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ABSTRACT

Background Clinical trials in cystic fibrosis (CF) have
been hindered by the paucity of well characterised and
clinically relevant outcome measures.

Aim To evaluate a range of conventional and novel
biomarkers of CF lung disease in a multicentre setting as
a contributing study in selecting outcome assays for a
clinical trial of CFTR gene therapy.

Methods A multicentre observational study of adult
and paediatric patients with CF (>10 years) treated for a
physician-defined exacerbation of CF pulmonary
symptoms. Measurements were performed at
commencement and immediately after a course of
intravenous antibiotics. Disease activity was assessed
using 46 assays across five key domains: symptoms, lung
physiology, structural changes on CT, pulmonary and
systemic inflammatory markers.

Results Statistically significant improvements were seen
in forced expiratory volume in 15 (p<0.001, n=32),
lung clearance index (p<0.01, n=32), symptoms
(p<0.0001, n=37), CT scores for airway wall thickness
(p<0.01, n=31), air trapping (p<0.01, n=30) and large
mucus plugs (p=0.0001, n=31), serum C-reactive
protein (p<0.0001, n=34), serum interleukin-6
(p<0.0001, n=33) and serum calprotectin (p<0.0001,
n=31).

Discussion We identify the key biomarkers of
inflammation, imaging and physiology that alter
alongside symptomatic improvement following treatment
of an acute CF exacerbation. These data, in parallel with
our study of biomarkers in patients with stable CF,
provide important guidance in choosing optimal
biomarkers for novel therapies. Further, they highlight
that such acute therapy predominantly improves large
airway parameters and systemic inflammation, but has
less effect on airway inflammation.

INTRODUCTION

The issue of how best to measure response to ther-
apies in cystic fibrosis (CF) is not a new one.! ?
Clinical trial outcome measures should optimally

What is the key question?

» What are the optimal biomarkers to track
clinical improvement in patients with cystic
fibrosis (CF) following treatment of an acute
exacerbation?

What is the bottom line?

» In this three-centre observational study we
report on a range of novel and conventional
measures of CF disease activity across all the
key domains (symptoms, lung physiology, lung
structure and pulmonary and systemic
inflammation) in response to a standard
intervention (intravenous antibiotic course).
We found major improvements in large airway
parameters (spirometry, CT measures of mucus
load) and systemic inflammation, with more
subtle improvements in lung clearance index.
Response in pulmonary markers of
inflammation was more variable and showed
less consistent correlation with other measures.

Why read on?

» This study represents an important step in
biomarker assessment, presents data on a wide
range of novel and conventional
measurements, and offers potential insights
into the underlying pathophysiology of
response to treatment in CF.

fulfil a number of requirements: a clear difference
between patients with CF and healthy controls;
relevance to the underlying pathology; capable of
being undertaken at multiple sites; an intra-subject
and inter-subject variability which would allow a
clinical trial to be performed in a pragmatically
achievable number of patients with CF; and
showing changes with conventional treatment (ie, a
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positive control).> Currently, the only primary pulmonary end-
point recommended by the European Medicines Agency for CF
clinical trials is the forced expiratory volume in 1s (FEV;),> yet
the limitations of this measurement as a trial outcome have been
recognised by CF researchers for many years.

The UK CF Gene Therapy Consortium (http:/www.
cfgenetherapy.org.uk) conducted this study to aid identification
of optimal trial outcome measures. We assessed a panel of con-
ventional and novel assays in response to treatment for a pul-
monary exacerbation with intravenous antibiotics. Most CF
exacerbation studies have included relatively small numbers of
subjects (n=7-32) and a restricted number of biomarkers.*"!*
We considered these findings too limited to inform our under-
standing of the potential effects of pulmonary gene therapy on
the CF airway. This study provides a comprehensive and coordi-
nated assessment of all five key domains of CF lung disease:
symptoms, physiology, structure, and pulmonary and systemic
inflammation.

Our aims were to assess the response to treatment of an
exacerbation in a broad range of outcomes to establish those
that changed appropriately and might be used in future clinical
trials. In addition, we hoped to explore relationships between
different domains of CF lung disease to broaden our under-
standing of the pathophysiology and effects of pulmonary
exacerbations.

METHODS

This study was performed at three university hospital sites:
Royal Brompton and Harefield NHS Foundation Trust, London;
Western General Hospital, Edinburgh; and Royal Hospital for
Sick Children, Edinburgh. This was a longitudinal analysis of
patients with CF, aged 10 years and over, treated for a pulmon-
ary exacerbation with intravenous antibiotics. The decisions on
when to commence treatment, the choice of antibiotics and any
additional therapies, and the duration of treatment were made
by the clinical CF team, independent of the research group.
Patients were excluded if FEV, was less than 30% predicted, or
if they received systemic corticosteroids during the study or pre-
ceding month (to avoid confounding influences on inflammatory
markers). Full inclusion and exclusion criteria are provided in
the online supplement.

Participants were requested to complete a series of assess-
ments (table 1) in a structured order at two time points: visit 1
(V1), within 72 h of commencing intravenous antibiotics for a
pulmonary exacerbation, and visit 2 (V2), within 5 days of com-
pletion of therapy.

The study was approved by the Lothian Research and Ethics
Committee, and the Royal Brompton, Harefield and NHLI
Research Ethics Committee. All subjects signed informed
consent and paediatric subjects gave their assent for inclusion.

