with multiple comorbidities noting associa‐
tion with female gender, higher body mass index, greater smoking 
pack‐years and poor asthma control with worse lung function, 
again linking comorbidity, elevated IL‐6 and CRP with poor asthma 
control.66 However, elevated IL‐6 is associated with metabolic dys‐
function in other disease areas and the question remains whether 
the elevated IL‐6 is related to metabolic dysfunction in a subgroup 
of severe asthma patients than specifically to asthma.67‐69

Bronchial thermoplasty is a physical rather than pharmacological 
modality shown to have a small clinical benefit, but in the context 
of a large placebo effect.70‐72 It is thought to reduce the bronchial 
smooth muscle mass that contributes to airflow obstruction in 
chronic asthma, although the exact mechanism of action and the 
phenotype most likely to benefit from this treatment have yet to 
be defined. Interestingly, unlike the monoclonal antibodies where 
cessation of treatment is associated with clinical relapse,73,74 there 
is some evidence that the beneficial effects of thermoplasty may be 
longer lasting postprocedure with an improvement in exacerbation 
rate maintained at 5 years post‐treatment in the AIR2 trial,71 al‐
though unfortunately outcome data for the placebo arm of this trial 
are not available.

5  | THE CHALLENGE OF DEFINING T2‐
LOW SE VERE A STHMA

As discussed above, T2‐low asthma has been most clearly described 
in mild disease where suppression of background type‐2 inflammation 

F I G U R E  3   The clinical challenge of T2‐
low severe asthma: an obese patient with 
a clinical diagnosis of asthma on high‐dose 
treatment when assessed clinically with 
appropriate clinical investigations may 
have very different clinical outcomes, and 
in the absence of precise biomarkers to 
define non‐T2 mechanism in asthma/T2‐
low asthma, precise clinical phenotyping 
will be required to ensure both adequate 
clinical assessment and meaningful 
mechanistic investigation. ‘…… *This 
patient may have treated T2‐asthma but 
the exercise‐induced bronchoconstriction 
is probably independent of T2‐
inflammation, that is a T2‐low mechanism
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is not confounded by current ICS treatment. The mechanism of this 
asthma endotype remains unclear and is potentially heterogeneous. It 
may involve different inflammatory processes, for example, driven by 
IL17, IL6, IL23 or other inflammatory pathways or be independent of 
a specific inflammatory process and instead be due to airway smooth 
muscle or neural dysfunction. It is also likely that in some patients, other 
factors such as bacterial infection, other environmental exposures and 
extra‐pulmonary host factors, for example obesity, may be important in 
driving persistent symptoms which are not specifically asthma related. 
Accurate clinical phenotyping and defining the precise mechanism un‐
derlying symptoms in individual patients is critical to unravelling the 
complex heterogeneity seen regularly in any severe asthma clinic.

This heterogeneity and the clinical challenge of unravelling this 
complexity in the clinic are illustrated in Figure 3. If one considers a 
new patient referral with “difficult‐to‐control” asthma (Figure 3 and 
Box 1), on high‐dose treatment with persistent symptoms, low for 
biomarkers of type‐2 inflammation and might thus be considered to 
have little evidence of inflammation responsive to therapies target‐
ing this inflammatory axis or “type‐2 low” asthma. However, if fur‐
ther investigations are performed, different clinical outcomes may 
emerge which are very different in both defining the clinical problem 
and specific inflammatory endotype. We have previously shown that 
cardiopulmonary exercise testing is useful in discriminating patients 
with exercise‐induced airflow obstruction or ventilatory limitation 
from other nonasthma factors or conditions, which limit exercise 
tolerance (including hyperventilation, physical deconditioning and 
submaximal effort) and which can be defined physiologically on the 
basis of exercise testing.75 However, lung mechanics are altered in 
obesity, with a lower functional residual capacity and tidal volume, 
which unloads airway smooth muscle causing more fibre shorten‐
ing during bronchoconstriction76,77; thus, determining the precise 
mechanism of exertional limitation is important.

In many of these patients, when it is established that asthma is 
not the limiting factor, treatment can be substantially reduced, es‐
pecially corticosteroid treatment. If treatment is withdrawn, it may 
be the case that markers of type‐2 inflammation become apparent, 
in which case treatment might reasonably be optimized using these 
markers as treatment guidance.78 However, it is also possible that 
type‐2 biomarkers remain low despite complete withdrawal of ICS 
treatment, and at this stage, a measure of bronchial hyperrespon‐
siveness should be undertaken to confirm a diagnosis of asthma. It 
is recognized that a substantial minority of patients with a label of 
asthma, and taking regular treatment, will have little evidence of un‐
derlying asthma when treatment is withdrawn.79

6  | SUMMARY

It is now recognized that severe asthma is a complex clinical syn‐
drome and multiple comorbidities are prevalent and associated with 
poorer asthma outcomes. Poor adherence to inhaled medication is 
widespread in difficult‐to‐treat severe asthma and cannot be de‐
tected subjectively. Short‐term profiling of the biomarker responses 

to monitored inhaled treatment, particularly ICS, in subjects with 
difficult‐to‐control severe asthma is a helpful part of clinical phe‐
notyping. Monitoring helps to dichotomize those likely to respond 
to higher‐dose ICS/long‐acting beta‐agonist therapy when used 
regularly, from those who, despite good adherence with inhaled 
treatment, are likely to require additional treatment. A systematic 
multidisciplinary approach in a specialist service is a good clinical 
model to comprehensively address all these issues and is associated 
with improved patient outcomes.

We currently have clinically useful biomarkers of T2‐high asthma 
specifically sputum eosinophil counts, blood eosinophil counts and 
FeNO. Of these, blood eosinophil count and FeNO have performed 
remarkably well as prognostic markers of risk for severe exacerbations, 
predictive markers of corticosteroid responsiveness and predictive 
markers of response to novel biologic therapies targeting the type‐2 
cytokine axis to the extent that sputum eosinophilia will become largely 
obsolete outside a research setting or to assist in specifically challeng‐
ing clinical cases. FeNO and blood eosinophil count have also helped 
define thresholds where we can exclude type‐2 biology at a given time.

We are struggling to identify biomarkers of T2‐low asthma, and 
currently, we define this as a patient with asthma and persistent 
poor control who does not have evidence of T2 inflammation (bron‐
choscopic sampling, sputum) or related biomarkers (FeNO, blood eo‐
sinophil count) at that point in time. It is recognized that background 
ICS treatment suppresses type‐2 inflammation and these associated 
biomarkers. The precise mechanisms of asthma pathophysiology, 
which is not mediated by type‐2 cytokine‐driven inflammation, re‐
main to be more clearly defined. Precise clinical phenotyping and ac‐
curate dissection of the clinical problem are required to understand 
the mechanism of persistent symptoms in an individual patient prior 
to assigning a rather arbitrary label of T2‐low asthma. This would be 
best achieved by a consensus approach to clinical assessment and 
definitions accepting that the T2‐low population is likely to be het‐
erogeneous with multiple extra‐pulmonary factors, which are not 
asthma, likely to be involved in the overall symptom complex.
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The inflammatory profile of exacerbations in patients with 
severe refractory eosinophilic asthma receiving 
mepolizumab (the MEX study): a prospective observational 
study
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Summary
Background Clinical trials with mepolizumab, a humanised monoclonal antibody against interleukin-5, show a 
50% reduction in severe asthma exacerbations in people with severe eosinophilic asthma. Exacerbations in patients 
treated with mepolizumab seem to be different to exacerbations in those given placebo, as patients treated with 
mepolizumab report fewer symptoms, have a lower sputum eosinophil count, and smaller fall in peak expiratory flow. 
We aimed to investigate the inflammatory phenotype and physiological characteristics of exacerbation events in 
patients with severe eosinophilic asthma who were treated with mepolizumab.

Methods This multicentre, prospective, observational cohort study was carried out at four UK specialist severe asthma 
centres. Participants were aged 18–80 years, with severe eosinophilic asthma (Global Initiative for Asthma steps 4 
and 5), and were eligible for mepolizumab therapy. All participants received mepolizumab 100 mg subcutaneously 
every 4 weeks, had a scheduled study visit when stable on mepolizumab (≥3 months on treatment), and measured 
daily peak flow and completed symptoms diaries throughout the course of the study. Participants attended their study 
centre for unscheduled exacerbation assessment when symptoms worsened outside of their normal daily variation 
and before commencing rescue treatment. If a participant was unable to attend their study centre for exacerbation or 
had initiated rescue treatment before the study visit, clinical details of the missed exacerbation were collected by 
clinical staff. In this exploratory study, the endpoint was 100 clinical assessments at exacerbation completed across all 
sites for participants on mepolizumab before initiation of rescue treatment. Characteristics of those who had 
exacerbations on mepolizumab were compared with those who did not, peak flow and symptoms diaries were 
compared for assessed versus missed exacerbations, and exacerbation phenotypes defined by sputum eosinophil cell 
count were compared. The utility of fractional exhaled nitric oxide (FeNO) and C-reactive protein in determining 
exacerbation phenotype on mepolizumab treatment were also assessed. This study is registered with ClinicalTrials.gov, 
NCT03324230.

Findings Between Nov 30, 2017, and May 29, 2019, 145 participants were enrolled and treated with mepolizumab, 
five were excluded from the analysis. 172 exacerbations occurred, with 96 (56%) assessed before commencing rescue 
treatment. Compared with patients who did not exacerbate, patients who exacerbated had a higher exacerbation rate 
and more emergency department attendances in the year before commencing mepolizumab. The change in peak 
expiratory flow at nadir in the assessed exacerbation group was mean –40·5 L/min (SD 76·3) versus mean 
–37·0 L/min (93·0; p=0·84) in the missed exacerbation group, and there was no difference in reported symptom 
burden. When comparing exacerbations with a high sputum eosinophil count (≥2%; SEHIGH) with exacerbations with 
a low sputum eosinophil count (<2%; SELOW), the SEHIGH exacerbations were FeNO high (median difference 
33 parts per billion [ppb; 95% CI 8 to 87]; p=0·0004), with lower FEV1 percent predicted (mean difference –15·9% 
[–27·0 to –4·8]; p=0·0075), lower FEV1 to forced vital capacity ratio (mean difference –10·3 [–17·0 to –3·6]; p=0·0043), 
and higher blood eosinophil counts (median difference 40 cells per µL [20 to 70]; p=0·0009). By contrast, SELOW 
exacerbations had higher C-reactive protein concentrations (median difference 12·7 mg/L [3·5 to 18·5]; p<0·0001), 
higher sputum neutrophil counts (median difference 52·7% [34·5 to 59·2]; p<0·0001), and were more likely to be 
treated with antibiotics (p=0·031). FeNO (≤20 or ≥50 ppb) was the most useful discriminator of inflammatory 
phenotype at exacerbation. The most common adverse event was hospital admission due to asthma exacerbation 
(17 [50%] of 34 events), none of the adverse events were study procedure related.

Interpretation Exacerbations on mepolizumab are two distinct entities, which can largely be differentiated using 
FeNO: non-eosinophilic events are driven by infection with a low FeNO and high C-reactive protein concentration, 
whereas eosinophilic exacerbations are FeNO high. The results of the MEX study challenge the routine use of oral 
corticosteroids for the treatment of all asthma exacerbation events on mepolizumab, as well as the switching of 

http://crossmark.crossref.org/dialog/?doi=10.1016/S2213-2600(21)00004-7&domain=pdf
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Introduction
The treatment of patients with severe eosinophilic 
asthma has been transformed with the arrival of 
biological drugs targeting the type 2 cytokine pathway.1 
One of these drugs is mepolizumab, a humanised 
monoclonal antibody against the eosinophil activating 
cytokine, interleukin (IL)-5, which has consistently 
shown a 50% reduction in exacerbation rate when 
compared with placebo in patients with severe 
eosinophilic asthma.2–4

There has been substantial interest in the 
inflammatory phenotype and mechanism of the residual 
exacerbations in patients with severe eosinophilic 
asthma treated with mepolizumab. Post-hoc analyses of 
mepolizumab phase 3 clinical trials have compared 
exacerbations on mepolizumab with exacerbations in 
patients receiving placebo. Shrimanker and colleagues 

showed that at the time of exacerbation, participants 
treated with mepolizumab had a lower sputum 
eosinophil count with fewer symptoms,5 and a 
subsequent post-hoc analysis of three phase 3 clinical 
trials2,4,6 suggested less impairment of peak expiratory 
flow and fewer symptoms compared with participants 
in placebo groups.7 These analyses suggest that 
exacerbations are less severe and potentially due to 
different mechanisms in patients treated with 
mepolizumab. Further study of the inflammatory profile 
and mechanisms of exacerbation in patients treated 
with mepolizumab is required.

The aim of this study was to explore the inflamm atory 
phenotype and physiological characteristics of exacer-
bation events from a cohort of patients with 
severe eosinophilic asthma who were treated with 
mepolizumab.

biological therapies for treatment failure without profiling the inflammatory phenotype of ongoing asthma 
exacerbations. The results highlight clinically available tools to enable profiling of these residual exacerbations in 
patients treated with mepolizumab.

Funding UK Medical Research council.

Copyright © 2021 Elsevier Ltd. All rights reserved.

Research in context

Evidence before this study
The evidence available at the time of study conception was that 
through selective inhibition of eosinophilic inflammation, 
mepolizumab reduces exacerbations in patients with severe, 
eosinophilic asthma, and decreases the need for maintenance 
systemic glucocorticoid therapy. However, the evidence also 
clearly showed a residual asthma exacerbation rate of 
approximately 50% in patients treated with mepolizumab, for 
which oral corticosteroids were given. We searched PubMed 
using the search terms “asthma”, “mepolizumab”, 
and “exacerbation phenotype”, for any articles published before 
Jan 1, 2017, with no language restrictions. We found 13 articles, 
including 12 review articles outlining potential uses of 
mepolizumab and one cluster analysis of characteristics 
predicting response to mepolizumab, with no articles 
addressing the inflammatory phenotype of residual asthma 
exacerbations on mepolizumab. Post-hoc analysis of 
mepolizumab phase 3 clinical trials by our study investigators 
showed physiological differences between patients treated with 
mepolizumab versus placebo, and suggested a differential 
response to treatment with oral corticosteroids, thus 
highlighting the need for a prospective study to understand the 
inflammatory phenotype of these residual asthma 
exacerbations, an as yet unmet research need.

Added value of this study
Our study shows that the exacerbations occurring in patients 
treated with mepolizumab are heterogeneous in nature, with 
approximately half of the exacerbations due to ongoing type 2 

eosinophilic inflammation and the other half being sputum 
eosinophil-low, sputum neutrophil-high, infection-associated 
exacerbations with a higher C-reactive protein concentration. 
These events were essentially mutually exclusive and fractional 
inhaled nitric oxide was a useful discriminator of exacerbation 
inflammatory phenotype when high (≥50 parts per billion 
[ppb]) or low (≤20 ppb).

Implications of all the available evidence
Understanding the mechanisms behind residual exacerbations 
at the individual patient level in those treated with 
mepolizumab challenges the current clinical approach to 
management of exacerbations and longer-term treatment of 
those who have recurrent exacerbations. Our study suggests 
that treatment of eosinopenic, neutrophilic exacerbations with 
oral corticosteroids would be ineffective due to the absence of 
eosinophilic inflammation, and that it could be potentially 
harmful to switch a patient with recurrent eosinopenic, 
neutrophilic exacerbations to a more eosinophil-depleting 
biologic. Conversely, those with breakthrough eosinophilic 
exacerbations on mepolizumab are likely to respond to 
treatment with oral corticosteroids at exacerbation and to a 
more eosinophil-depleting biologic. These findings need to be 
substantiated with further prospective studies to confirm that 
differentiating inflammatory phenotype at assessment of 
exacerbation will help guide better management. Further 
studies are also required to determine if the absence of airway 
eosinophils predisposes to airway infection.
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Methods
Study design and participants
MEX was a multicentre, prospective, observational cohort 
study carried out in four UK specialist severe asthma 
centres. Participants were aged 18–80 years; had a 
diagnosis of severe asthma (Global Initiative for Asthma 
[GINA] treatment steps 4 and 5);8 were eligible for treat-
ment with mepolizumab in line with UK clinical guide-
lines, incl uding having an oral corticosteroid requirement 
of either maintenance oral corticosteroids or at least 
four exacerbations requiring oral corticosteroids in the 
preceding year.9,10 Participants were excluded if they had 
asthma exacerbations requiring oral corticosteroids in the 
4 weeks before the first study visit. Full inclusion and 
exclusion criteria are in the appendix (p 1). The Office for 
Research Ethics Northern Ireland granted ethical approval 
and local National Health Service Research and 
Development approval was obtained for individual sites. 
All participants provided written informed consent before 
study entry. The study protocol is available online.

Procedures
Mepolizumab 100 mg was administered by sub cutaneous 
injection every 4 weeks at the participant’s specialist severe 
asthma centre. All patients had a study visit after at 
least 3 months of mepolizumab treatment to define 
clinical and inflammatory status when clinically stable on 
treatment. Demographic and clinical details were obtained 
for all patients before initiation of mepolizumab, and in 
those patients who were initiating mepolizumab at study 
entry, an additional study visit was done before initiation of 
treatment (appendix p 3). An exacerbation was defined as 
severe asthma symp toms worsening outside of a patient’s 
normal daily variation and occurring any time after the 
initial dose of mepolizumab, at which point participants 
attended their clinical site for assessment before 
commencing rescue treatment. All study visits included 
detailed medical history, physical examination, fractional 
exh aled nitric oxide (FeNO) test, spirometry, peripheral 
blood eosinophil count, C-reactive protein concentration, 
sputum induction with hype rtonic saline (up to 5%), and 
blood and urine samples for biobanking (appendix p 3). 
Participants completed asthma control and quality of life 
questionnaires (asthma control questionnaire 5 [ACQ-5], 
mini-asthma quality of life questionnaire, and St George’s 
respiratory questionnaire; details of questionnaires are in 
the appendix p 4).11–13 All participants were provided with an 
electronic peak expiratory flow recorder and daily 
symptoms diary for the duration of the study. Participants 
measured peak expiratory flow twice daily using a 
Vitalograph Asma1 peak flow meter (Vitalograph, Ennis, 
Ireland) and recorded severity of symptoms, nocturnal 
wakening, and daily reliever medication use once daily via 
a standardised asthma symptoms diary.

Clinical assessment and management of each exacer-
bation was in line with standard clinical guide lines14 and 
clinicians assessing and managing the exacerbations 

were masked to the assessment of sputum inflammatory 
characteristics. All unscheduled visits were followed up 
with a telephone call 2–3 days later by study clinicians. 
For exacerbation events in which the patient was unable 
to attend for clinical assessment or had initiated rescue 
treatment before the study visit (missed exacerbations), 
patients were advised to manage these according to their 
self-management plan and clinical staff collected clinical 
details of the exacerbation.

FeNO measurement was done using NIOX Vero 
(Circassia, Uppsala, Sweden), and spirometry was done 
according to the American Thoracic Society–European 

Figure 1: Patient recruitment and exacerbations
*Unable to attend study visits due to work commitments, childcare requirements, distance from home to study 
site, frequent travel. †Patients were excluded after enrolment because no further engagement with study 
procedures occurred (no daily peak expiratory flow data, no daily symptoms diary, and no attendance for 
assessment of exacerbation). ‡One sudden cardiac death in one patient awaiting implantable cardioverter-
defibrillator; one patient with multi-organ failure secondary to sepsis. §One patient wished to conceive, 
one patient relocated away from the clinical site, one patient became too frail to attend unscheduled visits, 
one patient developed a mental health comorbidity.

87 patients did exacerbate

29 withdrew after scheduled visit
15 stopped drug due to poor clinical response

4 stopped drug due to side effects
4 withdrew consent for study participation
2 died‡
4 other reasons§

53 patients did not exacerbate

140 patients included in analysis
88 pre-established on mepolizumab
52 initiated on mepolizumab at study entry

145 patients enrolled
93 pre-established on mepolizumab
52 initiated on mepolizumab at study entry

214 patients screened

5 excluded†

45 declined or unable to attend visits*
9 recurrent oral corticosteroid boosts during

screening
5 stopped mepolizumab before enrolment
4 language barrier to recruitment
2 other significant comorbidity
2 did not start mepolizumab
2 did not attend mepolizumab injections

96 assessed exacerbations in 69 patients 
(assessed before treatment with antibiotic drugs
or steroids)

76 missed exacerbations in 45 patients 
11 assessed but antibiotics, steroids, or both

commenced before study visit
65 unable to attend clinic (data retrospectively 

collected) 

See Online for appendix

For the protocol see https://
rasp.org.uk/MEX/Exacerbation_
mepolizumab_prtcl_
V1.0_18AUG17.pdf

https://rasp.org.uk/MEX/Exacerbation_mepolizumab_prtcl_V1.0_18AUG17.pdf
https://rasp.org.uk/MEX/Exacerbation_mepolizumab_prtcl_V1.0_18AUG17.pdf
https://rasp.org.uk/MEX/Exacerbation_mepolizumab_prtcl_V1.0_18AUG17.pdf
https://rasp.org.uk/MEX/Exacerbation_mepolizumab_prtcl_V1.0_18AUG17.pdf
https://rasp.org.uk/MEX/Exacerbation_mepolizumab_prtcl_V1.0_18AUG17.pdf
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Respiratory Society consensus statement15 with FEV1 and 
forced vital capacity (FVC) percent-predicted values 
calculated using global lung function 2012 equations.16 
Sputum was induced and processed in line with the 
Refractory Asthma Stratification Programme (RASP)-UK 
standard operating procedure. Sputum nucleic acid 
extracts underwent PCR using LightCycler 480 II 
instrumentation (Roche Molecular Diagnostics, Germany) 
to indicate presence of a respiratory virus, including 
influenza A or B, respiratory syncytial virus A or B, 
rhinovirus, metapneumovirus, adenovirus, parainfluenza 
1–4, and coronavirus. DNA was extracted from sputum 
plugs and bacterial loads were measured by quantitative 
PCR (qPCR), using ThermoFisher Quantstudio 5 (Life 
Technologies, Paisley, UK), based on abundance of 16S 
ribosomal subunit encoding genes and pathogen specific 
genes including Moraxella catarrhalis, Haemophilus 
influenzae, and Streptococcus pneumoniae as previously 
described.17 A specific bacteria threshold of 10⁶ genome 
copies per mL or more on sputum qPCR was considered 
clinically significant because this threshold of detection 
had a 98% concordance with bacteria detection on routine 
culture and was associated with a significant increase in 

sputum neutrophils in chronic obstructive pulmonary 
disease exacerbations.18

Statistical analysis
We assumed 0·7 exacerbations per patient per year on 
mepolizumab (approximately 160 events in 18 months 
across all participants) and a minimum rate of 
attendance of 65% for clinical assessment for these 
exacerbations. We therefore aimed to end the study after 
100 clinical assessments at exacerbation were completed 
across all sites for participants on mepolizumab before 
initiation of rescue treatment. 

All outcome measures were exploratory. Study analysis 
included description of the cohort and comparisons of the 
characteristics of those who exacerbated on mepolizumab 
versus those who did not, comparison of peak flow 
values and symptoms diaries for assessed versus 
missed exacerbations, comparisons of exacerbation 
phenotypes defined by sputum eosinophil cell count, and 
comparison of patients when stable on mepolizumab and 
at first exacerbation. Negative and positive predictive 
values were used to assess the utility of both FeNO and 
C-reactive protein in determining exacerbation phenotype 
on mepolizumab treatment. Descriptive statistics are 
shown as mean (SD), median (IQR), or number (%) 
as appropriate. For normally distributed variables, we 
compared groups using the mean difference and 
independent sample or paired t test. For non-normally 
distributed variables, we compared groups using the 
median difference (with bootstrapped 95% CIs) and 
Mann-Whitney U or Wilcoxon signed rank tests. 
Differences for categorical variables were summarised 
using odds ratios (95% CIs), with p values derived from 
χ² tests. Spearman’s correlation analysis was used to 
describe the relationship between variables.

