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Wheezing in infancy is common but the immune mechanisms underlying this
process are not well understood. Some infants grow out of their symptoms whilst
others persist. Persistent infant wheezing is associated with atopy and this would
suggest that airway remodelling has occurred in a manner similar to atopic asthma.
Matrix metalloproteinase (MMP)-9 and Tissue Inhibitor of MMP (TIMP)-1 have
been implicated in airway remodelling. The aim of this study was to consider the
role of atopy infant wheeze and its relationship to the persistence of symptoms by the
investigation of bronchoalveolar (BAL) and nasal lavage (NAL) in infancy.

In an international multicentre study, 52 severe infant wheezers underwent clinical
investigation by bronchoscopy with BAL and concomitant NAL. Differential
cytology, ECP, IL-8, sSICAM-1, MMP-9 and TIMP-1 concentrations were measured
in the lavages. A subgroup of the study was followed up by questionnaire at a mean
age of four years to look for persistence of symptoms and other allergic diseases.

A high proportion of wheezers had bacterial infection of BAL and lavage
neutrophillia of both upper and lower respiratory tract as well as MMP-9 TIMP-1
molar ratio imbalance. Previously, viral but not bacterial infection has been
associated with wheeze. Atopic wheezers did not show either an eosinophillia or
MMP-TIMP imbalance, but correlations in BAL suggested that atopic wheezers had
inflammation linked to epithelial cell shedding. In infants with Allergic Rhinitis
(AR), eosinophils were raised in NAL and also in BAL with signs of epithelial
shedding once more. This would suggest that airway remodelling was occurring in
these children. NAL was sufficiently different from BAL not to provide a useful
surrogate for this invasive procedure. Persistent wheeze was associated with clinical
AR, BAL TIMP-1 and serum sICAM-1 concentrations in infancy.

This study suggests that persistent infant wheezers have airway remodelling, which
involves airway fibrosis via TIMP-1, occurs early in the disease, and is linked to

nasal symptoms in a manner similar to adult allergic asthma.
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Chapter 1: Introduction: Infant wheeze

1.1. What’s in a name?

Wheezing in infancy is a common condition whose variable prognosis has been
recognised for at least half a century (Korppi and Kotaniemi-Syrjanen 2003). Over
the years there have been several terms attributed to the disorder including wheezy
or eosinophillic bronchitis, bronchiolitis, viral associated (or induced) wheeze and
also the concept of the happy wheezer, who has symptoms, but is troubled little by

them. The terms have often been used interchangeably fuelling confusion around

terminology.

The term asthma is now not often used in this age group, as practitioners do not wish
to confuse infant wheeze, which is frequently a temporary condition, with the
chronic chest disease of adulthood. Even the name asthma is a purely descriptive
term, being the Greek for difficulty in breathing. As Silverman and Wilson elegantly

state, all ofithese terms fall short of a definition:

‘None of these terms adequately describe the range of symptoms and signs, and the
varying natural history of the disease’s progress through childhood.’
(Silverman and Wilson 1997a)

This is because the various labels for wheezing in infancy are merely descriptive
terms for a disease whose underlying cause is not fully understood, and our lack of
understanding is exemplified by its nomenclature. For example, infant wheeze is the
equivalent of defining a fracture of the neck of the femur as a painful hip, where the
symptoms are described without reference to the cause. It is by understanding the
pathology of wheezing in infancy that progress in treatment and prevention can be

made.

In this study the terms infant and preschool wheezing are used interchangeably.
There is no accepted definition for infant wheezing. To be precise, infant wheezing
should relate to children under a year and preschool wheezing to those less than five

years old. However, as all infant wheezers grow into preschool wheezers quite
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quickly the distinction is not always particularly useful. More recently the terms

transient or persistent wheeze have been used (Martinez ef al. 1995).

The introduction is divided into two chapters: the first part considers our knowledge
of wheezing in the preschool child, its epidemiology and our ability to predict which
children will go on to develop asthma. There is a particular focus on the role of
paediatric bronchoscopy and methods of bronchoalveolar lavage. The second chapter
discusses the concepts that encompass our current understanding of atopic asthma in

adults and how these relate to preschool wheeze.

1.2. Aims and objectives

In order to provide an orientation to the work as a whole, the aims and objectives of
the studies contributing to this thesis are considered at the outset. They were to
investigate three areas of the pathogenesis of infant wheeze, with reference to the

bronchoalveolar lavage findings.

The hypotheses examined were:
e That those infant wheezers with atopy will have a different inflammatory
process in the lower airways than non-atopic wheezers and specifically that
an imbalance of matrix metalloproteinases with their cognate inhibitors will

occur.

e That this process will be mirrored by inflammation of the upper respiratory
tract.

e That an imbalance in concentrations of matrix metalloproteinase and its
cognate inhibitor in bronchoalveolar lavage will be related to this process.

e That nasal lavage, bronchial washings and serum provide a surrogate for
bronchoalveolar lavage in infant wheeze.

e That the presence of eosinophillic inflammation in the airways of wheezy

infants will predict the persistence of respiratory symptoms.
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1.3. Clinical assessment of the wheezy infant

There is no diagnostic test for infant wheezing and as such it remains a clinical
diagnosis (Scheinmann et al. 1998). Most infant wheezers are managed on clinical
grounds without recourse to further investigations (de Vries et al. 2000). However, it

is occasionally clinically necessary to investigate preschool wheezers.

1.3.1. Wheezing

Wheezing is both a symptom and a clinical sign. It is an onomatopoeia, described as
musical or whistling sound occurring during breathing, and is the cardinal sign of
obstructive airways disease. Wheeze is caused by airflow limitation through partially
collapsed airways. This causes vibration with sound production in a manner similar
to that of blowing the reed of a musical instrument, such as a clarinet or oboe
(Bouchier and Morris 1982). Wheezing is related to both airflow velocity and the
diameter of the airway, but total lung volume, and the compliance of the airway wall,
may also be important in sound generation (Frey 2001). Parental reporting of
recurrent wheeze should be considered in the context of a careful and thorough

history (Young et al. 2002).

1.3.2. Causes of infant wheeze

Although the majority of infant wheeze is caused by an inflammatory disorder of
unknown origin, a range of secondary disorders can cause wheezing, and these
should be considered in the severe or atypical preschool wheezer. Chronic wheezing
before six months old is more likely to be due to a secondary cause (Schellhase et al.
1998). Secondary causes are shown in Table 1 and can be divided into pulmonary

and extra-pulmonary, congenital and acquired.

1.3.3. Investigation of infant wheeze

Careful assessment is required to identify these secondary wheezers from the more
common inflammatory phenotypes. First line investigations include chest
radiography, investigation for cystic fibrosis and other causes of increased

susceptibility to infection including primary ciliary dyskinesia and
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hypogammaglobulinaemia. Positive skin prick tests or raised serum IgE will
augment a history of atopy. A therapeutic trial of bronchodilator or inhaled steroid
may also be considered, although the role of inhaled corticosteroids in preschool

wheeze remains controversial (Oommen et al. 2003a).

Vocal cord palsy

Laryngo and airway malacia
Tracheal webs
Tracheo-oesophageal fistulae
Pulmonary Bronchogenic cysts

Inhaled foreign body

Cystic fibrosis

Ciliary dyskinesia
Bronchiectasis

Gastro-oesophageal reflux disease
Cardiac and great vessel abnormalities
Extrapulmonary Cardiac failure

Vascular rings

Compression from a mediastinal mass

Table1 Secondary causes of infant wheeze

This table shows many of the reported causes of infant wheeze (Carlsen 1997;
Grimfeld 1997; Krieger 2002; Masters et al. 2002; Payne et al. 2000; Stewart et al.
2002).

Second line investigations include a lateral chest radiograph and the exclusion of
significant gastro-oesophageal reflux. Further imaging of the chest such as computed
tomography might be appropriate. Other investigations of the infant airway will
depend upon local expertise (Nicolai 2001), and include infant lung function testing
and bronchoscopy. Lung function testing in infancy requires sedation, whilst
bronchoscopy requires intravenous access and deep sedation or general anaesthesia.
As such both are not undertaken lightly. In spite of this, lung function and paediatric
bronchoscopy are becoming routine investigations for infants with chest disease. In a
recent series they were being performed in up to 10% of children referred to a US

tertiary paediatric pulmonologist (Strunk 2002).



Bronchoalveolar lavaoe findinos in intint whee-¢o
DFORCHOGAINVCOLIAT (vd g FRdiigs i pHant whieezd

1.4. Paediatric bronchoscopy

Flexible paediatric bronchoscopes are fibre optic endoscopes that may be passed
orally or via the nose, and can be used with or without prior endotracheal intubation
depending on the clinical circumstances. The procedure is performed under deep
intravenous sedation (Raine and Warner 1991) or general anaesthetic with topical

anaesthetic applied to the airways to reduce coughing.

Flexible fibre optic bronchoscopy (FOB) is an increasingly popular (Godfrey et al.
1997) and safe (de Blic et al. 2002) tool for the investigation of paediatric respiratory
disease. It has been used for the investigation of difficult asthma in childhood (Payne
et al. 2001) and infant wheeze (Schellhase et al. 1998). Many of the secondary
causes of wheezing can be detected by bronchoscopy, and it is where these diagnoses
are suspected by both parent and physician that it becomes appropriate to investigate
(Nicolai 2001). Thus FOB is reserved for the minority of infant wheezers whose first
line investigations remain inconclusive, and whose symptoms are severe enough to

warrant further investigation.

FOB provides several sources of clinical information (Schellhase et al. 1998).
Firstly, it gives a direct view of the upper and lower airways including larynx and
vocal cords, trachea and main bronchi. The anatomy of the respiratory tree can be
identified and the presence of obstruction or inflammation of the mucosa directly

observed. These pictures can be documented as digital images for later review.

Paediatric bronchoscopes above an external diameter of 3.5mm contain a suction
channel in addition to a fibre optic ‘light’ channel. The suction channel can be used
for therapeutic lavage of thick secretions such as those causing lobar collapse and
alveolar proteinosis, and also allows access with bronchial brushes and
endobronchial biopsy forceps. Although FOB can identify inhaled foreign bodies,
they can only be removed using a rigid bronchoscope and for this reason, the latter is

the preferred method of endoscopies when a foreign body is suspected.
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1.4.1. Bronchoalveolar lavage techniques

The suction channel also permits the instillation and recovery of warmed saline into
the airway. Bronchoalveolar lavage (BAL) provides a sample of the cells,
microorganisms and epithelial lining fluid (ELF) (Figure 1) present in the terminal
bronchioles and alveolar spaces. BAL is most frequently used to provide
microbiological diagnosis of lower respiratory tract infection. It is a safe procedure
(Schellhase et al. 1999), with self-limiting fever in the 24 hours following lavage

being the most common consequence of lavage.

BAL can be performed under direct vision or blind using a non-bronchoscopic
technique. With bronchoscopic BAL (de Blic et al. 2000), the endoscope is
positioned in the right middle lobe (or other area in localised disease) and advanced
until it becomes wedged against the bronchial walls. Warmed sterile saline in

instilled into the airway before being suctioned into a trap via the suction channel.

Several aliquots of lavage are taken during BAL. They may be analysed separately
or pooled. The first aliquot is known as the bronchial wash and second or subsequent
aliquots are the bronchoalveolar lavage. Laboratory analysis of BAL involves
microbiological, cellular and non-cellular components. Samples for microbiological
analysis should be taken before any processing occurs to prevent accidental

contamination.



Bronchoalveolar lavage findings in infant wheeze

Alveolar air filled lumen
% * g Surfactant phospholipid monolayer
_ 3**00,0‘5.0
Alveolar .= * ‘
macrophage ELF

Epithelum

Figure 1 Epithelial lining fluid

The epithelial lining fluid (ELF) contains surfactant, cellular and non-cellular
components, such as proteins and inflammatory mediators. The ELF forms the
interface between the epithelium and the air space of the alveolus.

1.4.2. Lavage volume

Different lavage volumes have been used in paediatric bronchoscopy (de Blic ef al.
2000). There is no set method for the calculation of BAL instillation volumes.
Lavage can be performed using fixed volume aliquots, or volumes that reflect the
size of the child (ml/kg) or their functional residual capacity (% FRC). Higher lavage
volumes are required in infancy as the bronchoscopic wedge occurs at a more
proximal point in the airway, reducing the volume of lavage return (Najafi et al.
2003).