Clinical assays
Full details of all the assays and techniques are given in the
online supplement.

Symptoms

Symptoms were assessed on a five-point scale developed for this
study and designed to reflect intra-subject acute change in major
respiratory symptoms. Patients scored each of seven symptom-
related questions from =2 (much worse than normal) to +2 (much
better): the final summed score thus ranged from —14 to +14.

Table 1 Summary of assays performed at start and end of
exacerbation in order of sequence performed
Domain Assay
Symptoms and clinical » Symptom score
observations » Pulse
» Respiratory rate
» Sp0,
» Temperature
» Blood pressure
» Weight
Lung physiology » Lung clearance index
» Spirometry
Pulmonary markers of » Exhaled breath condensate pH, ammonia, nitrite
inflammation » Sputum 24 h weight, solid content, DNA content
and rheology
» Total and differential sputum cell count

» Sputum calprotectin, IL-1B, IL-6, IL-8, IL-12, IFN-y,
RANTES, TNF-o, MMP-9, MPO, neutrophil
elastase, TIMP-1

» Microbiological culture

Blood white cell count

Serum IL-1, IL-6, IL-8, IL-10, TNF-o,

Calprotectin, CRP

» Extent of bronchiectasis

» Severity of bronchiectasis

» Airway wall thickness

» Small mucus plugs

>

>
>

Systemic markers of
inflammation

vy

CT assessment of lung
structure™

Large mucus plugs

Air trapping

Consolidated lung
» Ground glass lung

*The order in which the CT was performed was not fixed, some patients having this
prior to the other assessments.

CRP, C-reactive protein; IL, interleukin; IFN-y, interferon y; MMP9, matrix
metalloprotease 9; MPO, myeloperoxidase; RANTES, regulated upon activation,
normal T-cell expressed and secreted; Sp0,, oxygen saturations; TNF-c, tumour
necrosis factor o.

Lung physiology

Spirometry

FEV; and mid-expiratory flows were expressed as SD scores, or z
scores, using the modified National Health and Nutrition
Examination Survey III reference ranges."” For comparison, FEV;
was also expressed as percent predicted using separate reference
ranges for adults (>17 years)'® and children (<16 years).!”

In nine cases V2 spirometry was not recorded using the
EasyOne spirometer. For these patients, we substituted both
FEV; values with those obtained from a portable spirometer
previously provided to the patient (Piko-6, Ferraris Respiratory,
Hertford, UK). This substitution was only performed if spirom-
etry had been recorded on the portable device at both study
visits and furthermore these readings had been shown to be reli-
able (ie, absence of outliers defined by >2 SD from within-
patient means on repeated measures analysis of variance
(ANOVA); see online supplement). If portable spirometer data
could not be used to substitute for incomplete spirometry, FEV,
for that patient was treated as missing.

Lung clearance index

Multiple breath washout was performed as previously described'®
using a modified Innocor (Innovision, Odense, Denmark) gas ana-
lyser and 0.2% sulfur hexafluoride (SFy) as the tracer gas.

Pulmonary markers of inflammation
Sputum was expectorated spontaneously or induced as previ-
ously described.'® Sputum plugs were harvested and processed
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in dithiothreitol before storage at —80°C. Details of individual
assays are given in the online supplement.

Systemic markers of inflammation

Venous blood was analysed locally for full blood count and
C-reactive protein (CRP). Serum was separated from whole
venous blood by centrifugation and stored at —80°C. Details of
individual assays are given in the online supplement.

CT assessment of lung structure

Contiguous thin-section chest CT images were acquired at
inspiration without contrast. Anonymised images were scored
by two independent radiologists blinded to clinical details,
based upon a previously described grading methodology
(see online supplement for details).*°

Statistical analysis

Data were analysed using Prism and SPSS version 19. Normal
distribution was assessed using the D’Agostino and Pearson
omnibus normality test. Results are quoted as mean (SD) or
median (IQR) values unless otherwise stated. No attempt was
made to substitute missing data.

Skewed data were log transformed prior to analysis. A paired
t test was used for comparison of change in variables between
paired visits and comparisons between multiple groups were
performed using a one-way ANOVA and Tukey’s honestly sig-
nificant difference test. Biomarkers reported as below the lower
limit of the assay have all been ascribed a value equal to the
lower limit of detection (see online supplementary table E1).

Correlations between different assays were performed on
assessments performed at V1, and included all those with valid
assessments at that visit even if subsequent assessments were
missing or excluded because of protocol violation. Correlations
were assessed using the Pearson correlation coefficient (normally
distributed data) or Spearman rank correlation (skewed data).
Change in assays was calculated as the V2 value minus the V1
value. A p value of below 0.05 was considered statistically
significant.

Multiple correlations are presented in the online supplement
(see tables E5—E11). These are intended to assist generation of
hypotheses about the pathophysiology of CF and response to
therapy and are therefore presented in full, with no correction
for multiple comparisons.