To examine if study-assessed exacerbations were 
different physiological entities from those for which the 
participant did not attend the clinic, daily peak expiratory 
flow and symptoms diaries were compared before and 
after the index date for the exacerbation. Mean change in 
peak expiratory flow and symptom diary scores from 
14 days before and following the exacerbation nadir were 
plotted for patients with assessed exacerbations and 
patients with missed exacerbations and compared. To 
ensure there was no bias introduced from repeated 
exacerbations in an individual patient, each participant’s 
first exacerbation was used when comparing with the 
baseline assessment. Inflammatory phenotype at 
exacerbation was assessed using sputum eosinophils; the 
first exacerbation with sputum per participant was 
categorised as sputum eosinophil low (SELOW, sputum 
eosinophil count <2% at exacerbation) or sputum 
eosinophil high (SEHIGH, sputum eosinophil count ≥2% at 
exacerbation). A cutoff of 2% sputum eosinophils was 
used to signify the presence of type 2 inflammation in line 
with GINA guidelines.19 As data were collected 
prospectively during exacerbations, missing data were 

N* Mean (SD), n (%), or median 
(IQR)

Participant characteristics

Age, years 140 55·47 (11·5)

Sex

Male 140 73 (52%)

Female 140 67 (48%)

Maintenance prednisolone 140 102 (75%)

Prednisolone dose, mg 102 10·0 (5·0–10·0)

Inhaled corticosteroid dose, beclomethasone dipropionate 
µg equivalent

140 2000 (2000–2000)

Combined inhaled corticosteroid and LABA 140 140 (100%)

Inhaled antimuscarinic† 140 77 (55%)

Leukotriene receptor antagonist† 140 74 (53%)

Oral theophylline 140 57 (41%)

ACQ-5 total score 135 2·0 (1·0–3·0)

ACQ-5 score ≤0·75 135 24 (18%)

ACQ-5 score ≥1·5 135 83 (62%)

Mini-AQLQ total score 134 4·6 (3·3–6·4)

SGRQ total score 132 46·1 (21·5–63·3)

Total white blood cell count, 10⁹ cells per L 135 8·5 (7·1–10·2)

Blood neutrophils, 10⁹ cells per L 135 5·6 (4·5–8·1)

Peripheral blood eosinophils, cells per µL 135 50 (30–90)

≥100 cells per µL 135 31 (23%)

CRP (mg/L) 80 4·0 (1·8–6·0)

FEV1, % predicted 135 71·8% (20·9)

FVC, % predicted 135 86·9% (18·3)

FeNO, ppb 134 32·5 (19·0–66·0)

FeNO ≤20 ppb 134 35 (26%)

FeNO ≥50 ppb 134 50 (37%)

(Table 1 continues on next page)
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rare. Therefore, we did all analyses under a complete-case 
framework. Analyses were done using STATA 16.

The study was registered with ClinicalTrials.gov, 
NCT03324230.

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
Between Nov 30, 2017, and May 29, 2019, 145 participants 
were recruited, 93 (64%) of whom were pre-established 
on mepolizumab (median time on mepoli zumab 0·46 years 
[IQR 0·31–0·83]) and 52 (36%) of whom commenced 
mepoliz umab at study entry (figure 1). Five participants, 
who were pre-established on mepo lizumab, had no 
engagement with any study procedures following their 
initial study visit and were excluded from further analysis. 
29 participants withdrew after study enrolment and 
scheduled study visit (figure 1). Demographics, including 
comorbidities, before initiation of mepolizumab are shown 
in the appendix (p 5) and characteristics when clinically 
stable on mepolizumab (≥3 months of treatment) are 
shown in table 1. Although peripheral blood eosinophil 
counts were suppressed on mepolizumab compared with 
the pre-mepolizumab state, 31 (23%) of 135 participants 
who were clinically stable on mepolizumab had a peripheral 
blood eosinophil count of 100 cells per µL or more and 
31 (41%) of 75 sputum producers had a sputum eosinophilia 
of 2% or more (table 1; appendix p 6).

87 (62%) of 140 participants had a total of 
172 exacerbations. Of the 172 exacerbations, 96 (56%) 
exacerbations in 69 patients were assessed before 
initiation of antibiotic or oral corticosteroid treatment and 
76 (44%) exacerbations in 45 patients were missed; 
65 (86%) of 76 exacerbations were missed because 
patients were unable to attend the clinic and 11 (14%) 
were assessed at the clinic but participants had already 
initiated rescue treatment (two with oral corticosteroids, 
eight with antibiotic drugs, one with both; figure 1). 
53 (38%) of 140 participants were exacerbation-free.

Compared with participants who did not exacerbate, 
participants who exacerbated had a higher exacerbation 
rate and more emergency department visits in the year 
before commencing mepolizumab, but no other defining 
clinical characteristics (appendix p 7). When stable on 
mepolizumab there was no difference in peripheral blood 
eosinophil counts, sputum, or FeNO between those who 
exacerbated and those who did not, although those who 
exacerbated had a higher symptom burden (appendix p 7).

The symptoms that participants had during missed 
exacerbations and the subsequent actions taken are 
shown in the appendix (p 8). Most participants saw their 
general practitioner (35 [46%] of 76 missed exacerbations) 
or self-treated as per their personalised asthma action 
plan (32 [42%]), with 69 (91%) starting high-dose oral 

corticosteroids and 43 (57%) starting antibiotic drugs. 
There were 12 hospital admissions among patients who 
had missed exacerbations; four participants commenced 
rescue treatment but contacted their study teams and 
were subsequently admitted by the study clinician, the 
remaining eight participants were admitted directly 
through acute medical services. The change in peak 
expiratory flow (as assessed by the patient using an 
electronic peak expiratory flow recorder at nadir in the 
assessed exacerbation group) was mean –40·5 L/min 
(SD 76·3) versus mean –37·0 L/min (93·0; p=0·84) in 
the missed exacerbation group, and there was no 
difference in reported symptom burden (figure 2).

Details of all 96 exacerbations assessed before rescue 
treatment are shown in the appendix (p 9); these 
exacerbations occurred in 69 patients, with 21 patients 
having a second exacerbation and six patients having a 
third exacerbation. Median time to exacerbation following 
the last mepolizumab administration was 13 days (IQR 
6–24; appendix p 9). Mean ACQ-5 at exacerbation was 3·6 
(IQR 2·6–4·1), with 58 (64%) of 91 exacerbations with 
paired ACQ-5 measurements having an increase of 
0·5 or more from baseline (data not shown). Median 
FeNO at exacerbation was 47 parts per billion (ppb; 
IQR 22–81) with 43 (47%) of 91 exacerbations having a 

N* Mean (SD), n (%), or median 
(IQR)

(Continued from previous page)

Sputum

Sputum neutrophils proportion of cells, % 75 43·8% (26·8–68·7)

 ≥65% 75 20 (27%)

Sputum lymphocyte proportion of cells, % 75 0·0% (0·0–0·9)

Sputum eosinophils proportion of cells, % 75 1·3% (0·2–5·7)

 ≥2% 75 31 (41%)

Sputum macrophages proportion of cells, % 75 35·7% (18·4–61·0)

Virus positive on PCR‡ 69 8 (12%)

Total 16S copies per mL 69 9·2 × 10⁸ (2·3 × 10⁸–2·2 × 10⁹)

Any qPCR bacteria positive above threshold of detection 69 39 (57%)

Any bacteria positive (≥10⁶ genome copies per mL) 69 25 (36%)

Moraxella catarrhalis (≥10⁶ genome copies per mL) 69 4 (6%)

Haemophilus influenzae (≥10⁶ genome copies per mL) 69 10 (15%)

Streptococcus pneumonia (≥10⁶ genome copies per mL) 69 13 (19%)

Count of bacteria positive (≥10⁶ genome copies per mL)

0 bacteria specific qPCR >10⁶ copies per mL 69 44 (64%)

1 bacteria specific qPCR >10⁶ copies per mL 69 23 (33%)

2 bacteria specific qPCR >10⁶ copies per mL 69 2 (3%)

Any virus or bacteria (≥10⁶ genome copies per mL) 69 30 (44%)

ACQ-5=5 question Asthma Control Questionnaire. FeNO=fractional exhaled nitric oxide. FVC=forced vital capacity. 
LABA=long-acting β2-adrenoceptor agonist. Mini-AQLQ=mini Asthma Quality of Life Questionnaire. 
qPCR=quantitative PCR. ppb=parts per billion. SGRQ=St George’s Respiratory Questionnaire. *Number of participants 
for whom data are available. †These add on therapies have not been studied in severe asthma populations. ‡PCR for 
influenza A, influenza B, respiratory syncytial virus A, respiratory syncytial virus B, rhinovirus, metapneumovirus, 
adenovirus, parainfluenza 1, parainfluenza 2, parainfluenza 3, parainfluenza 4, and coronavirus.

Table 1: Participant characteristics when clinically stable and established on mepolizumab (≥12 weeks of 
mepolizumab treatment)
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FeNO of 50 ppb or more and 21 (23%) of 93 participants 
having a peripheral blood eosinophil count of 100 cells 
per µL or more. Median sputum eosinophil count at 
exacerbation was 1·3% (IQR 0·3–10·4) with 28 (48%) of 
59 patients having an eosinophil count of 2% or more. 
Median sputum neutrophil count at exacerbation 
was 59·5% (IQR 33·4–91·9) with 28 (48%) of 
59 exacerbation sputa having a neutrophil count of 
65% or more. There was minimal overlap between the 
SEHIGH exacerbations and high sputum neutrophil 
exacerbations (three [5%] of 59 exacerbations). Treatment 
at clinic resulted in 61 (64%) of 96 participants receiving 
oral corticosteroids and 26 (27%) participants receiving 
antibiotics. At the follow-up telephone call after the 
unscheduled visit, 13 (14%) participants had gone on to 
commence oral corticosteroids and three (3%) had started 
antibiotics (appendix p 9). The change in participant 
characteristics from stable on mepolizumab to first 
exacerbation per participant (n=69) is shown in the 
appendix (p 10).

To examine the inflammatory phenotype of exacerbation 
events, the first exacerbation per participant with sputum 
was divided into SELOW and SEHIGH. On commencing 

mepolizumab, there was no difference in the clinical 
characteristics of the SEHIGH and SELOW exacerbation 
subgroups (appendix p 11). When stable on mepolizumab, 
the SEHIGH exacerbation group had greater sputum 
eosinophil counts and greater FeNO, but no difference in 
peripheral blood eosinophil count, C-reactive protein 
concentration, or maintenance predni solone compared 
with the SELOW exacerbation group (appendix p 12). At 
exacerbation, there was no difference in main t enance 
prednis olone exposure between the SEHIGH and SELOW 
groups and there was no difference in time from last 
mepolizumab administration to exacerbation between the 
two groups (SELOW median 14·5 days [IQR 6·0–26·5] vs 
SEHIGH 14·0 days [6·0–24·0]; p=0·97; table 2). The SEHIGH 
group had a higher FeNO (57 ppb vs 24 ppb, median 
difference 33 ppb [95% CI 8 to 87]; p=0·0004), lower FEV1 
(55·6% vs 71·5%, mean difference –15·9% [–27·0 to –4·8]; 
p=0·0075) and more obstructive spirometry (FEV1/FVC 
57·5% vs 67·8%, mean difference –10·3% [–17·0 to –3·6]; 
p=0·0043) than the SELOW group. Predefined clinical 
diagnoses assigned at the time of assessment were 
different between the two inflammatory phenotypes 
(p=0·040), with the SELOW group more likely than the SEHIGH 
group to be diagnosed with an infectious trigger (21 [88%] 
of 24 vs eight [40%] of 20) and more likely to receive 
antibiotics as part of their treatment plan (50% vs 19%; 
p=0·031). There were three hospital admissions in the 
SELOW group (one at the time of assessment and two within 
3 days of assessment) and none in the SEHIGH group. At 
exacerbation, the SELOW group had lower peripheral blood 
eosinophil counts (30 cells per µL vs 70 cells per µL, median 
difference –40 cells per µL [95% CI –70 to –20]; p=0·0009) 
than the SEHIGH group, higher C-reactive protein 
concentration (15·0 mg/L vs 2·3 mg/L, median difference 
12·7 mg/L [3·5 to 18·5]; p<0·0001), and higher sputum 
neutrophils (89·8% vs 37·1%, median difference 52·7% 
[34·5 to 59·2]; p<0·0001). Lung function was significantly 
lower in the SEHIGH group than in the SELOW group at 
exacerbation (table 2), representing an additive effect of a 
lower FEV1 in the SEHIGH group when stable on 
mepolizumab alongside a greater decrement at 
exacerbation (appendix pp 12–13). FeNO did not change 
from stable to exacerbation state in either group 
(appendix p 13).

Using data from all assessed exacerbations, FeNO 
correlated significantly with sputum eosinophils at 
the time of exacerbation (r=0·56, p<0·0001). 
57 exacerbations had both sputum differential cell counts 
and FeNO data available (figure 3), 14 (25%) of which had 
a low FeNO (≤20 ppb) at exacerbation. None of the 
14 with low FeNO at exacerbation were SEHIGH (negative 
predictive value of FeNO ≤20 ppb for eosinophilic 
sputum at exacerbation 100% [95% CI 80–100]). 20 (77%) 
of 26 exacerbations with a high FeNO (≥50 ppb) at 
exacerbation were SEHIGH (median sputum eosinophil 
count 7·2% [IQR 2·6–30·5]; positive predictive value 
of FeNO ≥50 ppb for eosinophilic sputum at 

Figure 2: Comparison of change in peak expiratory flow and daily symptoms diary 14 days before and after 
exacerbation for missed and assessed exacerbations
(A) Mean change in daily peak expiratory flow for the 14 days before and 14 days after exacerbation for assessed 
and missed exacerbations. (B) Mean change in daily asthma symptom severity score for the 14 days before and 
14 days after exacerbation for assessed and missed exacerbations. Asthma symptoms score from 0 (no symptoms) 
to 6 (severe symptoms), as recorded in the patient diary. (C) Mean change in number of night awakenings 
requiring rescue medication for the 14 days before and 14 days after exacerbation for assessed and missed 
exacerbations, as recorded in the patient diary. (D) Mean change in rescue medication requirements (number of 
times SABA used per day) for the 14 days before and 14 days after exacerbation for assessed and missed 
exacerbations. On all charts, shaded areas are 95% CIs. On all charts, number of assessed and missed exacerbations 
differs from the total due to missing data (incomplete patient diaries or non-recorded peak expiratory flow). 
SABA=short-acting β agonists.
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exacerbation 77% [95% CI 60–90]). 17 (30%) of 
57 exacerbations had FeNO 21–49 ppb and were more 
heterogeneous with respect to sputum phenotype than 
the exacerbations with low or high FeNO, with nine (53%) 
of 17 being SELOW and eight (47%) being SEHIGH.

For all 91 exacerbations with FeNO measurements 
(appendix p 9), there were 22 (24%) with low FeNO 
(≤20 ppb), 25 (28%) with intermediate FeNO (21–49 ppb), 
and 44 (48%) with high FeNO (≥50 ppb). Similar to 
analyses of sputum eosinophil subgroups, the FeNO 
subgroups differentiated at exacerbation on peripheral 
blood eosinophil count (n=88; low FeNO 
subgroup median 30 cells per µL [IQR 20–60] vs 
intermediate FeNO subgroup 30 cells per µL [20–60] vs 
high FeNO subgroup 70 cells per µL [40–120]; p=0·0020), 
C-reactive protein (n=88; median 11·5 mg/L [IQR 
4·9–23·0] vs 5·7 mg/L [2·3–13·0] vs 3·6 mg/L [1·4–5·7]; 
p=0·0094), sputum eosinophils (n=57; median 0·3% [IQR 
0·2–0·5] vs 1·0% [0·6–4·5] vs 7·2% [2·5–33·0]; p<0·0002), 
and respiratory viral PCR positivity (n=51; median 
41·7% vs 60·0% vs 16·7%; p=0·0196).

C-reactive protein had a significant inverse correlation 
with sputum eosinophils at the time of exacerbation 
(r=–0·57, p<0·0001). Of the 57 exacerbations with a paired 
sputum cell differential and C-reactive protein at 
exacerbation, 31 (55%) had a C-reactive protein of 5 mg/L or 
less and, of these, 22 (71%) were SEHIGH. Therefore, a 
C-reactive protein concentration of 5 mg/L or less had a 
positive predictive value 71·0% (95% CI 52·0–85·8) for 
predicting SEHIGH. 26 (46%) exacerbations had a C-reactive 
protein concentration more than 5 mg/L. 21 (81%) of these 
26 exacerbations were SELOW exacerbations, therefore 
C-reactive protein concentration more than 5 mg/L had a 
negative predictive value 80·8% (95% CI 60·6–93·4) for 
excluding SEHIGH at exacerbation. C-reactive protein also 
had a significant inverse correlation with FeNO at the time 
of exacerbation (r=–0·347, p=0·0009). C-reactive protein 
concentration was not of value in providing further 
differentiation of exacerbation phenotype in the 
intermediate FeNO group (FeNO 21–49 ppb; data not 
shown).

To explore the relationship between sputum phenotype 
when stable and at exacerbation, paired sputum data 
(n=24 patients) were examined. 17 (71%) of 24 patients 
had a preserved inflammatory phenotype: nine (38%) 
patients were SEHIGH both when stable on mepolizumab 
and at exacerbation and eight (33%) were SELOW 
when stable on mepolizumab and at exacerbation 
(appendix p 14). Similarly, for patients with paired FeNO 
measurements when stable on mepolizumab and at 
exacerbation, 13 (68%) of 19 had FeNO 20 ppb or less 
when stable and at exacerbation and 26 (60%) of 43 had 
FeNO 50 ppb or more when stable and at exacerbation. 
Of the 75 participants with a sputum sample when 
clinically stable on mepolizumab, 22 (50%) of 44 of the 
SELOW group and 18 (58%) of 31 of the SEHIGH group went 
on to have an exacerbation during the study period 

(p=0·49). There was no difference in annualised rate of 
exacerbations between the SELOW and SEHIGH groups (1·23 
vs 1·23 exacerbations per year).

When clinically stable on mepolizumab, 39 (57%) of 
69 patients had bacteria detected by PCR, 25 (36%) had 
bacteria detected over the 10⁶ genome copies per mL 
threshold, and eight (12%) had a virus detected on PCR 
(table 1). Presence of bacteria or virus on sputum 
PCR while clinically stable on mepolizumab was not 
associated with an increase in sputum neutrophils 
(appendix p 15). When clinically stable on mepolizumab, 
the patients who exacerbated were no more likely to have 
a virus or specific bacteria above the level of detection or 

SELOW SEHIGH p value

N* Median (IQR), 
mean (SD), or n (%)

N* Median (IQR), 
mean (SD), or n (%)

First assessed exacerbation with sputum

Time between mepolizumab 
initiation and exacerbation, years

24 1·0 (0·5–1·3) 21 0·7 (0·5–0·8) 0·20

Days since last mepolizumab 
administration

24 14·5 (6·0–26·5) 21 14·0 (6·0–24·0) 0·97

Maintenance prednisolone 
at exacerbation

24 16 (67%) 21 13 (62%) 0·74

Maintenance prednisolone dose 
at exacerbation, mg

16 6·9 (4·5–10·0) 13 5·0 (5·0–10·0) 0·69

Symptoms at exacerbation

New or increased breathlessness 24 22 (92%) 21 21 (100%) 0·18

Decrease in exercise tolerance 23 22 (96%) 21 14 (67%) 0·013

Cough 24 24 (100%) 21 18 (86%) 0·055

Change in sputum volume 24 23 (96%) 21 17 (81%) 0·11

Increased sputum purulence 24 19 (79%) 21 11 (52%) 0·057

Increased nocturnal wakening 24 22 (92%) 21 17 (81%) 0·29

Wheeze 24 18 (75%) 21 17 (81%) 0·63

Preceding coryzal symptoms 24 15 (63%) 21 9 (43%) 0·19

Fevers 24 12 (50%) 21 5 (24%) 0·071

Haemoptysis 24 1 (4%) 21 1 (5%) 0·92

Physiological measurements

FeNO, ppb 23 24·0 (16·0–45·0) 21 57·0 (30·0–111·0) 0·0004

PEF, L/min 23 359·2 (124·7) 20 305·1 (88·8) 0·11

FEV1, % predicted 23 71·5% (21·4) 21 55·6% (15·3) 0·0075

FEV1/FVC 23 67·8 (9·0) 21 57·5 (13·5) 0·0043

ACQ-5 total score 24 3·5 (2·1–3·9) 21 2·8 (2·0–3·6) 0·19

Unscheduled visit clinical diagnosis ·· ·· ·· ·· 0·040

Non-infective exacerbation of 
asthma

24 3 (13%) 20 10 (50%) ··

Viral upper respiratory tract infection 24 8 (33%) 20 5 (25%) ··

Viral lower respiratory tract infection 24 5 (21%) 20 3 (15%) ··

Bacterial upper respiratory tract 
infection

24 4 (17%) 20 0 ··

Bacterial lower respiratory tract 
infection

24 3 (13%) 20 0 ··

Pneumonia 24 1 (4%) 20 0 ··

Sinusitis 24 0 20 1 (5%) ··

Vocal cord dysfunction 24 0 20 1 (5%) ··

(Table 2 continues on next page)
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above the threshold of 10⁶ genome copies per mL, than the 
patients who did not exacerbate (appendix p 7).

Analysis of first exacerbation with sputum indicated that 
there was no significant difference in sputum neutrophil 
count for those who had bacteria detected at any threshold 
on qPCR compared with those who did not (appendix p 
15). Exacerbations with bacteria of 10⁶ genome copies per 
mL or more detected on qPCR had a significantly higher 
sputum neutrophil count than those that did not (appendix 
p 15). Exacerbations with a virus detected on PCR did not 
have an associated increase in sputum neutrophils 
(appendix p 15).

Applying the SELOW and SEHIGH phenotypes to 
the first exacerbation with sputum per participant, the 
proportion of exacerbations in the SELOW group with viruses 
detected on PCR was almost double that in the SEHIGH 
group (nine [45%] of 20 vs three [23%] of 13). The proportion 
of exacerbations in the SELOW group with a specific bacteria 
at or above the threshold of 10⁶ genome copies per 
mL was also around double that in the SEHIGH group (ten 
[50%] of 20 vs three [23%] of 13); however, neither of these 
differences were statistically significant (table 2). 
Exacerbations in the SELOW group were significantly more 
likely than exacerbations in the SEHIGH group to have either 
a virus or specific bacteria at or above the threshold of 10⁶ 
genome copies per mL in sputum at exacerbation (15 [75%] 
of 20 vs five [38%] of 13; odds ratio 0·21 [95% CI 0·04–1·17]; 
p=0·036; table 2).

34 serious adverse events were reported during the study, 
none of which were directly related to study procedures 
and half (17 [50%] of 34 events) were hospital admissions 
due to asthma exacerbations (appendix p 16). 

Discussion
Prospective evaluation of asthma exacerbations on 
mepolizumab suggests that these exacerbations are hetero-
geneous in nature, with approximately half driven by 

SELOW SEHIGH p value

N* Median (IQR), 
mean (SD), or n (%)

N* Median (IQR), 
mean (SD), or n (%)

(Continued from previous page)

Unscheduled visit treatment

High dose oral corticosteroid 
initiated

24 14 (58%) 21 11 (52%) 0·69

Antibiotics Initiated 24 12 (50%) 21 4 (19%) 0·031

Hospital admission 24 1 (4%) 21 0 0·34

Further medical assessment required ·· ·· ·· ·· 0·29

General practitioner 4 1 (25%) 3 1 (33%) ··

Hospital admission 4 2 (50%) 3 0 ··

Further study visit 4 0 3 1 (33%) ··

Asthma nurse 4 1 (25%) 3 0 ··

Haematology

Blood neutrophils, 10⁹ cells per L 24 6·7 (4·7–8·8) 21 5·1 (4·2–6·8) 0·13

Blood eosinophils, cells per µL 24 30 (10–50) 21 70 (50–90) 0·0009

C-reactive protein, mg/L 23 15·0 (5·0–24·0) 21 2·3 (1·5–4·9) <0·0001

Sputum

Sputum neutrophils proportion of 
cells, %

24 89·8 (71·6–94·9) 21 37·1 (28·6–54·2) <0·0001

Sputum lymphocyte proportion of 
cells, %

24 0·0 (0·0–0·3) 21 1·5 (0·2–2·8) 0·0040

Sputum eosinophils proportion of 
cells, %

24 0·4 (0·2–0·8) 21 10·4 (4·5–20·6) <0·0001

Sputum macrophages proportion of 
cells, %

24 8·5 (4·1–25·6) 21 36·0 (21·9–55·6) 0·0010

Virus positive on PCR 20 9 (45%) 13 3 (23%) 0·20

Total 16S copies per mL 20 1·0 × 10⁹ 
(3·9 × 10⁸–1·8 × 10⁹)

13 9·7 × 10⁸ 
(6·0 × 10⁸–1·8 × 10⁹)

0·71

Any qPCR bacteria positive above 
threshold of detection

20 14 (70%) 13 8 (62%) 0·61

Any bacteria ≥10⁶ genome 
copies per mL

20 10 (50%) 13 3 (23%) 0·12

Moraxella catarrhalis ≥10⁶ genome 
copies per mL

20 4 (20%) 13 0 0·085

Haemophilus influenzae ≥10⁶ genome 
copies per mL

20 3 (15%) 13 0 0·14

Streptococcus pneumonia 
≥10⁶ genome copies per mL

20 4 (20%) 13 3 (23%) 0·83

Count of bacteria positive 
>10⁶ copies per mL

·· ·· ·· ·· 0·27

0 bacteria specific qPCR 
>10⁶ copies per mL

20 10 (50%) 13 10 (77%) ··

1 bacteria specific qPCR 
>10⁶ copies per mL

20 9 (45%) 13 3 (23%) ··

2 bacteria specific qPCR 
>10⁶ copies per mL

20 1 (5%) 13 0 ··

Any virus or bacteria 
≥10⁶ genome copies mL

20 15 (75%) 13 5 (39%) 0·036

Independent sample t tests, Mann-Whitney U tests and χ² tests were used to compare groups. ACQ-5=5 question 
Asthma Control Questionnaire. FeNO=fractional exhaled nitric oxide. FVC=forced vital capacity. PEF=peak expiratory 
flow. ppb=parts per billion. qPCR=quantitative PCR. SELOW=sputum eosinophil count <2%. SEHIGH=sputum eosinophil 
count ≥2%. *Number of participants for whom data are available.