1.4.3. Non-bronchoscopic lavage (NBL)

Non-bronchoscopic methods also permit safe lavage of the lower respiratory tract

(Heaney et al. 1996). They have been performed on children attending day case



I ymiyen o e Iveosoyfrers Frivioeore fim /, cofrr irifeers /’ [N
DFORCINNTINVCOHEE [(I,\((&LL_[”:L .11';1(\74\ L3 li?iii/:‘.l WHIEEZK

surgery for a variety of non-respiratory procedures. The method involves the passage
of a suction catheter through the endotracheal tube of the anaesthetised patient until
wedged in a distal airway. Control subjects have been recruited during day case
surgery using this method, which has the advantage of being quick, safe and has

been perceived as being less invasive than bronchoscopy (Stevenson et al. 1997).

1.5. BAL cytology in healthy children

Light microscopic examinations of BAL slide preparations reveals five main cell
types: alveolar macrophages, lymphocytes, neutrophils, eosinophils and ciliated
epithelial cells. Differential counts have been performed on bronchoscopic lavage
from normal children and the results are summarised in Table 2. Ratjen et al (1994)
recruited healthy children from non-respiratory surgical lists. Other studieshave
considered that children with upper airway abnormalities such a laryngomalacia
could provide normal data (Clement et al, 1987; Midulla er al, 1995; Riedler et al,
1995; Tessier et al, 1996; Mander, 1999). These data are summarised in the
European Task Force on BAL in children (de Blic ef al 2000). The degree to which
lower respiratory tract pathology had been excluded in these ‘normal’ controls is
variable. Riedler et al (1995) only enrolled children without lower respiratory
symptoms who had also undergone rigorous chest investigations, the attention to
detail in this study has not been matched by the others, and children in these studies
may have had undiagnosed chest pathology. Heaney et a/ (1996) have considered the
normal values in BAL using non-bronchoscopic lavage methods, which have not

been shown so as to focus attention upon data from bronchoscopic BAL.

In normal BAL, alveolar macrophages predominate with lymphocytes as the second
most common cell type. Neutrophils are present in small numbers or are absent from
healthy BAL. Eosinophils are infrequently found in normal BAL. Mast cells are also
rare and require specific staining techniques for detection. The main cell types are
shown in the photomicrographs (Figure 2). Ciliated epithelial cells are frequently
encountered. In ‘wet prep’ slides they are often still viable and can be identified by

the presence of motile cilia on their apical surfaces.
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Figure 2 Photomicrographs of bronchoalveolar lavage cells

A BAL differential (X 600) showing from left to right alveolar macrophage,
eosinophils, neutrophil, ciliated epithelial cell and another macrophage. B BAL
differential (x 600) showing the three major cell types of normal lavage,
macrophages (centre), lymphocytes (down and right) and neutrophils (up and leff).
C BAL differential (x 600) showing lymphocytes adherent to the surface of a
macrophage as is commonly seen. D BAL differential from asthmatic bronchial
washing showing ciliated epithelial cells amongst eosinophils.



Clement ef al | Ratjen et al | Riedler et al | Midulla et al | Tessier ef al Mander
(1987) (1994) (1995) (1995) (1996) (1999)
n 11 43 18 16 11 29
Volume instilled 10% FRC 3ml/kg 3ml/kg 20ml 10% FRC 20ml
Mean recovery (%) ND 58 62 (median) 43 70 57
Mean total cell counts (x10°cells/mI) 2.55 1.03 1.55 (median) 5.99 3.51 2.77
Viable cells % ND ND ND ND ND 8 5.993)
Epithelial cells % ND ND ND ND ND (0_13'5 0
90 84 91 87 92.5 83
0
Alveolar Macrophages % (85-97) (34.6-94) (84.2-94) (71-98) (77-98) (71-99)
13 0.9 1.7 35 1 13
. .
Neutrophils % (0-3) (0-17) (0.6-3.5) (0-17) (0-3) (0-5)
L vmphocytes % 8.7 125 7.5 7 8 14
YMPpROCYLEs o (1-17) (2-61) (4-12) (2-22) (2-22) (0-24)
. ND 0.2 0.2 0 0 0
1 )
Eosinophils %o (0-3.6) (0-0.3) (0-1) 0) (0-0.4)

Table 2  Differential cell counts from BAL in healthy children

Data are from quoted references and with respect to Table 3 in ERS Task Force Document (de Blic et al. 2000) * Median values with 25" to 75"

percentile ranges are stated in parenthesis. ND — not done. FRC functional residual capacity. See also text section 1.5




¥ ; ki ¥ T H
S N et e T L RN Ty L N P S N
DCDACROGIVEOCTET VS Fingii

4

1.6. BAL cellularity in infant wheeze and childhood asthma

Several studies have considered the bronchoalveolar lavage findings in infant
wheeze, but only four have done so in comparison to a healthy control group
(Azevedo et al. 2001; Krawiec ef al. 2001; Le Bourgeois er al, 2002; Marguet et al,
2001). The results of these studies are tabulated in Table 3. All of these studies
showed raised total nucleated cell count (TNCC) amongst infant wheezers. This
indicates that there is persistent inflammation in the lower airway of infant wheezers
causing cellular influx to the airway (Lemanske, Jr. 2002). The other findings are
more variable and include raised neutrophil counts and reductions in lymphocytes
(Le Bourgeois ef al. 2002), which suggests that neutrophils might play an important

role 1n viral induced wheezing.

All studies of infant wheeze BAL agree that eosinophils are notable by their absence.
Stevenson ef al. were the first to show that viral induced wheezers have different
BAL cytology to atopic asthmatic children (Stevenson et al. 1997). Using non-
bronchoscopic BAL from children with respiratory problems attending day case
surgery, they showed that amongst children under five years old, atopics had higher
concentrations of eosinophils in their lavage than their viral induced wheezing
companions. This led them to the conclusion that there were two different forms of
childhood asthma, those with eosinophils and those without. Raised eosinophils are
found in school-aged children and adults with atopic asthma (Marguet et al. 1999;

Stevenson et al. 1997).

The differences in BAL cellularity provide a pathological basis for the wheeze
phenotypes described later (section 1.7.3), where atopic children are more likely to
have persistent disecase. However, no long term follow up studies have been

performed of BAL findings in infancy and wheeze outcome.

Other studies have shown a significant difference in these cell types between
infected and idiopathic wheezers. Their results are summarised in Table 3. The trend
is toward an increase in neutrophils and eosinophils with a decrease in lymphocytes.
The changes in cell composition are subtle and do not tend to increase the overall

cellularity of BAL.
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Azvedo Marguet Le Krawiec

(et al.) (et al.) Bourgeois (et al.)
(et al.)

BAL volume 4ml/kg 2-3ml/kg 2-3ml/kg 4ml/kg
Lavage site and FOB BAL | FOBPooled | FOBBAL | FOB Pooled
preparation Filtered Unfiltered Unfiltered Unfiltered
Age (median 0.8 2.1
years) Range 05-1.9 0.4-2.5 00 t2
N 36 30 &3 20
Differential count | Resuspended | Resuspended | Resuspended | Resuspended
TNCC 7.0 111 7.0t 6.4 111t 2.1 1t
Epithelial % 541 12t ND 4.0 &
Macrophages 84.5 & 47 Wi 82 « 74.6 <
Neutrophils 221 12 111 9 1 24 &
Lymphocytes 4.8 L1 8 & 6.4 1 11.0 &
Eosinophils 0e 0 0.1 & 04 <

Table3 BAL cytology from infant wheezers compared to healthy controls

Cell counts are expressed as median percentage differential except for TNCC, which
is shown as cells x 10°/ml BALF. Methods of bronchoalveolar lavage, filtration of
lavage fluid and slide preparation are shown. Comparisons to control data are
shown as trends by single arrows (%) whilst significant differences are shown as
triple arrows (V). FOB — Fibre Optic Bronchoscopy, Pooled — first and second
lavage aliquots pooled together; Filtered — lavage filtered before processing;
Resuspended - differential count performed following centrifugation to remove
supernatant and cell pellet resuspended in a set volume of media. (Azevedo et al.
2001) (Marguet et al. 2001) (Le Bourgeois et al. 2002) (Krawiec et al. 2001)

1.7. Patterns and prognosis of preschool wheezing
Not all children who wheeze in infancy continue to do so throughout their childhood.
Birth cohort studies have shown that there are several distinct temporal pattemns to
wheezing in childhood (Figure 3). A sample of 11,465 children born in 1970 was
followed up at the ages of 5 and 10 years (Park et al. 1986). This showed that 21 %

had experienced some wheezing in the first five years of life, most of which had

12
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been variously labelled at that time as asthma, bronchitis, croup and wheeze. Of

these preschool wheezers, 80% had outgrown their symptoms by ten years old.

The Poole study, of 100 infants recruited in 1976, also showed differences in the
prognosis of wheeze according to the age of onset, and the development of atopy
(Sporik et al. 1991). Twenty-two year follow up of this same cohort demonstrated
that the majority of adult asthmatics had been sensitised to dietary allergens as

infants, and had bronchial hyper-reactivity by mid-childhood (Rhodes et al. 2002).

The Tucson Respiratory Study followed a cohort of 1,246 children (recruited
between 1980 and ‘84) from birth over the first six years of life using detailed
environmental and genetic factors (Martinez et al. 1995). About half of the children
(49%) experienced some wheezing during their preschool years. Parental smoking
was a risk factor for all groups. At least three patterns of wheezing were defined in
pre-school children: transient early wheezers, late onset wheezers and persistent
wheezers. The study also considered serum IgE and lung function parameters in a
subset, which provided insights into causes of these separate phenotypes. Wheezing
phenotypes are a spectrum of disease, with some of each group represented in any
sample of wheezy pre-schoolers (Silverman and Wilson 1997b). In fact wheeze
throughout childhood appears to be a mixture of these phenotypes, and it is not until

early teens that a more consistent atopic phenotype is observed (Wright 2002).

13



Bronchoalveolur lavage findings in infant wheeze

Transient early :  Non-atopic .. IgE-associated
wheezers 1 wheezers { wheeze/asthma
1 i
% E |
{ t
H { [—-—"‘
% Z '--."V//‘J
;i ; I"f’
Y ; -
¥
i
]
;

Wheezing
Prevalence

”
m T A T A
.
oS

11
Age {years}

Figure 3 Patterns of wheezing in childhood.

Hypothetical yearly peak prevalence of wheezing according to phenotype in
childhood. Asthma phenotypes reflect a heterogeneous group of conditions
characterised by recurrent airway obstruction. Three of these phenotypes are shown.
This classification should not imply that these groups are exclusive. Dashed lines
suggest that wheezing can be represented by different curve shapes resulting from
many different factors, including overlap of groups. Figure and legend reproduced
with the kind permission of Professor F Martinez (Martinez 2002).
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Each wheeze phenotype is discussed in detail below, illustrated using the Tucson
longitudinal study (Martinez et al. 1995), but substantiated subsequently. At present

there is no specific test, which can readily distinguish one phenotype from another.

1.7.1. Transient early wheezers

Twenty percent of children in the Tucson study had outgrown their symptoms by
three years of age. These are the viral induced wheezers who mainly wheezed with
colds in the first year of life. They were shown to have smaller airways than other
wheezers, as demonstrated by Vi, FRC on infant lung function testing. Their lung
function remained reduced for their age when retested at six years. Linkage analysis

suggests that there is a heritable component to small airways separate from that of

atopy (see section 2.3.1).

1.7.2. Late onset wheezers

Late onset wheezers developed wheezing after three years old. They made up 15% of
preschool wheezers. Late onset of symptoms was associated with atopic sensitisation

and a family history of asthma. Lung function was normal at both one and six years
old.

Children who started wheezing after the age of two were more likely to have asthma

at the age of ten. The number of attacks of wheeze was also related to persistence.

1.7.3. Persistent wheezers

Of those who wheezed in the first year of life, 14% continued to wheeze at six years
old (Martinez et al. 1995). It seems as if a combination of both poor lung function
and atopic sensitisation combine to give these children early onset and persistent
symptoms. They had higher serum IgE concentrations than others at nine months
old. Wheeze was associated with maternal asthma, symptoms of rhinitis and atopic

sensitisation.

15
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In Tucson, persistent wheezers had the lowest lung function levels at six years but
normal V4, FRC at a year, suggesting that chronic inflammation has an impact on
lung growth as well as function. Other studies disagree with these findings
suggesting that persistent wheezers have lower lung function both on diagnosis
between 2 to 4 years old and at follow up, at the age of four years, than those who
grew out of their symptoms (Delacourt et al. 2001). Persistent wheezers show
changes in lung function which predate their symptoms (Murray et al. 2002). Indeed,
the Tucson group had earlier shown that low respiratory function as neonates was
related to increased risk of wheezing illness (Martinez et al. 1988). Increased
bronchial reactivity to histamine at a month old has also been shown to be associated
with cough, low FEV1 and asthma at six years old (Palmer et al. 2001). As well as
decreases in lung function, such persistent wheezers have more hospital admissions

and use of steroid based medication than other wheezers (Kurukulaaratchy et al.
2003).