RESULTS
Patient demographics and clinical characteristics
Forty-six patients consented to participate in the study. Two
patients were subsequently excluded for concomitant use of oral
corticosteroids; cross-sectional data correlations from V1 were
therefore performed on 44 patients. Longitudinal data are pre-
sented on 38 patients: six V2 assessments were excluded
because of excessive time delay (n=2) or non-attendance (n=3)
at V2, or because of commencing oral corticosteroids between
assessments (n=1) (see online supplementary figure E2).
Demographic data are summarised in table 2. Twenty-six
patients (59%) were chronically colonised with Pseudomonas
aeruginosa (see online supplement for further details). Details
on treatments are given in the online supplement. Thirty-six
(95%) V1 assessments were performed within 24 h of starting
intravenous antibiotics and 31 (82%) V2 assessments within
48 h of completion of intravenous antibiotics.

Table 2 Demographics and symptoms at start of treatment

Number of subjects 44
Sex (m/f) 24120
Median age (IQ range) (years) 23 (18-28)
Characteristics of exacerbation, n (%)
Increased cough 43 (98)
Increased dyspnoea 41 (93)
Change in sputum 39 (89)
Malaise 37 (84)
Fall in FEV; >10%* 24 (55)
Mean (SD) FEV; at start of treatment, z score (% predicted) —4.29 (1.03)
52.1 (12.2)

*Represents a fall in forced expiratory volume in 1 s (FEV;) (litres) of over 10%
compared with recent baseline (within 6 months).

Change with treatment of exacerbation
A summary of the changes in individual assays is given in
table 3.

Symptoms and clinical observations

Following treatment, total symptom score improved by an
average of 9.5 points (figure 1). Mean symptom score at V2
(2.8) was significantly higher than zero (p<0.01).

Consistent with previous observations on haemodynamic
response to treatment of an exacerbation, there were small but
statistically significant decreases in mean HR, relative risk and
diastolic blood pressure with treatment.?!

Lung physiology

There were significant improvements in FEV; and forced vital
capacity (figure 2A). FEV; percent predicted increased by a
mean of 9.6 absolute percent predicted points to 64.6 (16.8)
percent predicted at end of treatment, corresponding to a rela-
tive improvement of 20.6% (p<0.001). FEV; became normal (z
score >-2) with treatment in six subjects (19%).

There was significant improvement in lung clearance index
(LCI) with treatment of 0.8 units (figure 2B), but no significant
change in functional residual capacity (FRC). LCI fell (ie,
improved) in 22 (69%) subjects. The lowest LCI at V2 was 9.4,
significantly greater than the upper limit of normal LCI
described in healthy controls of 7.5.8

Pulmonary markers of inflammation

Sputum was expectorated spontaneously in 100% of patients at
V1 and 85% of patients at V2. There was a significant reduction
in median 24 h sputum weight, though no significant change in
the proportion of solids (percent dry weight). Total sputum cell
count also fell, but there was no significant change in sputum
differential cell counts expressed as percentage of total. There
were significant changes in the level of sputum inflammatory
markers matrix metalloprotease 9, interleukin (IL)-1B and tissue
inhibitor of metalloproteinases 1 (see figure 3), but no signifi-
cant change was seen in the other sputum markers (neutrophil
elastase (NE), myeloperoxidase, regulated upon activation,
normal T-cell expressed and secreted, tumour necrosis factor
(TNF)-a, IL-8 and IL-12). In contrast to serum, there was no
significant change in sputum calprotectin. IL-6 and interferon vy
were generally undetectable in sputum at both time points. No
significant change was observed in DNA content, sputum viscos-
ity or elasticity.
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Table 3  Summary of changes after antibiotic treatment

Disease domain Assay No. with paired values Visit 1 mean (SD) Visit 2 mean (SD) Mean (SD) change after treatment p Value

Clinical observations and symptoms Weight (kg) 33 57.4 (11.9) 58.1 (11.2) 0.7 (1.8) 0.040*
Heart rate (min~") 38 90.5 (14.3) 82.7 (15.9) -7.8(17.3) 0.008**
Respiratory rate (min~") 35 20.9 (3.5) 18.5 (4.2) —-2.4 (4.0) 0.001**
0, saturation (%) 38 95.6 (1.9) 96.0 (1.4) 0.3 (1.9) 0.272
Systolic BP (mm Hg) 38 113.3 (12.6) 110.6 (14.4) —2.7 (13.6) 0.231
Diastolic BP (mm Hg) 38 71.8 (8.7) 67.0 (9.3) -4.8 (7.8) 0.0005***
Total symptom score 37 —6.7 (3.0) 2.8 (5.6) 9.5 (6.4) <0.0001***

Function FEV, (litres) 32 1.93 (0.66) 2.25 (0.76) 0.32 (0.48) 0.0006***
FEV, SDS 32 —4.03 (1.10) —3.23 (1.42) 0.80 (1.23) 0.0009***
FEV; (% predicted) 32 55.0 (13.1) 64.6 (16.8) 9.6 (14.6) 0.0008***
FVC SDS 23 -2.79 (1.27) —1.86 (1.47) 0.93 (1.36) 0.003**
FEF;5_75 SDS 15 —3.70 (0.85) —-3.30 (1.29) 0.40 (0.97) 0.130
LCl 32 14.6 (2.7) 13.8 (2.4) —-0.8 (1.4) 0.003**
FRC (litres) 32 2.32 (0.58) 2.33 (0.60) 0.01 (0.24) 0.795