Table 2: First exacerbation per participant with sputum low sputum eosinophils (<2%) versus high 
sputum eosinophils (≥2%)

Figure 3: FeNO as a predictor of sputum eosinophilia at exacerbation
FeNO ≤20 ppb, n=14; FeNO 21–49 ppb, n=17; FeNO ≥50 ppb, n=26. Each point 
represents one patient at exacerbation. Midline bars are the median and error 
bars are the IQR. FeNO=fractional exhaled nitric oxide. ppb=parts per billion. 
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eosinophilic inflammation and half being non-eosinophilic 
events with an increased propensity for pathogen-driven 
exacerbations. These events seem to be broadly mutually 
exclusive and FeNO at exacerbation is useful in 
discriminating between eosinophilic and non-eosinophilic 
exacerbations because it is a straightforward, point of care 
test.

When stable on mepolizumab, this cohort of patients 
had continuing asthma symptoms and evidence of 
ongoing type 2 cytokine pathway activity. Patients who 
exacerbated on mepolizumab had a higher 
pre-mepolizumab exacerbation rate and emergency 
department attendance, and higher symptom scores 
than patients who did not exacerbate. There was no 
significant difference in clinical or sputum characteristics 
(in particular, there was no difference in sputum 
eosinophil count and FeNO) between patients who 
exacerbated and patients who did not exacerbate during 
the study. For all assessed exacerbations, there was no 
evidence of increased exacerbation towards the end of 
the 4-week mepolizumab treatment period (appendix p 9), 
and no difference in time since last mepolizumab 
administration to exacerbation between the SELOW and 
SEHIGH subgroups in first assessed exacerbation sputum 
(table 2), supporting the findings of a 2020 post-hoc 
analysis of the DREAM study.20

We anticipated loss of 35% of exacerbation events due 
to inability to attend (38% during study). Symptom 
burden and peak expiratory flow change were similar for 
assessed and missed exacerbations, suggesting that the 
assessed exacerbation events were representative of all 
exacerbations that study participants had. For assessed 
exacerbations, symptom worsening and lung function 
fall resulted in the majority of patients receiving 
rescue oral corticosteroids at exacerbation assessment. 
13 of the 35 patients who did not receive oral corticosteroid 
treatment at study assessment went on to initiate oral 
corticosteroids in the days following, suggesting slow 
recovery or worsening. In many of these cases, there was 
no evidence of eosinophilic inflammation at assessment 
and the benefit of the oral corticosteroids is questionable.

There was little difference in the clinical characteristics 
of the SELOW and SEHIGH exacerbator groups on initiation of 
mepolizumab therapy; however, there were differences 
between the groups once established on mepolizumab, 
even when clinically stable. The SEHIGH group had evidence 
of ongoing type 2 inflammation with higher FeNO and 
higher proportion of sputum eosinophils than the 
SELOW group, despite no difference in oral corticosteroid 
exposure or peripheral blood eosinophil count suggesting 
a difference in airway biology.

At exacerbation, the SELOW group did have a large 
symptom increase, a fall in lung function, and all hospital 
admissions occurred in this group (confirming these 
are clinically significant events). The patients in the 
SELOW group had neutrophilic sputum, and compared 
with the SEHIGH group, had higher C-reactive protein 

concentration, were more likely to be clinically diagnosed 
with a pathogen-driven event, and more likely to have 
a virus or bacteria (≥10⁶ copies per mL) on PCR at 
exacerbation. By contrast, compared with the SELOW group, 
patients in the SEHIGH group at exacerbation had higher 
peripheral blood eosinophil count, lower FEV1, 
more obstructed spirometry, and higher FeNO in 
keeping with type 2 cytokine activity and eosinophilic 
airway inflammation. Importantly, these seem to be 
dichotomous, mutually exclusive events, with few 
patients having evidence of overlapping neutrophilic and 
eosinophilic sputum, in keeping with previous findings in 
exacerbations in patients with chronic obstructive 
pulmonary disease.17,21 As FeNO is a proxy for airways IL-4/
IL-13 activity, the lack of change in FeNO from the stable 
state to exacerbation would suggest that substantial 
upregulation of IL-4/IL-13 pathways is not an obvious 
driving factor for exacerbation events, although these 
inflammatory pathways are still active (accepting FeNO 
as a surrogate biomarker), and also suggests that 
non-adherence to background inhaled corticosteroids is 
not a problem driver in this cohort.22 It has been suggested 
that in-situ eosinopoiesis orchestrated by type 2 innate 
lymphoid cells23 or other autoimmune mechanisms might 
occur.24 Understanding the precise mechanism of 
persistent eosinophilic recruitment despite substantial 
depletion of the circulating pool and how this translates 
into a clinical deterioration is an important area for future 
research.

The fact that non-eosinophilic events are more likely to 
be associated with pathogen-driven events, alongside 
the inverse correlation between C-reactive protein 
concentration and sputum eosinophil count at exacer-
bation, raises the question as to whether suppression of 
eosinophils in the airway predisposes patients to airway 
infection. The role of eosinophils against helminths is 
well known, but eosinophils might also have a role 
against viral, bacterial, or fungal organisms and have a 
variety of pathogen killing mechanisms.25,26 Previous 
studies have suggested the absence of eosinophils in 
humans is not associated with significant adverse 
events;27 however, this topical question is being redebated 
in light of the association of eosinopenia with severe 
COVID-19 infection,28,29 and in particular the risks of 
medication-induced eosinopenia during this global 
pandemic.30 Furthermore, asthma exacerbations in 
patients treated with benralizumab (an eosinophil 
depleting antibody) have been described as non-
eosinophilic and associated with a significant increase in 
respiratory infections.31 This is being further evaluated in 
the UK Refractory Asthma Stratification Programme 
(NCT04102800). The benefit of prophylactic macrolides 
in reducing exacerbation rate and, importantly, the rate 
of respiratory tract infections in patients with severe 
asthma is shown in the AMAZES trial.32 Further 
prospective research into the utility of prophylactic 
antibiotics as add-on therapy to mepolizumab and other 
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anti-type 2 biologics will be important. Assessment of the 
presence of airway dilatation and bronchiectasis as part 
of baseline characteristics will also be an important part 
of further studies investigating neutrophilic exacerbations 
in eosinophil-depleting biologics.

Peripheral blood eosinophil count is an established 
biomarker of type 2 biology, exacerbation risk, and steroid 
responsiveness in patients with asthma,33–38 but the 
addition of mepolizumab and other anti-IL-5 biologics, 
and the subsequent suppression of blood eosinophils, 
makes this biomarker less useful as a prognostic agent. 
Sputum differential cell count is not straightforward to 
measure, has not translated into routine clinical care, and 
is likely to be challenging for routine assessment during 
an exacerbation. FeNO is an easy to do, widely available, 
near-patient test, and has useful discriminatory value 
between SELOW and SEHIGH events at exacerbation in patients 
treated with mepolizumab. We suggest that FeNO is 
measured at exacerbation and that when FeNO is low 
(≤20 ppb), careful consideration be given before 
administration of oral corticosteroids, and that antibiotic 
administration be considered. When FeNO is high 
(≥50 ppb), we suggest that oral corticosteroids are likely to 
be indicated. Middle-range FeNO values (21–49 ppb) are 
not discriminatory and further consid eration of the 
mechanism of exacerbation and treatment on clinical 
grounds need to be considered. We acknow ledge that this 
hypothesis, particularly the role of antibiotics in patients 
treated with mepolizumab, needs formal evaluation in a 
placebo-controlled trial. C-reactive protein concentration 
also has clinical utility in the assessment of exacerbations, 
particularly if FeNO measurement is not available. The 
significant inverse correlation between C-reactive protein 
concentration and sputum eosinophils at the time of 
exacerbation is supportive of SELOW exacerbations being 
infective in nature. Although a C-reactive protein 
concentration cut point of 5 mg/L was useful in 
discriminating inflamm atory phenotype at exacerbation, 
C-reactive protein did not perform as well as FeNO as a 
predictor of inflammatory phenotype at exacerbation. In 
addition, C-reactive protein did not provide further 
differentiation of exacerbation phenotype in patients with 
an intermediate FeNO (21–49 ppb). There was no 
difference in the exacerbation rate in patients in the SELOW 
and SEHIGH groups when stable on mepolizumab. 
Inflammatory phenotype assessed using sputum or FeNO 
is relatively preserved between the stable and exacerbation 
state, although this is not entirely reliable, with 
approximately a third of patients changing inflammatory 
phenotype between baseline and exacerbation. In addition, 
we would conclude that being on maintenance 
prednisolone while on mepolizumab therapy does not 
predict clinical response, as there was no difference in 
maintenance prednisolone dose in those who went on to 
exacerbate during this study and those who did not. 
Furthermore, maintenance prednisolone therapy does not 
exclude breakthrough eosinophilic exacerbations while on 

mepolizumab or relate to the inflammatory phenotype at 
exacerbation.

In summary, our results suggest that exacerbation events 
in patients with severe refractory eosino philic asthma who 
are treated with mepolizumab are hetero geneous, but have 
two mutually exclusive pheno types; non-eosinophilic 
pathogen-driven and sputum eosino phil high exacerbations 
secondary to type 2 eosinophilic inflammation. Further 
studies are needed to evaluate whether differentiating 
inflammatory phenotype at assessment of exacerbation will 
help guide management of increased symptoms triggered 
by infectious agents with antibiotic drugs or concomitant 
macrolide therapy in recurrent exacerbations, versus oral 
corticosteroids or switching to a more eosinophil-depleting 
biologic for patients with break-through type 2-driven 
exacerbations. Studies are also required to assess whether 
more eosinophil-depleting biological agents, such as anti-
IL-5R and anti-TSLP, predispose patients to infection-
related neutrophilic events.
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What is already known about this topic? Morbidity from glucocorticoid (GC) exposure in severe asthma (SA) is
described at population level, but because of the absence of a suitable tool, GC toxicity at the individual patient level has
not been systematically captured and reported previously.

What does this article add to our knowledge? The Glucocorticoid Toxicity Index 2.0 identifies GC toxicity systematically
in routine SA clinic, revealing unidentified toxicities and wide variation in cumulative toxicity in individual patients. Toxicity
correlated poorly with prednisolone exposure compared with age and quality-of-life measures.

How does this study impact current management guidelines? This study proposes that measuring GC toxicity sys-
tematically in individual patients is an important part of routine care. Reliance on recent GC exposure as guidance for
which patients would derive most benefit from biologic therapies may be imprecise.

BACKGROUND: Glucocorticoid (GC)-associated morbidity in
severe asthma (SA) is well recognized but varies in individual
patients; systematic measurement of GC toxicity is important to
measure improvement with steroid-sparing monoclonal
antibodies.
OBJECTIVE: To describe for the first time individual patient
GC toxicity in steroid-dependent SA using the Glucocorticoid
Toxicity Index (GTI).
METHODS: An observational consecutive patient cohort study
was performed at a UK Regional SA Specialist clinic for
systematic assessment of GC-associated morbidity using the GTI
in routine clinical care. GTI was correlated with commonly used
patient-reported outcome measures. An approach to GTI
scoring, calculation of minimal clinically important difference

(MCID), and development of digital GTI application in routine
clinical care are described.
RESULTS: All patients had significant oral GC exposure
(cumulative prednisolone/prior year, 4280 [3083, 5475] mg)
with wide distribution of toxicity in individual patients (mean
GTI score, 177.5 [73.7]). GTI score had only modest correlation
with recent prednisolone exposure: maintenance prednisolone
dose (rho [ 0.26, P [ .01), cumulative exposure/prior year
(rho [ 0.38, P < .001), and GC boosts/prior year (rho [ 0.25,
P [ .01). GTI toxicity demonstrated stronger associations with
asthma-related quality of life (mini-Asthma Quality of Life
Questionnaire [mini-AQLQ] r [ L0.50, P < .001 and St.
George’s Respiratory Questionnaire r [ 0.42, P < .001). GTI
MCID was calculated as 10 points. Multiple linear regression
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Abbreviations used
ACQ- Asthma Control Questionnaire
AIS- Aggregate Improvement Score
CI- Confidence interval

CWS- Cumulative Worsening Score
EQ5L5D- EuroQoL-5L5D

FEV1- Forced expiratory volume in 1 second
GC- Glucocorticoid
GTI- Glucocorticoid Toxicity Index

HADS- Hospital Anxiety and Depression Score
ICC- Intraclass correlation coefficient

MCID-Minimal clinically important difference
Mini-AQLQ-Mini-Asthma Quality of Life Questionnaire

PROM- Patient-reported outcome measure
QoL- Quality of life
SD- Standard deviation

SEM- Standard error of measurement
SGRQ- St. George’s Respiratory Questionnaire

demonstrated that age and mini-AQLQ were strongest
predictors of GC toxicity.
CONCLUSIONS: The GTI is a useful tool to systematically
capture and quantify GC toxicity at the individual patient level.
GC toxicity varies widely between individual patients with SA
and correlated only modestly with GC exposure over the
preceding year. Age and mini-AQLQ are better predictors of GC
toxicity. The GTI and MCID will facilitate assessment of indi-
vidual SA response to steroid-sparing agents in clinical trials and
routine care. � 2020 American Academy of Allergy, Asthma &
Immunology (J Allergy Clin Immunol Pract 2021;9:365-72)

Key words: Severe asthma; Corticosteroid toxicity; Morbidity;
Glucocorticoids

Systemic glucocorticoid (GC) therapy remains a necessity for a
significant subset of patients with severe asthma. In 2012,
approximately 60% of patients attending specialist severe asthma
services in the United Kingdom received maintenance systemic
GC to achieve disease control.1 The morbidity associated with
systemic GC exposure in asthma is well described in large
population-based studies,2-4 and this toxicity adds not only to
patients’ burden of disease but also to the substantial economic
burden associated with severe asthma.2,5,6

Systemic GC exposure occurs due to standard treatment of
acute asthma exacerbations (“boosts”), but additionally some
patients require “low-dose” maintenance GCs for asthma con-
trol.2 At population level, GC-related morbidity generally occurs
in a dose-dependent manner,2,7,8 but disparities in the extent of
GC-related morbidity according to age and gender have been
highlighted.9 As an example, patients under the age of 60 with
severe asthma have the greatest risk of GC-related toxicity when
compared with age-matched controls who have received little or
no GC exposure.9 It is also likely that the extent of GC-related
morbidity varies according to the susceptibilities of individual
patients, heightening the importance of tracking GC toxicity on
a patient-level basis.

Despite the well-documented extent of GC-induced
morbidity in severe asthma, and other immune-mediated
diseases, measurement of the ability of new therapies to reduce
GC toxicity has suffered from the lack of a validated tool that

measures a critical set of treatment-related adverse events
both systematically and reliably.10,11 The arrival of effective GC-
sparing therapies for severe asthma illustrates the importance of
having such a tool to test whether or not these new biologic
therapies actually reduce established GC-induced morbidity. The
Glucocorticoid Toxicity Index (GTI) was developed by a group
of international investigators from a broad array of medical
subspecialties to measure GC toxicity.12 The GTI is currently
being used in a number of multicenter clinical trials (see this
article’s Online Repository at www.jaci-inpractice.org) and was
used recently to demonstrate a reduction in GC toxicity in a
multicenter, randomized, double-blind, placebo-controlled trial
of a complement inhibitor in anti-neutrophil cytoplasmic anti-
bodies-associated vasculitis.13

Assessment of GC toxicity is also an important part of routine
clinical care. In this article, we describe the use of the GTI in
routine care to capture GC-related morbidity in a cohort of
patients with prednisolone-dependent asthma before biologic
therapy. We explore the distribution of GC toxicity at the
individual patient level and compare this toxicity score with both
disease-specific and generic morbidity measures. We also
calculate minimal clinically important difference (MCID) for
change in toxicity (GTI Aggregate Improvement Score [AIS] and
Cumulative Worsening Score [CWS] scores) describing how this
tool can be used in routine care to evaluate the reduction in GC
toxicity with novel treatment interventions.

METHODS

Severe asthma cohort
All patients were attending a Regional Severe Asthma Specialist

clinic in the United Kingdom and had a diagnosis of severe asthma
as defined by the Global Initiative for Asthma guidelines.14 All had
undergone a systematic, multidisciplinary evaluation of their
asthma.14,15 The GTI is included in routine care to systematically
assess GC toxicity at the individual patient level in a biologic-naïve,
GC-exposed population and facilitate management of GC-induced
morbidity. All patients underwent a single measurement of GC
toxicity using the GTI.

Glucocorticoid Toxicity Index
The details of the GTI development and components have been

described elsewhere (paper by Miloslavsky et al12 and this article’s
Online Repository at www.jaci-inpractice.org). In brief, the purpose
of the GTI is to provide a validated tool permitting investigators to
demonstrate not only that a new treatment approach enables the use
of lower quantities of GCs compared with conventional therapies,
but also that the new treatment approach is successful in reducing
GC toxicity to a degree that is relevant to patients. The GTI is
designed to measure change in GC toxicity between 2 points in time
and includes 2 components, a Composite Index and a Specific List
(Tables E1 and E2, available in this article’s Online Repository at
www.jaci-inpractice.org), which together capture the full sweep of
GC toxicity relevant to patients (details available in this article’s
Online Repository at www.jaci-inpractice.org). The GTI assigns
systematically determined relative weights to each toxicity item in
the Composite Index. These weighs were developed through mul-
ticriteria decision analysis16 (see this article’s Online Repository at
www.jaci-inpractice.org for details). Given that change in GC
toxicity over time or after an intervention is likely to be affected by
baseline GC toxicity, the weighted scores from the Composite Index
were used to establish a baseline GTI score (Table E3, available in
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this article’s Online Repository at www.jaci-inpractice.org). This
baseline GTI toxicity score facilitates examination of the distribution
of toxicity scores and relationship with other asthma-specific patient-
reported outcome measures (PROMs) and commonly used
morbidity measures in severe asthma (see below).

A cloud-based digital interface—the GTI 2.0 app (� 2016, 2018.
Massachusetts GeneralHospital. All rights reserved)—was developed to
facilitate use and scoring of the GTI, which generates 2 scores: (1) the
AIS and (2) the CWS.These subscores and their rationales, described in
further detail in this article’s Online Repository at www.jaci-inpractice.
org, provide complementary information about the ability of a GC-
sparing therapy to reduce toxicity and optimize the granularity with
which GC toxicity can be captured and reported with the GTI.

Validated PROMs were used to measure quality of life (QoL) and
asthma control to determine their relationship with GC toxicity. The
EuroQoL-5L5D Health Scale (EQ5L5D-HS) is a visual analog scale
that permits patients to report their overall health.17 A score of 100
represents the best health possible, and 0 the worst possible health state.
The EuroQoL-5L5D Index value (EQ5L5D-I) reflects impairment of
activities of daily living, and the closer EQ5L5D-I is to 1, the less the
impairment of daily living. Asthma-specificQoLwasmeasured bymini-
Asthma Quality of Life Questionnaire (mini-AQLQ) and St. George’s
Respiratory Questionnaire (SGRQ).18,19 The mini-AQLQ consists of
15 questions scored on a scale of between 0 and 7; lower scores reflect
greater impairment. TheMCID for themini-AQLQ is 0.5. The SGRQ
assesses the impact of disease over the preceding 12months, with scores
ranging from 0 to 100. The higher the SGRQ score, the greater impact
disease has onQoLwith anMCIDof 4. Asthma control was assessed by
the AsthmaControl Questionnaire (ACQ5)20; a score of�0.75 reflects
controlled asthma, whereas a score of�1.5 is uncontrolled asthma. The
MCID for the ACQ5 is 0.5.21 The Hospital Anxiety and Depression
Score (HADS) is a validated tool with outputs that quantify anxiety and
depression. A score of 0 to 7 is defined as normal; 8 to 10 indicates mild
anxiety and depression; and �11 suggests requirement for psychiatric
assessment.22,23

Statistical analysis
Statistical analysis was performed on SPSS version 25 (IBM,

Chicago, IL). We calculated frequencies (n, %) for binary and cat-
egorical variables, means and standard deviations (SDs) for contin-
uous variables with normal distribution, or median and interquartile
range for continuous variables with skewed distribution. Pearson’s
(r) correlation for assessing a linear relationship and Spearman’s (rho)
correlation for assessing a monotonic relationship were estimated
between 2 variables when appropriate. Multiple linear regression was

TABLE I. Demographics and asthma treatment

Number of patients [ 101

Age (y), mean (SD) 54.4 (11.9)

Female, n (%) 58 (57.4%)

Smoking status, n (%)

Never smoker 60 (61.9%)

Ex-smoker 35 (36.1%)

Current smoker 2 (2.1%)

BMI (kg/m2), mean (SD) 30.5 (5.8)

Age at onset of asthma, median [IQR] 30 [14, 40]

Atopic disease, n (%) 47 (48.5%)

Chronic rhinosinusitis, n (%) 31 (30.7%)

GORD, n (%) 27 (26.7%)

Seasonal allergic rhinitis, n (%) 27 (26.7%)

Nasal polyps, n (%) 21 (20.8%)

Eczema, n (%) 19 (18.8%)

Obstructive sleep apnoea, n (%) 8 (7.9%)

Hypothyroid, n (%) 6 (5.9%)

Anaphylaxis or urticaria, n (%) 5 (5.0%)

Aspirin sensitivity, n (%) 4 (4.0%)

Rescue courses of GCs/12 mo, median [IQR] 5 [2, 7]

Cumulative prednisolone dose (mg)/12 mo,
median [IQR]

4280 [3082.5, 5475]

ED visits/12 mo 120/39 patients

Hospital admissions/12 mo 60/29 patients

Ever been ventilated, n (%) 14 (13.9%)

FEV1 (L), mean (SD) 2.0 (0.7)

FEV1 % predicted, mean (SD)* 68.9 (19.0)

FVC (L), mean (SD) 3.24 (0.9)

FVC % predicted, mean (SD)* 85.9 (16.0)

FEV1/FVC %, mean (SD) 61.9 (14.6)

FeNO (ppb), median [IQR] 35 [20.3, 56.8]

Blood eosinophil (cells/mL), median [IQR] 280 [100, 600]

Highest blood eosinophils (cells/mL) in
medical record, median [IQR]

860 [600, 1300]

IgE (kU/L), median [IQR] 117.5 [42.3, 351.3]

Bone density T score (hip), mean (SD) �0.40 (1.1)

Bone density T score (spine), mean (SD) �0.72 (1.1)

Daily prednisolone, n (%) 83 (82.2%)

Daily prednisolone dose (mg), median [IQR] 10 [10,15]

ICS daily dose (BDP mg equivalent),
median [IQR]

2000 [2000, 2000]

Long-acting b-agonist 101 (100%)

Long-acting muscarinic antagonist, n (%) 35 (36.5%)

Leukotriene receptor antagonists, n (%) 51 (51%)

Theophylline, n (%) 38 (38.4%)

Nebulized bronchodilators, n (%) 33 (34.4%)

Maintenance macrolide, n (%) 7 (7%)

ACQ5, mean (SD) 2.6 (1.3)

Mini-AQLQ, mean (SD) 3.6 (1.4)

SGRQ, mean (SD) 55.8 (20.9)

Euro-QoL 5D5L Index, median [IQR] 0.63 [0.4, 0.8]

Euro-QoL 5D5L Health Scale, median [IQR] 65 [50, 75]