1.7.4. RSV induced wheezing

Transient viral induced wheezing may also be precipitated by RSV bronchiolitis,
which is a further independent risk factor for the development of wheezing in
childhood (von Mutius 2001). In a prospective study of 47 infants admitted with
proven RSV bronchiolitis in infancy, asthma wheezing and atopy were more likely
to be present at one, three and seven years old than in an age, sex and geographically
matched control sample (Sigurs et al. 2000). This was in spite of similar frequencies
of parental smoking, allergic and asthmatic families between groups. At seven years
old, these ex-bronchiolitic children had increased T cell IL-4 responses to RSV and
cat dander than their controls indicating an allergic response to common
aeroallergens (Pala et al. 2002). The role of allergy and the infective agent are

discussed later (2.3.2.2.).

Although RSV may predispose to wheezing in childhood the differences caused by
this infection have disappeared by the teenage years (Stein et al. 1999). Within the
original Tucson study some of these children would be considered as persistent

wheezers at six years old.
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1.7.5. Relationship to adult lung disease

Persistent wheezing through infancy and childhood is clearly associated with loss of
lung function in adulthood. Pulmonary function testing showed that persistent
wheezers have lower lung function than aged matched controls (Strachan et al
1996). They also showed that at least part of this was due to pulmonary changes that

did not reverse on the administration of 32 agonists.

In contrast, transient wheezing in infancy is considered by many to be a self-limiting
and benign condition. Over sixty percent of infant wheezers in Tucson had outgrown
their symptoms by six years old (Martinez et al. 1995). Follow up of this cohort at
eleven years old revealed lung function associations with wheezing at six, but not for
wheezers at three years (Stein ef al. 1997) and a similar study showed that transient
wheezers had low-normal lung function by seven (Gemn et al. 2002). This suggests

that transient early wheezing does not cause lasting impairment of lung function.

Asthma may follow a more relapsing remitting course than has been previously
thought (Sears et al. 2003). This study from New Zealand considered a prospective
cohort up to their 26th birthday. They showed that only 27% of their complete birth
cohort had never wheezed by this age. Nearly 10% had intermittent symptoms and
12% had relapsed following a remission of symptoms at some stage. Pulmonary
function testing, which was first performed at 9 years old in this cohort, was
persistently lower in the group who continued to wheeze. Von Mutius reviewed (von
Mutius 2001) other studies that demonstrated that many children grow out of their
symptoms during puberty only to regain them as adults.

Persistent wheezing in childhood is associated with adult respiratory symptoms. For
this reason prevention of the lung damage caused by wheezing in infancy is

paramount to respiratory health throughout life.

1.7.6. Can we predict who will continue to wheeze?

Identifying preschool wheezers who will continue to have symptoms into childhood
may encourage the development of interventions to alter the course of the disease

(Carlsen 1997). Studies of neonatal lung function have shown that diminished

17
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indexes of lung function are associated with development of wheezing in childhood
(Martinez et al. 1988; Murray et al. 2002). Neonatal bronchial hyper-responsiveness
1s also associated with development of wheeze (Palmer et al. 2001). Persistent
wheezers have also been shown to have reduced lung function when compared to
those who became asymptomatic, over a four year period from 2 years old
(Delacourt ef al. 2001). As changes in pulmonary function have been shown to occur

in persistent wheezers, much research to date has focused on prevention of wheeze

associated with atopy.

Although persistent wheezing is associated with atopy there is no single atopic
marker that is able to predict persistence of symptoms. In children admitted with
acute wheeze in infancy, the presence of atopic dermatitis, raised serum eosinophils,
IgE, and positive skin prick tests predicted the persistence of wheezing at seven
years old (Kotaniemi-Syrjanen et al. 2002). In particular they found that IgE to
aeroallergens, egg and wheat significantly predicted childhood asthma (Kotaniemi-
Syrjanen et al. 2003a). The combination of egg allergy and atopic dermatitis in
infancy has also been associated with the development of asthma and aeroallergen

sensitivity at four years (Tariq et al. 2000).

The Tucson study group used their cohort of 1246 children to construct predictive
factors for persistent wheeze (Castro-Rodriguez et al. 2000). They found that
frequent wheezing in the first three years of life, atopic dermatitis and a parental
history of asthma increased the likelihood of developing physician diagnosed asthma
to an odds ratio of 5.7 (confidence intervals 2.8 — 11.6) at 13 years old. Physician

diagnosed asthma may be an underestimate of disease burden in the community.

Clough et al. (Clough et al. 1999) showed that persistence of wheezing, in the twelve
months from diagnosis, was associated with age at presentation and the serum
soluble Interleukin-2 Receptor (sIL-2 R) concentration, a marker of T cell activation.
They used a logistic regression model for their calculations on a sample of children
who had at least one atopic parent. These variables gave a positive predictive value

of 76.5% compared to infant atopy alone with a value of 70.1%.
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Products of activated eosinophils such as Eosinophil Cationic Protein (ECP) and
Eosinophil Protein X (EPX) have come under scrutiny. Serum ECP values greater
than 20 ng/ml (pug/l) in wheezers under one year have been associated with persistent
symptoms (Koller et al. 1997; Villa et al. 1998). Nasal ECP levels in neonates were
also able to predict the presence of wheeze at six months suggesting that both nasal
disease and the trend to wheezing occur early in life (Frischer et al. 2000). Similarly
urine EPX was raised in acute atopic asthma but no different from non-atopic
children or controls in chronic asthma (Oymar and Bjerknes 2001). Although these
markers are raised in acute exacerbations, in older children with atopic asthma, nasal
and urine ECP and EPX were not significantly different from baseline and they
concluded that they did not usefully predict exacerbation (Wojnarowski et al. 1999).
The overlap between urine EPX between transient and persistent wheezers further

reduces the sensitivity of this test (Tauber et al. 2000).
Whilst these studies show that there are early differences in lung function and

immunological response amongst those who remain symptomatic, there is no reliable

test in infancy for the prediction of persistent wheeze.
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Chapter 2: Concepts in allergic asthma

Current understanding of the pathogenesis of asthma is extremely complex. It can be
considered as a triad of causality between genetic predisposition, allergens / infective
agents, and the environment (Figure 4). All of these factors interact within the
temporal framework of the developing lung and immune system. Combinations of
factors that may be critical at a particular time-point in development may be
harmless at other times, depending on the plasticity of developing tissue. This
chapter considers the concepts in the pathogenesis of asthma that underpin our

current understanding.

Genetics
Envrionment Pathogens / allergens
—>
Temporal susceptibility

Figure 4 The pathogenesis of asthma

The triangle represents relationships between the various factors implicated in the
pathogenesis of asthma.

2.1. Definitions for asthma

Without a known cause, providing a definition for asthma that will withstand the
rigours required for sound epidemiology is virtually impossible, as definitions based
on symptoms alone are too vague (von Mutius 1998). Also with asthma, none of the
associated atopic or pulmonary signs are sufficiently specific to be used as a

definitive test (Holloway et al. 1999). As an example of these difficulties, asthma has
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been defined as ‘4 variable degree of airflow obstruction, bronchial hyper-
responsiveness, and airway inflammation’ (Busse and Lemanske, Jr. 2001) which
provides a summary of our understanding of the disease process but is also

sufficiently vague to be of little practical use.

The Global Initiative for Asthma (GINA) have defined the condition as ‘... a
chronic inflammatory disorder of the airways. Chronically inflamed airways are
hyperresponsive; they become obstructed and airflow is limited (by
bronchoconstriction, mucus plugs, and increased inflammation) when airways are
exposed to various risk factors’ (GINA 2002). This continues the use of descriptive
terms for a disease whose underlying process is not understood. However, it seems a

though inflammation of the airway is key to our understanding of asthma.

2.2. Epidemiology of childhood asthma

This section discusses the epidemiological aspects of wheezing in childhood. The
economic impact for wheezing amongst preschool children has been estimated as 2.6

million pounds in the UK alone (Stevens et al. 2003).

Childhood asthma and wheezing are increasing in prevalence. This has been
demonstrated by repeated sampling of specific age groups from the same
geographical location. For instance there was an increase in asthma amongst 12 year
old school children in Cardiff from 4 to 9% between 1973 and 1988 (Burr et al.
1989). This survey data was backed up by pulmonary function testing which showed
a similar trend in both moderate and severe disease. A later survey of Nottingham
primary school children indicated that asthma and current wheezing have continued
to increase in prevalence (Venn et al. 1998). These trends have been confirmed in
younger children. During the nineties a repeated survey of the parents of preschool
children in Leicester showed an increase in the rates of current wheezing from 12 to
26% between 1990 and 1998 (Kuehni et al. 2001). The surveys showed an increase
in all respiratory symptoms and diagnoses of asthma over this time period. These
increases cannot be explained solely by changes in diagnostic labelling or increased
awareness. However, more recently such studies have shown a plateau in the

incidence of atopic disease (Toelle et al. 2004).
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2.2.1. Global comparisons

The International Study of Asthma and Allergy in Childhood (ISAAC) was designed
to assess the prevalence of symptoms between different communities (Asher ef al.
1995a). This has enabled comparisons to be drawn between different environments.
On average 8.0% of 13-14 year old children worldwide are affected by asthma
(Asher and Weiland 1998). In this truly global study, involving more than 450,000
children in 56 countries, there was a 60-fold difference between the countries with
the most, and those with the least prevalence. It showed that the United Kingdom has

one of the highest prevalences of disease in the world.

2.2.2. Childhood asthma in the UK

To date five UK studies have used the parental administered ISAAC questionnaire to
determine prevalence amongst the six to seven year old age group (Erlewyn-
Lajennesse and Edmondson-Jones 2002; Fielder et al. 1999; McCann et al. 2002; Ng
Man et al. 2001; Shamssain and Shamsian 1999). The results are shown in Table 4.
These studies are both temporally and geographically similar which enables a direct
comparison of their results. Weighted averages of the responses show that one third
(33.2%) of children had wheezed at some time by the age of seven, but that only
18.7% had symptoms in the last year. This indicates that half (56.4 %) have grown
out of their symptoms by this age.
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Study 1 2 3 4 5
n

1732 5011 3000 440 88
Diagnosis of asthma 242 29.7 22.7 20.0 28.4
Wheeze ever - 35.8 29.6 30.0 31.8

Wheeze in last 12
18.9 194 18.0 17.0 18.2
months

Current use of inhalers 17.8 20.0 - - 26.1

In the last 12 months

Attacks of wheeze

1-3 attacks 17.3 11.6 10.8 - 6.8

4-12 attacks 8.2 5.1 - 6.8

>12 attacks 2.1 7 1.8 - 22

Limitation of speech 35 2.6 3.5 - 4.5

Night time sleep

disturbance

Any sleep disturbance 12.4 - 7.4 - 13.6

>1 night per week 4.2 8.2 5.7 - 6.8

Nocturnal cough* 253 - - 25.0 26.1

Wheeze during or after
12.9 4.4 13.0 - 159
exercise

Table 4  Asthma amongst six year olds in the UK

The table shows a comparison of the results of the five parental administered ISAAC
studies on symptoms amongst 6 to 7 year old children in the UK. Results expressed
as percentages [(McCann et al. 2002)2 (Ng Man et al. 2001) 3(Shamssain and
Shamsian 1999) 4(Fielder et al. 1999) 5 (Erlewyn-Lajeunesse and Edmondson-Jones
2002) *Apart from that associated with a cold or chest infection. Missing data is
Where data was not reported.
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2.3. Pathogenesis of asthma

The relationship of these factors to infant wheeze remains for the most part
speculative, and it is the aim of this thesis to consider how they may relate to the

preschool child. The features of this triad are discussed in turn.

2.3.1. Genetics

Atopy and asthma carry a genetic predisposition (Dold et al. 1992). There is about a
50 to 60% heritability of asthma (Djukanovic and Holgate 1999). They are inherited
in a multi-factorial manner, the details of which are not fully understood. Difficulties
in linkage analysis are confounded by our inability to accurately define asthma and
atopic phenotype (Holloway et al. 1999). Atopy is inherited more frequently if the
mother is atopic than if it is the father who is atopic (Ruiz et al. 1992).