Structure (expressed as % of maximum possible score) Extent of bronchiectasis 30 83.2 (16.2) 80.0 (14.3) —-3.2 (10.6) 0.1
Severity of bronchiectasis 31 64.9 (15.2) 65.3 (14.3) 0.3 (6.8) 0.8
Airway wall thickness 31 54.0 (11.3) 495 (10.8) —4.5 (8.7) 0.008**
Air trapping 31 48.5 (16.1) 40.8 (13.4) 7.7 (13.6) 0.004**
Small mucus plugs 31 78.5 (16.8) 69.6 (20.6) -8.9 (19.7) 0.018
Large mucus plugs 31 72.0 (22.0) 59.0 (23.5) —13.0 (16.4) 0.0001***
Lung consolidation 31 1.9 (2.4) 1.0 (1.7) -0.9 (2.2) 0.005
Ground glass lung 31 0.9 (1.4 0.5 (0.8) -0.4(1.7) 0.2

Serum inflammatory markers WCC (106 ml) 32 10.2 (2.6) 8.7 (3.2) -1.5 (3.5) 0.022
CRP (mg/ml)t 34 16 (9-39) 2 (1-12) -13.5 <0.0001***
Calprotectin (ug/ml)t 31 27.5 (19.4-50.7) 13.9 (6.3-21.0) -138 <0.0001***
IL-6 (pg/ml)t 33 64.0 (53.6-78.0) 51.2 (48.5-54.8) -1.7 0.0001***
IL-8 (pg/ml)t 30 3.9 (2.5-5.1) 33 (2.5-4.7) -03 0.709
TNF-o. (pg/ml) 33 175.8 (30.9) 178.2 (34.2) 2.3 (13.7) 0.340

Airway markers Total cell count (x10°)t 23 5.3 (2.7-10.8) 2.1 (0.8-10.5) -1.6 0.005**
Calprotectin (mg/ml)t 33 1.0 (0.45-1.50) 0.6 (0.20-1.35) -0.1 0.066
IL-1B (pg/ml)t 32 1032 (415-1972) 410 (51-1066) -299 0.012*
IL-8 (ng/ml) 31 13.8 (9.2) 15.4 (13.0) 1.6 (11.2) 0.441
IL-12 (pg/ml) 32 223 (119) 190 (97) -32 (93) 0.060
RANTES (pg/ml)t 32 6.90 (3.50-11.75) 7.50 (5.75-11.55) 0.49 0.246
NE (U/litre) 32 595 (384) 698 (574) 103 (584) 0.435
MPO (jug/ml)t 31 18.4 (7.6-27.8) 30.8 (15.1-45.7) 7.6 0.257
MMP9 (ng/ml)t 32 471 (157-1243) 214 (100-477) -62.2 0.006**
TIMP1 (ng/ml)t 32 5.20 (2.65-11.15) 7.25 (2.95-23.55) 1.15 0.022*
24 h weight (g)t 15 60.3 (31.1-73.6) 34.0 (17.3-45.3) -14.5 0.035*
Dry weight (%) 15 4.67 (2.49) 4.11 (1.85) —0.58 0.241
DNA content (.g/mg) 15 1.15 (0.41) 0.96 (0.57) 0.19 (0.36) 0.057
Sputum viscosity 1-10 Hz (Pa s) 14 0.10 (0.09-0.18) 0.12 (0.07-0.16) —-0.03 0.227
Sputum elasticity 1-10 Hz (Pa) 14 8.92 (6.88-15.51) 10.72 (5.54-16.17) -2.175 0.299
EBC pH 37 5.9 (5.6-6.25) 6.1 (5.8-6.4) 0.20 0.016*
EBC nitrite (M) 35 5.99 (3.19-7.70) 6.04 (3.92-9.20) 0.87 0.106
EBC ammonia (ppm)t 36 2.45 (1.33-5.04) 1.78 (1.00-3.93) —0.07 (4.5) 0.242

tStatistics performed using log-transformed data; these data quoted as median (IQ range), and median change.

*p<0.05; **p<0.01; ***p<0.001.

Lower limits for detection for all cytokine assays are given in online supplementary table E1.

Levels of serum IL-10 and IL-1B and sputum IL-10 and IFN-y were below the sensitivity of the assays for the majority of samples, and are not presented here. See online supplement for details.

BP, blood pressure; CRP, C-reactive protein; EBC, exhaled breath condensate; FEF,s_s5, forced expiratory flow between 25 and 75% FVC; FEV,, forced expiratory volume in 1's; FRC, functional residual capacity; FVC, forced vital capacity; IFN-y, interferon v;
IL, interleukin; LCl, lung clearance index; MMP9, matrix metalloprotease 9; MPO, myeloperoxidase; NE, neutrophil elastase; RANTES, regulated upon activation, normal T-cell expressed and secreted; SDS, SD score (z score); TIMP1, tissue inhibitor of
metalloproteinases 1; TNF-o, tumour necrosis factor o; WCC, white cell count.
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p<0.0001 p<0.05

Better than usual

No change from usual

Symptom score
Log IL1-B (pg/ml)

Worse than usual 1.04

Log MMPS (ng/ml) / Log TIMP1 (ng/ml) /

L T T w1 v2 W v2

Visit 1 Visit 2 MMP9 TIMP1 IL-1p

Start of treatment End of treatment

Figure 3 Change in sputum matrix metalloproteinase 9 (MMP9),
tissue inhibitor of metalloproteinases 1 (TIMP1) and interleukin (IL)-1B
in patients with cystic fibrosis treated for an exacerbation. Each pair of
points represents a single patient before and after treatment with
intravenous antibiotics. Grey bars represent group means.