(continued)

TABLE I. (Continued)

Number of patients [ 101

HADS Depression, median [IQR] 6 [3, 11]

HADS Anxiety, median [IQR] 8 [5, 13.5]

ACQ, Asthma Control Questionnaire; BMI, body mass index; ED, emergency
department; FeNO, fractional exhaled nitric oxide; FEV1, forced expiratory volume
in 1 second; FVC, forced vital capacity; GC, glucocorticoid; GORD, gastro-oeso-
phageal reflux disease; HADS, Hospital Anxiety and Depression Scale; ICS, inhaled
corticosteroids; mini-AQLQ, mini-Asthma Quality of Life Questionnaire; SGRQ, St.
George’s Respiratory Questionnaire.
*Using GLI 2012 predictive values.
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TABLE II. Glucocorticoid toxicities in the severe asthma cohort aligned with GTI scoring (n ¼ 101)

Toxicity domain Points Number (%)

Body mass index (BMI) BMI <27 0 31 (30.7)

BMI �27 but <30 21 15 (14.9)

BMI �30 36 55 (54.5)

Glucose metabolism HgbA1c <5.7 0 35 (34.7)

HgbA1c <5.7 but on medication 32 53 (52.5)

HgbA1c �5.7 32

HgbA1c �5.7 and on medication 44 13 (12.9)

Diabetic retinopathy, nephropathy, or neuropathy (count only one) 44

Blood pressure Normotensive: systolic �120 and diastolic �85 no medications 0 33 (32.7)

Systolic �120 and diastolic �85 but on medications 19 51 (50.5)

Systolic >120 or diastolic >85 on no medications 19

Systolic >120 or diastolic >85 and on medications 44 17 (16.8)

Hypertensive emergency or PRES (count only one) 44

Lipid metabolism LDL � target 0 43 (42.6)

LDL � target but on medications 10 51 (50.5)

LDL > target on no medications 10

LDL > target on treatment 30 7 (6.9)

Bone/tendon Normal BMD or no known history of osteoporosis 94 (93.1)

Osteoporosis 29 7 (6.9)

Insufficiency fracture secondary to osteoporosis 29

Osteonecrosis 29

Tendon rupture while on corticosteroids 29

Glucocorticoid myopathy No myopathy 0 95 (94.1)

Minor GC myopathy 11 2 (2)

Moderate GC myopathy 63 4 (4)

Severe GC myopathy 63

Skin No skin toxicity 0 21 (20.8)

*Minor skin toxicity (1 or more than 1 minor skin item) 8 50 (49.5)

*Moderate skin toxicity (1 or more than 1 moderate skin item) 26 30 (29.7)

*Severe skin toxicity (1 or more than 1 moderate skin item) 26

*Select only 1 (minor, moderate, or severe)

Neuropsychiatric No neuropsychiatric toxicity 0 19 (18.8)

*Minor (1 or more than 1 minor NP item: insomnia, mania, depression, cognitive) 11 16 (15.8)

*Moderate (1 or more than 1 moderate NP item: insomnia, mania, depression, cognitive) 74 66 (65.3)

*Severe (1 or more than 1 severe NP item: insomnia, mania, depression, cognitive) 74

Psychosis 74

Glucocorticoid-induced violence 74

*Select only 1 (minor, moderate, or severe)

Infection No GTI-relevant infections within the prebaseline GTI interval of the study 0 59 (58.4)

Oral or vaginal candidiasis or noncomplicated zoster (<grade 3) within the
prebaseline GTI interval of the study

19 20 (19.8)

Grade 3 or grade 4 infection within the prebaseline GTI interval of the study 93 21 (20.8)

Ocular No ocular pathology 0 88 (87.1)

Increased IOP 33 13 (12.9)

Posterior subcapsular cataract 33

Central serous retinopathy 33

Gastrointestinal No GI pathology 0 98 (97.0)

GI perf absence of NSAIDs 33 3 (3)

PUD without Helicobacter pylori 33

Endocrine No endocrine pathology 0 100 (99)

Symptomatic adrenal sufficiency 33 1 (1)

BMD, bone mineral density; GC, glucocorticoid; GI, gastrointestinal; GTI, Glucocorticoid Toxicity Index; HgbA1c, glycated haemoglobin; IOP, intraocular pressure; LDL, low
density lipoprotein; NP, neuropsychiatric; NSAID, nonsteroidal anti-inflammatory drug; PRES, posterior reversible encephalopathy syndrome; PUD, peptic ulcer disease.
*Minor: Acneiform rash (grades 1-2), easy bruising (grade 1), hirsutism (grade 1), atrophy/striae (grade 1), erosions/ulceration (grade 1). Moderate: Acneiform rash (grades 3),
easy bruising (grade 2), hirsutism (grade 2), atrophy/striae (grade 2), erosions/tears/ulceration (grade 2). Severe: Acneiform rash (grade 4), atrophy/striae (grade 3), erosions/tear/
ulceration (grade 3).
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used to assess the association of several variables with GTI toxicity.
The variables considered to be clinically relevant to GC toxicity were
prespecified, but those directly related to toxicity measurement and
those likely to be associated with a high degree of collinearity were
excluded. Adjusted regression coefficient and 95% confidence in-
tervals (CIs) are reported. The threshold for statistical significance
throughout was a P value of less than .05.

Clinical relevance of the GTI domains and weights was built into
the Composite Index by expert investigator consensus during the
development of the instrument.12 To determine the MCID for the
GTI 2.0, we used data collected during instrument development. We
applied the GTI 2.0 weights and scoring approach to data from 15
paper case descriptions of real-life patients whose GC toxicity was
assessed at 2 different time points during the development of the GTI
instrument. To calculate the MCID, we used a distribution-based
approach based on the standard error of measurement (SEM).24

The SEM of effect size for the AIS can be interpreted as the smallest
difference or change likely to reflect a true difference as opposed to a
measurement error of the effect. The SEMwas calculated according to
the following formula: SEM ¼ SD *

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ICC ;
p

where SD is the
standard deviation of the AIS. An intraclass correlation coefficient
(ICC)was estimated based on theGTI assessments of these cases by 34
different clinicians.

RESULTS

Assessment of GTI toxicity was undertaken in 101 GC-
dependent, biologic-naïve patients with severe asthma between
April 2017 and November 2018; demographic details are pre-
sented in Table I. The mean age was 54.4 (11.9) years with female
preponderance (57.4%) and impaired lung function (forced
expiratory volume in 1 second [FEV1]% predicted, 68.1 [54.2,
84.6]%; FEV1/forced vital capacity ratio%, 64 [53.9, 73.2]%). All
patients received high-dose inhaled GC in combination with
additional controller medications; 82.2% were also receiving daily
maintenance prednisolone (median, 10 [10, 15] mg). The median
number of GC rescue treatments (“boosts”) over the previous 12
months was 5 [2, 7], and the median cumulative prednisolone
exposure for the preceding 12 months in this cohort was 4280

[3082.5, 5475] mg. Notably, despite substantial GC treatment,
peripheral blood eosinophilia was still evident (280 [100, 600]
cells/mL) with persistent high symptom burden (ACQ5 score, 2.6
[1.3]) and substantial impairments of QoL (Table I).

All patients had some degree of GC-related toxicity, with a
wide distribution of toxicity seen at individual level range, which
was normally distributed (mean GTI score, 177.5 [73.7],
Table II and Figure 1). GC toxicity showed modest correlations
with maintenance prednisolone dose (rho ¼ 0.26, P ¼ .01),
cumulative prednisolone dosage in previous 12 months
(rho ¼ 0.38, P < .001), and exacerbation rate in the preceding
year (rho ¼ 0.25, P ¼ .01).

Fifty-five (54.5%) patients had baseline body mass index
values �30. Median glycated haemoglobin A1c (HbA1c) was
41.0 [37, 46] mmol/mol with 44 patients (43.5%) having pre-
diabetic HbA1c levels (HbA1c �42 mmol/mol). Two-thirds of
patients were either hypertensive or receiving medications for
hypertension (Table II).

Twenty-four (24%) patients had candidiasis (oral or vaginal)
or herpes zoster in the preceding year; 2 zoster cases were
accompanied by ophthalmic involvement or associated with
postherpetic neuralgia. Nineteen grade 3 infections (19%)
occurred in the preceding year, and 41 (41.6%) patients reported
toxicity-related infections in the preceding year.

Neuropsychiatric morbidity was the most commonmorbidity in
this population (81.2%), with depression (66.3%), insomnia
(55.4%), andmania (52.5%) reported. Skin toxicity was also highly
prevalent (79.2%) with cutaneous striae (34.7%) and 14 (13.9%)
reporting widespread generalized easy bruising. Ocular complica-
tions were noted with 14 patients having posterior subcapsular
cataracts, 2 with glaucoma and 2 with central serous retinopathy.

Age (r ¼ 0.27, P ¼ .006), cumulative prednisolone exposure
over the 12 months before GTI measurement (rho ¼ 0.38, P
< .001), and current asthma symptoms (ACQ5, r ¼ 0.34, P
< .001) correlated modestly with GTI score. GTI score
demonstrated stronger associations with asthma-related QoL
(mini-AQLQ r ¼ �0.50, P < .001 and SGRQ r ¼ 0.42, P
< .001) and health state (EQ5L5D-I, rho ¼ �0.49, P < .001),

FIGURE 1. Distribution of baseline GTI toxicity scores. GTI, Glucocorticoid Toxicity Index.
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though patient self-rated health demonstrated a modest
association (EQ5L5D-HS, rho ¼ �0.28, P ¼ .006) (Figure 2).
HADS also demonstrated modest correlation with GTI score
(anxiety score r ¼ 0.35, P < .001 and depression score
rho ¼ 0.47, P < .001).

The relationship between clinical and demographic variables
and GTI toxicity was explored using multiple linear regression.
Predictor variables thought to be clinically relevant to GC toxicity
included age, gender, cumulative GC exposure in the year before
mepolizumab, and patient-reported outcomes. Because of

collinearity among PROMs, we added only mini-AQLQ into
the regression model because it had the strongest correlation
with GTI toxicity score (r ¼ �0.50, P < .001). The other
variables in the model were age, gender, and cumulative GC
exposure. We assessed collinearity among the predictor variables
using the P-P plot of regression standardized residuals. The
scatterplot and residuals statistics showed no outliers present;
Cook’s distance was <1. Both mini-AQLQ and age were sig-
nificant contributors to toxicity, but neither gender nor
cumulative prednisolone in the last 12 months was statistically
significantly associated with GTI toxicity. Overall, the model
explained 35.6% of the variance in GTI toxicity (P � .001).
For every 0.5 point increase in the mini-AQLQ, GTI toxicity
was lowered by 13.0 (95% CI: 8.5, 17.5), and for every
increasing year of age, there was a 2.0 (95% CI: 0.9, 3.0) point
increase in GTI toxicity (Table III).

To determine the MCID for the GTI, 34 clinicians evaluated
15 different paper cases independently in validation exercises
during the original GTI development. The GTI 2.0 weights and
scoring approach were applied to those data. The ICC for the
AIS in these evaluations was 0.97. The SD of the AIS at the
follow-up was 57.42. Thus, the MCID was 57.42*
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 0:971
p ¼ 9.8, or approximately 10 points.

FIGURE 2. Correlations between GC Toxicity Score and Quality of Life Measures in severe asthma. A, Pearson’s correlation GTI toxicity
and mini-AQLQ r ¼ �0.50, P < .001. B, Pearson’s correlation GTI toxicity and SGRQ r ¼ 0.42, P < .001. C, Spearman’s correlation GTI
toxicity and ED5L5D Health Scale, rho ¼ �0.28, P ¼.006. D, Spearman's correlation GTI toxicity and ED5L5D Index value, rho ¼ �0.5, P
< .001. EQ5L5D, EuroQoL-5L5D; GC, glucocorticoid; GTI, Glucocorticoid Toxicity Index; mini-AQLQ, mini-Asthma Quality of Life
Questionnaire; SGRQ, St. George’s Respiratory Questionnaire.

TABLE III. Multiple linear regression for variables influencing GTI
score

Beta coefficients (95% CI) P

Gender �7.4 (�32, 17) .55

Annual prednisolone exposure
last 12 mo

0.002 (�0.002, 0.006) .41

Age (y) 2.0 (0.9, 3.0) <.001

mini-AQLQ �26.0 (�35, �17) <.001

CI, Confidence interval; GTI, Glucocorticoid Toxicity Index; mini-AQLQ, mini-
Asthma Quality of Life Questionnaire.
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DISCUSSION

This article describes the use of the GTI 2.0 in a cross-
sectional cohort of patients with severe asthma and provides
detailed background on the approach to scoring and analyzing
GTI 2.0 data. The article also introduces the concept of calcu-
lating a baseline GC toxicity score, the first attempt, to our
knowledge, to systematically assess and quantify the degree of
GC toxicity at individual patient level in routine clinical care.

Demographic features were consistent with other severe
asthma cohorts with the mean age of 54.4 years, female pre-
ponderance, and substantial asthma-related morbidity despite
high-dose treatment (lung function impairment, high symptom
scores, and impaired disease-specific QoL). Despite significant
GC exposure, the cohort had evidence of persistent type 2-
mediated inflammation, including elevated peripheral blood
eosinophil counts and fractional exhaled nitric oxide.

GC toxicity was extremely high, consistent with longstanding
severe asthma with the median daily prednisolone dose of 10 mg
and 5 GC boosts for asthma exacerbation in the prior year. GC
toxicity scores correlated variably with PROMs that address
activities of daily living, asthma-related QoL, anxiety, and
depression. Mini-AQLQ correlated with GTI toxicity more than
EQoL5D5L, SGRQ, and HADS, suggesting that the effects of
GC toxicity are reflected in the questions across the 4 ques-
tionnaire domains (symptoms, activities, emotions, and envi-
ronment). In multiple regression analysis, mini-AQLQ and age
explained 32.9% of the variance in GC toxicity; the MCID value
for mini-AQLQ exceeded the MCID for GTI supporting the
impact of GC toxicity being reflected in this asthma-specific QoL
tool. It remains to be seen what level of toxicity reversal is
delivered by biologic therapies in patients with severe asthma
with established GC morbidity, and how changes in mini-
AQLQ relate to these toxicity changes.

Because the median time between age of asthma onset and
GC toxicity assessment was 23 years, age as a predictor of greater
GC toxicity probably reflects both the prolonged duration of GC
exposure and the background increasing prevalence of these
morbidities with age.9 Cumulative GC exposure in the 12
months before GTI toxicity assessment was not a significant
predictor of GC toxicity, suggesting that recent GC exposure is a
poor predictor of toxicity at the individual patient level and that
recent GC exposure may not be the best criterion on which to
make decisions regarding commencing biologic therapies.
Furthermore, reduction in GC exposure from the 12 months
before biologic therapy is used to decide continuation of biologic
therapy,25-28 but our data would suggest that this will align
poorly with toxicity at baseline and likelihood of reduction with
treatment. In addition, GC exposure in the prior 12 months may
not reflect total GC exposure, and given the greater association
with age, duration of GC exposure may be of greater importance
to GC toxicity load than recent GC intake. However, in those
older patients with low levels of toxicity despite significant long-
term GC exposure, the level of toxicity improvement by
definition is likely to be small and this should form part of the
discussion with the patient.

The need to define a response to biologic therapy for severe
asthma is pressing. In the United Kingdom, the National
Institute for Health and Care Excellence has linked the decision
to continue or discontinue biologic therapy to assessments of an
adequate response, defined as a “clinically significant reduction

in GC requiring exacerbations” or a “clinically significant
reduction in continuous oral GCs.” There is, however, no clear
guidance about what constitutes a clinically significant reduction
in these parameters.25-28 In other countries, variable stopping
rules exist for biologic therapies, but again there is no consistent
guidance on GC reduction, which is the primary benefit of these
treatments.29 In addition, there is an inherent assumption that a
reduction of GC will always cause a reduction in GC toxicity
and that this will be related directly to the degree of GC
reduction in individual patients. We demonstrate here that
when using a tool designed to capture GC toxicity systemati-
cally, there was a wide distribution of toxicity across individual
patients. This toxicity was only weakly associated with baseline
prednisolone dose, cumulative GC exposure in the previous 12
months, and asthma exacerbation rate in the previous year,
suggesting that patients differ substantially in their susceptibility
to GC toxicity. It is also clear that the spectrum of toxicities seen
in individual patients is different, many of which are asymp-
tomatic and at an early preclinical stage, supporting systematic
individualized assessment. Given the distribution of baseline
GC toxicity scores derived from weights of the GTI 2.0
domains, these baseline scores will need to be included as a
potential explanatory variable in multivariate analyses of similar
clinical cohorts as biologic therapies are introduced and GC
exposure reduced over time. The GTI 2.0 was designed for use
in prospective, randomized, controlled clinical trials in which
GCs are part of the treatment protocol. Use of the GTI 2.0 in
clinical trials is advantageous and logical because randomization
and blinding serve the critical purposes of controlling for the
background rate of adverse events and prior GC treatment. The
procedure of randomization also eliminates the requirement for
study investigators to attribute an adverse event observed to
either GCs or a confounding factor—a task that is often difficult
and prone to bias. In this assessment of baseline toxicity in a
severe asthma cohort, we applied the same GTI principle to
attribution as used in randomized clinical trials; that is, the
clinician made no attempt to parse whether a particular
morbidity had been caused by GCs or not, but simply recorded
the morbidity if it was present. This approach will permit an
assessment of improvement in these morbidities in longitudinal
assessment.

The GTI 2.0 provides a mechanism for measuring GC
toxicity in routine clinical care using a standardized, weighted,
and validated instrument that has already been used in clinical
trials.13 Clinical relevance of the GTI domains was built into the
instrument during its design by medical experts from a wide
range of specialties, who considered what changes in GC toxicity
in each GTI domain would be important to both clinicians and
patients. For example, a 10% change in HbA1c was deemed
clinically significant to patients’ long-term health. Such a change
would have important implications for patients and motivate
clinicians to alter management approaches to glucose tolerance.
This level of change was therefore incorporated into the defini-
tion of a significant improvement or worsening for the glucose
tolerance domain. The MCID calculated in this study takes into
account the precision of the GTI, therefore reflecting a true
difference as opposed to a measurement error. As patients
routinely take their systemic GC therapy in the morning, no
comment can be made on the possible effects of administration
later in the day or slow release-formulation GC.

J ALLERGY CLIN IMMUNOL PRACT
VOLUME 9, NUMBER 1

MCDOWELL ETAL 371



In conclusion, we have described the clinical features of a
biologic-naïve, severe asthma cohort and described substantial
individual variation in patient toxicity levels that only weakly
correlates with the usual clinical measures of GC exposure. We
have also provided a detailed explanation on the background of
GTI 2.0, a weighted measure of GC toxicity, and described the
approach to scoring and analyzing data from this instrument in
routine clinical care. The description of an MCID will facilitate
understanding the impact and clinical relevance of GC-sparing
treatments in longitudinal assessments of these patients and
how toxicity measurement aligns with commonly used PROMs,
and indices of the improvements in asthma control as measures
of therapeutic response.
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ONLINE REPOSITORY

TRIALS WITH GLUCOCORTICOID TOXICITY INDEX

(GTI)
Trials in antineutrophil cytoplasmic antibody—associated

vasculitis (ClinicalTrials.gov Identifiers: NCT03895801,
NCT02994927), sarcoidosis (NCT03593759), giant cell arter-
itis (NCT03600805, NCT03765788), polymyalgia rheumatica
(NCT03600818), minimal change nephropathy
(NCT03210688), and pemphigus vulgaris (NCT03762265).

DEVELOPMENT OF THE GTI
The original version of the GTI (GTI 1.0) underwent pre-

liminary validation by a multispecialty group of 19 physician
experts.E1 These experts represented 10 medical subspecialties:
pulmonary medicine, rheumatology, pediatric rheumatology,
nephrology, neurology, ophthalmology, dermatology, infectious
disease, maternal-fetal medicine, and psychiatry. The investigator
group, which included 10 researchers from the United States and
9 from Europe, Canada, or Australia, employed group consensus
methods and multicriteria decision analysis (MCDA).E2

A full explanation of how the items required to give a com-
plete quantification of glucocorticoid (GC)-related toxicity were
determined is outlined in the paper by Miloslavsky et al.E1 In
brief, items to be included in the GTI scoring were determined
on the following principles: (1) they occur commonly in GC-
exposed patients (�5% of such patients); (2) they are indepen-
dent of other items in the GTI; (3) they are more likely to result
from GC exposure than from the underlying disease; (4) they are
likely to change over a short period of time (ie, to either improve
or worsen over a period of at least 3 months); and (5) they can be
measured simply and noninvasively. A small number of the
measured variables may be outside the usual clinical measure-
ments for a given disease, but these are easy to collect and
important for assessing GC toxicity as part of routine care. For
example, HbA1C is not usually measured in severe asthma clinic,
but is required to measure total toxicity in patients with severe
asthma treated with GC.E1 This is a reasonable test to consider as
standard care of a patient on chronic GC.

The GTI assigns relative weights that have been determined
systematically to each toxicity item in the Composite Index.
These weights were developed through MCDAE2 using pairwise
“forced-choice” methods within the 1000Minds platform; all
possible combinations of Composite Index items were ranked in
order of toxicity severity. A point system reflecting the relative
weight of each item in terms of toxicity was thereby derived.

The GTI 2.0 app
A cloud-based digital interface—the GTI 2.0 app—was

developed to facilitate the use of the GTI. With the app, in-
vestigators record a few data points and the app tabulates, ana-
lyzes, and scores the GTI in real time. The app’s algorithms,
essential to reporting accuracy, assign the appropriate weights to
the Composite Index to ensure the integrity of the Aggregate
Improvement Score (AIS) and Cumulative Worsening Score
(CWS). The platform also captures toxicities relevant to the
Specific List and catalogues them on the scoring page. Data from
the patient visit can be recorded by the app in 2 or 3 minutes,
and integration with other databases (eg, electronic data capture
systems, if available) minimizes redundancy and eliminates user

error. Data from the app can be downloaded into a.csv file for
analysis.

Scoring the GTI
The fundamental principle with regard to the scoring

approach is that an improvement in GC toxicity is given the
same absolute weight as a worsening of GC toxicity of the same
(but opposite) magnitude. GTI 2.0 uses the same positive
weights derived in the initial GTI validation study and is the
version now used in multicenter clinical trials. This approach
generated 2 scores from the Composite Index data called: (1) the
AIS and (2) the CWS. These scores and their rationales are
outlined briefly below.

Aggregate Improvement Score. In a disease such as GC-
dependent asthma in which patients often have some baseline
GC toxicity when starting a new treatment, the AIS is important
in establishing that the new therapy is effective at diminishing
any GC toxicity over time. With the AIS, toxicities are removed
if they improve or resolve completely over longitudinal follow-
up. Toxicities can also be added to the AIS over time if new
or worsened GC toxicities occur. With the AIS, improvement in
GC toxicity has the same absolute value as does worsening to the
same degree in the opposite direction.

As an example, an increase in the body mass index (BMI)
more than 5 BMI units to a BMI of greater than 25 is associated
with an increase in the GTI score of þ36 points. Conversely, a
decrease in BMI of more than 5 BMI units toward a normal
BMI is associated with an improvement in the score of �36
points. Thus, improvements in GC toxicity occurring over lon-
gitudinal follow-up are indicated by negative AIS values. If a new
treatment agent facilitates reduced GC toxicity over time, the
AIS will decrease over time.

Cumulative Worsening Score. On the other hand,
documentation of cumulative GC toxicity that occurs over the
course of the trial or introduction of a new treatment is impor-
tant, even if some toxicities are transient. The CWS is designed
to assess the summative GC toxicity, regardless of whether the
toxicity has lasting effects or resolves with time. New toxicities
that occur are added to the CWS total, but toxicities that resolve
on follow-up are not removed. The CWS serves as a lasting re-
cord of any GC toxicity that has occurred and can only increase
or remain the same over time.