There are several genes that are known to play a role in the inheritance of asthma
(Holloway et al. 1999). Linkage has been demonstrated in several areas of the
genome including chromosomes 11q13 and the cytokine gene cluster on 5q. Both of
these regions code for several cytokines and their receptors including FceRI-3, I1L-3,
IL-4, IL-5, IL-9, IL-12 and IL-13. They clearly have a role in the modulation of the
immune system, and the development of atopy. Polymorphisms in these genes may
also alter the ability of the immune system to respond to infection, thus precipitating
asthma (Vercelli 2003; Werner et al. 2003). However, mutations in these areas of the
genome do not account for inheritance in all families. A mutation has been found in
the cell surface metalloproteinase gene ADAM 33 on chromosome 20pl3 that links
to the atopic asthma phenotype (Van Eerdewegh er al. 2002). Although the
significance of genetic polymorphisms in this gene remain contentious, current
evidence appears to reinforce linkage to the asthma phenotype, although its exact

function remains unclear (Postma and Howard 2004).

Infant wheeze may involve other inheritance factors that are distinct from atopy and
asthma. Christie et al have shown that airway diameter and lung function in older
children and adults play a role (Christie et al. 1997). Genetic linkage studies, by this

group, have linked parental wheezy bronchitis with improvement in their affected
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offspring’s chest symptoms as teenagers, marking these children out as transient
wheezers regardless of the atopic status of the child (Christie et al. 1999). They
consider that transient childhood wheezing has heritable traits that are separate from
atopy, which may account for the inability of other studies to define persistent

wheezing and asthma by atopic markers alone.

2.3.2. Precipitating foreign antigens

Foreign antigens stimulate an immune response, which may enhance or protect
against the development of asthma and wheezing in childhood. These antigens
mclude both infective agents and environmental allergens. The protective effects of
infection are discussed later in this chapter when the hygiene hypothesis is discussed

(Section 2.4), whilst their potential to enhance wheezing is considered here.

2.3.2.1.  Allergen exposure

Allergens are environmental proteins that provoke an inappropriate immune
response in the host. What makes some proteins allergenic is not known. The atopic
arm of the immune system was previously deployed against legitimate parasitic
infestation, and some consider that allergens are similar to hydrolase enzymes found
in these parasites (Busse and Lemanske, Jr. 2001). Atopy is an allergic immune
response to such allergens. Common allergens include house dust mite proteins,

animal dander and tree and grass pollens.

In temperate climates, allergic sensitisation to house dust mite is associated with
asthma and bronchial hyper-reactivity (Platts-Mills ez al. 2000). However, the timing

and mechanism of sensitisation remains elusive.

The evolutionary advantage of atopy remains unclear. It may be that the persistence
of the allergic phenotype has never come under selection pressure, as most allergic
individual’s reproductive function is not impaired by this trait. This chapter has
shown that allergy is a disease of the industrial environment and has increased
specifically during the latter part of the twentieth century. As such, there have not yet
been enough reproductive cycles, since the onset of disease in the population, to see

a change in the industrial world’s genotype toward or away from atopy.
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2.3.2.2.  Respiratory viruses

Viral lower respiratory tract infections in the first year of life and in particular
Respiratory Syncitial Virus (RSV) bronchiolitis may predispose to recurrent
wheezing in infancy (Sigurs et al. 2000). The timing of RSV infection may be the
trigger for disease progression, with early life infection with RSV implicated in
future lung disease (Culley et al. 2002). The relationship between RSV infection and

predisposing risk factors for asthma remains contentious (Openshaw and Hewitt
2000).

Those infants with impaired lung function or immune predisposition may be
predisposed to bronchiolitis. It is not known which comes first: the predisposition to
wheeze or the precipitating RSV infection. Immune predisposition has been seen in
infants with RSV bronchiolitis when compared to those infants who only had coryzal
symptoms caused by RSV (Legg et al. 2003). RSV may precipitate wheezing and
gain some evolutionary advantage by promoting an allergic Th2 response in the host,
slowing viral clearance and thereby giving it valuable time in which to replicate
(Openshaw and O'Donnell 1994). T cell IL-10 production is enhanced amongst ex-
bronchiolitics who continue to wheeze, when no differences were noted in the acute

phase of the illness, suggesting that RSV has an immuno-modulatory role (Bont et
al. 2000).

Amongst infant wheezers and childhood asthmatics, acute attacks of wheezing are
often triggered by viral upper respiratory tract infection. Other respiratory viruses
such as rhinoviruses (Kotaniemi-Syrjanen et al. 2003b; Papadopoulos et al. 2002),
and the recently discovered Human Metapneumovirus 9 (Jartti et al. 2002) may also

be involved in precipitating wheeze.

2.3.3. Environment

Whilst inherited susceptibility is important, it is also clear that the environment plays
a role in the disease process. Some of the most dramatic evidence has come from
epidemiological studies of asthma and atopy amongst schoolchildren at the time of
German re-unification (von Mutius et al. 1994). Prior to reunification, bronchial
hyperreactivity and sensitisation to aeroallergens were more prevalent in the west.

This was considered to be responsible for the higher rates of asthma in these
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schoolchildren. A similar survey three years later showed that atopic disease had
increased but asthma had not. This suggested that the environmental effects that
precipitate asthma occur during the preschool years, whilst those of atopy may occur
at any age (von Mutius et al. 1998). There are many environmental factors that have
been implicated in the development of asthma. Some of the main areas are discussed

below and were reviewed by Strachan (Strachan 2000b).

2.3.3.1. Parental smoking

Passive smoking is associated with an increased risk for wheeze and all respiratory
diseases in childhood (Cogswell ef al. 1987; Le Souef 2000). Timing of exposure is
important. A study of 159 infants showed that maternal smoking during pregnancy
had a deleterious affect on both pulmonary function and lung volume, and that these
changes were still present at one year of age (Tager et al. 1995). Maternal smoking is
associated with a doubled risk of lower respiratory tract illness in the first year of
life. When the mother is a smoker, the effect of passive exposure to environmental
tobacco smoke after birth 1s difficult to separate from that of antenatal exposure to
tobacco smoke in utero. However, a study of Turkish children (Le Souef 2000),
demonstrated decreased lung function amongst households where only the father
smoked, indicating that there is also an ex-utero effect of exposure to passive or

environmental tobacco smoke.

2.3.3.2. Pollutants

Whilst the role of industrial pollutants and vehicle exhaust gasses are popularly
associated with asthma, the evidence to implicate them in the disease process is more
limited. Changes in pollutant levels are probably involved in less than half of
epidemics of acute asthma. However, it is noteworthy that closure of a steel mill in a
valley in Utah (USA) was associated with a dramatic reduction in preschool
wheezing and wheezy bronchitis (Pope, III 1989). Also, the frequency of wheezy
bronchitis was higher in the more polluted east of Germany at reunification (von
Mutius ez al. 1994), which suggests that environmental pollution may play a role in

preschool wheeze.
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2.3.3.3. Indoor environment

Although the outdoor environment has captured the popular imagination, it is likely
that the indoor environment, where most time is spent during both waking and
sleeping hours, contributes most to environmental exposure to pollution. In this

respect, allergens in bedding provide the highest levels of exposure.

Sensitisation to the House Dust Mite (HDM) Dermatophagoides is a significant risk
factor for the development of asthma although not all sensitised children have
asthma (Platts-Mills ez al. 2000; Sporik and Platts-Mills 2001). Changes in housing
such as the advent of central heating may have increased exposure to indoor
allergens including HDM. However, although HDM burden does not seem to be
related to the development of sensitisation, there is clearly a dose response

relationship between exposure and sensitisation (Platts-Mills et al. 2000).

Pet cats and dogs in the home expose human cohabitants to high levels of dander
allergens. The role of dander exposure in the development of asthma is uncertain,
although it is clear that sensitised adults have exacerbations when exposed, this is not
the same as a factor that precipitates disease. In one study, exposure to cat dander
early in life may even be protective against sensitisation in non-atopics (Celedon et
al. 2002). But even in this study, cat dander was associated with increased frequency
of persistent and late onset wheezing. Exposure to dog dander seems to cause fewer
problems than cat dander, possibly due to the nature of the allergen or exposure to

zoonotic infection (Strachan 2000a).

High levels of fungal spores in the home increase the risk of Lower Respiratory
Tract Infection (LRTI) and may be the link between damp housing and chest
symptoms (Stark et al. 2003). However fungal spores are not acting as a true allergen
in this situation because the rate of sensitisation to fungal spores is very low, even

amongst severe adult asthmatics.

2.3.3.4. Diet and infant feeding

Changes in infant feeding from breast milk to cow’s milk based formula have been

implicated in allergic disease. A careful review of the literature concluded that
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breast- feeding is protective, especially amongst children born to atopic parents (van
Odijk et al. 2003). However, this conclusion remains controversial (Zemann and Rot
2003). Unlike formula milk, breast milk contains immunoglobulins, cytokines and
immune effector cells. It also provides a sample of the maternal environment. The
impact of infant feeding upon the developing child may not be immediately
apparent, as breastfeeding has been associated with wheezing and allergic

sensitisation in mid childhood (Zemann and Rot 2003).

2.3.3.5. Iatrogenic mechanisms

There is also evidence that modern medicine may have played its part in the asthma
epidemic. The use of antibiotics in infancy has a dose dependent association with the
development of atopy (Mattes and Karmaus 1999). This association with antibiotics
may be due to reduced exposure to micro organisms as a consequence of their
prescription, or may be a surrogate marker for lower respiratory tract viral infections,
where antibiotics are prescribed frequently and inappropriately. Childhood asthma
has also increased further since aspirin was substituted by paracetamol for the
treatment of minor febrile illnesses during the late 1980°s (Varner et al. 1998). This
followed concemns over Reye’s syndrome associations with aspirin. As a
lipoxygenase inhibitor, aspirin may have reduced leukotriene production modulating

the immune response to viral infection (Varner et al. 1998).

2.4. The hygiene hypothesis

The reduced exposure to infections in infancy has been implicated in the
development of atopy (Martinez 2001). It is known as the hygiene hypothesis
(Strachan 2000a). The lifestyles of the developed world had reduced the opportunity
for cross infection and that infection in early childhood had a protective effect on the

development of allergy (Strachan 1989).

Atopy is inversely related to family size indicating that minor infections, passed on
by contact with siblings, are protective. As such, sharing a bedroom as a child has
been shown to be protective (Strachan 2000a). However, in day care environments,

where preschool children are exposed to other children and their infections, results
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have not been so definitive, with some studies showing no effect on the development
of allergy (Kemp and Bjorksten 2003). Celedon et al observed that day care was
protective in some but not all allergic families, and that maternal atopy in particular

was associated with development of wheeze in this situation (Celedon ef al. 2003).

The hygiene hypothesis remains contentious even though there is considerable
epidemiological evidence in its favour. The most damning direct evidence against
the hypothesis is that the burden of infection in early life does not relate to protection
from atopy (Kemp and Bjorksten 2003). Studies looking at a range of infections
including minor viral infections, measles and tuberculosis, have not shown a
consistent relationship with atopy. Those that have found protection have been
criticised in their methodology, casting doubt upon the validity of their conclusions.
However, not all suggestive studies have such methodological issues, for instance,
acute otitis media appears to be protective amongst the offspring of atopic

Norwegians (Nja et al. 2003).

Atopy is a disease of the city and children raised on farms are protected from atopy
(von Mutius 2002). This is especially true of livestock farms and it is held that
exposure to endotoxin from bovine faecal flora supplies the ‘infective’ immune
stimulus for protection. Endotoxins are lipopolysaccarides (LPS) that are part of the
outer membrane of gram-negative bacteria. They are detected by the innate immune
system. LPS is detected by CD14 on the cell surface and signalling is involved with
the pattern recognition of Toll Like Receptor (TLR)-4 (Coutinho and Poltorack
2003). Mutations in CD14 and TLR-4 have been implicated in the development of
atopy, but animal studies using various gene knockouts suggested that endotoxin
signalling is complex and that the timing of LPS stimulus is important (Vercelli
2003). What is interesting is that the infection suggested by the hygiene hypothesis
may be background exposure to micro-organisms and not overt infection itself
(Martinez 2001).

2.5. The allergic immune response

Allergy is closely associated with persistence of wheeze through infancy. The

pathogenesis of asthma in adults and school aged children centres around the
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immunology of IgE (Busse and Lemanske, Jr. 2001; Djukanovic and Holgate 1999).
This section considers the pulmonary immune response to allergen and its

relationship to asthma.

2.5.1. Antigen processing

In order for an allergen to be recognised by the immune system it must first be
processed and presented to lymphocytes. Allergens are taken up in the bronchi and
alveoli by professional antigen presenting cells (APC). APC are those cells that
express MHC class II on their surface and include dendritic cells, macrophages, B
and T cells. Dendritic cells process allergen proteins by degradation into short
peptide fragments, which are then displayed on the cell surface in conjunction with
MHC class II molecules. Dendritic cells migrate to local lymphoid tissue where
allergen is presented to T lymphocytes (Coutinho and Poltorack 2003; Eisenbarth et
al. 2003; Ono et al. 2003).