Figure 1  Effect of antibiotics on total symptom score. Each pair of
points represents a single subject. Horizontal grey lines represent group
means. A symptom score of 0 represents no change from usual
baseline for that patient.

There was a small but significant increase in exhaled breath

condensate pH, but no change in levels of nitrite or ammonia. Corvelations between measurements

In the online supplement we present cross-sectional correlation
‘mileage charts’, divided by assay domain, for all assays at V1.
In addition, we have presented a second correlation chart com-
paring change in assays between visits.

Systemic markers of inflammation

Significant reductions in four markers of systemic inflammation
were seen following treatment: white cell count, CRE, IL-6 and
calprotectin (table 3; figure 4). No changes were observed for
IL-8 or TNF-o levels. Serum IL-10 and IL-1B were generally  pISCUSSION

undetectable at both time points. This is the first study to simultaneously assess such a compre-
hensive range of biomarkers in CF. The aim of the study was to
Lung structure provide clues towards biomarker optimisation alongside a subse-
Significant improvement was observed on CT for airway quent longitudinal study of these biomarkers in patients with
wall thickness, mucus plugs and air trapping (figure 3). stable disease (the gene therapy ‘run-in’ study), and to help har-
Although lung consolidation score fell significantly (p<0.05), monise working across multiple sites. The findings may also
this was not a prominent feature of the CT scans, with an provide fresh insights into CF pathophysiology.
average score of only 1.9% at V1. No significant changes were Researchers have long recognised the problems of using spir-
observed for ground glass opacification, and extent and severity ometry in monitoring response to therapy in CF and sought
of bronchiectasis. alternative endpoints which either show improved sensitivity or
p<0.01
A 05~ B 224
0.01 2
20+
-0.5 19
-1.04 g 184
-1.54 e :;-
¥
o e © 14+
a -3.04 E 134
L .35 G 12
-4.04 g 114
-4.5- - 107
9
o 84 Normal
-5.54 2% 1 range
-6.0 6 - - 4
Visit 1 Visit 2
Time point Time point

Figure 2 Change in lung physiology. (A) Change in forced expiratory volume in 1 s (FEV;) with treatment. FEV; is expressed as SD scores (SDS);
values greater than -2 (horizontal dotted line) are considered to be within the normal range. (B) Change in Iung clearance index (LCI) with
treatment. The horizontal dotted line represents the upper limit of normal LCl in a healthy control population.'® Each pair of points represents a
single subject. Horizontal grey lines represent group means.
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p<0.0001

2.4+

Log CRP (mg/ml)/

V1 v2
CRP Calprotectin

p<0.0001 s B 17.5- pP=<0.05
15.0-
_ £ 12,54
o =
a X
= § 10.04
& 2 754
2 8
)
E 5.0"
=
2.5
D'c | |
Vi V2
IL-6 White cell count

Figure 4 Change in serum inflammatory markers (A) and white cell count (B) in patients with cystic fibrosis treated for an exacerbation. Each pair
of points represents a single patient before (V1) and after (V2) treatment with intravenous antibiotics. Group means are shown as horizontal grey

bars. CRP, C-reactive protein; IL-6, interleukin 6.

are more closely aligned with the underlying pathophysiology.'
We hypothesised that if a therapeutic signal was not observable
in this acute context, it is reasonable to anticipate that the bio-
marker is unlikely to prove optimal for a trial in patients with
stable disease in whom a smaller positive change might be
anticipated. This issue affects all clinical trials in CF and is not
limited to gene therapy. We have therefore presented the assay
data and accompanying correlations in full (see online supple-
ment), so that others can access these data when selecting bio-
markers for their own research. We will consider the changes
observed in each domain separately.

Symptoms

The importance of assessing patient-reported outcomes is
now well established in CF clinical trial methodology.** The
symptom score used here was devised by our group and, unlike
conventional quality of life assessments, was specifically
designed to assess response to acute change in major respiratory
symptoms. Although different scores had been used previously

p=<0.001

p=<0.01 p=<0.01 p<0.05 p<0.05

100+ .,

Percent of maximum possible score

vioov2 vioowv2 vioowv2 vioowv2 viowvz2
Airway wall  Air trapping Small mucus Large mucus  Consolidated
thickness plugs plugs lung

Figure 5 Change in features of cystic fibrosis (CF) lung disease at CT
with treatment of a CF exacerbation. Each pair of points represents a
single subject assessed before (V1) and after (V2) treatment of a CF
exacerbation. Each CT feature was independently assessed by two
radiologists, and the final score represents an average of their scores.
Horizontal grey bars represent group means.