THE GTI: COMPOSITE INDEX AND SPECIFIC LIST
The GTI is designed to measure change in GC toxicity be-

tween 2 points in time and includes 2 components, a Composite
Index and a Specific List. The full Composite Index includes 9
domains and a total of 31 unique weighted items (see below).
The Composite Index captures information about common GC-
induced morbidities that distinguish high GC users from low
GC users. The domains of toxicity represented in the Composite
Index are well recognized by both clinicians and patients as being
important: BMI, glucose tolerance, blood pressure, lipids, GC-
induced myopathy, bone mineral density, skin toxicity, neuro-
psychiatric effects and infections. Important to the GTI’s pur-
pose of recording change in GC toxicity, the domains of the
Composite Index all represent elements of GC toxicity that are
expected to either worsen or improve with variations in GC doses
over time.
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The Specific List was created as the second component of the
GTI because not all GC toxicities are either sufficiently common
or easily measurable for inclusion in the Composite Index.
Nevertheless, even relatively uncommon or difficult-to-measure
toxicities are important to record because such morbidities
contribute substantially to the overall burden of GC use. The
Specific List permits a more complete accounting of cumulative
GC toxicity than that afforded by the Composite Index alone.
Examples of toxicities included in the Specific List are osteo-
necrosis and posterior subcapsular cataracts, reflecting GC-
induced damage that is irreversible. Because items in the Spe-
cific List occur rarely, often reflect cumulative GC toxicity, and
frequently have a disproportionate impact on patients’ quality of
life, weights are not assigned to Specific List items. The Specific
List includes 11 domains (9 of which are also shared by the
Composite Index) and 23 unique items (see below). Together,
the Composite Index and the Specific List aspire to capture the
full sweep of GC toxicity that is relevant to patients.

WEIGHTS
The GTI assigns systematically determined relative weights to

each toxicity item in the Composite Index. These weights were
developed through MCDA.E2 Using pairwise “forced-choice”
methods within the 1000Minds platform, all possible combi-
nations of Composite Index items were ranked in order of
toxicity severity. A point system reflecting the relative weight of
each item in terms of toxicity was thereby derived. The MCDA
method is more systematic than group consensus methods such
as Delphi exercises, in which investigators are asked to order all
possible toxicities or assign relative weights. The MCDA method
also carries a lower cognitive burden for investigators involved in
a consensus exercise, because investigators are required to
compare only 2 items at a time. This MCDA approach has been
employed now in multiple studies developing classification
criteria for immune-mediated diseases.E3-E6

DEFINITIONS

Hypertensive emergency: The blood pressure has reached
levels that are damaging organs. Hypertensive emergencies
generally occur at blood pressure levels exceeding 180 mm Hg
systolic or 120 mm Hg diastolic, but can occur at even lower
levels in patients whose blood pressure have not been elevated
before. Complications can include stroke, loss of consciousness,
memory loss, myocardial infarction, hypertensive retinopathy or
nephropathy, aortic dissection, angina, and pulmonary edema.

Posterior reversible leukoencephalopathy syndrome
(PRES): A clinical radiological entity. Clinical features may
include headaches, altered mental status, seizures, and visual loss,
depending on the affected neuroanatomy. Characteristic mag-
netic resonance imaging (MRI) findings include vasogenic edema
involving the white matter that predominantly affects the

posterior occipital and parietal lobes of the brain, although other
brain regions may also be affected. Confirmation by MRI is
required as is exclusion of other potential causes (including hy-
pertensive emergency).

Severe glucocorticoid myopathy: Grade 3 or worse
myopathic weakness or respiratory myopathic weakness attrib-
utable to glucocorticoid myopathy.

Central serous retinopathy: A fluid detachment of macula
layers from their supporting tissue. Requires formal ophthal-
mology examination, typically accompanied by optical coherence
tomography and/or fluorescein angiography for diagnostic
confirmation.

Infection definitions

No significant infection ¼ no specific infections or serious
infections, grade 3 or greater.

Specific infections ¼ oral or vaginal candidiasis or zoster in-
fections without postherpetic neuralgia or eye involvement.

Grade 3 ¼ intravenous antibiotic, antifungal, or antiviral
intervention or hospitalization indicated OR radiologic or
operative intervention indicated OR herpes zoster complicated
by postherpetic neuralgia or eye involvement.

Grade 4 or 5 ¼ Life-threatening consequences; urgent inter-
vention indicated OR death from infection (included in the
Specific List).

Diabetic nephropathy: Macroalbuminuria, that is, a urinary
albumin excretion >300 mg in a 24-hour collection or a urinary
protein: creatinine ratio >300 mg/g.

Diabetic neuropathy: Any of 4 types of peripheral neurop-
athy occurring in the setting of diabetes mellitus, namely: (1) a
distal sensory polyneuropathy; (2) autonomic neuropathy (hy-
poglycemia unawareness, bladder or bowel problems, erectile
dysfunction, and other autonomic nervous system issues); (3)
diabetic amyotrophy (muscle infarction); or (4) mononeuritis
(eg, a diabetic sixth cranial nerve palsy).

Diabetic retinopathy: Any form of retinopathy associated
with diabetes mellitus, including both nonproliferative and
proliferative forms of diabetic retinopathy as well as diabetic
macular edema. These complications must be confirmed by an
ophthalmologist.

Severe skin toxicity: Any of the following 3 manifestations:
Grade 4 acneiform lesions ¼ papules and/or pustules covering

any % body surface area (BSA), which may or may not be
associated with symptoms of pruritus or tenderness and are
associated with extensive superinfection with IV antibiotics
indicated or life-threatening consequences.

Grade 3 striae ¼ covering >30% BSA or associated with
ulceration.

Grade 3 ulcers ¼ combined area of ulcers >2 cm or full-
thickness skin loss involving damage to or necrosis of subcu-
taneous tissue that may extend down to fascia.
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TABLE E1. Approach to calculating the baseline GTI score: toxicities assigned weighted scores from the Composite Index to establish a
baseline GTI score

Toxicity domain Points

Body mass index (BMI) BMI < 27 0

BMI � 27 but < 30 21

BMI � 30 36

Glucose metabolism HgbA1c < 5.7 0

HgbA1c < 5.7 but on medication 32

HgbA1c � 5.7 32

HgbA1c � 5.7 and on medication 44

Diabetic retinopathy, nephropathy, or neuropathy (count only one) 44

Blood pressure Normotensive: systolic � 120 and diastolic � 85 no medications 0

Systolic � 120 and diastolic � 85 but on medications 19

Systolic > 120 or diastolic > 85 on no medications 19

Systolic > 120 or diastolic > 85 and on medications 44

Hypertensive emergency or PRES (count only one) 44

Lipid metabolism LDL � target 0

LDL � target but on medications 10

LDL > target on no medications 10

LDL > target on treatment 30

Bone/tendon Normal BMD or no known history of osteoporosis 0

Osteoporosis 29

Insufficiency fracture secondary to osteoporosis 29

Osteonecrosis 29

Tendon rupture while on corticosteroid 29

Glucocorticoid myopathy No myopathy 0

Minor glucocorticoid myopathy 9

Moderate glucocorticoid myopathy 63

Severe glucocorticoid myopathy 63

Skin No skin toxicity 0

*Minor skin toxicity (1 or more than 1 minor skin item) 8

*Moderate skin toxicity (1 or more than 1 moderate skin item) 26

*Severe skin toxicity (1 or more than 1 moderate skin item) 26

*Select only 1 (minor, moderate, or severe)

Neuropsychiatric No neuropsychiatric toxicity 0

*Minor (1 or more than 1 minor NP item: insomnia, mania, depression, cognitive) 11

*Moderate (1 or more than 1 moderate NP item: insomnia, mania, depression, cognitive) 74

*Severe (1 or more than 1 severe NP item: insomnia, mania, depression, cognitive) 74

Psychosis 74

Glucocorticoid-induced violence 74

*Select only 1 (minor, moderate, or severe)

Infection No GTI-relevant infections within the prebaseline GTI interval of the study 0

Oral or vaginal candidiasis or noncomplicated zoster (<grade 3) within the prebaseline
GTI interval of the study

19

Grade 3 or grade 4 infection within the pre-baseline GTI interval of the study 93

Ocular Increased IOP 33

Posterior subcapsular cataract 33

Central serous retinopathy 33

Gastrointestinal GI perf absence of NSAIDs 33

PUD without Helicobacter pylori 33

Endocrine Adrenal insufficiency 33

BMD, bone mineral density; GI, gastrointestinal; GTI, Glucocorticoid Toxicity Index; HgbA1c, glycated haemoglobin; IOP, intraocular pressure; LDL, low density lipoprotein;
NP, neuropsychiatric; NSAID, nonsteroidal anti-inflammatory drug; PRES, posterior reversible encephalopathy syndrome; PUD, peptic ulcer disease.
*Minor: Acneiform rash (grades 1-2), easy bruising (grade 1), hirsutism (grade 1), atrophy/striae (grade 1), erosions/ulceration (grade 1). Moderate: Acneiform rash (grades 3),
easy bruising (grade 2), hirsutism (grade 2), atrophy/striae (grade 2), erosions/tears/ulceration (grade 2). Severe: Acneiform rash (grade 4), atrophy/striae (grade 3), erosions/tear/
ulceration (grade 3).
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TABLE E2. GTI 2.0 Composite Index: domains and weights of the 31 unique items in 9 domains

Domain Score

1. Change in body weight (BMI) Decrease by �5 BMI units �36

Decrease by >2 but <5 BMI units �21

No significant change (�2 BMI units) 0

Increase of >2 to <5 BMI units 21

Increase of 5 or more BMI units 36

2. Glucose metabolism Improvement in HbA1c AND decrease in medication �44

Improvement in HbA1c OR decrease in medication �32

No significant change 0

Increase in HbA1c OR increase in medication 32

Increase in HbA1c AND increase in medication 44

3. Blood pressure (BP) Improvement in BP AND decrease in medication �44

Improvement in BP OR decrease in medication �19

No significant change 0

Increase in BP OR increase in medication 19

Increase in BPAND increase in medication 44

4. Hyperlipidemia Decrease in LDL AND decrease in medication �30

Decrease in LDL OR decrease in medication �10

No significant change 0

Increase in LDL OR increase in medication 10

Increase in LDL AND increase in medication 30

5. Bone health (BMD) Increase in BMD (gain of more than 0.5) �29

No significant change in BMD (�0.5) 0

Decrease in BMD (loss of more than 0.5) 29

6. Corticosteroid myopathy Moderate weakness to none �63

Moderate-to-mild weakness �54

Mild weakness to none �9

No significant change 0

None-to-mild weakness (without functional limitation) 9

Mild-to-moderate weakness 54

None-to-moderate weakness (with functional limitation) 63

7. Skin corticosteroid-related toxicity Decrease in skin toxicity—moderate to none �26

Decrease in skin toxicity—moderate to mild �18

Decrease in skin toxicity—mild to none �8

No significant change 0

Increase in skin toxicity—none to mild 8

Increase in skin toxicity—mild to moderate 18

Increase in skin toxicity—none to moderate 26

8. Neuropsychiatric—corticosteroid-related symptoms Decrease in NP toxicity—moderate to none �74

Decrease in NP toxicity—moderate to mild �63

Decrease in NP toxicity—mild to none �11

No significant change 0

Increase in NP toxicity—none to mild 11

Increase in NP toxicity—mild to moderate 63

Increase in NP toxicity—none to moderate 74

9. Infection No infection 0

Oral or vaginal candidiasis or uncomplicated zoster (<grade 3) 19

Grade 3, 4, or 5 infection 93

BMD, bone mineral density; GTI, Glucocorticoid Toxicity Index; HgbA1c, glycated haemoglobin; LDL, low density lipoprotein; NP, neuropsychiatric.
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TABLE E3. GTI 2.0 specific list: 11 domains (9 of which are shared by the Composite Index) and 23 unique items

At baseline or

before

New since

baseline

Body mass index (BMI)

� An absolute increase in BMI of more than 8 units (and >24.9 kg/m2)

Blood pressure

� Hypertensive emergency (see definition, below)

� PRES (posterior reversible encephalopathy syndrome) (see definition, below)

Endocrine

� Symptomatic adrenal insufficiency

Bone health

� Osteonecrosis of one joint

� Osteonecrosis of more than one joint

� Bone mineral density decrease >6%

� Insufficiency fracture

� Insufficiency fracture in more than one bone

Muscle and tendon

� Severe glucocorticoid myopathy (see definition)

� Tendon rupture

� More than 1 tendon rupture

Eye

� Central serous retinopathy

� New-onset or worsened elevation of intraocular pressure requiring treatment or change in treatment

� Posterior subcapsular cataracts (or history of same)

Infection

� Grade 4 infection (see definition, below)

� Grade 5 infection (death from infection)

Glucose tolerance

� Diabetic nephropathy

� Diabetic neuropathy

� Diabetic retinopathy

Gastrointestinal tract

� Gastrointestinal perforation (occurring in the absence of regular nonsteroidal anti-inflammatory drug use)

� Peptic ulcer disease confirmed by endoscopy (excluding Helicobacter pylori)

Skin

� Severe skin toxicity (see definition, below)

Neuropsychiatric

� Psychosis, defined as hallucinations, delusions, or disorganized thought processes (occurring in the
absence of mania, delirium, or depression)

� Glucocorticoid-induced violence toward self or others

Other glucocorticoid toxicities

Please specify: ________________________________________________________

GTI, Glucocorticoid Toxicity Index.
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Take home message: 
 
 

Anti-T2 biologics decrease glucocorticoid (GC) requirements in severe eosinophilic asthma, 

but GC-reduction does not correlate with GC toxicity reduction in individuals. Assessment of 

GC toxicity reduction is crucial when considering response to biologics. 



 

 
 

Abstract: 
 

Reduction in glucocorticoid exposure is the primary benefit of new biologic treatments in 

severe asthma, but there is currently no evidence that reduction in glucocorticoid exposure 

corresponds to a proportionate reduction in associated toxicity. 

Objectives: To use the validated Glucocorticoid Toxicity Index (GTI) to assess change in 

glucocorticoid toxicity after 12 months treatment with mepolizumab, and compare toxicity 

change to glucocorticoid reduction and change in patient reported outcome measures 

(PROMs). 

Methods: A longitudinal, real world prospective cohort of 101 consecutive patients with 

severe asthma commenced on mepolizumab in a Specialist UK Regional Severe Asthma 

clinic. GTI toxicity assessment, cumulative glucocorticoid exposure and PROMs were 

recorded on commencing mepolizumab (V1), and after 12 months treatment (V2). 

Results: There was significant reduction in oral glucocorticoid exposure (V1 4280mg 

prednisolone/year [interquartile range (IQR) 3083,5475] vs V2 2450mg prednisolone/year 

[1243,3360], p<0.001). Substantial improvements in individual toxicities were observed but 

did not correlate with oral glucocorticoid reduction. Mean GTI Aggregate Improvement 

Score (AIS) was -35.7 (SD 57.8) with a wide range in toxicity change at individual patient 

level (AIS range -165 to +130); 70% (71/101) had a reduction in toxicity (AIS <0), 3% (3/101) 

had no change (AIS = 0) and 27% (27/101) an increase in overall toxicity. Sixty-two (62/101) 

patients met the AIS minimally clinically important difference of ≤-10, but AIS did not 

correlate with glucocorticoid reduction or change in PROMs. 

Conclusion: Mepolizumab resulted in substantial oral glucocorticoid reduction but this did 

not correlate with reduction in oral glucocorticoid toxicity, which varies widely at the 



 

 

individual patient level. Oral glucocorticoid reduction is not a comprehensive measure of 

response to mepolizumab. 

Key words: Asthma, biological therapy, glucocorticoids. 



 

 
 

Introduction 
 

Biological therapies targeting type-2 (T2) inflammatory pathways in severe eosinophilic asthma 

(SEA) are effective in facilitating a decrease in systemic glucocorticoid (GC) exposure by reducing 

asthma exacerbations by approximately 50%,[1][2][3][4] and facilitating maintenance oral GC 

weaning.[5][6][7] 

A key anticipated benefit of biologics is GC toxicity reduction given the frequently occurring, 

multisystem adverse events known to have an increased incidence in individuals with severe 

asthma exposed to GCs, when compared to matched mild-moderate asthmatics and non- 

asthmatic controls.[8][9][10][11] Reduction in GC exposure is the pragmatic primary outcome of 

clinical trials for biologics in SEA, but there is currently no evidence that reduction in GC 

exposure produces a corresponding reduction in toxicity. 

Mepolizumab, an anti-IL5 monoclonal antibody, is used in the treatment of SEA to inhibit the 

recruitment, activation and longevity of eosinophils in the airways.[1][5][12] In the UK, access to 

mepolizumab and other biologics in SEA, is governed by the National Institute for Health and 

Care Excellence(NICE), which advises that the decision of continuing or discontinuing biological 

therapy is based on the determination of an “adequate response” defined as a “clinically 

significant reduction in GC-requiring exacerbations” (50% reduction for mepolizumab) or a 

“clinically significant reduction in continuous oral GCs”.[13][14][15][16] There is no clear 

guidance on what constitutes a ‘clinically significant reduction’, but accepting the major problem 

with systemic GC are the well-recognised side effects, toxicity reduction is a central issue which 

is becoming more widely acknowledged.[17] 

Using the Glucocorticoid Toxicity Index (GTI) [18], we have previously shown that quantification 

of pre-biologic GC toxicity in SEA patients with substantial systemic GC exposure demonstrates 



 

 

wide variation at the individual patient level.[19] Here, we use the GTI to quantify change in GC- 

associated toxicity in a SEA patient population treated with mepolizumab over a 12-month 

period in the course of routine clinical care. We evaluate the relationships between GC toxicity 

change, variation in cumulative GC dose and asthma outcome measures typically used to define 

a treatment response to biological therapies. 

 
 
 
Methods 
 

Design 
 

This was a prospective, single-centre, observational cohort of GC exposure and GC toxicity 

change in sequential mepolizumab-treated SEA patients in a Regional Severe Asthma Specialist 

clinic in the UK. The GTI enabled systematic assessment of GC-toxicity using medical history, 

medication review, physical examination and routine blood tests. Patients underwent GTI 

assessment on commencing mepolizumab (V1), and after 12 months treatment (V2). Baseline 

pre-biologic GC-associated toxicity burden has previously been described in this cohort with a 

mean toxicity of 177.5 points (73.7) [19]. 

Asthma-specific and quality-of-life patient-reported outcome measures (PROMs) were 

completed at V1 and V2, including the Mini-Asthma Quality of Life Questionnaire (mini-AQLQ), 

St. George’s Respiratory Questionnaire (SGRQ), Asthma Control Questionnaire 5 (ACQ5), Hospital 

Anxiety and Depression score (HADS), and EuroQol-5D5L (see online supplement for further 

information). Asthma nurse specialists evaluated patients every 4 weeks to administer 

mepolizumab, review medication use and asthma control (symptoms, lung function and 

exacerbation history). After 3 months of mepolizumab, GC dose was reduced in those receiving 

maintenance GCs in accordance with clinical protocol (see online supplement).[20][21] 



 

 
 

 

 

Patients 
 

All patients had SEA as defined by the Global Initiative for Asthma (GINA) guidelines [22] and 

were eligible to receive mepolizumab (100mg subcutaneously every 4 weeks) according to NICE 

guidelines (see online Supplement[16]). As part of eligibility criteria, all underwent adherence 

evaluations to standard of care inhaled treatment using digital monitoring technology,[23] 

medicines possession ratio, and number of rescue GC courses required. These data were 

retrieved through electronic healthcare prescribing records.[24] 

 
 
 
GTI Scoring 
 

The GTI [18] and it’s online application (GTI 2.0 app© 2016, 2018. Massachusetts General 

Hospital. All rights reserved [19]) were developed as a practical tool to systematically measure GC 

toxicity and assess change over time. The GTI captures the full sweep of GC toxicity and permits 

the app to apply systematically determined relative weights to each toxicity item. Development 

and validation of the GTI, including it’s minimal clinically important difference (MCID), have been 

reported previously.[18][19] In brief, the Cumulative Worsening Score (CWS) is an additive record 

of GC-related toxicities experienced by a patient from baseline. The score is always ≥0. A CWS of 

zero indicates that no new GC toxicities were present at V2. The higher the CWS, the greater the 

number of new toxicities encountered. The maximum possible CWS is 439. The Aggregate 

Improvement Score (AIS) records present toxicity, allowing both improvement and worsening. A 

positive score indicates increased total toxicity, whereas a negative score reflects reduced 

toxicity. The MCID for the AIS is -10.[19] The minimum AIS possible is -346, the maximum +439. 



 

 

Statistical analysis: 
 

Numbers and frequencies were reported for categorical variables. Continuous variables were 

reported as means with standard deviations (SD) or medians with interquartile ranges [IQR], as 

appropriate considering their distributions. We calculated the differences between V2 and V1, as 

reported in Table 2. The distributions of these differences are normal. We therefore used 

paired t-tests to obtain the mean of the differences and their 95% CIs. We used a logistic 

regression model to examine the association between measures of GC use and the AIS MCID. We 

also assessed changes of each patient’s reported outcome in relation to the AIS MCID using the 

logistic regression model. This model was adjusted for age and sex. We provide the odds ratio 

and 95% confidence interval for each point estimate. We created a scatterplot of AIS against 

percentage reduction in GC exposure and calculated the Spearman correlation coefficient. For 

the data reported in Table 4, we divided the CWS into two categories, namely: CWS=0 and 

CWS>0. These categories signify, on one hand, no worsening of glucocorticoid toxicity between 

V1 and V2 and, on the other, the development of new toxicity between these time points. We 

then examined the relationships of measures of GC use as well as the patient reported 

outcomes to CWS worsening using logistic regression, adjusted for age and sex. Statistical 

analysis was undertaken on SPSS version 25 (IBM, Chicago, IL). 

 
 

Results 
 

Between April 2017 and November 2019, GTI assessment was undertaken on sequential patients 

commencing mepolizumab (n=101, Table 1, Table E1) and after 12 months treatment. Clinical 

disposition after 12 months mepolizumab is shown in figure 1. Of the 83 participants on 

maintenance prednisolone, 30/83 withdrew prednisolone completely and 32/83 had HPA axis 



 

 
 

suppression precluding complete withdrawal, with only 21/83 requiring maintenance 

prednisolone for asthma control. 

The cohort’s baseline systemic GC exposure was substantial, consistent with NICE access 

requirements for biologic therapy eligibility.[16] Eighteen (18/101) participants had ≥4 GC rescue 

courses in the 12 months preceding mepolizumab therapy with the remainder on maintenance 

prednisolone (Figure 1). In the year before V1, median GC exposure was 4280mg 

prednisolone/year [3082.5, 5475.0] (median daily dose 11.7 mg prednisolone/day [8.4, 15.0]), 

reducing to 2450 mg prednisolone/year [1242.5, 3360] (median daily dose 6.7mg 

prednisolone/day [3.4, 9.2]) on mepolizumab at V2 (p<0.001), representing a median 44.5% [34, 

64] reduction in cumulative GC exposure. Comparing the 12 months prior to commencing 

mepolizumab (V1) with the 12 months on mepolizumab treatment (V2), asthma exacerbations 

declined (5 [2, 7] vs 1 [0, 2], p<0.001) with an 88% reduction in Emergency Department visits and 

72% reduction in hospital admissions. There was no difference in pre-bronchodilator spirometry 

or FeNO between V1 and V2 (Table 2, Table E2). 

 
 

 
Toxicity change 
 

Change in specific toxicities are displayed in Table 2 and Table E2. Mean BMI declined between 

V1 and V2 with 38% (38/101) of patients having a reduced BMI, 5% (5/101) an unchanged BMI 

and 57% (58/101) an increased BMI at V2. The correlation between BMI change and percentage 

reduction in prednisolone exposure was not significant (rho=0.14, p=0.18). 

Glycaemic control: On commencing mepolizumab, 13 patients were prescribed anti-diabetic 

medication with a significant fall in HbA1c seen at V2 (Figure E1). Of the 88/101 patients not 

known to have diabetes at V1, 64.8% (57/88) had an HbA1c in the normal range, 27.3% (24/88) 



 

 

had an HbA1c in the high-risk pre-diabetic range and 8% (7/88) in the diabetic range. There was 

no significant correlation between change in HbA1c and percentage reduction in cumulative GC 

exposure. 

Lipids: Twenty-seven (26.7%) of the cohort received anti-lipid medication at V1 with median LDL 

concentrations of 2.8 mmol/L [1.6, 3.8] and 2.4 mmol/L [1.5, 3.2] at V2, (p=0.07); 24/27 patients 

had no change in anti-lipid medication, 2/27 had a decrease and 1/27 had an increase in anti- 

lipid medication from V1-V2. There was no correlation between LDL and percent change in 

cumulative GC exposure from V1 to V2. 

Infection: In the 12 months prior to starting mepolizumab, 18.6% (18/97) of patients had 

candidiasis (oral or vaginal) or herpes zoster without neuralgia or ophthalmic involvement 

declining to 5% (5/101) at V2 (p=0.002). Herpes zoster with neuralgia or eye involvement was 

described in 2 patients in the twelve months before V1, but no cases were identified between V1 

and V2. In the 12 months prior to initiation of mepolizumab therapy, 18.8% (19/101) patients 

had at least one hospitalisation for infection. This percentage declined to 7.9% (8/101) at V2, 

p=0.04. 