2.5.2. Thl/Th2 balance

Within the confines of the lymphoid tissue the specific interaction between the APC
and T cell takes place. The T cell bears a T Cell Receptor (TCR) on its surface,
specific for a peptide fragment of that allergen. Specific binding of the allergen
epitope, in the grasp of MHC class II molecule, to the TCR leads to helper T cell
(Ty) activation. This occurs with a change in T cell surface receptors and notably up

regulation of the IL-2 receptor and production of cytokines.

On activation, Ty, cells produce a battery of cytokines that have been divided into two
categories. These are known as the Ty1 and Th2 responses (Figure 5). In broad terms
the cytokines are mutually exclusive and inhibitory, with cytokines from Thl
responses inhibiting production of T42 cytokines. Ty1 responses recruit cell mediated
(CD8 T cell) immunity and encourage IgG synthesis by B cells. They are assumed to
be an antiviral response. Ty2 cytokines cause B cell class switching to IgE and
recruitment of mast cells and eosinophils. Ty2 responses have been observed in

allergy, as well as parasite immunity, and are predominant in adult asthma. This
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imbalance between Tyl and Ty2 immunity has influenced an entire generation of

academics and has stifled discussion outside of this paradigm for the last decade.

Th2 Th1
IL-4 IL-2, IFN-gamma
IL-5 I.-10

-9, IL-13 IL-12, IL-18

Figure5 T cell T, 1 and T}, 2 cytokines

Arrows indicate negative inhibition.

2.5.3. Immunoglobulin E class switching

Binding of TCR to allergen bound MHC II is just one of a series of interactions on
the Ty2 cell. Co-stimulatory molecules also interact on the cell surface and modulate
this recognition process and the nature of the T cell response. These co stimulatory
molecules between T and antigen presenting B cells include CD40 / CD40L and
CD28 / B7. This multiple binding event promotes rapid Tn2 cell secretion of IL-4,
which in turn binds to IL-4 receptors on the B cell surface. Cytokine signal
transduction occurs through a series of intracellular steps via Janus kinases and
Signal Transducers and Activators of Transcription (STATS), known jointly as the
JAK-STAT pathways (Ransohoff 1998). There are several of these factors involved
in IgE class swilching. These in turn bind to the epsilon (€) heavy chain promoter
regions of the IgE heavy chain, ensuring the alterations in the germline transcript that

bring about immunoglobulin gene rearrangement and class switching from IgM to
IgE.

32



Bronchoalveolar lavage findings in infant wheeze

2.5.4. Effector functions of IgE

IgE 1s distributed through body fluids and binds in tissues to cells bearing IgE
surface receptors. These cells include mast cells, lymphocytes, eosinophils, platelets
and macrophages. Binding of allergen to surface bound IgE causes cross linking of
receptors that leads to activation and a variety of cellular responses. Mast cells
degranulate on signalling through the high affinity IgE receptor (FceR I), releasing a
potent cocktail of inflammatory mediators including histamine, leukotrienes,
chymase and tryptase enzymes. Not only do these mediators have direct toxic effects
on pathogens but they also recruit other immune cells to the area. Eosinophils have a
similar response to FceR II cross-linking by antibody, releasing proteins such a
major basic protein, eosinophil derived neurotoxin, and eosinophillic cationic protein

from their granules.

The response of other effector cells to IgE mediated degranulation is discussed in the

next section.

2.5.5. Chemokines and chemo-attraction

Leucocytes are recruited to the inflamed airway by chemo-attractants produced by
the epithelium and mucosal immune system. Such molecules include complement
factors C3a and CSa, leukotrienes, Platelet Activating Factor and chemokines.
Chemokines are a diverse superfamily of small polypeptides (8-10 kDa) that act as
chemo-attractants (Luster 1998). There are four families of chemokines, named after
the arrangement of their N terminal cysteine amino acid sequence: CXC, CC, C and
CX3C. Chemokines signal through specific transmembrane receptors coupled to G
protein intracellular pathways. Chemokine receptor binding activates cytoskeletal
rearrangement and chemotaxis, along a chemokine concentration gradient, to the site
of inflammation. Eosinophils are recruited by the chemokines Eotaxin (CCL11),
RANTES (CCL5), MCP-3 (CCL7) as well as by Interleukin-5 (Ono et al. 2003).
Neutrophils are recruited predominantly by CXC chemokines enabling a differential
effector cell response. Neutrophils are recruited by IL-8 (CXCLS), and also by
CXCL1,2,3,5,6,and 7.
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2.5.6. Leucocyte trafficking

Leucocytes journey into the airways across the capillary vascular endothelium in
response to an inflammatory event. The pathway involves specific molecular
interactions between specific cellular adhesion molecules (CAM) on both leucocytes
and endothelium. There are three main families of CAM, the immunoglobulin
superfamily, selectins and integrins (Nourshargh 1993). Members include
Intercellular Adhesion Molecule (ICAM) 1 (CDS54), Vascular Cell Adhesion
Molecule VCAM-1 (CD106), E and P selectins (CD62E) and (CD62P) respectively.

2.5.7. ICAM-1

ICAM-1 is a surface expressed glycoprotein with several functions. It is composed
of a single 55 kDa polypeptide chain glycosylated up to 90 — 120 kDa. It is
expressed on several cell types such as the vascular endothelial cells already
mentioned, thymic epithelial cells and fibroblasts, and on haematopoietic cells such
as macrophages, activated T-cells, germinal centre B-cells and dendritic cells in

tonsils, lymph nodes and Peyer's patches.

ICAM-1 is not present on the epithelium of healthy individuals but is present in
inflammatory conditions such as asthma. This indicates that it has a role in the
recruitment of inflammatory cells to the airway (Manolitsas et al. 1994). It is
expressed on vascular endothelial cells where it facilitates the adhesion of leucocytes
to the endothelium, through binding to members of the f-integrin family (van der
Stolpe and van der Saag 1996). ICAM-1 binds LFA-1 (Leucocyte Function Antigen
1), CD18, CDl1la, Mac-1 (CD11b) and CD43 on leucocytes. It is also the

endothelial receptor for rhinoviruses.

ICAM-1 is transcriptionally upregulated by the presence of pro-inflammatory
cytokines such as TNF-¢, IL-1, IFN-y, and inhibited by glucocorticoids. The
endothelium regulates the attachment of leucocytes according to inflammatory status

of the airway.

When expressed on antigen presenting cells, ICAM-1 has a further role as a co-
stimulatory molecule for T-cell help. ICAM-1 and its counter receptor LFA-1 act as
accessory molecules in the activation of T lymphocytes. The binding avidity of LFA-
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1 and ICAM-1 increases when other co-stimulatory molecules bind at the T-cell -

APC surface without a change in the level of expression of either molecule (Collins

et al. 1994).

ICAM-1 is shed by the endothelium by proteolytic cleavage of an 82 kDa peptide
known as soluble ICAM-1 (SICAM-1). sSICAM-1 is increased in many disease states
including asthma, some malignancies, viral infections and autoimmune disorders
(Kokuludag et al. 2002). The exact function of sSICAM-1 remains unclear. However,
what is clear is that ICAM-1 plays several roles in the immune response on different

cells both in cellular attachment and intercellular signalling.

2.5.8. The importance of timing

Development of the respiratory tract and immune system continues throughout
gestation into infancy. Inflammation occurring in this context may modulate (or
remodel) tissue development leading to permanent changes in lung and immune

architecture.

The epithelium of the lung and nose develop from different embryological sources.
The lung develops from foregut endoderm with the respiratory tree budding off from
the ventral pharyngeal groove (Simons 1999). Nasal mucosa is formed from the
ectodermal nasal placode (Bousquet et al. 2004). Despite these differences in
ontogeny, both sites adopt a pseudostratified ciliated epithelium, with the nose
having more submucosal capillary vasculature than lung. Alveoli first appear at 32
weeks and continue to multiply after birth, with the number of alveoli increasing

until at least two years old and possibly up to eight (Merkus et al. 1996).

In contrast, the immune system is surprisingly mature early in foetal development
and is able to respond to antigen. Allergen has been detected in amniotic fluid and
cord blood demonstrating that the foetus is exposed to the maternal environment
(Holloway et al. 2000). The presentation of these allergens to the foetus by an atopic
mother may be important in foetal sensitisation (Warner 2004). Studies of cord blood
from pre-term infants have revealed targeted antigenic T cell responses at 22 weeks

gestation (Jones et al. 1996). Even earlier the foetal gut forms lymphoid follicles
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with antigen presenting cells as well as T and B cells all present (Warner 2004),

which suggests an ability to produce targeted immunoglobulin at an early age.

Pregnancy can be considered to be a state of immunosuppression (Warner et al.
2000). In order to protect the foetus from adverse maternal immune responses to
foeto-paternal antigen, the placenta forms an immunologically protective barrier
between the infant and its mother, and maternal anticellular responses are
suppressed. This has been shown by the skew towards Th2 (anti-parasite responses)
in neonatal T cells. An effect which wanes over the first year of life in healthy

children and might well persist in atopy (Warner et al. 2000)

From an understanding of the development of these organ systems, it is clear that the
timing of the inflammatory event in asthma may be as important as the nature of the
insult itself; events that may be of no consequence if they occurred in adulthood may
have major influences on the developing infant. Such temporal programming
provides a mechanism for the foetal origins of adult disease or Barker hypothesis

(Barker 1992).

2.6. Airway remodelling

The macroscopic changes in the lungs of acute fatal asthma are well described
(Djukanovic and Holgate 1999). The lungs are hyper inflated with mucus plugging
of the airways, and the airway walls are thickened and oedematous. The mucus plugs
contain inflammatory and epithelial cells that can form airway casts also known as
Curschmann spirals. Microscopic examination reveals hypertrophied mucous glands
with thickening of the basement membrane. It is accompanied by an inflammatory
cell infiltrate that involves mast cells and eosinophils. These changes are also present
in the lungs of children with asthma (Cutz et al. 1978). The pulmonary

histopathology of infant wheeze has yet to be examined.

Airway remodelling is the term given to the histopathological changes seen in
asthma. It has been demonstrated in adult asthmatics at diagnosis (Laitinen ef al.
1993) and in older children with asthma (Cutz et al. 1978; Pohunek et al. 1997). The
relationship of these changes to clinical symptoms is uncertain (Redington 2000).

However, it is considered that the remodelling leads to irreversible obstructive
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airways disease even in the absence of asthmatic symptoms (Boulet ef al. 1994). In
adults, the duration of remodelling is believed to lead to the observed increase in the

rate of decline in airway function with age (Chiappara et al. 2001).

The changes of airway remodelling include epithelial shedding, increased number of
mucus glands in the epithelium, sub-epithelial fibrosis, thickened reticular basement
membrane and smooth muscle hypertrophy (Bousquet e al. 2000). These changes

are discussed in more detail below and are illustrated by cartoon in Figure 6.

2.6.1. Epithelial shedding and disruption

The ciliated epithelial cells are frequently shed from the airway wall in acute asthma.
These cells are often vacuolated and less viable than in the healthy airway. The
reason for this phenomenon is not understood. However, epithelial cells play an
active role in airway inflammation and repair and this, in part may be the cause of

their demise.

2.6.2. Increased numbers of mucus secreting glands

The submucosal mucus secreting glands are more numerous and become
hypertrophied. They are responsible for the mucus secretion seen in fatal asthma.
These secretions occlude both large and small airways reducing the area available for

gas exchange.

2.6.3. Sub-epithelial fibrosis with collagen deposition

The extra-cellular matrix (ECM) provides tissue support from a mesh of structural
proteins embedded in a glycosaminoglycan (GAG) gel. There is an increase in the
scar tissue collagen subtypes I and III in asthmatics, and a decrease in elastic fibres.

This reduces the elasticity of the tissue.

2.6.4. Thickened reticular basement membrane

The epithelial basement membrane is composed of the true basement membrane and
lamina reticularis. Asthmatics show a thickening of the lamina reticularis by
deposition of fibrous reticulin and collagen subtypes I and III. The thickness of large
airway basement membranes is related to changes of remodelling in smaller airways

and provides a surrogate marker on endobronchial biopsy for remodelling (James et
al. 2002).
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2.6.5. Smooth muscle hypertrophy

The smooth muscle surrounding the airways becomes hypertrophied and can occupy
up to four times the normal volume. Several reasons are believed to cause this
thickening. Firstly increase work of the muscle secondary to bronchospasm will
increase its bulk. Secondly, the inflammatory environment of the asthmatic airway
may stimulate smooth muscle, causing myocyte growth and division, leading to
hypertrophy. In vitro, airway smooth muscle cells divide in the presence of BAL
from asthmatics (Naureckas et al. 1999), a phenomenon which was augmented by

the use of BAL from asthmatics following allergen challenge.