2 . Ce
to assess acute change,” > when this study was initiated none

had been subjected to a formal evaluation process and there was
no accepted gold standard. The score we used was appropriate
for the current study and provided a simple and effective
method of confirming clinical response against which to
compare assay performance. We recognise however that it is less
well suited to long-term monitoring of patients with stable
disease, or indeed to repeated delivery of gene therapy, when
changes may be more subtle and multidomain. Symptom and
quality of life assessments are key endpoints in our run-in study
and gene therapy trials, and we have selected the Cystic Fibrosis
Questionnaire Revised for these assessments.>*

Lung physiology

Tackling disease in smaller airways is an important objective of
CF therapies, but may not be easily correlated to change in
FEV; or symptoms.”> LCI is one of the major emerging end-
points in CF clinical trials.'® 2° 27 As a measure of overall venti-
lation heterogeneity, LCI will be affected by fixed airway
abnormalities due to fibrotic and destructive processes, and
modifiable differences in inflammation and mucus retention.
Subjects with mild (and potentially reversible) airways disease
are not well represented in the current cohort—only six had
FEV, within the normal range at V2, and all had abnormalities
on CT and considerable elevation in LCI. As previously
described,” there was considerable heterogeneity of LCI
response. Less well ventilated lung regions may be revealed as
mucus is cleared, increasing overall inhomogeneity, and thus
LCL In vivo, the effects on LCI and FRC of mucus clearance
are likely to be complex and unpredictable,”® and this test may
be best suited to those with milder disease.

Pulmonary markers of inflammation

Sputum is an abundant source of inflammatory markers. Assays
that accurately reflect endobronchial infection or inflammation
are clinically and biologically relevant, and have considerable
potential as pulmonary outcome measures for clinical trials.?’
All the sputum inflammatory markers selected here have previ-
ously been reported to be elevated in CF populations, and
are amongst several candidate biomarkers of CF airways
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inflammation.*” Sputum IL-8 and NE in particular have been
shown to correlate with FEV; in a large cross-sectional ana-
lysis.>° Despite the fall in sputum total cell count, we however
found no change in sputum IL-8 or NE following treatment,
and little correlation with other non-sputum assays. The validity
of sputum biomarkers depends on reproducible measurements
that also reflect other measures of health or lung function.
These data cast doubt over the applicability of many of these
potential biomarkers in interventional studies. We also recognise
that this study alone is insufficient to dismiss most of the
sputum biomarkers entirely, and we have continued to measure
the majority in our subsequent longitudinal study. We have
however discontinued assessments of sputum rheology and
the biomarkers that were only poorly detectable (see online
supplement).

Systemic markers of inflammation

The most significant changes in inflammation were observed in
serum rather than sputum: CRE a non-specific marker of inflam-
mation, and calprotectin, a marker of neutrophilic inflammation
previously shown to be elevated in CE'* 3! Both markers
showed greater change than either sputum or blood cell counts,
or any sputum soluble markers, and calprotectin showed corre-
lations with a number of other measures of severity, including
symptom score, spirometry and LCI (see online supplement).
Whether these prove useful in monitoring responses to treat-
ment in patients with stable disease is being addressed in our
longitudinal study.

Structure

The CT scoring assessed individual morphological abnormal-
ities, rather than using a single composite score.> This allows
separation of fixed (eg, bronchiectasis) from potentially revers-
ible (eg, wall thickness parameters) features, preventing signal
from a change in the latter being diluted by a lack of change in
the former. Three previous studies have investigated CT changes
following antibiotic treatment,* © ' demonstrating improve-
ments in peribronchial thickening, mucus plugging and air trap-
ping, although no single study demonstrated improvements in
all three features. We observed significant improvements in
mucus plugging, air trapping and bronchial wall thickness. The
grading of the latter two features was designed to maximise the
chances of demonstrating small changes over a short time frame
by increasing the number of grades within the severity score.
Inter-observer reproducibility of the scoring ranged from good
to excellent, which we believe justifies the use of the scoring
method®® (see online supplement). This score has now been
adopted for the run-in and gene therapy studies.

Limitations

Some potential limitations with the current study deserve discus-
sion. Interventional trials usually seek improvement from stable
baseline. This study however addresses a complementary object-
ive: that of demonstrating response to a positive intervention. In
this regard, treatment of pulmonary exacerbation is an appropri-
ate and pragmatic model against which to evaluate assays.
Although the definition of exacerbation in this study was not
protocol predefined, the decision to treat was made by the clin-
ician independent of this study, reflecting standard clinical care.
Likewise, treatment is not limited to intravenous antibiotics
alone, and will include additional nebulised and physical therap-
ies as appropriate, maximising the impact of the intervention.
Although data are incomplete for some analyses, the majority

contained data on at least 30 pairs, making this one of the
largest CF exacerbation studies reported.

In addition to the practical benefits of the study, this multido-
main collection of data may provide useful insights into CF
pathophysiology. Correlations will require verification in subse-
quent studies. A potentially interesting pathophysiological
outcome was the predominance of large airway changes during
treatment. Thus, some of the most statistically significant
improvements were seen in FEV; and large airway plugs.
In contrast to systemic inflammation, lung inflammation assessed
by a range of sputum biomarkers altered little. Short-term
reassurance provided by normalisation of symptoms may there-
fore not reflect longer-term pulmonary inflammation. Novel
therapies aimed at the underlying defect, rather than the conse-
quences of it, would clearly be beneficial.

Our overarching aim was to identify and optimise outcome
measures for a gene therapy trial. Several airway inflammatory
and mucus markers were below the limits of detection even at
the start of an exacerbation, while others failed to improve with
intravenous antibiotics. In addition we have established the use
of LCI in a multicentre setting and refined our understanding of
its role as an outcome measure. We are in the process of analys-
ing data from our parallel run-in study of biomarkers in patients
with stable CF. Preliminary indications suggest that spirometry,
LCI, CT scores and quality of life scores also feature promin-
ently.>* Data from these studies have played an important role
in the selection of biomarkers for our recently started multidose
CF gene therapy trial.