Skin: A significant reduction in skin toxicity was apparent at V2. Acneiform rash was reported by 

6/101 patients at V1 and 2/101 at V2 (p= 0.046); easy bruising by 68/101 patients at V1 and 

54/101 at V2 (p=0.003); and striae by 35/101 at V1 and 20/101 at V2 (p=0.003). Of the 58 female 

patients in this cohort, 25 (43.1%) had hirsutism at V1 but only 9 (15.5%) at V2 (p=<0.001). 

Neuropsychiatric: The most common toxicity at mepolizumab initiation was neuropsychiatric 

disturbance. Depressive symptoms were highly prevalent at baseline and continued to be an 

important issue through to V2 (Table E3). At V2, 45/101 (44.6%) patients reported fewer 

depressive symptoms and only 5/101 (5%) reported increased symptoms. 



 

 
 

Mood disturbance of irritability or mood elevation improved at V2, with 43/101 (42.6%) patients 

reporting mood improvement and only 8/101 (7.9%) reporting worsening mood disturbance. 

Two patients had experienced previous psychotic episodes whilst receiving high dose GCs at V1, 

there were no episodes described at V2. 

The majority of patients (56/101, 55%) reported some degree of insomnia at initiation of 

mepolizumab. At V2, 30.7% (31/101) had improved insomnia and 8.9% (9/101) had worsened 

insomnia symptom. (See Table E4 for further detail on neuropsychiatric change). 

 
 
 
Patient-reported outcomes 
 

Changes in PROMs are shown in Table 2 and Table E5. For ACQ5, 59% (58 of 98 paired 

questionnaires) of patients met or exceeded the ACQ5 MCID (≥0.5), and 60% (58/96) and 71% 

(68/96) met the MCID for the mini-AQLQ and St George’s respiratory questionnaire respectively. 

At V2, patients reported improvement in their overall health status measured with ED5L5D 

Health scale. 

Overall anxiety and depression scores improved at V2 (Table 2), 10% fewer patients were in the 

severe HADs category for anxiety (score ≥11) and 9% more were in the normal range. There was 

an 11% decrease in the number of patients in the HADs severe depression category (score ≥11), 

a 4% increase in the moderate category, and an 8% increase in the number of patients in the 

normal range. The GTI depression score correlated well with the HADs depression scores at V1 

(rho=0.6, p<0.001) and V2 (rho=0.53, p<0.001), (Table E6). 

There was a weak correlation between percentage prednisolone reduction and change in mini- 

AQLQ (rho=-0.25 p=0.015), however, no correlation with change in ACQ5, SGRQ, HADs 

depression or HADs anxiety scores. 



 

 

 

 

Quantifying change in toxicity over time 
 

The mean AIS for this cohort was -35.7 (SD 57.8). The degree of toxicity change varied widely at 

the individual patient level (AIS range -165 to +130, Figure 2). A reduction in toxicity (AIS <0) was 

seen in 70% (71/101) of the cohort, while 3% (3/101) had no change (AIS = 0) and 27% (27/101) 

an increase (AIS ≥1). AIS did not correlate with baseline GC-associated toxicity score or change in 

PROMs (Figure E2). Toxicity change (AIS) did not have a significant linear correlation with oral GC 

reduction from V1 to V2 when measured as percentage reduction in GC, cumulative reduction in 

GC (mg) or reduction in GC rescue courses (Figure E3). 

Of the 101 patients, 62 patients met the AIS MCID of ≤-10 (mean AIS -71.4 (37.2), range -165 to - 

10, Figure 2) and 39 patients did not (mean AIS 21.1 (34.3), range -9 to +130). Participants who 

met the MCID had fewer GC rescue courses for exacerbations at V2 (1 rescue course [0, 2] versus 

2 rescue courses [0, 3], OR 0.73 (95% CI 0.55,0.98), p=0.04) and a greater percentage reduction 

in prednisolone exposure from V1 to V2 (48.6% [34.8, 70.0] versus 40.8% [26.1, 57.2], OR 0.80 

(95% CI 0.66,0.96), p=0.02). However, the proportion of patients receiving maintenance GC and 

daily dose did not differ in those who met the MCID and those who did not (Table 3). Baseline 

GC-associated toxicity on commencing mepolizumab and change in PROMs did not differ in 

those who met the AIS MCID and those who did not (Table 3). 

Defining a ≥50% reduction in annual GC exposure from V1 to V2 as a clinically significant 

reduction, 32% (32/101) of patients did not meet this response threshold yet had a clinically 

meaningful reduction in GC-associated toxicity (AIS ≤-10), Figure 3, quadrant C. In addition, 12% 

(12/101) of patients who met this threshold of GC reduction did not reach the MCID for GC 

toxicity reduction (Figure 3, quadrant B). 



 

 
 

Of the 101 patients in the cohort, 38% (38/101) had a CWS of zero, indicating no new GC toxicity 

at V2. The remaining 62% (63/101) had a positive CWS, with individual scores ranging from 1 to 

167 (Figure 4). Neither baseline GC-associated toxicity nor oral GC reduction from V1 to V2 

correlated with the occurrence of new toxicities as measured by the CWS (Figure E4). 

When comparing the 38 patients with no new toxicities (CWS 0) and the 63 patients with new 

toxicities (CWS ≥1), there was no difference in the proportion of patients on maintenance 

prednisolone at V1 or V2 and no difference in GC reduction between the two groups (Table 4). 

Although there was no difference in the number of GC rescue courses for asthma exacerbations 

at V1, fewer exacerbations occurred in the group with no new toxicities at V2 (Table 4). Both 

groups, CWS of zero and CWS ≥1, reported improvement in asthma symptoms and reported 

QOL, with no difference between the groups. 

Duration of asthma was associated with risk of CWS worsening (odds ration=1.03, 95% CI: 1.00- 

1.06); however, no other demographic, anthropometric or baseline clinical factors were 

associated with the risk of CWS worsening. No associations were observed between these 

factors and AIS. 

 
 
 
 

 
Discussion 
 

Previous studies have provided evidence for an increase in adverse events on exposure to oral 

glucocorticoids, and in asthma, have provided evidence for an increase in GC-associated adverse 

events in oral GC-exposed severe asthmatics when compared to matched-controls (both 

mild/mod asthmatics, and non-asthmatic individuals) [8][9][10][11]. Here, we prospectively 

evaluated GC reduction with 12 months mepolizumab in a real-world SEA cohort, and related 



 

 

this to changes in GC toxicity and PROMs. The SEA cohort themselves acted as a control, with the 

comparison of baseline pre-biologics toxicity assessment, to toxicity assessment after 12 months 

treatment with a GC-sparing medication. There was substantial reduction in GC requirement, 

with the majority of patients having significant GC-related toxicity reduction and PROM 

improvement, however the relationship between GC reduction and toxicity change was not 

linear. 

Prior to initiation of mepolizumab, this cohort received substantial asthma treatment (Table 1), 

yet continued to have evidence of T2 cytokine driven disease. In keeping with clinical 

trials,[1][12] this real-world cohort had mepolizumab-enabled reduction of asthma 

exacerbations, hospitalisations, ED visits and a 44.5% reduction in 12-month cumulative GC 

exposure. 

Whilst this considerable reduction in GC led to a statistically significant reduction in BMI, systolic 

BP, lipid profile and HbA1C, the overall changes were small and the clinical significance may 

seem questionable. However, it is recognised that elevation of these markers of vascular and 

metabolic dysfunction represents a cumulative continuum of risk,[25][26][27] therefore even 

small reductions may be beneficial. In addition, GC exposure is not the only influence on these 

measures, with calorie intake, exercise and daily activity reflecting complex behavioural and 

social habits emerging over years of having severe asthma and substantial GC exposure. These 

factors may be more challenging to modify, and biologic-induced GC reduction may need 

coupled with exercise programmes and dietary education to modify behaviour and facilitate 

reduction of metabolic risk. Medications to manage risk factors play a role, though importantly, 

GTI scoring takes medication changes into consideration when calculating toxicity change. 



 

 
 

Improvement in mood disturbance was common, with double the number of patients reporting 

no depressive symptoms at V2, and a halving of those reporting severe depressive symptoms. 

Significant improvement in mood disturbance/mania and insomnia were also apparent. The 

aetiology of improved mood is multifactorial; reduction in GC and improvements in disease 

control (ACQ5, SGRQ, mini-AQLQ) occur alongside improvement in overall health (EuroQol5D5L 

Health scale) and reduction of total toxicity burden in the majority of patients. 

Across the three respiratory PROMs, 60-70% of patients had improvement in symptoms that met 

the PROM MCID; there was a mean improvement in perceived overall health (ED5D5L health 

scale). The improvement in PROMs correlated neither strongly nor significantly with reduction in 

GC exposure or AIS toxicity change. 

The wide distribution in AIS reflects varied toxicity change at the individual patient level after 

introduction of mepolizumab. Although the majority of patients had a significant reduction in 

toxicities, 30% had no change or worsening overall toxicity which may not be surprising given 

that the median daily prednisolone dose at V2 was 6.7mg/day [3.4,9.2], a dose at which GC 

toxicity may continue to occur in some patients. 

Whilst these data demonstrate substantial reduction in GC exposure, reduction of total toxicity 

burden and improvement in PROMS in the majority of mepolizumab-treated patients, the 

relationships between these three outcome measures are complex. Those who met the AIS 

MCID had fewer GC rescue courses and a greater percentage GC reduction at V2 than those who 

did not, but reduction in GC dose did not correlate linearly with AIS. In fact, defining a 50% 

reduction in GC exposure as an adequate GC-sparing response to mepolizumab resulted in one 

third of this cohort being defined as “non-responders”, despite demonstration of a substantial 

improvement in GC toxicity. Figure E5 further illustrates the point that not all patients will derive 



 

 

the same degree of toxicity reduction benefit from a given reduction in oral glucocorticoid 

treatment. Furthermore, a greater reduction in GC did not equate to a reduced incidence of new 

GC-toxicities when on mepolizumab. 

Strengths of these data include the size of the severe asthma cohort, prospective data collection, 

and toxicity assessment using a standardized, validated instrument applied according to a 

specific protocol. Although components scored within the GTI were included as they are likely to 

exhibit change over the course of a reasonable period of clinical observation (e.g. between 3 

months and 3 years), as is demonstrated in this manuscript with many GC-associated toxicities 

improving, one potential limitation is the possibility that a time-lag from GC reduction to toxicity 

improvement may exist with some toxicities, and in fact, once present, some toxicities may not 

be reversible. We hope to address this with further longitudinal assessment of toxicity change 

using the GTI, and anticipate that many of those patients with HPA axis suppression will have 

adrenal recovery and be able to withdraw prednisolone completely. 

In summary, observation of toxicity in this GC-dependent cohort commencing a GC-sparing 

therapy shows a significant reduction in GC exposure, reduction in GC-toxicity and improvement 

in PROMS in the majority of patients. Toxicity change varies widely at the individual patient level 

and GC reduction is not a simple substitute for measuring toxicity change. As the purpose of GC- 

sparing agents is to reduce toxicities resulting from the GC, caution should be applied when 

solely using GC reduction as a measure of response to mepolizumab. 
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Table 1. Clinical and demographic features of patients with severe eosinophilic asthma on 

commencing mepolizumab (V1). 
 

Number of patients 101 

Age (years) 54.4 (11.9) 

Female 58 (57.4%) 

Smoking status 

Never smoker 60 (61.9%) 

Ex-smoker 35 (36.1%) 

Current smoker 2 (2.1%) 

BMI (kg/m²) 30.5 (5.8) 

Age at onset of asthma (years) 30 [14, 40] 

Atopic disease 47 (48.5%) 

GC rescue courses / 12 months 5 [2, 7] 

Cumulative prednisolone dose (mg) / 12 months 4280 [3085, 5475] 

ED visits / 12 months 120/39 patients 

Hospital admissions / 12 months 60/29 patients 

Ever been ventilated 14 (13.9%) 

FEV1 % Predicted* 68.9 (19.0) 

FEV1/FVC % 61.9 (14.6) 

FENO (ppb) 35 [20.3, 56.8] 

Blood Eosinophil (cells/µL) 280 [100, 600] 

Highest Blood Eosinophils (cells/µL) in medical record 860 [600, 1300] 

IgE (kU/L) 117.5 [42.3, 351.3] 

Bone density T score (Hip) -0.40 (1.1) 

Bone density T score (Spine) -0.72 (1.1) 

Daily prednisolone 83 (82.2%) 

Daily prednisolone dose (mg) (n=83) 10 [10,15] 

ICS Daily dose (BDP µg equivalent) 2000 [2000, 2000] 

Long acting Beta agonist 101 (100%) 

Long acting muscarinic antagonist 35 (36.5%) 

Leukotriene receptor antagonists 51 (51%) 

Theophylline 38 (38.4%) 

Nebulised bronchodilators 33 (34.4%) 

Maintenance macrolide 7 (7%) 

ACQ5 2.6 (1.3) 

Mini-AQLQ 3.6 (1.4) 

SGRQ 55.8 (20.9) 

Euro-QoL 5D5L Index 0.63 [0.4, 0.8] 

Euro-QoL 5D5L Health Scale 65 [50, 75] 

HADS Depression 6 [3, 11] 

HADS Anxiety 8 [5, 14] 

 

*Using GLI 2012 predictive values. Data are presented as mean (SD), median [IQR] and count (%). Further 

descriptive statistics for these variables can be found in Table E1. 



 

 
 

Table 2. Clinical and patient reported outcomes at baseline (V1) and after 12 months 

mepolizumab treatment (V2). 

 
 V1 V2 Toxicity change at V2 (95% CI) P 

Clinical Outcomes     

Total ED attendances last 12 months in 
number of patients 

120 in 39 15 in 10 -1.05 (-1.55, -0.55) <0.001 

Hospital admissions last 12 months 60/29 patients 17/11 patients -0.42 (-0.71, -0.14) 0.004 

FEV1 % Predicted 68.9 (19.0) 70.1 (21.7) 1.16 (-1.69, 4.01) 0.42 

FVC % Predicted 85.9 (16.0) 86.5 (17.4) 0.79 (-1.66, 3.25) 0.52 

FEV1/FVC 61.9 (14.6) 62.1 (16.9) 0.23 (-2.51, 2.97) 0.87 

FENO (ppb) 35 [20, 57] 38 [24, 68] 0.01 (-9.56, 9.58) 0.99 

Blood Eosinophils cells/µL 280 [100, 600] 60 [40, 100] -280 (-340, -210) <0.001 

BMI 30.5 (5.8) 29.9 (5.5) -0.66 (-0.27, -1.06) 0.002 

BP Systolic (mmHg) 130.3 (16.1) 129.3 (18.0) -0.96 (-3.58, 1.66) 0.003 

LDL (mmol/L) 2.8 (0.9) 2.6 (0.9) -0.14 (-0.25, -0.02) 0.02 

Total Cholesterol (mmol/L) 5.3 (1.1) 5.0 (1.1) -0.31 (-0.45, -0.17) 0.006 

HbA1c (mmol/mol) 41 [37,46] 39 [3543] -2.68 (-3.75, -1.62) <0.001 

Mini AQLQ Overall 3.6 (1.4) 4.5 (1.6) 0.88 (0.61, 1.16) <0.01 

SGRQ Overall 55.8 (20.9) 43.4 (23.2) -12.81 (-16.50, -9.12) <0.01 

ACQ 5total 2.6 (1.3) 1.7 (1.2) -0.89 (-1.15, -0.63) <0.01 

HADS: Anxiety 8 [5, 13.5] 7 [4,11] -1.02 (-1.68, -0.36) <0.01 

HADS: Depression 6 [3,11] 5 [2,10] -1.04 (-1.76, -0.32) <0.01 

ED5L5D Index value 0.63 [0.4, 0.8] 0.71 [0.4, 0.9] 0.05 (0.003, 0.10) 0.04 

ED5L5D Health scale 65 [50, 75] 75 [56, 85] 9.68 (5.87, 13.50) <0.01 

 
Mini-AQLQ and ACQ5: MCID 0.5 , SGRQ MCID: 4 units, HADS: 0-7=normal, 8-10 mildly disturbed, >11 psychiatric 

impairment. Data are presented as mean (SD), median [IQR] and count. Further descriptive statistics for these 

variables can be found in Table E2. 



 

 

Table 3. Associations of oral glucocorticoid use and patient reported outcomes with achieving 

AIS MCID (≤-10). 
 

  
AIS ≤-10 (n=62) 

 
AIS ≥-9 (n=39) 

Change across 
AIS MCID 

Crude OR 
(95% CI) 

Change across 
AIS MCID 

Age- sex adj. OR 
(95%CI) 

Glucocorticoid use across AIS 
MCID 

 

Median daily prednisolone (mg) V1 11.2 [8.4, 15.0] 12.3 [8.7, 14.6] 0.99 (0.94-1.04) 0.99 (0.94-1.04) 

Median daily prednisolone (mg) V2 6.5 [2.2, 8.5] 7.8 [4.0, 9.4] 0.96 (0.91-1.03) 0.96 (0.91-1.03) 

Receiving maintenance 
Prednisolone V1 

49 (79.0%) 34 (87.2%) 0.55 (0.18, 1.70) 0.58 (0.18-1.80) 

Receiving maintenance 
Prednisolone V2 

27 (43.5%) 25 (64.1%) 0.45 (0.20, 1.02) 0.40 (0.17, 0.96) 

Number of GC rescue courses V1 5 [2,7] 5 [3, 8] 0.96 (0.85, 1.08) 0.96 (0.85, 1.08) 

Number of GC rescue courses V2 1 [0,2] 2 [0,3] 0.73 (0.55, 0.98) 0.70 (0.52, 0.94) 

 
Decrease Annual prednisolone (mg) 

-1925 [-1400, -
2888] 

-1727.5 [-2527, - 
1200] 0.98 (0.94, 1.02) 0.98 (0.94, 1.01) 

% decrease Annual prednisolone 48.6 [34.8, 70.0] 40.8 [26.1, 57.2] 0.80 (0.66, 0.96) 0.80 (0.66, 0.97) 

Baseline GC-associated toxicity 
score 

165.5 [124, 211] 164 [129, 229] 1.00 (0.99-1.01) 1.00 (0.99-1.01) 

Change in patient reported 
outcomes 
across AIS MCID 

 

Mini-AQLQ 0.82 [-0.7, 1.6] 0.94 [0.03, -1.7] 0.91(0.67, 1.23) 0.93 (0.68, 1.28) 

SGRQ -13.3 [-23.4, -4.6] -9.9 [-15.8, 4.6] 0.99 (0.97, 1.01) 0.99 (0.96, 1.01) 

ACQ5 -0.6 [-1.4, 0.0] -0.8 [-2.2, 0.0] 1.26 (0.91, 1.75) 1.29 (0.92, 1.81) 

HADs Anxiety -1.0 [-3.0, 0.8] -1.0 [-2.0, 1.5] 0.94 (0.83, 1.07) 0.95 (0.83, 1.08) 

HADs Depression -1.0 [-3.0, 1.0] -1 [-2.0, 0.3] 0.95 (0.85, 1.07) 0.94 (0.84, 1.06) 

EQ5L5D Index Value 0.0 [-0.08, 0.1] 0.02 [-0.06, 0.1] 1.29 (0.24, 6.86) 1.43 (0.26, 7.99) 

EQ5L5D Health scale 5 [-1, 16.3] 12 [-4, 24] 1.00 (0.97, 1.02) 1.00 (0.97, 1.02) 



 

 
 

Table 4 Associations of oral corticosteroid use and patient reported outcomes with the risk of developing new GC-
toxicities (CWS 
≥1) 

 
  

CWS 0 n=38 
 

CWS ≥1 n=63 

Change across CWS 
0 and ≥1 

Crude OR (95% 
CI) 

Change across CWS 0 
and ≥1 Age- sex adj. 

OR (95%CI) 

Glucocorticoid use across CWS 
of 0 and CWS ≥1. 

 

Median daily prednisolone (mg) V1 11.2 [9.0, 16.7] 11.7 [8.1,14.6] 0.99 (0.95, 1.04) 1.00 (0.95, 1.05) 

Median daily prednisolone (mg) V2 6.71 [3.83, 9.88] 6.71[3.07,9.06] 1.00 (0.94, 1.06) 1.00 (0.94, 1.06) 

Receiving maintenance 
Prednisolone V1 

32 (84.2%) 51 (81.0%) 0.80 (0.27, 2.34) 0.77 (0.26, 2.29) 

Receiving maintenance 
Prednisolone V2 

20 (52.6%) 32 (50.8%) 0.45 (0.20, 1.02) 0.40 (0.17, 0.96) 

Number of GC rescue courses V1 5.0 [2.0, 6.0] 5.0 [2.5, 7.0] 1.04 (0.92, 1.18) 1.05 (0.93, 1.19) 

Number of GC rescue courses V2 1.0 [0.0, 2.0] 2.0 [0, 2] 1.42 (1.03, 1.95) 1.44 (1.04, 2.01) 

Decrease Annual prednisolone 
(mg)(V2-V1) 

-1881 [-2806,-1374] -1760 [-2723,-1393] 1.01 (0.98, 1.05) 1.01 (0.97, 1.05) 

% decrease Annual prednisolone -42.0 [-62.9, -34.2] -44.6 [-66.7, -32.2] 1.01 (0.85, 1.20) 1.01 (0.85, 1.29) 

Baseline GC-associated toxicity 
score 

168 [124, 190] 165 [129, 235] 1.00 (1.00, 1.01) 1.00 (1.00, 1.01) 

Change in PROMs across 
CWS of 0 and CWS ≥1. 

 

Mini-AQLQ 0.77 [0.1, 1.5] 1.0 [-0.1, 1.8] 1.01 (0.75, 1.38) 1.03 (0.75, 1.41) 

SGRQ -14.0 [-21.0, -5.3] -11.2 [-20.9, 2.9] 1.01 (0.99, 1.03) 1.01 (0.98, 1.03) 

ACQ5 -0.6 [-1.8, -0.2] -0.6 [-1.8,0.0] 1.04 (0.76, 1.43) 1.02 (0.74, 1.41) 

HADS anxiety -1.0 [-2.5, 1.0] -1.0 [-3.0, 0.5] 0.97 (0.85, 1.10) 0.96 (0.84, 1.09) 

HADS depression -1.0 [-3.0,1.0] -1.0 [-3.0,1.0] 1.03 (0.91, 1.15) 1.02 (0.90, 1.14) 

ED5L5D Index value 0.0 [-0.05, 0.2] 0.0 [-0.07, 0.1] 0.44 (0.08, 2.32) 0.51 (0.09, 2.77) 

ED5L5D Health Scale 7.5 [-5.0, 20.0] 10 [ 0, 20] 1.01 (0.98, 1.03) 1.01 (0.99, 1.04) 



 

 

Figure 1. Clinical outcome of cohort and oral glucocorticoid exposure (n=101) from baseline (V1) and after 12 months 

mepolizumab (V2). 
 
 
 
 

  



 

 
 

Figure 2. Distribution of aggregate improvement score across the cohort (n=101): (70% (71/101) of patients had an AIS of less than 

zero, 3% (3/101) an AIS of zero and 27% (27/101) an AIS of greater than zero). 
 
 
 
 
 



 

 

Figure 3. AIS and reduction in annual prednisolone. Quadrant A: less than 50% reduction in 

prednisolone and AIS >-10. Quadrant B: Greater than 50% reduction in prednisolone and AIS>- 

10. Quadrant C: less than 50% reduction in prednisolone and AIS≤-10. Quadrant D: Greater 

than 50% reduction in prednisolone and AIS≤-10 
 
 

 



 

 
 

Figure 4. Distribution of Cumulative worsening scores across the cohort (n=101). The median 

CWS was 18 [0, 30], range 0-167. 
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Supplementary statistical analysis: 
 

 
Statistical analysis of the data was undertaken on SPSS version 25 (IBM, Chicago, IL). Categorical variables are 

summarized using counts and percentages. The association between baseline GC toxicity and AIS was 

examined using linear regression models, mean AIS for each quartile of baseline GC toxicity was compared 

both unadjusted and adjusted for age and sex. Pearson and Spearman’s correlation coefficients were 

calculated for parametric and non-parametric data, respectively. The threshold for statistical significance 

throughout was a p value of less than 0.05. 



 

 
 

Development of the GTI 

 
The original version of the GTI (GTI 1.0) underwent preliminary validation by a multi-specialty group of 

nineteen physician experts(E1). These experts represented ten medical subspecialties: pulmonary medicine, 

rheumatology, paediatric rheumatology, nephrology, neurology, ophthalmology, dermatology, infectious 

disease, maternal-fetal medicine and psychiatry. The investigator group, which included 10 researchers from 

the United States and 9 from Europe, Canada, or Australia, employed group consensus methods and multi- 

criteria decision analysis(E2). 