2.7. Mechanism of airway remodelling

Acute airway inflammation on allergen challenge leads to chronic inflammation,
which, in turn affects the tissue healing process leading to remodelling of the airway
by repair (Bousquet et al. 2000). The exact relationship of remodelling to
inflammation and atopy is unknown (Redington 2000). However, there is

experimental evidence for this hypothesis.

Paediatric asthma is an inflammatory disease (Lemanske, Jr. 2002). Comparison of
BAL in different disease states has shown increased inflammatory cells from infant
wheeze and childhood asthma versus normal controls (Marguet ef al. 1999). Results

of paediatric BAL studies in asthma are discussed in detail in the discussion chapter.

Allergic challenge leads to remodelling. Palmans et al. (Palmans et al. 2002)
demonstrated that exposure to ovalbumin in sensitised rats lead to signs of
remodelling within two weeks of exposure. This was accompanied by an
eosinophillic inflammatory response as well as a clinical correlate in bronchial

hyper-reactivity on carbachol challenge.

Figure 6 Airway remodelling in asthmatic lungs

The figure on the next page shows a cartoon of the changes seen in the epithelium
during airway remodelling compared to normal lung. The diagrams are based upon
A (Young and Heath 2000) B (Bousquet et al. 2000).
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A The normal bronchiolar airway wall consists of a
pseudo-stratified epithelium of ciliated epithelial cells
mixed with mucus secreting goblet cells on the lamina
reticularis basement membrane.

B The asthmatic airway has
a thickened basement
membrane with goblet cell
hyperplasia and epithelial
shedding. There is a
thickened smooth muscle
layer.

Figure 6 Airway remodelling in asthmatic lungs
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2.7.1. Remodelling in preschool wheeze

There are no studies that have looked at remodelling in preschool wheezers. The
persistence of wheeze amongst some infants suggests that remodelling may occur
early in the disease process (Lemanske, Jr. 2002). To this end, several studies have
examined pulmonary function within the first few weeks of life and its relationship
to wheezing in later childhood (Murray et al. 2002; Turner et al. 2002). These
experiments have shown that reduced lung function in the first few weeks of life
predicts wheezing later in infancy. This suggests that airway remodelling could

occur from birth in some individuals.

However, in spite of this gathering evidence, many fundamental questions about
airway remodelling remain unanswered. Namely, its relationship to clinical
symptoms and disease severity, the timing of onset of remodelling and the potential

for reversibility in the developing infant lung remain unknown (Tiddens et al. 2000).

2.7.2. Inflammation and tissue repair

There is an emerging relationship between inflammation and tissue repair with
fibrosis. Fundamental to these processes are the matrix metalloproteinases (MMP)
and the Transforming Growth Factor TGF-38. MMP are collagenases that are
released as part of the inflammatory response by myofibroblasts, neutrophils and
other cells in order to digest the extracellular matrix. They are under strict
physiological control and are secreted with their specific (cognate) inhibitors, the

Tissue Inhibitors of Metalloproteinase (TIMP).

2.8. Matrix metalloproteinases

The matrix metalloproteinases are a family of calcium and zinc coenzyme dependent
proteases, that are able to digest components of the Extracellular Matrix (ECM)
(Atkinson and Senior 2003; Murphy and Docherty 1992). They are sometimes called
matrixins and are part of a group of four families of metalloproteases that also
include the serine proteases and the reprolysins (ADAMs) (Nagase and Woessner, Jr.
1999). MMP-9 is the predominant matrixin in pulmonary tissue (Mautino et al.

1999c¢), and has also been termed gelatinase B or Type IV neutrophil collagenase.
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Matrixins are primarily involved in turnover of the ECM (Brew et al. 2000). This
occurs in normal physiological processes such as bone remodelling, wound healing,
blastocyst implantation and embryonic development. Tissue remodelling is
disordered in disease states such as metastatic tumour spread, angiogenesis,
atherosclerosis and tissue fibrosis. Matrixins have also been shown to be important
in lung diseases such as pulmonary fibrosis and COPD. The role of matrixins and
their inhibitors in asthma has recently also become apparent and will be discussed in

detail. No studies have considered the role of matrixins in infant wheeze.

In lung tissue, neutrophils are the dominant source of MMP-9 (Takafuji et al. 2003),
although bronchial epithelial cells, macrophages, B lymphocytes and eosinophils
(Ohno et al. 1997) have also been shown to be able to produce MMP-9. Neutrophils
synthesise MMP-9 during development in the bone marrow and store the latent
peptide in granules (Atkinson and Senior 2003). Inflammatory stimuli cause
degranulation of the neutrophil releasing proMMP-9, sometimes complexed with
lipocalin (Atkinson and Senior 2003). Bacterial products such as LPS (Pugin et al.
1999) and fmet-leu-phe (FMLP) (Takafuji et al. 2003) have been shown to act as
stimulants to neutrophil MMP release in vitro. Interleukin-8 is also a powerful

stimulant of neutrophil MMP-9 release (Masure et al. 1991).

MMP-9 undergoes a two-step process to activation. The latent form of MMP-9 is a
92 kDa zymogen that is activated by the proteolytic cleavage of an N-terminal pro-
peptide leaving an 84 kDa active enzyme. The first step involves limited proteolysis
of the N terminal, which releases the zinc ion from a propeptide cysteinyl bond,
known as the cysteinyl switch (Wart and Birkedal-Hansen 1990). This regains a
degree of proteolytic function, which allows autolysis of the full pro-peptide and the
completion of activation. In the lung, a variety of proteases, including opportunistic
bacterial proteases may undertake the first step. MMP-3 may also be a major

activator of MMP-9 in vivo (Goldberg et al. 1992).

The substrates of the matrixins demonstrate the range of functions of these proteases.
MMP-9 has been shown to have several substrates including the structural ECM

constituent proteins (collagen, gelatin and elastin), antiproteases (a1 anti-trypsin) and
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cytokines. Proteolytic cleavage of cytokines is an immune regulatory activity
(Opdenakker et al. 2001). IL-8 activity is increased by up to ten-fold when cleaved
by MMP-9 (Van den Steen et al. 2000). This is in contrast to other CXC chemokines
that are degraded by MMP-9 and CC chemokines such as RANTES were left

unaltered by the protease. Matrixins have also shown to alter activity of latent TGF-3

and TNF-c«.

It is clear that matrixins require careful regulation to prevent unwanted tissue
destruction. Production of matrixins is controlled at several levels. Firstly matrixins
are the product of inducible genes whose transcription is regulated by growth factors,
cytokines and chemical stimulants such as phorbol esters (Nagase and Woessner, Jr.
1999). MMP mRNA is transcribed into a zymogen whose latency further controls
enzyme activity. Once released, the non-specific protease inhibitor o2-macroglobulin
binds and inactivates the enzyme or zymogen. TIMP also provides a further level of

protease control.

2.8.1. Tissue Inhibitors of Metalloproteinase

The TIMP are an ancient family of small peptides, whose structures are highly
conserved amongst vertebrates (Brew et al. 2000). They have several known
functions, and probably many more that are yet unknown. A discussion of their

structure will provide an idea of their function.

There are four vertebrate TIMP. All are small 18-20 kDa polypetides with two
domains (one N and one C terminal domain). The interaction between TIMP and
matrixins occur at the N-terminal of the molecule. Binding between MMP and TIMP
1s high affinity and occurs in a 1:1 stoichiometric ratio. TIMP-1 and 2 can bind all
matrixins; the other two are more selective. Inhibition occurs when the TIMP N-
terminal domain inserts into the substrate-binding groove of the matrixins, obscuring
their active site. X-ray crystallographic data is available only for the interactions of
MMP-3/TIMP-1 and MMP-14/TIMP-2 complexes (Brew et al. 2000). TIMP-1 1s a
28 kDa protein that binds specifically to MMP-9. The interaction between MMP-9
and TIMP-1 has not been so imaged to date.
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The function of the C terminal of the TIMP family is less well understood. Although
the N-terminal is primarily involved in matrixin inhibition, TIMP-1 uses the C-
terminal moieties instead to inhibit MMP-9. The C terminal may be involved in the
other functions of the TIMP family, which include fibroblast and epithelial cell
growth, nuclear interaction within the cell cycle (perhaps the reason for their
structural conservation), inhibition of cell invasion important for angiogenesis and

metastasis and the induction of apoptosis in certain situations.

2.8.2. Matrixins and airway remodelling in asthma

As matrixins are capable of degradation of the extracellular matrix, including the
epithelial basement membrane (EBM), their activity in asthma has been postulated to

involve airway remodelling.

Murine studies have illustrated the role of MMP-9 allergic disease. Cataldo et al
(Cataldo ef al. 2002b) used a MMP-9 deficient knockout mouse model sensitised to
ovalbumin, to demonstrate that MMP-9 was involved in allergic airway
inflammation. They showed that eosinophillic airway infiltration, with associated
bronchial hyper-reactivity, seen in wild type mice on aerosol challenge with
ovalbumin, was not present in the MMP-9 knockout strain. Later studies showed that
this was due to a failure of dendritic cell recruitment in MMP-9 deficient mice
(Vermaelen et al. 2003). Kumagai et al (Kumagai et al. 2002) showed that basement
membrane damage caused by ovalbumin challenge could be partially reversed by
TIMP-2 in mice, thus implicating matrixins and their inhibitors in the remodelling

process.

Human studies have considered the role of matrixins and TIMP in acute and chronic
adult asthma (Kelly and Jarjour 2003). MMP-9 is the predominant matrixin in the
asthmatic airway. TIMP-1 concentrations rise in order to cover the molar
concentration, not just of MMP-9, but of all matrixins within the airway allowing

protease — anti-protease balance at rest (Mautino ef al. 1999c).

Human studies have shown matrixins are related to lung function in asthma. MMP-8

(Prikk et al. 2002) and MMP-9:TIMP-1 (Vignola et al. 1998) inversely correlated
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with FEV; in adult asthma. MMP-9; TIMP-1 ratios have also been shown to correlate

with FEV, in severe asthma and relate to steroid responsiveness in these patients

(Bosse et al. 1999).

Immunohistochemical studies of the EBM in asthma have implicated MMP-9 in the
pathogenesis of airway remodelling. MMP-9 stained the thickened (remodelled)
EBM of severe asthmatics and was associated with neutrophil infiltration of the
epithelium (Wenzel et al. 2003). This process correlated with BAL eosinophillia
indicating the dual role of eosinophils and neutrophils in asthma. Hoshino et al. also
noted a relationship between EBM thickening and MMP-9 but not TIMP-1

expression in asthmatic airway biopsies (Hoshino et al. 1998).

2.8.3. Matrixin — inhibitor balance

The ECM is in a constant state of turnover. Protease activity must be balanced with
inactivity in order for this to occur in a controlled manner. Protease balance is one of
the factors that could lead disorder in matrix turnover and may lead to tissue
remodelling (Mautino et al. 1999a). There are two plausible mechanisms by which
MMP-9 and TIMP-1 could effect a remodelling process (Figure 7): Firstly an excess
of active MMP-9 over TIMP-1 would allow unregulated destruction of the ECM and
basement membrane leading to inflammation and wound repair. Disorder of this
process would prevent like with like replacement of the basement membrane leading
to fibrosis and airway remodelling. Secondly, an excess of TIMP-1 over MMP-9
would slow the turnover of the ECM leading to build up of ECM products which
may include thickening of the basement membrane, a cardinal feature of airway

remodelling (Mautino et al. 1999c; Vignola et al. 1998).
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Pro-remodelling Pro-fibrotic

MMP TIMP
TIMP HHP{
MMP Excess TIMP Excess

Figure 7 MMP — TIMP imbalance

The figure demonstrates the relationship between MMP and its natural inhibitor
TIMP. Two mechanisms of imbalance are plausible. Firstly an imbalance of MMP
over TIMP leading to unchecked proteolysis and ECM degradation, and secondly an
excess of TIMP over MMP leading to decreased matrix turnover and fibrosis.