Author affiliations

'UK Cystic Fibrosis Gene Therapy Consortium, London, UK

University of Manchester and Manchester Adult Cystic Fibrosis Centre, University
Hospitals South Manchester, Manchester, UK

3Department of Gene Therapy, National Heart and Lung Institute, Imperial College,
London, UK

*MRC/University of Edinburgh Centre for Inflammation Research, Queen’s Medical
Research Institute, Edinburgh, UK

>Royal Hospital for Sick Children, Edinburgh, UK

®Department of Radiology, Royal Brompton Hospital, London, UK

"Centre for Molecular Medicine, Institute of Genetics and Molecular Medicine,
University of Edinburgh, Edinburgh, UK

8 mperial Clinical Trials Unit, School of Public Health, Imperial College, London, UK
9Scottish Adult Cystic Fibrosis Service, Western General Hospital, Edinburgh, UK
"%Nuffield Division of Clinical Laboratory Sciences, University of Oxford, John
Radcliffe Hospital, Oxford, UK

Acknowledgements This work would not have been possible without the
assistance of the clinical, laboratory and radiology staff at all three sites, or without
the assistance of the Wellcome Trust Clinical Research Facility (WGH). We also
warmly thank Professor C. Marriott (Department of Pharmacy, Kings College
London, UK) for his help with sputum rheology measurements. The CF Gene
Therapy Consortium are enormously grateful to all the patients, and their families,
who gave up their time to take part in this study.

Contributors ARH, JCD, RDG, KAM, JD, ZA, NJB, MR, SM-I, NV, MHD, C§, JSG,
JP-L, MDL, SJ, SS, YB, MGM, PT, AD, DH, DA, SCH, DRG, APG, DJP, JAI, ACB, UG,
SC and EWFWA all made substantial contributions to the study conception and
design, acquisition of data, and analysis and interpretation of data; revised the
article critically for important intellectual content; and gave final approval of the
version to be published. In addition, ARH, RDG, KAM, D, ZA, NJB, MR, CM, DH,
APG, ACB and UG made substantial additional contributions to assay development
and interpretation. ARH, JCD and SC wrote the first draft of the manuscript. EWFWA
conceived the study, jointly raised the funding and oversaw its completion.

Funding This study was funded by a grant from the UK Cystic Fibrosis Trust
(GT001-007). It was supported by the NIHR Respiratory Disease Biomedical
Research Unit at the Royal Brompton and Harefield NHS Foundation Trust and
Imperial College London.

Competing interests None.

Ethics approval Lothian Research and Ethics Committee, and Royal Brompton,
Harefield and NHLI Research Ethics Committee.

538

Horsley AR, et al. Thorax 2013;68:532-539. doi:10.1136/thoraxjnl-2012-202538

“ybBuAdoo Aq paroaroid 1sanb Aq 202 ‘6 |udy uo jwod fwg xeloyy//:dny woll papeojumod "€T0Z Areniga- 6 U0 8£5202-2T0Z-|ulxeloyy9sTT 0T Se paysiignd 1siy :xeioy ]


http://thorax.bmj.com/

Cystic fibrosis

Provenance and peer review Not commissioned; internally peer reviewed.

Data sharing statement All relevant study data are presented in this paper.

REFERENCES

1

2

3

Davis PB, Byard PJ, Konstan MW. Identifying treatments that halt progression of
pulmonary disease in cystic fibrosis. Pediatr Res 1997;41:161-5.

Rosenfeld M. An overview of endpoints for cystic fibrosis clinical trials: one size
does not fit all. Proc Am Thorac Soc 2007;4:299-301.

EMA. Guideline on the Clinical Development of Medicinal Products for the
Treatment of Cystic Fibrosis. London: European Medicines Agency, 2009.

Davis SD, Fordham LA, Brody AS, et al. Computed tomography reflects lower airway
inflammation and tracks changes in early cystic fibrosis. Am J Respir Crit Care Med
2007;175:943-50.

Robinson PD, Cooper P, Van Asperen P, et al. Using index of ventilation to assess
response to treatment for acute pulmonary exacerbation in children with cystic
fibrosis. Pedliatr Pulmonol 2009;44:733-42.

Colombo C, Costantini D, Rocchi A, et al. Cytokine levels in sputum of cystic
fibrosis patients before and after antibiotic therapy. Pediatr Pulmonol
2005;40:15-21.

Cunningham S, McColm JR, Mallinson A, et al. Duration of effect of intravenous
antibiotics on spirometry and sputum cytokines in children with cystic fibrosis.
Pedliatr Pulmonol 2003;36:43-8.

Norman D, Elborn JS, Cordon SM, et al. Plasma tumour necrosis factor alpha in
cystic fibrosis. Thorax 1991;46:91-5.

Downey DG, Brockbank S, Martin SL, et al. The effect of treatment of cystic fibrosis
pulmonary exacerbations on airways and systemic inflammation. Pediatr Pulmonol
2007;42:729-35.

Shah RM, Sexauer W, Ostrum BJ, et al. High-resolution CT in the acute
exacerbation of cystic fibrosis: evaluation of acute findings, reversibility of those
findings, and clinical correlation. AJR 1997;169:375-80.