 

A full explanation of how the items required to give a complete quantification of GC-related toxicity were 

determined is outlined in reference E1. In brief, items to be included in the GTI scoring were determined on 

the following principles: 1) they occur commonly in GC-exposed patients (≥5% of such patients); 2) they are 

independent of other items in the GTI; 3) they are more likely to result from GC-exposure than from the 

underlying disease; 4) they are likely to change over a short period of time (i.e., to either improve or worsen 

over a period of at least three months); 5) they can be measured simply and non-invasively. A small number of 

the measured variables may be outside the usual clinical measurements for a given disease, but these are easy 

to collect and important for assessing GC toxicity as part of routine care. For example, HbA1C is not usually 

measured in severe asthma clinic, but is required to measure total toxicity in severe asthma patients treated 

with GC. This is a reasonable test to consider as standard care of a patient on chronic GC. 

The GTI assigns relative weights that have been determined systematically to each toxicity item in the 

Composite Index. These weights were developed through multi-criteria decision analysis (MCDA)(E2) using pair- 

wise “forced-choice” methods within the 1000 Minds platform, all possible combinations of Composite Index 

items were ranked in order of toxicity severity. A point system reflecting the relative weight of each item in 

terms of toxicity was thereby derived. 



 

 

 

Scoring the GTI 
 

 
The fundamental principle with regard to the scoring approach is that an improvement in GC toxicity is given 

the same absolute weight as a worsening of GC toxicity of the same (but opposite) magnitude. GTI 2.0 uses the 

same positive weights derived in the initial GTI validation study and is the version now used in multi-center 

clinical trials. This approach generated two scores from the Composite Index data called: 1) the Aggregate 

Improvement Score (AIS); and, 2) the Cumulative Worsening Score (CWS). These scores and their rationales, 

outlined briefly below. 

 

Aggregate Improvement Score (AIS) - In a disease such as GC-dependent asthma in which patients often have 

some baseline GC toxicity when starting a new treatment, the AIS is important in establishing that the new 

therapy is effective at diminishing any GC toxicity over time. With the AIS, toxicities are removed if they 

improve or resolve completely over longitudinal follow-up. Toxicities can also be added to the AIS over time if 

new or worsened GC toxicities occur. With the AIS, improvement in GC toxicity has the same absolute value as 

does worsening to the same degree in the opposite direction. 

 

As an example, an increase in the body mass index (BMI) more than 5 BMI units to a BMI of greater than 25 is 

associated with an increase in the GTI score of +36 points. Conversely, a decrease in BMI of more than 5 BMI 

units towards a normal BMI is associated with an improvement in the score of -36 points. Thus, improvements 

in GC toxicity occurring over longitudinal follow-up are indicated by negative AIS values. If a new treatment 

agent facilitates reduced GC toxicity over time, the AIS will decrease over time. 

 

Cumulative Worsening Score (CWS) - On the other hand, documentation of cumulative GC toxicity that occurs 

over the course of the trial or introduction of a new treatment is important, even if some toxicities are 

transient. The CWS is designed to assess the summative GC toxicity, regardless of whether the toxicity has 

lasting effects or resolves with time. New toxicities that occur are added to the CWS total, but toxicities that 



 

 
 

resolve on follow-up are not removed. The CWS serves as a lasting record of any GC toxicity that has occurred, 

and can only increase or remain the same over time. Further information on the individual items scored in the 

GTI can be found in the supplement to reference E3. 

 

Patient-Reported Outcome Measures in Severe Prednisolone-dependent Asthma 

 
Patient-reported outcome measures (PROMs) in this study addressed change in quality-of-life and asthma 

severity. 

 

Quality of life. The EuroQoL-5L5D Health scale is a visual analogue scale with which patients report their 

overall health,(E4) 100 is the best health possible and 0 reflects the worst overall health. The EuroQoL-5L5D 

Index value reflects impairment of activities of daily living, the closer the score is to 1, the less the impairment 

of daily living. The change in Index Value following an intervention allows evaluation of the health economics 

of the intervention through calculation of quality-adjusted life years. 

 

The impact of asthma on quality of life was measured by mini-Asthma Quality of Life Questionnaire (mini- 

AQLQ) and St. George’s Respiratory Questionnaire (SGRQ). (E5)(E6) The mini-AQLQ consists of 15 questions 

scored on a scale of between 0 and 7, a lower score reflects greater impairment with MCID being met when 

the mini-AQLQ improves by 0.5 or more. The SGRQ assesses the impact of disease over the preceding 12 

months, the higher the score the greater impact disease has on quality of life. The MCID is a score reduction 

of 4 units. 

 

Asthma control. Asthma control was assessed by the five item asthma control questionnaire.(E7) An ACQ5 

score of 0.75 reflects adequate asthma control, whereas a score of 1.5 or over signals inadequate asthma 

control. The MCID is a reduction in ACQ5 score of 0.5 or greater.(E8) 



 

 

Anxiety and Depression. The Hospital Anxiety and Depression score (HADs) is a validated tool with outputs that 

quantify anxiety and depression. A score of 0-7 is defined as normal, 8-10 indicates mild anxiety and 

depression, 11 or more suggests requirement for psychiatric assessment.(E9)(E10) 

 
 

Oral GC weaning on commencing mepolizumab 

 
After 12 weeks on mepolizumab, participants receiving maintenance oral glucocorticoids (GC) for asthma 

control began a process of GC weaning in a step-wise manner. Weaning was based on clinical response 

(symptoms and exacerbation history) until a dose of 5mg prednisolone/day, at which time hypothalamic- 

pituitary-adrenal (HPA) axis function was checked using 9am cortisol and short Synacthen testing given the 

high prevalence of HPA axis suppression in those treated with oral GCs. Further weaning was based on 

adequate HPA axis function, until complete GC withdrawal. 



 

 
 

Table E1. Additional descriptive statistics for the clinical and demographic features of patients with severe 

eosinophilic asthma on commencing mepolizumab (V1). 

 

 
n Minimum Maximum Mean 

Std. 

Deviation 
Median 

Percentiles 

25 75 

Age (years) 101 18.0 76.0 54.4 11.9 55.0 47.0 63.0 

BMI (kg/m²) 101 18.4 48.1 30.5 5.8 30.1 26.4 35.0 

Age at onset of asthma (years) 95 2 70 28.7 17.4 30 14 40 

GC rescue courses / 12 months 101 0 14 5.0 3.3 5 2 7 

Cumulative prednisolone dose 

(mg) / 12 months 

101 1400 22460 4773.4 3043.2 4280 3085 5475 

ED visits / 12 months 100 0 14 1.2 2.5 0 0 1 

Hospital admissions / 12 months 100 0 10 0.6 1.4 0 0 1 

FEV1 % Predicted 100 36.3 110.7 68.9 19.0 68.1 54.2 84.6 

FVC % Predicted 98 48.4 120.1 85.9 16.0 84.7 74.8 96.9 

FENO (ppb) 100 16 281 49.1 47.7 35 20.3 56.8 

Blood Eosinophil (cells/µL) 101 0 1850 360.0 320 280 100 600 

Highest Blood Eosinophils 

(cells/µL) in medical record 

101 0 16660 1190 1680 860 600 1300 

IgE (kU/L) 100 2.0 10899.0 416.5 1174.1 117.5 42.3 351.3 

Bone density T score (Hip) 94 -3.00 3.30 -0.40 1.1 -0.30 -1.13 0.30 

Bone density T score (Spine) 94 -3.70 2.70 -0.72 1.1 -0.80 -1.43 0.03 

Mean Daily prednisolone 

dose/12 month period (mg) 

101 3.8 61.5 13.1 8.3 11.7 8.4 15.0 

ICS Daily dose (BDP µg 

equivalent) 

100 800 4000 1883.6 462.3 2000 2000 2000 

ACQ5 101 0.0 5.8 2.6 1.3 2.6 1.8 3.5 

Mini-AQLQ 100 1.0 6.7 3.6 1.4 3.6 2.5 4.8 

SGRQ 99 7.2 94.7 55.8 20.9 57.5 40.0 70.4 

Euro-QoL 5D5L Index 99 -0.47 1.00 0.60 0.31 0.63 0.41 0.8 

Euro-QoL 5D5L Health Scale 96 15 100 62.4 19.3 65 50 75 

HADS Depression 101 0 19 6.9 4.7 6 3 11 

HADS Anxiety 101 0 20 8.8 5.3 8 5 14 



 

 

Table E2. Additional descriptive statistics for the difference in clinical and patient reported outcomes from 

baseline (V1) to 12 months mepolizumab treatment (V2). 

 
 N Minimum Maximum Mean Std. 

Deviation 

Median Percentiles 

Valid 25 75 

Total ED attendances last 

12 months in number of 

patients 

 
100 

 
-14 

 
3 

 
-1.05 

 
2.52 

 
0 

 
-1 

 
0 

Hospital admissions last 12 
months 

99 -10 2 -0.42 1.42 0 0 0 

FEV1 % Predicted 100 -33.3 46.0 1.16 14.37 1.6 -6.5 9.3 

FVC % Predicted 96 -25.1 41.1 0.79 12.11 1.0 -6.6 7.4 

FENO (ppb) 99 -137 273 0.01 46.37 3 -12 18 

Blood Eosinophils cells/µL 101 -1790 550 -280.00 320.00 -210 -490 -40 

BMI 100 -8.2 4.4 -0.66 1.99 -0.6 -1.8 0.7 

BP Systolic (mmHg) 100 -53 37 -0.96 13.21 -2 -9 8 

LDL (mmol/L) 100 -1.9 1.6 -0.14 0.58 -0.1 -0.4 0.2 

Total Cholesterol (mmol/L) 100 -2.6 1.4 -0.31 0.70 -0.2 -0.7 0.1 

HbA1c (mmol/mol) 101 -33 6 -2.68 5.38 -2 -5 1 

Mini AQLQ Overall 96 -2.4 4.8 0.88 1.35 0.9 0.0 1.6 

SGRQ Overall 96 -68.2 25.7 -12.81 18.21 -12.0 -21.0 -0.4 

ACQ 5total 98 -5.0 4.0 -0.89 1.29 -0.6 -1.8 0.0 

HADS: Anxiety 97 -10 8 -1.02 3.27 -1 -3 1 

HADS: Depression 98 -11 9 -1.04 3.59 -1 -3 1 

ED5L5D Index value 96 -0.57 1.14 0.05 0.25 0.00 -0.07 0.16 

ED5L5D Health scale 91 -55 65 9.68 18.32 10 -3 20 



 

 
 

Table E3. Neuropsychiatric scores as assessed by the GTI at baseline (V1) and after 12 months 

mepolizumab treatment (V2). 

 
 Depression 

V1 (%) V2 (%) 

None 34 (33.7) 66 (65.3) 

Mild 15 (14.9) 9 (8.9) 

Moderate 11 (10.9) 7 (6.9) 

Severe 41 (40.6) 19 (18.8) 

 Mood disturbance/mania 

V1 (%) V2 (%) 

None 48 (47.5) 75 (74.3) 

Mild 11 (10.9) 11 (10.9) 

Moderate 14 (13.9) 8 (7.9) 

Severe 28 (27.7) 7 (6.9) 

 Insomnia 

V1 (%) V2 (%) 

None 45 (44.6) 68 (67.3) 

Without functional impairment 22 (21.8) 11 (10.9) 

With functional impairment 34 (33.7) 22 (21.8) 



 

 

Table E4: GTI 2.0: Changes in neuropsychiatric toxicity from V1 to V2. 

 
 
N=101 

V2 Depressive symptoms (%) 

V1 Depressive 

symptoms 

Severe Moderate Mild None Total (%) 

Severe 18 (43.9) 4 (9.8) 5 (12.2) 14 (34.1) 41 (40.6) 

Moderate 1 (9.1) 1 (9.1) 0 (0) 9 (81.8) 11 (10.9) 

Mild 0 (0) 0 (0) 2 (13.3) 13 (86.7) 15 (14.9) 

None 0 (0) 2 (5.9) 2 (5.9) 30 (88.2) 34 (33.7) 

Total (%) 19 (18.8) 7 (6.9) 9 (8.9) 66 (65.3) 101 

 V2 Manic mood disturbance (%) 

V1 Manic mood 

disturbance 

Severe Moderate Mild None Total (%) 

Severe 5 (17.9) 6 (21.4) 2 (7.1) 15 (53.6) 28 (27.7) 

Moderate 2 (14.3) 1 (7.1) 2 (14.3) 9 (64.3) 14( 13.9) 

Mild 0 (0) 0 (0) 2 (18.2) 9 (81.8) 11 (10.9) 

None 0 (0) 1 (2.1) 5 (10.4) 42 (87.8) 48 (47.5) 

Total (%) 7 (6.9) 8 (7.9) 11 (10.9) 75 (74.3) 101 

 V2 Insomnia (%) 

 
V1 Insomnia 

With functional 

impairment 

Without functional 

impairment 

None Total (%) 

Insomnia with 

functional impairment 
17 (50) 1 (2.9) 16 (47.1) 34 (33.7) 

Insomnia without 

functional impairment 
2 (9.1) 6 (27.3) 14 (63.6) 22 (21.9) 

None 
3 (6.7) 4 (8.0) 38 (84.4) 45 (44.6) 

Total (%) 22 (21.8) 
 

11 (10.9) 68 (67.3) 101 



 

 
 

Table E5: Change in patient reported outcomes across the whole cohort from v1 to V2. 

 
 

ACQ5 change:  

MCID met, improvement (≥0.5) 58 (59.2%) 

Improvement but less than MCID (0 to 0.4) 23 (23.5%) 

Worsening (≤0.1) 17 (17.3%) 

Mini-AQLQ change:  

MCID met, improvement (≥-0.5) 58 (60.4%) 

Improvement but less than MCID (0 to -0.49) 14 (14.6%) 

Worsening (≤0.1) 24 (25.0%) 

SGRQ change:  

MCID met, improvement (≥4) 68 (70.8%) 

Improvement but less than MCID (0 to 3.9) 5 (5.2%) 

Worsening (≤-0.1) 23 (24.0%) 

MCID: Mini-AQLQ and ACQ5: MCID 0.5 , SGRQ MCID: 4 units, 



 

 

Table E6: Change in Hospital Anxiety and Depression scores across the whole cohort from v1 to V2. 

 
HADs Anxiety score 
(n=97) 

Number of patients in HADs 
category at V1 

Number of patients at V2 

0-7 40 (41.2%) 49 (50.5%) 

8-10 20 (20.6%) 21 (21.6%) 

>11 37 (38.1%) 27 (27.8%) 

HADs Depression 

score (n=98) 

Number of patients at V1 Number of patients at V2 

0-7 55 (56.1%) 62 (63.9%) 

8-10 15 (15.3%) 19 (19.6%) 

>11 28 (28.6%) 17 (17.5%) 

HADS: 0-7=normal, 8-10 mildly disturbed, >11 psychiatric impairment 



 

 
 

Figure E1. Glycaemic control on commencing mepolizumab from baseline (V1) and after 12 months 

mepolizumab (V2). 
 



 

 

Figure E2: Correlation between toxicity reduction measured by AIS and change in (a) mini AQLQ from 

V1 to V2 (Spearman’s correlation=-0.039 p=0.71), (b) SGRQ from V1 to V2 (Spearman’s correlation=- 

0.18 p=0.088) and (c) ACQ 5 from V1 to V2 (Spearman’s correlation=-0.009 p=0.93), (d) HADS 

depression score from V1 to V2 (Spearman’s correlation=-0.17 p=0.10), (e) HADS anxiety score from 

V1 to V2 (Spearman’s correlation =-0.18 p=0.086). 

 
 

Figure E2 (a) 



 

 
 

 
 

Figure E2 (b) 

 
 
 

Figure E2 (c) 



 

 

 
 

Figure E2 (d) 

 
 
 

Figure E2 (e) 



 

 
 

Figure E3: Correlation between toxicity reduction measured by AIS and (a) percentage decrease in 

prednisolone exposure from V1 to V2 (Spearman’s correlation=-0.18, p=0.076), (b) and decrease in 

prednisolone exposure (mg) from V1 to V2 (Spearman’s correlation=-0.17, p=0.093) and (c) decrease in 

prednisolone GC rescue courses from V1 to V2 (Spearman’s correlation=-0.066, p=0.51). 
 
 

Figure E3 (a) 

 
 

Figure E3 (b) 



 

 

 
 

Figure E3 (c) 



 

 
 

Figure E4: Correlation between presence of new toxicities at V2 measured by CWS and (a) percentage decrease 

in prednisolone exposure from V1 to V2 (Spearman’s correlation=0.02, p=0.84), (b) decrease in cumulative 

prednisolone exposure (mg) from V1 to V2 (Spearman’s correlation=0.008, p=0.9) and (c) decrease in 

prednisolone GC rescue courses from V1 to V2 (Spearman’s correlation=0.04, p=0.69). 
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Figure E4 (c) 



 

 
 

Figure E5. Curve illustrating the percentage decrease in annual oral glucocorticoid dosing (X-axis) versus the 

probability of achieving the minimal clinically important difference (MCID) in the Aggregate Improvement Score 

of the Glucocorticoid Toxicity Index (Y-axis). The upper and lower bounds of the confidence intervals are shown 

by the shaded area. The curve, has wide confidence intervals, illustrating that percentage reduction of systemic 

glucocorticoid use is an inadequate indicator of glucocorticoid toxicity. 
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Discussion  
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i. Understanding residual OCS-requiring exacerbations in mepolizumab treated patients: 

‘A prospective observational study of the inflammatory profile of Mepolizumab 

Exacerbations in participants with severe refractory eosinophilic asthma (the MEX 

study)’. 

 

Manuscript: 

➢ McDowell PJ, Diver S, Yang F, et al. The inflammatory profile of exacerbations in 

patients with severe refractory eosinophilic asthma receiving mepolizumab (the 

MEX study): a prospective observational study. The Lancet Respiratory Medicine. 

2021; 9 (10):1174-1184 

 

Prior to the introduction of biological therapies, it was known that exacerbations in 

asthmatic patients were heterogeneous with regards to inflammatory profile of expectorated 

sputum at the time of exacerbation, with exacerbations being eosinophilic, neutrophilic or both 

(mixed eosinophilic and neutrophilic)26,27,28,29 and with different triggers being attributed to 

these exacerbation phenotypes  respectively.30 This heterogeneity in inflammatory phenotype 

of sputum is seen across the spectrum of asthma severity from mild exacerbations to status 

asthmaticus.26,27,28,29 

Post-hoc analyses of the phase III randomised-controlled trials of mepolizumab have 

compared exacerbations in mepolizumab-treated participants to those who received placebo 

and have shown that exacerbations are different in those who received mepolizumab compared 

to those given placebo.  The mepolizumab treated participants had a lower mean sputum 

eosinophil count, fewer symptoms and a smaller decline in peak flow at the time of 

exacerbation compared to placebo.31,32 It should be noted that in all the mepolizumab phase III 

clinical trials, asthma exacerbations were defined as OCS-requiring events, without published 

data on antibiotic use or symptoms at the time of exacerbation.21,22  

To date, there have been no studies providing a prospective, systematic assessment of the 

residual asthma exacerbations in severe asthma patients treated with mepolizumab. The aim of 

the Mepolizumab EXacerbation (MEX) study was to phenotype these residual exacerbations 
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by thorough clinical review, assessment of peak flow and symptoms diaries in the days prior 

to and following the exacerbation event, and collect blood, urine and sputum samples for 

further mechanistic exploration. 

The MEX study revealed that there are two essentially mutually exclusive inflammatory 

phenotypes underlying residual asthma exacerbations in mepolizumab treated patients, 1. 

eosinophilic exacerbations (SEHIGH, sputum eosinophil count ≥2%) and 2. non-eosinophilic, 

neutrophilic exacerbations (SELOW, sputum eosinophil count <2%).  The SEHIGH exacerbations had 

a lower FEV1, more obstructed spirometry, higher FeNO, higher blood eosinophils and high 

sputum eosinophils at exacerbation and contrasted with the SELOW exacerbation events which 

were FeNO low, more likely to be clinically assessed as infective exacerbations, with a higher 

CRP and a high sputum neutrophil count (≥65%). Compared to SEHIGH events, the SELOW 

exacerbation group had a two-fold increase in the number of viruses detected, a two-fold 

increase in the number of events with a bacteria detected on PCR over the threshold of 10^6 

genome copies per ml, and were significantly more likely to have a virus or bacteria ≥10^6 

genome copies per ml detected at the time of exacerbation. ACQ 5 was high in both groups, 

and 3 hospitalisations occurred in the SELOW group, indicating that the SELOW exacerbations 

were equally symptomatic and clinically significant events.   

It is known that both inhaled and oral corticosteroids are associated with an increase in 

sputum neutrophilia, however, it should be noted that there was a 28.3% (14.7, 45.8) increase 

in sputum neutrophilia in the SELOW exacerbation cohort from the stable to exacerbation state 

(Table E9), and that this increase in sputum neutrophilia occurred alongside an oral 

corticosteroid wean. Taken with the clinical picture of an infective process, alongside an acute 

increase in symptoms, it would seem fair to extrapolate that these are neutrophilic exacerbation 

events in the SELOW cohort and that background glucocorticoid treatment would not account for 

this sudden increase in sputum neutrophils. The percentage of sputum cells in sputum 

differentials were presented in this manuscript in keeping with conventional reporting of 

differentials in asthma literature, but percentage, absolute cell count (cells/g) and number of 

cells counted were all assessed by the authors. For instance, when considering delta change in 

neutrophils from stable to the exacerbation state as discussed above, the difference in sputum 

neutrophil count was SELOW 197.0 cells (122.0, 424.0) vs SEHIGH 33.0 cells (-87.0, 114.0) 

(p=0.002), the difference in % sputum neutrophils was SELOW 28.3% (14.7, 45.8) vs SEHIGH  

7.1% (-21.8, 20.5), (p=0.007), finally the difference in absolute cell count was SELOW 2.1 cells/g 
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(1.4, 10.4) vs SEHIGH 0.2 cells/g (-0.7, 0.7), (p=0.014). In summary, all of these indices reveal 

the same thing, the difference in sputum neutrophils from the stable to exacerbation state was 

significantly higher in the SELOW than the SEHIGH group.  

Fractional exhaled nitric oxide was highly differential between the SEHIGH and SELOW 

exacerbation subgroups with FeNO being significantly higher in those exacerbations that had 

high sputum eosinophils. FeNO was useful in discriminating between these two inflammatory 

phenotypes when high (≥50ppb), or low (≤20ppb), which accounted for 72% of exacerbations 

with a paired sputum differential cell count and FeNO at exacerbation. CRP at the time of 

exacerbation had a significant inverse correlation with sputum eosinophil count. We proceeded 

to further assess the discriminatory value of CRP around the median value cut point of ≤/> 

5mg/L and this was useful in discriminating inflammatory phenotype at exacerbation, with a 

CRP of ≤5mg/L associated with eosinophilic exacerbations (positive predictive value of 71% 

(95% CI 52.0, 85.8) and a CRP of >5mg/L having an 80.8% negative predictive value (95% 

CI 60.6, 93.4) for excluding a sputum eosinophil count ≥2% at exacerbation. Thus, CRP did 

not perform as well as FeNO in it’s positive predictive value of eosinophilic phenotype, or 

negative predictive value in excluding eosinophilic phenotype at exacerbation. 

We further explored whether CRP provided further discriminatory value in exacerbation 

phenotype in those with an intermediate FeNO (21-49ppb), but this was not the case. Although 

CRP did not perform as well as FeNO in predicting eosinophilic airways inflammation 

determined by sputum eosinophil count, CRP assessment at exacerbation in mepolizumab 

treated patients may have some utility where FeNO measurement is not available.  

Lastly, the MEX results also illustrate for the first time that assessing inflammatory 

phenotype using sputum eosinophils when stable on mepolizumab is not useful in predicting 

those who will proceed to exacerbate and those who will not.  Comparing those who were 

sputum eosinophil high and sputum eosinophil low when stable on mepolizumab, there was no 

difference in the proportion of participants that went on to exacerbate, and no difference in the 

rate of exacerbation between these two groups. There was no difference in the biological 

characteristics of exacerbators and non-exacerbators (namely FeNO, lung function, blood 

eosinophils, CRP and sputum cell differential), however, the cohort of patients who 

exacerbated had a higher pre-mepolizumab exacerbation rate, a higher number of emergency 

department attendances and were more symptomatic as reported by patient-reported outcome 
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questionnaires.  