2.9. The one airway hypothesis

The nose and the lung have different functions but are all part of the respiratory tract.
There is now a body of evidence to suggest that inflammation of the nasal mucosal is
matched by inflammation of the lower respiratory tract, and that the two are
somehow interlinked. This has been termed the one airway hypothesis (Grossman
1997), although several other terms have been coined such as the allergic
inflammatory airway syndrome (Togias 2001) or allergic rhinobronchitis (Simons
1999), none of which are in widespread use. The one airway hypothesis suggests that
both allergic rhinitis (AR) and asthma are atopic diseases that are part of a single
continuum of disease within a common airway. Evidence for this concept is robust
and comes from two main sources: that of epidemiology and more recently, from

targeted allergen challenges in adult volunteers.
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2.9.1. Epidemiology of allergic rhinitis and asthma

In both adults and school aged children, epidemiological studies have shown that
allergic rhinitis and asthma frequently coexist (Annesi-Maesano 2001; Bousquet et
al. 2003). Although both conditions are common, they occur together more
frequently than by chance alone. Developing AR increases the chances of having
asthma by up to ten fold. It is also more likely for an asthmatic with aeroallergen
sensitivity to have AR than no nasal symptoms at all. The opposite situation, of
seasonal bronchial hyper-reactivity without nasal symptoms is extremely rare, which
suggests that the temporal process of sensitisation starts with the nose and then
progresses to the lungs (Linneberg et al. 2002). The onset of AR in adulthood often
precedes the development of asthma, normally by about two years, and is an

independent risk factor for the development of asthma (Bousquet ez al. 2003).

Adult hayfever sufferers, without any wheeze, have subtly abnormal lung
physiology. Even in the absence of chest symptoms, people with AR have increased
bronchial hyperreactivity to metacholine following nasal allergen exposure (Corren
et al. 1992). However, they do not show the classical changes of obstructive airways
disease as evidenced by changes in the Peak Expiratory Flow Rate (PEFR)(Kelly et
al. 2003). Compared to asthmatics, they also have identical lower airway responses
to bronchial allergen challenge, albeit at higher allergen doses than the more

sensitised asthmatics (Kelly et al. 2003).

2.9.2. Localised allergen challenge studies

Segmental allergen challenges show that both nose and lung respond to local
infiltration of either organ with allergen. Braunstahl and his colleagues from
Rotterdam (Braunstahl ez al. 2000) have performed segmental bronchial provocation
via oral FOB. It is of note that they did not use the nasal route for endoscopy, which
could have contaminated the nares with allergen. They challenged adults with grass
pollen seasonal rhinitis (but not asthma), and healthy controls, with grass pollen
extract. Adults with AR alone showed an increase in pulmonary symptoms over the
next 24 hours, decrease in FEV|, increase in blood eosinophils and increases in

eosinophils in the allergen challenged biopsy specimens from the Right Lower Lobe
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(RLL) as well as in specimens taken from a prior sham challenge of the Right Upper
Lobe (RUL) (Braunstahl e al. 2001a). More importantly nasal biopsy following lung
challenge showed an increase in IL-5 positive cells suggesting allergic infiltration.
The number of mast cells in the nasal biopsies decreased indicating degranulation
following distant challenge, although this could also indicate upper airway

contamination with allergen (Braunstahl et al. 2001a).

The same group have also performed the reverse experiment, where nasal allergen
challenge in AR produced up-regulation of adhesion molecules ICAM-1, VCAM-1
and E-selectin in bronchial biopsy specimens (Braunstahl et al. 2001b). This
demonstrated a lung response to nasal allergen provocation, which agreed with

findings from induced sputum (Beeh et al. 2003).

The drawback with all of these localised challenge studies is that it is impossible to
isolate one part of the airway (Broide 2003). Locally deposited allergen may quickly
spread to other parts of nose and lung by coughing, and assisted diffusion via the
mucociliary escalator. Studies from mice have considered the issue of allergen
spread following localised challenge. In mice, the distribution of nasally instilled dye
particles predominantly localised to the nose (87.8% recovery) (McCusker et al.
2002). Following sacrifice, immediately after intranasal allergen challenge, 5.6%
was recovered from the lungs and 2.8% the stomach. Both lung and stomach
concentrations were not significantly different from dye recovery from the spleen,
used here as a negative control. These experiments demonstrate that whilst one
cannot completely isolate one part of the airway by intranasal challenge, the
concentration of allergen in other areas can be assumed to be very small immediately
after challenge to a non-reactive substance. However, this experimental model does
not account for the spread of sensitising allergen where there is mucosal
inflammation and excessive mucus production. Allergen containing mucus will be
swallowed and some may enter the lower respiratory tract. Within the lung the
mucociliary escalator will ensure that allergen-containing fluids ascend the
respiratory tree and may be transported to distant parts of the lung by the larger

airways.
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Allergic responses at both lung and nose may be only part of a wider systemic
response to allergen. Other tissues such as gut and skin may also be involved in a
general response to local allergen challenge (Togias 2001). Anaphylaxis is the most
well recognised systemic response to local allergen challenge and it seems logical
that anaphylaxis may occur at a sub-clinical level following every exposure. Bone
marrow has been shown to increase production of IL-5 receptor positive cells
following localised allergen challenge indicating that there is a fundamental and
systemic response to allergens (Denburg et al. 2000). Laboratory studies in mice
indicated that both intra-peritoneal and nasal sensitisation to ovalbumin caused lower
respiratory tract inflammation on further nasal challenge (2002). This indicates that
the respiratory tract is not isolated from the rest of the immune system and that
priming at one mucosal surface does not preclude response from another. In this
respect there may be nothing special about the distant allergic responses in lung and
nose, and that other mucosal sites would show similar responses if they had been

biopsied in these experiments.

2.9.3. Airway biopsy in rhinitis
Immunological descriptions of the lower respiratory tract in allergic rhinitis are now
available to add weight to the epidemiological evidence. Bronchial biopsy studies
have also shown increases in eosinophils, IL-5 and lymphocytes in AR sufferers in
season compared to out of season (Chakir et al. 2000). Recently, adults with allergic
rhinitis have been shown to have signs on airway remodelling on bronchial biopsy

prior to the onset of LRT symptoms (Braunstahl et al. 2003).

If the lung and the nose both endure a single inflammatory disease process, one
would expect to remodel the nose as well as the bronchial mucosa. Although changes
to the nasal mucosa have been observed in asthma they are not as striking as that of
the lower airway (Bousquet et al. 2004). In particular the nose does not exhibit
epithelial shedding, pseudo-thickening of the basement membrane and lacks
substantial collagen deposition (Braunstahl et al. 2003; Chanez et al. 1999).
Although AR is associated with eosinophil efflux into the mucosa (Lim et al. 1995),
neutrophils are also present in significant numbers within the epithelium, especially

in adults with seasonal symptoms. The differences between changes observed
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between nasal and bronchial mucosa have been hypothesised as being due to the
differing epithelial origins of the mucosae (Bousquet et al. 2004). The physical
method of biopsy has also been implicated to play a part, with bronchial biopsy

causing more epithelial disruption than nasal biopsy forceps.

2.9.4. The allergic march

The manifestation of atopic disease changes as the child gets older, a phenomenon
known as the allergic march (Figure 8). Infants have eczema, which tends to wane in
mid childhood. Asthma is common in preschool and older children. Allergic rhinitis
1s uncommon in infants but becomes increasingly common amongst teenagers. This
development or march of allergic disease over time has been demonstrated by

Cogswell’s longitudinal study of a cohort of infants from Poole, Dorset (Sporik et al.
1991).

The changes seen in during allergic march are not those observed in adults

developing symptomatic atopy, where hayfever occurs prior to the onset of asthma,

and eczema is much less common.
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Figure 8 The allergic march.

This bar chart shows how manifestation of allergic disease changes over the first
years of childhood. Wheezing is indicated by the clear bars, eczema by the cross
hatched bars and allergic rhinitis by the single hatched bars. Data was taken from
Sporik et al (Sporik et al. 1991).

2.9.5. Allergic rhinitis in preschool children

Allergic rhinitis in preschool children is not widely recognised. The precepts of the
allergic march suggest that allergic rhinitis is the last of the atopic triad to develop,
after eczema and asthma. This is clearly not the experience of adult asthma where
AR precedes atopic asthma. Allergic rhinitis was found to affect nearly a quarter of
10 year olds from the Isle of Wight cohort (Arshad et al. 2002). AR was associated
with aeroallergen sensitivity and asthma in this age group both at 10 years and at

four (Kurukulaaratchy et al. 2003).

AR is difficult to diagnose in preschool children due to the similarity of many of the
symptoms with mild viral coryza. Toddlers are also unable to report the sensation of
itching that is prominent in the older age group leading to the disease being under

diagnosed (Peroni et al. 2003).
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In adults, aeroallergen sensitivity and AR frequently coexist (Bousquet et al. 2001).
Assuming that the same mechanism holds true for preschool children, the prevalence
of aeroallergen sensitivity can be used as a surrogate marker for allergic rhinitis.
Fortunately, aeroallergen sensitivity is better documented in this age group than
rhinitis. Positive Skin Prick Tests (SPT) to inhalant allergens are found in a minority
of infant wheezers being only 18% of one sample admitted with wheeze in infancy
(Kotaniemi-Syrjanen et al. 2003a). Tariq ef al (Tariq et al. 2000) showed that egg
allergy in infancy predicted onset of aeroallergen sensitivity at four years old.
Hattevig ef al followed a small cohort of children through childhood and showed that
food allergen sensitisation peaked in the first year of life and was replaced by

acroallergen sensitivity which first appears at two years old and persists (Hattevig et
al. 1993).

Overall these results suggest that allergic rhinitis occurs amongst preschool children
which is earlier than has been expected in the past. This may have a bearing on the

development of asthma.

2.10. Therapeutics of infant wheeze

There are two main approaches to the treatment of wheeze in infancy. The aim of
primary prevention is to prevent the development of disease, whilst secondary

prevention aims to treat symptoms once they have occurred.

2.10.1. Primary prevention

The role of primary prevention is key to our understanding of asthma. It is likely that
intervention in early life will have an impact on lung health for the adult (Holt and

Sly 2000). Primary prevention studies have mainly focused on allergen avoidance.

The role of allergen avoidance strategies in the prevention of asthma remains
controversial. In spite of the encouraging reports from some randomised controlled
trials (Arshad et al. 2003), a systematic review of allergen avoidance studies did not

support their use (Pearce et al. 2000). However, the role of sensitisation to allergen 1s
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more robust, and it is this relationship that provides the link between allergen
exposure and asthma. Sporik and Platts-Mills (Sporik and Platts-Mills 2001) argue
that sensitisation is more difficult to determine from population studies, hence the

difficulties in demonstrating the link between allergen and asthma.

Increasing exposure to environmental tobacco smoke both in utero and in infancy
has been shown to be deleterious to lung growth (Le Souef 2000) and is associated

with all forms of infant wheezing (Martinez et al. 1995).

There is only one study of the use of pharmacotherapy in the prevention of asthma
(Bisgaard 2002). The Early Treatment of the Atopic Child (ETAC) study considered
the long term use of cetirizine, an H; antihistamine, in infants at risk of the
development of asthma before the onset of symptoms (ETAC Study group 1998). In
a double blind randomised controlled trial, 817 children aged between 10 and 28
months, with atopic dermatitis or a family history of atopy were enrolled and
randomised to receive placebo or cetirizine. Overall there was no difference in the
development of asthma between groups over 18 months, but in a post hoc analysis
those with sensitisation at enrolment to grass pollen and house dust mite had
significantly lower incidence of wheeze. Those with cat dander sensitivity did not
show such changes, which the authors considered was due to the pervasiveness of
dander exposure in families who kept their pet. These findings were reduced after
three years of follow up with only those allergic to grass pollens showing a
significant reduction of incidence of wheeze (Wamer 2001). The effect of constant
exposure to house dust mite, as with cat dander, may the cause of this, whilst
__seasonal exposure to grass pollen was more easily controlled. ETAC also showed
that in this group of high-risk infants, aeroallergen sensitivity was associated with a

significantly higher relative risk of developing asthma.

2.10.2. Secondary prevention

Treatment of symptomatic wheeze in infancy is controversial due to the range of
symptoms and difficulties in defining the diagnosis of infant wheeze (de Jongste et
al. 2002). Oral corticosteroids (OCS) have been considered to be effective in the

treatment of acute ‘viral induced wheeze’ from 2 months old and are the current
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mainstay of treatment (Bisgaard 2002). However, a recent study of OCS in acute
viral wheeze (Oommen et al. 2003a) suggested that they were not effective in
reducing symptoms when started by parents. Steroids were commenced very early in
the course of the exacerbation, which was probably the best time to intervene with an
immunosuppressive therapy. No effect was seen even amongst those wheezers
categorised as atopic by high urine EPX concentrations. However, the study

excluded those with symptoms of rhinitis, which may have precluded those who

would respond to corticosteroids.