Brody AS, Molina PL, Klein JS, et al. High-resolution computed tomography of the
chest in children with cystic fibrosis: support for use as an outcome surrogate.
Pedliatr Radiol 1999;29:731-5.

Newport S, Amin N, Dozor AJ. Exhaled breath condensate pH and ammonia in
cystic fibrosis and response to treatment of acute pulmonary exacerbations. Pediatr
Pulmonol 2009;44:866—72.

Roderfeld M, Rath T, Schulz R, et al. Serum matrix metalloproteinases in

adult CF patients: relation to pulmonary exacerbation. J Cyst Fibros 2009;
8:338-47.

Gray RD, Imrie M, Boyd AC, et al. Sputum and serum calprotectin are useful
biomarkers during CF exacerbation. J Cyst Fibros 2010;9:193-8.

Stanojevic S, Wade A, Stocks J, et al. Reference ranges for spirometry across all
ages: a new approach. Am J Respir Crit Care Med 2008;177:253-60.

Quanjer PH, Tammeling GJ, Cotes JE, et al. Lung volumes and forced ventilatory
flows. Report Working Party Standardization of Lung Function Tests, European
Community for Steel and Coal. Official Statement of the European Respiratory
Society. Eur Respir J Suppl 1993;16:5-40.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Rosenthal M, Bain SH, Cramer D, et al. Lung function in white children aged

4 t0 19 years: |—Spirometry. Thorax 1993;48:794-802.

Horsley AR, Gustafsson PM, Macleod KA, et al. Lung clearance index is a sensitive,
repeatable and practical measure of airways disease in adults with cystic fibrosis.
Thorax 2008:63:135-40.

Gray RD, MacGregor G, Noble D, et al. Sputum proteomics in inflammatory and
suppurative respiratory diseases. Am J Respir Crit Care Med 2008;178:444-52.
Roberts HR, Wells AU, Milne DG, et al. Airflow obstruction in bronchiectasis:
correlation between computed tomography features and pulmonary function tests.
Thorax 2000;55:198-204.

Bell SC, Bowerman AM, Nixon LE, et al. Metabolic and inflammatory responses to
pulmonary exacerbation in adults with cystic fibrosis. £ur J Clin Invest
2000;30:553-9.

Goss CH, Quittner AL. Patient-reported outcomes in cystic fibrosis. Proc Am Thorac
Soc 2007;4:378-86.

Modi AC, Lim CS, Driscoll KA, et al. Changes in pediatric health-related quality of
life in cystic fibrosis after IV antibiotic treatment for pulmonary exacerbations. J Clin
Psychol Med Settings 2010;17:49-55.

Quittner AL, Modi AC, Wainwright C, et al. Determination of the minimal clinically
important difference scores for the Cystic Fibrosis Questionnaire—Revised respiratory
symptom scale in two populations of patients with cystic fibrosis and chronic
Pseudomonas aeruginosa airway infection. Chest 2009;135:1610-18.

Tiddens HA, Donaldson SH, Rosenfeld M, et al. Cystic fibrosis lung disease starts in the
small airways: can we treat it more effectively? Pediatr Pulmonol 2010;45:107-17.
Gustafsson PM, Aurora P, Lindblad A. Evaluation of ventilation maldistribution as an
early indicator of lung disease in children with cystic fibrosis. Eur Respir J
2003;22:972-9.

Amin R, Subbarao P, Lou W, et al. The effect of dornase alfa on ventilation
inhomogeneity in patients with cystic fibrosis. Eur Respir J 2011;37:806—12.
Mentore K, Froh DK, de Lange EE, et al. Hyperpolarized HHe 3 MRI of the lung in
cystic fibrosis: assessment at baseline and after bronchodilator and airway clearance
treatment. Acad Radiol 2005;12:1423-9.

Sagel SD, Chmiel JF, Konstan MW. Sputum biomarkers of inflammation in cystic
fibrosis lung disease. Proc Am Thorac Soc 2007;4:406—17.

Mavyer-Hamblett N, Aitken ML, Accurso FJ, et al. Association between pulmonary
function and sputum biomarkers in cystic fibrosis. Am J Respir Crit Care Med
2007;175:822-8.

Golden BE, Clohessy PA, Russell G, et al. Calprotectin as a marker of inflammation
in cystic fibrosis. Arch Dis Childhood 1996;74:136-9.

Brody AS, Klein JS, Molina PL, et al. High-resolution computed tomography in
young patients with cystic fibrosis: distribution of abnormalities and correlation with
pulmonary function tests. J Pediatr 2004;145:32-8.

Aziz ZA, Wells AU, Meister M, et al. Computed tomography in infective
exacerbations of cystic fibrosis: serial change and observer agreement. Thorax
2007;62(Suppl 111):A30.

Alton EW, Boyd AC, Cunningham S, et al. Longitudinal assessment of biomarkers
for clinical trials of novel therapeutic agents: the run-in study. Pediatr Pulmonol
2010;11(Suppl 33):298.

Horsley AR, et al. Thorax 2013;68:532-539. doi:10.1136/thoraxjnl-2012-202538

539

“ybBuAdoo Aq paroaroid 1sanb Aq 202 ‘6 |udy uo jwod fwg xeloyy//:dny woll papeojumod "€T0Z Areniga- 6 U0 8£5202-2T0Z-|ulxeloyy9sTT 0T Se paysiignd 1siy :xeioy ]


http://thorax.bmj.com/