As there is no previous prospective data assessing exacerbations in a cohort of 

mepolizumab treated SEA patients, this study adds substantially to current literature on the use 

of biologics in this population and has significant implications for clinical practice and further 

research: 

1.1 SELOW and SEHIGH exacerbations in mepolizumab treated SEA patients are essentially 

dichotomous events. The SELOW exacerbations were also clinically significant and the 

increase in viruses and bacteria detected via PCR in the SELOW events lends weight to 

the hypothesis of airways eosinopenia predisposing to an increased rate of airways 

infections.  The microbiological and clinical findings from the MEX study are 

supported by recent publications, including a  case series of four clinical cases outlining 

significant sputum eosinophil low, neutrophil high, infective events in SEA patients 

treated with anti-IL5 biologics.33 Additionally, a research letter outlining  20 

exacerbations from SEA patients receiving Benralizumab reported a significant 

increase in the rate of airways infection in sputum eosinophil deplete, neutrophil-rich 

exacerbations.34 

 

1.2 There is a wealth of evidence that eosinophilic inflammation is OCS responsive and 

that non-eosinophilic asthma has limited clinical response to OCS.  Taken together, this 

would suggest that SELOW exacerbations in mepolizumab treated patients are likely to 

have limited clinical response to OCS. It is noteworthy that 91% of unassessed 

exacerbations treated via General Practitioners or Personalised Asthma Action Plans 

resulted in participants receiving OCS for their increased asthma symptoms. As the 

extensive adverse events profile associated with OCS use is well described, and given 

the blanket use of OCS for increased asthma symptoms outside of specialist centres, a 

prospective randomised controlled trial of OCS versus placebo for non-eosinophilic 

exacerbations would be of benefit to clarify the benefit, or lack thereof, of OCS for 

these non-eosinophilic exacerbations. 
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1.3 Establishing differential treatment approaches for eosinophilic and non-eosinophilic 

exacerbations in SEA patients treated with biologics requires an accessible, point of 

care test to differentiate these inflammatory phenotypes. The MEX study showed that 

FeNO was a useful biomarker in inflammatory phenotyping in 72% of exacerbations. 

This technically easy, point of care test provides an accessible and immediate method 

of phenotyping at exacerbation assessment. C-reactive protein, symptoms review and 

clinical assessment are useful in phenotyping the exacerbations with an intermediate 

FeNO.  

 

1.4 The knowledge that exacerbations have dichotomous underlying inflammatory 

phenotypes which can be distinguished in an accessible way mandates the phenotyping 

of exacerbation events in mepolizumab treated patients as it is potentially harmful to 

switch patients having ongoing SELOW, neutrophilic, infectious exacerbations to a more 

eosinophil-depleting monoclonal therapy. In contrast, the presence of ongoing 

eosinophilic exacerbations in mepolizumab-treated exacerbations are likely to predict 

benefit from a more eosinophil depleting biologic.  

 

 

1.5 Macrolide antibiotics are known to have anti-inflammatory, anti-viral and antibacterial 

properties, and prophylactic macrolide use has been shown to be of benefit in reducing 

all causes of moderate to severe asthma exacerbations. In particular prophylactic 

macrolides have been associated with a decrease in infective exacerbations and a 

decreased in exacerbations requiring antibiotics.35 The addition of prophylactic 

macrolides to the treatment regime of patients with SEA who have non-eosinophilic 

exacerbations on mepolizumab therapy would therefore seem logical, but needs formal 

assessment in a randomised-controlled trial.  

 

1.6 Comparing those who had a sputum eosinophil count <2% and those ≥2%  when stable 

on mepolizumab, there was no difference in the proportion of participants that went on 

to exacerbate, or the rate at which they exacerbated.  Therefore, using sputum 
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eosinophil count when stable on mepolizumab as a predictor of response to 

mepolizumab, or as rationale for early biologic-switching, is not valid.  

 

 

 

Figure 1. Suggested treatment algorithm for managing patients with severe eosinophilic asthma treated with mepolizumab. 

 

In summary, the MEX data mandates the phenotyping of residual asthma exacerbations in 

all those with SEA who continue to exacerbate on mepolizumab, providing evidence that FeNO 

is a clinically useful phenotyping tool. Phenotyping residual asthma exacerbations is clinically 

important at the time of exacerbation to guide immediate treatment for the exacerbation, but is 

also important in informing on longer-term biologic management. Interpreting the MEX study 

in the context of current literature, this data suggests that both blanket use of OCS in the 

treatment of asthma exacerbations on mepolizumab, and random switching of biologics in 

those who continue to have exacerbations on mepolizumab, is potentially harmful.  Based on 

the findings of the MEX study, Figure 1 suggests an algorithm for managing SEA patients 

receiving biological therapy, however, further evidence would be useful to substantiate this 

algorithm including: 
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1. Phenotyping of exacerbations on mepolizumab with a randomisation of non-

eosinophilic/T2 low exacerbations to receive either OCS or placebo. Symptoms diaries, 

peak flow diaries and in the long term a quantification of OCS-induced toxicity would 

be useful in comparing recovery from exacerbation and the burden of OCS toxicity 

between those who receive OCS and placebo.  

 

2. Phenotyping of exacerbations on mepolizumab with a randomisation of non-

eosinophilic/T2 low exacerbators to receive either prophylactic macrolide therapy or 

placebo and observation of subsequent exacerbation rate between the macrolide and 

placebo groups would be useful in substantiating the use of macrolides in those with 

non-eosinophilic exacerbations.  

 

3. Replication of the MEX study in SEA patients treated with other T2-antagonising 

biologics (such as benralizumab, dupilumab and potentially tezepelumab) would be 

useful to profile the inflammatory characteristics of residual exacerbations with these 

biologics. Together, this data would enable the development of a much need, evidence-

based algorithm for commencing and switching biologics in SEA patients. 

 

4. Further studies of the samples from the MEX study (microbiome, transcriptomics, 

proteomics and urinary metabolites) may help to further understand the inflammatory 

mechanisms underlying the exacerbation phenotypes observed and may have the 

potential to identify new inflammatory biomarkers of the exacerbation phenotypes or 

biomarkers that can predict response to biological therapy.   

 

5. Further study of the role of eosinophils in airways immunity, in vitro and in vivo, would 

be of use to help elucidate if reduction in airways eosinophils is associated with an 

increase in airways infection. A differentiation of infective and non-infective 
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exacerbations in phase III clinical trials, including the reporting of both antibiotics and 

oral corticosteroid for increased asthma symptoms would be of use. 

 

On reflection of the MEX study, if this study were to be run again, I would include information 

about participants’ immune status (any immune system deficit, imaging results especially 

evidence of bronchiectasis) as this may be useful in assessing risk of infective, neutrophilic 

exacerbations. At the end of this exploratory study, it has also become evident how crucial 

sputum samples have been to the analysis and understanding of the mechanism of 

exacerbations. In light of this, if doing the study again, I re-enforce to all collaborating 

investigators the importance of getting a sputum sample from each study visit within the 

parameters of the standard operating procedure, and would also have an overview of sputum 

analysis across all sites earlier in the study to ensure that their threshold for including a sputum 

sample was not too high. When undertaking quality control assessments of sputum differentials 

from the collaborating sites at the end of study, it was apparent that the bar for assessing sputum 

samples as acceptable for analysis was very high with the usual sputum acceptability  of <30% 

squamous cells and >40% non-squamous cell viability, in MEX all sputum samples had a 

squamous cell count of <30%, and the mean non-squamous cell viability for all samples was 

73% (SD15), Figure E2.’ 
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6.  

ii. To describe GC-toxicity reduction at a population and individual patient level on 

commencing mepolizumab in a heavily steroid exposed, consecutive cohort of severe 

asthma patients using the Glucocorticoid Toxicity Index in routine care. 

 

 Manuscripts: 

➢ McDowell PJ, Stone JH, Zhang Y, et al. Quantification of Glucocorticoid-associated 

morbidity in Severe Asthma using the Glucocorticoid Toxicity Index. J Allergy Clin 

Immunol Pract. 2021;9(1):365-372 

 

➢ McDowell PJ, Stone JH, Zhang Y, et al. Glucocorticoid toxicity reduction with 

Mepolizumab using the glucocorticoid toxicity index. Eur Respir J 2021; in press 

(https://doi.org/10.1183/13993003.00160-2021) 

 

 

As described above, the T2-inhibiting biologic agents approved as add-on therapies for 

SEA patients impressively reduce, but do not completely negate OCS requirements. Despite 

the purpose of these novel agents being reduction of OCS to circumvent the risk of adverse 

events, the systematic quantification of OCS toxicity and toxicity change with reduced OCS 

exposure has been absent from clinical trials assessing the effectiveness of new steroid sparing 

agents. To have a context in which to interpret toxicity change after intervention with a steroid 

sparing agent, it is necessary to have an accurate measurement of OCS toxicity burden at an 

individual patient level prior to treatment with a steroid sparing agent, and to have a yardstick 

with which to measure a clinically significant toxicity change with treatment.  

 

The importance of understanding OCS toxicity reduction with steroid sparing agents 

and lack of a validated tool to measure these adverse events was recognised by a group of 

international investigators from a broad range of medical specialities who together developed 

and validated such a tool, the Glucocorticoid Toxicity Index (GTI).36 The purpose of the GTI 

https://doi.org/10.1183/13993003.00160-2021
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is to quantify toxicity change over time on the introduction of a steroid-sparing agent. A 

systematic assessment of the full range of toxicities is undertaken on commencing a steroid 

sparing agent, and repeated again after a designated treatment period. The severity of each 

toxicity is scored and pre-determined, weighted scores for each toxicity applied.36,37 The GTI 

was originally designed for randomised controlled trials of new steroids sparing agents, but as 

toxicity reduction is the key aim of using steroid-sparing agents in routine clinical care, it 

would be advantageous to systematically document toxicity change with a given agent at the 

individual patient level. The GTI is currently being used for OCS-toxicity quantification in 

over 20 studies, including randomised controlled clinical trials and routine care.  

 

With regards to clinical care, descriptions of OCS toxicities in asthma have been at a population 

level with summative reporting from national disease registries, medical insurance claims  and 

cohort studies.7,38,39,40,41,42  Although informative, population level reporting of toxicities is less 

useful for assessing the burden of toxicity present and extent of unidentified toxicities at the 

individual patient level in routine care. Further, prospective, systematic quantification of the 

toxicity burden prior to commencing biologics in the SEA cohort eligible for biologic therapy 

has not previously been reported, nor is it known how or if OCS toxicity burden changes on 

reduction of OCS facilitated by steroid sparing biological agents. Lastly, the definition of 

response to monoclonal antibodies used in the treatment of SEA has not yet been agreed upon. 

The question of how to measure a significant clinical response to these expensive therapeutic 

agents for severe asthma is an active one. Currently in the UK, the National Institute for Health 

Care Excellence (NICE) suggests clinical review up to one year after initiation of a biological 

agent and continuation of the biologic if there has been a ‘clinically significant reduction in 

OCS requiring exacerbations’ or ‘clinically significant reduction in continuous oral OCSs’, 

(50% reduction in the case of mepolizumab) but without any consensus on a definition of 

‘clinically significant reduction’ in either the number of exacerbations or reduction in 

continuous oral OCS, and no mention of OCS toxicity reduction43,44,45.  

 

To begin to understand OCS toxicity at an individual patient level in severe asthma, we 

used the validated GTI as a tool to assess toxicity burden in a biologic-naïve, consecutive cohort 

of 101 severe asthma patients eligible for mepolizumab therapy at a severe asthma specialist 

clinic in the UK.  
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This severe asthma cohort had significant OCS exposure within the preceding 12 

months; 82.2% received maintenance oral prednisolone and all had a substantial number of 

OCS-requiring asthma exacerbations (median of 5 [2,7]). This cohort had a considerable 

symptom burden and quality of life impairment as per patient reported outcome scores (mean 

Asthma Control Questionnaire-5 (ACQ-5),46,47 mini-Asthma quality of life questionnaire 

(mini-AQLQ)48 and Saint George’s respiratory questionnaire score (SGRQ).49 Given the scale 

of OCS exposure, it was unsurprising that this population had a high incidence of OCS-toxicity, 

the most common being neuropsychiatric disturbance (81.2%), skin toxicities (79.2%), 

elevated body mass index (69.3%), elevated blood pressure (67.3%), and impaired glucose 

metabolism (HbA1C ≥ 5.7% 65.3%, HbA1c ≥6.0% 43.5%). All patients had some degree of 

OCS toxicity reflected in their GTI scores,37 but with a wide distribution of toxicity seen at the 

individual patient level.  

 

Patient access guidelines define the need for steroid sparing agents on the basis of recent 

OCS exposure. However, in this biologic naïve cohort who met stringent national prescribing 

criteria in the UK, we show that OCS-toxicity described by the GTI score correlated only very 

modestly with recent cumulative prednisolone exposure. When performing multiple linear 

regression using variables thought to be clinically relevant to GTI toxicity (namely age, gender, 

cumulative OCS exposure in the last 12 months and patient reported outcomes (mini-AQLQ), 

only age and mini-AQLQ were significant contributors to GTI toxicity. Each increasing year 

of age was associated with an increase in GTI toxicity score, likely to in part reflect the 

importance of the duration of OCS exposure, rather than recent cumulative steroid exposure, 

and possibly an increase in background incidence of many OCS-toxicities with age.  

 

Understanding the minimal clinically important difference (MCID) is important to the 

application of any clinical instrument. The MCID for the GTI was calculated using data from 

patients used in the original GTI development37 and used a distribution-based (standard error 

of the mean) approach to estimate the MCID.50 We first calculated reliability of AIS evaluation. 

Specifically, a total of 34 different clinicians independently reviewed 15 “paper cases” of real-

life patients with GC toxicity. We calculated the intra-class correlation coefficient (ICC) for 

the GTI scores. Second, we calculated the standard deviation (SD) of AIS assessed at the 

follow-up visit. We then estimated SEM using the following formula: SEM = SD * √1 − 𝑖𝑐𝑐 , 

where SD is the standard deviation of the AIS measurement at follow-up and ICC is the 
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reliability measure of AIS assessment. Thus, the SEM can be interpreted as the smallest 

difference likely to reflect a true difference (as opposed to a measurement error).  Definition 

of this MCID will be important for interpreting the GTI results in both randomised controlled 

trials and routine care. The online GTI 2.0 application (GTI 2.0 app© 2016, 2018. 

Massachusetts General Hospital. All rights reserved) was developed using the data from this 

SEA cohort, and facilitates GTI scoring with data simply needing put in to data fields, thus 

facilitating data collection, historical recording of individual patient’s toxicities and an output 

of the GTI score; reducing user-error and enabling the handling of vast amounts of anonymised 

data.  

 

For the first time, this work: 

1.1 Prospectively and systematically quantifies the burden of OCS toxicity as a cohort and at 

the individual patient level in a cohort of SEA patients eligible for biological therapy, 

describing the variation in toxicity at the individual patient level. 

 

1.2 Elicits factors that most influence OCS toxicity and challenges previously held assumptions 

that, in general, OCS toxicity is highest in those with greatest OCS exposure. 

 

1.3 Describes the extent of OCS toxicity within such a SEA population, highlighting the need 

for active consideration of toxicity risk and management within routine care. 

 

1.4 Describes the calculation of the minimal clinically important difference of toxicity change 

using a tool that is being employed across many clinical studies and routine care. 

 

1.5 Facilitated the development of the GTI online application which will simplify use of the 

GTI as a research tool. 

 

To further this work of OCS toxicity quantification, we used the Glucocorticoid Toxicity 

Index (GTI) in the same SEA cohort to evaluate OCS toxicity after 12 months treatment with 

mepolizumab as described in the manuscript ‘Evaluation of Glucocorticoid Toxicity Reduction 

with Mepolizumab using the Glucocorticoid Toxicity Index’. Change in OCS toxicity was 

compared to change in annualised cumulative GC reduction and change in patient reported 

outcome measures (PROMs). 
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This SEA cohort with substantial chronic OCS exposure saw an impressive reduction in 

cumulative OCS exposure in their first year of mepolizumab treatment (median 45% reduction) 

through both a reduction in OCS requiring asthma exacerbations and maintenance OCS 

reduction.  

For the population as a whole, changes in individual toxicities were seen and are outlined 

in detail in the manuscript, but neuropsychiatric were the most remarkable. In this cohort, 41% 

reported depressive symptoms, 28% severe manic mood disturbance and 34% severe insomnia 

on commencing mepolizumab, compared to 19% reporting severe depressive symptoms, 7% 

severe manic mood disturbance and 22% severe insomnia after 12 months mepolizumab and 

corresponding OCS reduction. Cutaneous and infective toxicity changes were also impressive.  

The markers of cardiovascular risk also significantly improved in the first year of treatment 

with mepolizumab, albeit more modestly. 

Significant improvement in patient reported PROMs were seen, with between 60-70% 

meeting the MCID for improvement in asthma-symptom and asthma-related quality of life 

PROMs (ACQ-5, mini-AQLQ, SGRQ) from commencing mepolizumab to assessment after 12 

months treatment. Anxiety and depression scores reported via the Hospital Anxiety and 

Depression score51 (HADs) improved, with changes in HADs depression scores correlating 

well with the GTI depression scores. The improvement in patient symptoms and quality of life, 

as reported by PROMs, did not correlate with reduction in prednisolone exposure, bar a weak 

correlation with mini-AQLQ.  

Following 12 months mepolizumab therapy and reduction in OCS exposure, a reduction in 

OCS-associated toxicity, as reflected by the Aggregate Improvement Score (AIS), was seen in 

the majority of patients (70%). Sixty-two percent of the cohort had a clinically significant 

toxicity improvement with AIS ≤-10, this group had fewer OCS-requiring exacerbations and 

slightly larger percentage reduction in prednisolone. However, using a 50% reduction in 

prednisolone requirements as a definition of response excluded a third of the cohort from being 

defined as ‘responders’ despite having a clinically meaningful reduction in OCS toxicity.  

Over 60% of the cohort had at least some new toxicity recorded after 12 months 

mepolizumab therapy, despite a reduction in OCS. The presence of new toxicities did not 

correlate with GC reduction. Improvement in PROMs did not differ between those who had 

new toxicities recorded and those who did not.  

For future studies, it may be worth looking at adjusting an individual’s steroid dose for their 
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weight and assessing if this affects the association between OCS dose and toxicity. However, 

as the mean BMI in this cohort is high at 30.5 (5.8) kg/m2, and the median dose of prednisolone 

at v2 is relatively low at 6.7mg prednisolone/day (3.4, 9.2), one may not expect to see a 

significant change when toxicity-GC dose is controlled for weight. All participants were 

receiving high dose ICS, but it may also be worth considering if any patients were receiving 

steroid drops for nasal polyposis. 

 

Precise quantification of OCS-associated toxicity and change on the introduction of an 

OCS-sparing agent is new to the literature, challenging previously held clinical assumptions 

and presenting new research questions: 

 

1.1 This work shows that at the end of 12 months of mepolizumab therapy, a cohort of OCS-

dependant SEA population have a significant reduction in OCS requirements, improvement 

in OCS toxicities and improvement in PROMs, but that the relationship between these 

outcomes is not directly proportional. Of particular importance, the degree of cumulative 

OCS reduction did not correlate strongly with reduction in OCS-related toxicities, or with 

a reduction in the development of new toxicities over the 12 month period.  

 

1.2 The mean change over the year is described for each individual OCS toxicity revealing 

those that are most sensitive to change with OCS reduction, and those that may require 

other interventions, such as behaviour modification, to maximise risk reduction.  

 

1.3 Most of this cohort had a fall in total toxicity burden with OCS reduction, but there was a 

wide variation in toxicity burden reduction that did not correlate strongly with OCS 

reduction. Furthermore, using OCS reduction alone as a marker of response to 

mepolizumab discounts the clinically significant reduction in OCS related toxicity seen in 

a large proportion of patients with a more modest OCS reduction. 

 

To understand the complex relationship between OCS exposure and OCS toxicities, further 

study is required to address questions posed by this work: 
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1. Ongoing longitudinal assessment of toxicity change over time on steroid-sparing agents 

is required to ascertain if toxicity continues to fall with ongoing reduction in OCS 

exposure, and if toxicity continues to decline at the same rate. This will also inform if 

there are toxicities which do not improve with ongoing OCS wean i.e. once present, 

they are not reversible.  

 

2. Do behavioural interventions undertaken alongside OCS reduction lead to improved 

toxicity reduction, particularly for cardiovascular risk factors.  

 

3. How and if toxicity assessment should feature in the assessment and definition of 

response to steroid sparing agents.  

 

4. It will be interesting to observe the results of toxicity change measured by the GTI in 

other OCS-dependent pathologies, not only to compare OCS-related toxicity burden, 

but also to further assess the utility of the GTI MCID in clinical practice and randomised 

trials. 

iii. Severe asthma review.  

Manuscript: 

➢ McDowell PJ, Heaney LG. Different endotypes and phenotypes drive heterogeneity 

in severe asthma. Allergy. 2020;75:302-310. 

 

Understanding non-T2 asthma presents an unmet need in severe asthma. Although 

thought to occur at a lower prevalence than T2-high disease,11,52 it is difficult to know the 

exact prevalence of non-T2 severe asthma as it’s definition at present is an absence of T2-

high biomarkers rather than detection of non-T2 disease biomarkers, and there is significant 

confounding from T2 biomarker suppression from ICS and OCS treatment.  

 

Non-T2 asthma is likely to be heterogenous with many factors contributing to 

persistent, severe symptoms and exacerbations where T2 biology is not elicited, yet changes 

in physiology occur alongside loss of symptom control. A greater understanding of the 

pathobiology of non-T2 severe asthma would give the potential to elicit biomarkers, as well 
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as identification of potential therapeutic targets and management strategies to begin to 

effectively manage symptoms, improve quality of life and stop iatrogenic harm with ever-

increasing ICS and OCS exposure.  

 

These issues and a potential diagnostic algorithm for diagnosis of non-T2 disease are 

discussed in the review paper ‘Different endotypes and phenotypes drive heterogeneity in 

severe asthma’. 
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In summary, the introduction of targeted monoclonal antibodies as add-on therapy for 

severe, eosinophilic asthma refractory to traditional asthma controllers is a recent 

phenomenon and their presence in the SEA treatment repertoire is welcome, but poses many 

new questions.  The improvement in asthma control in the refractory, SEA population has 

been shown to be impressive, but does not afford a complete amelioration of either 

exacerbations or dependence on OCS, presenting key questions, some of which this work as a 

whole attempts to begin to answer: 

 

For those who continue to have asthma exacerbations, what is the nature of the residual 

disease? Is it untreated eosinophilic disease or exacerbations due to another, possibly 

treatment related, cause? Establishing an answer to this question is key to making headway in 

providing an evidence-base for the treatment of individual exacerbations, but also in the 

longer-term management of a patient’s biological therapy as discussed. Further prospective 

research into the role of concomitant therapies, such as macrolides; the role of OCS in the 

treatment of exacerbations; an aligned algorithm for commencing a patient on biologics and 

an evidence-based algorithm for biologic-switching are required to institute a universal, 

evidence-based standard of care for this population of patients.  

 

However, how best to manage residual exacerbations is only one aspect of treatment, the 

question of how to define a treatment response to anti-IL5 therapy is also a currently unmet 

need. For those with no residual exacerbations and no ongoing requirements for maintenance 

OCS, they can easily be defined as responders or ‘super responders’, and although 

impressive, this phenomenon occurs in only a minority of patients. The majority of patients 

receiving anti-IL5 therapies have a spectrum of response in terms of both exacerbations and 

maintenance OCS reduction, so how can treatment success be measured? The natural 

response has been to sum cumulative steroid reduction on biologics, however there is no 

evidence to suggest what constitutes a significant OCS reduction.  Our SEA GTI cohort has 

shown that reduction in OCS exposure does not correlate strongly with a key aim of 

biological therapy- the reduction of common multisystem side effects associated with OCS 

use. Therefore, for the vast majority of patients who continue to have some OCS requirement, 

a measure of response to biologics is required and our work would suggest that simply 
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counting OCS reduction is not adequate. 

There is no doubt that the new biological therapies for the treatment of severe asthma are 

a life-changing additional treatment for many patients living with severe, eosinophilic 

asthma, however, these treatments are still in their infancy with the need for further research 

to refine and optimise their use in this patient cohort.  

Although there are many unanswered questions, advances in the management of T2-high 

asthma far exceeds that of non-T2 asthma where there is ongoing need for understanding of 

pathobiology, biomarker identification, targeted therapy developments and evidence-based 

management strategy. These needs are as yet unmet.   
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