Inhaled corticosteroids (ICS) are similarly controversial and were also reviewed by
Bisgaard (Bisgaard 2002). Overall he concluded that the lack of evidence might be
due in part to the difficulty in separating out the treatment effect of preventer therapy
from natural loss of symptoms amongst transient wheezers. An interesting study on
the role of nasal corticosteroids in prevention of viral associated wheeze also showed
no differences in outcome between groups (Silverman et al. 2003). Other
immunomodulatory agents could modulate the immune process, and this may be
dependent upon timing of intervention in relation to lung development (Holt and Sly
2000). Montelukast is a leukotriene receptor antagonist. It has been used in a 28 day
trial following acute RSV bronchiolitis in preschool wheezers admitted with
bronchiolitis and was shown to reduce symptoms during the acute episodes and
exacerbations of wheeze over the next few months (Bisgaard 2003). However, this
study was criticised in the accompanying editorial (Szefler and Simoes 2003) for the
wide age range of participants suggesting that both bronchiolitis and RSV associated
wheeze were included. The data were not broken down by age thus obscuring the

site of the effect of montelukast on RSV bronchiolitis or wheeze or both conditions.

The increase in prevalence of asthma amongst older children has been associated
with a drop in asthma admissions, which demonstrates how improvements in
treatment have reduced morbidity in this age group (Wennergren and Strannegard
2002). However, the same study showed that a similar reduction in admissions has
not been seen for pre-school wheezers, highlighting the difficulties of effective
treatment in this age group. The role of pharmacologic intervention will only become
more clear when we have a better understanding of the underlying causes of

wheezing in infancy.
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Chapter 3: Subjects and Methods

The infant wheezers in this study were recruited as part of an international,
multicentre double blind placebo controlled trial of the effect of cetirizine on nasal
and bronchial ECP concentration at the onset of asthma in infancy. The primary aim
of this trial was to evaluate the effect of a two-week course of cetirizine on the ECP
concentration of nasal lavage fluid from infant wheezers. The timeline for the study
is shown in Figure 9. As the property of UCB Pharma SA, the randomisation codes
were not available for inclusion in this analysis and the results of the second nasal

lavage are not shown.

Instead the exploratory aims and results of the study are discussed here, which
included observational data from upper and lower respiratory tract lavage from

preschool wheezers.

Screening Visit 1 Visit 2 Follow Up
Recruitment Bronchoscopy
Consent Serum NAL 2 ISAAC
Clinical Exam Urine 1 Urine 2 questionnaire
BW/BAL
NAL 1

<2 months 2 -3 Y years

Figure 9 Timescale for the BAL study and its follow up

The time line for the study is shown in the diagram. Following recruitment and a
screening visit, children underwent a clinical bronchoscopy at which samples were
stored for research purposes and a concomitant nasal lavage and blood sample were
taken.
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Both bronchoscopy and follow up studies were fully approved by the local research
ethics committees at each recruiting centre. The centres involved in the BAL study
were Brussels, Paris, Prague and Southampton. Only Prague and Southampton
participated in follow up. Parents or guardians provided written evidence of
informed consent according to local regulations. UCB Pharma SA sponsored the trial

and its exploratory study aims.

3.1. Study overview

All centres recruited preschool children to this study. All subjects had a diagnostic
bronchoscopy with bronchoalveolar lavage for clinical indications of severe
wheezing, with a concomitant nasal lavage. Aliquots of lavage and serum were taken

for storage and later research analysis. Samples of serum and urine were also taken

on the day of bronchoscopy.

Lavage cell counts were prepared and counted at each centre by local staff. Aliquots
of lavage supernatant, and unstained cytocentrifuge slides were frozen and sent to
the Southampton laboratory for analysis. ELISA were performed on lavage for
Interleukin 8 (IL-8), soluble ICAM-1, soluble IL-2 Receptor « (sIL-2 R), Eotaxin-1,
Interferon ¥ (y-IFN), MMP-9 and TIMP-1 in lavage fluid. ECP was measured by
radio-immunoassay in lavage and serum. Serum was also assayed for SICAM-1 and
sIL-2 R by ELISA. Cytocentrifuge slides were stained using immunohistochemistry
for ECP and mast cells. Dr Sarah Dobson, Dr Puja Kochhar and Dr Jane Warner
performed the ELISA and zymography for MMP-9 and TIMP-1, all other assays
were performed by the author. Wheezers were followed up by parental questionnaire

several years after bronchoscopy.

3.2. Inclusion criteria for wheezers

All preschool wheezers in this study had recurrent respiratory symptoms, including
cough and wheeze, in whom clinical, laboratory and other data were inconclusive, so
that bronchoscopy with bronchoalveolar lavage was required for clinical diagnostic
purposes. They were between six months and four years old at recruitment. A parent
or guardian gave informed consent at a screening visit prior to the procedure. A

clinical evaluation was performed following consent. All wheezers had a blood
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sample taken up to maximum of two months before the procedure to estimate total

serum IgE and liver function tests.

Wheezers were excluded from the study if they had a chronic disease requiring
therapy (such as epilepsy or insulin dependent diabetes mellitus), severe neurological
or psychological disorder of the child or their legal representative (including a drug
or alcohol disorder), known cardiac dysfunction or QT abnormality on
electrocardiogram, known allergy or intolerance to cetirizine or other piperazines or
parabens, a personal history of central sleep apnoea or history of apnoea in siblings
(if the child was younger than two years old at inclusion), participation in another
clinical trial within three months preceding inclusion, metabolic condition which
may compromise the absorption or other pharmacokinetic properties of cetirizine
such as severe renal impairment, treatment by immunomodulators such as
cyclosporin, use of antihistamines or cough medicine with antihistamines in a
defined period preceding enrolment dependent upon the half life of the medication
consumed and nasal septal deviation, turbinate hypertrophy or polyps preventing
safe nasal lavage. Wash out periods for medication were: antihistamines or cough
medicine containing these drugs in the last week, inhaled cromoglycate or
theophylline in the last two weeks, inhaled, systemic or topical steroids in the last
two weeks with a maximum of three days in the last month, astemizole or ketotifen
in the last six weeks and any sympathomimetics in the last 24 hours prior to

bronchoscopy.

3.3. Subjects

Fifty two wheezy preschool children were recruited to the BAL study and compared
to 14 retrospective controls from Southampton. Wheezers were allocated to
subgroups after the study closed and centres were blind to the eventual categorisation
of subjects. After closure of the study, the 52 preschool wheezers were divided into
atopic, infected and idiopathic wheeze subgroups according to their concomitant

symptoms as below. Idiopathic wheezers were those who were neither atopic nor

infected.
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3.3.1. Atopic wheezers

Atopy was defined as the presence of one or more of the following: atopic dermatitis
or allergic rhinitis by definition of the reporting clinician, raised serum eosinophil
count or immunoglobulin E above the normal range for the local laboratory, positive
skin prick test for a range of common food and acroallergens, defined as a wheal
greater than 3 mm on a flare of greater than 5 mm diameter (the diameter of the
positive control was not recorded for comparison), positive RAST for a range of
common food and aeroallergens (defined as > 0.7 RU/l). Serum IgE results were
missing from one child with idiopathic wheeze, who had negative skin prick tests,
and one child with atopic wheeze who had eczema as their defining atopic symptom.
Of the four infected wheezers with missing IgE results, three had negative skin prick

tests and the fourth had atopic dermatitis but no skin prick test results to compare.

3.3.2. Infected wheezers

Infected wheezers had positive bacterial growth on routine culture of BAL. It is
important to remember that these children presented with cough and wheeze and

were not being investigated for recurrent pneumonias.
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3.3.3. Recruitement

The breakdown of recruitment by study centre is shown in Table 5 and their clinical
details in Table 6. All children were under four years old at bronchoscopy. The
majority were under two (Table 7, Figure 10). The median age of the control group
was 1.7 years and was not significantly different to that of the wheezers, with an
overall median age of 1.1 years. There were no overall significant differences in age

between groups or between centres.

Idiopathic Atopic Infected
Centre Control Total
wheezers wheezers wheezers
Southampton 14 3 6 1 24
Brussels - 3 1 6
Paris - 5 5 11 21
Prague - 5 8 2 15
14 15 22 15 66

Table 5  Recruitment of children by study centre
Wheezers were recruited from four centres and compared to a retrospective control
group.
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Idiopathic Atopic Infected
Control
wheezers wheezers wheezers
n 14 15 22 15
Males 7 (50%) 8 (53%) 13 (59%) 10 (67%)
Missing
cultures 8 (57%) 4 (27%) 5 (23%) 0
Stridor 12 (86%) 1 1 1
Congenital 0
malformation 7(50%) 1 1 0
Abnormal o o
serum IgE 0 0 6 (27%) 2 (13%)
Missing IgE 0 1 1 4 (26%)
Atopic o 0
dermatitis 0 0 11 (50%) 4 (26%)
Allergic o
rhinitis NA 0 7(32%) 0
Antibiotics NA 4 (27%) 7 (32%) 8 (53%)
Inhaled 0
corticosteroids NA 7 (44%) > (24%) 9 (60%)

Table 6  Clinical features of subjects

Numbers of subjects with percentage of group total in brackets. Allergic rhinitis
(AR) children had either AR or aeroallergen sensitivity. Inhaled corticosteroids or
antibiotics given in the six weeks prior to bronchoscopy are shown. Medication data
for controls was available at bronchoscopy but not for the preceding period. No
subjects received oral glucocorticoids within six weeks of bronchoscopy. One
idiopathic wheezer received intravenous immunoglobulin within three weeks of
bronchoscopy but no other immunomodulating drugs were used.

NA - data not available.

Idiopathic Atopic Infected
Control p
wheezers wheezers wheezers
1.7 1.2 1.2 0.9
Age 0.5
0.8-29 0.7-1.8 08-1.7 0.7-1.3

Table7  Age of subjects by group

Ages are shown in years as median (25" — 75" percentiles). Kruskal Wallis Test
between group medians was not significant.
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Figure 10 Boxplot of age at bronchoscopy

Boxplot showing the age of subjects at bronchoscopy compared between groups.
Data points a represented as circles and the boxes show median with first and third

quartile ranges. Age is given in years. There were no significant differences between
groups.

3.3.4. Controls

Fourteen controls were selected retrospectively from bronchoscopies over the same
time period, at our study centre in Southampton. All subjects who fitted control
criteria during this time period were included as controls. They had enrolled in a
separate but related ongoing study on the use of BAL in the diagnosis and treatment

of lower respiratory tract disease in children.

Seven children (50%) had an upper airway diagnosis such as laryngomalacia, or a
normal bronchoscopy with stridor as their sole presenting symptom. None of them
had a history of wheeze. Those who presented with both cough and stridor required

signs of airway malacia at bronchoscopy to warrant inclusion as controls.

Two control children did not have stridor or airway malformation. One had

unexplained tachypnoea, the other a normal study following persistent radiological
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changes to the right middle lobe. Both of these non-stridulous controls had negative

BAL cultures, normal serum IgE and no clinical response to 32 agonist inhalers.

3.4. Bronchoscopy

Children were admitted as day cases for the bronchoscopy. A trans-nasal flexible
fibre-optic bronchoscopy was performed under continuous oximetry monitoring and
clinical evaluation. A 3.5mm paediatric scope such as the Olympus BF3C20, used at
the Southampton site was used for the procedure. Pre-medication consisted of
midazolam, pethidine and atropine sulphate. Topical anaesthesia consisted of
lignocaine 1% in the upper airways and 0.5% in the bronchial tree.  Supplemental
oxygen was administered as indicated by oximetry. No adverse events were
assoclated with this procedure at the Southampton site but data were not available

for the other sites.

3.4.1. Bronchoalveolar lavage method

The bronchoscope was wedged in a segmental bronchus predominantly in the right
middle lobe or a site where abnormalities had been detected on chest radiograph. In
order to reduce the risk of contamination from the upper airways, no suction was
used until the tip of the bronchoscope had been wedged into the airway lumen.
Aliquots of 10 ml of warmed 0.9% sterile saline were injected and aspirated so that
the total lavage volume was between 2 and 3 mlkg. The fluid recovered was
collected into fresh sterile containers and divided into aliquots for the various
investigations. A sample of the bronchial wash was sent for routine microbiological
culture. Lavage was placed on ice and transferred to polypropylene tubes within an

hour.

3.4.2. Bronchial washings method

The first aliquot of bronchoalveolar lavage taken by this method was called the
bronchial washing. All subsequent lavages were referred to as bronchoalveolar

lavage.
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3.4.3. Lavage return

Although there was a protocol for bronchoalveolar lavage, instillation volumes
varied between individuals but not centres. The instillation volumes for bronchial

washings approached significance between centres (p = 0.066). A comparison of

lavage volumes and their returns are shown in Table 8 and Table 9 respectively.

Southampton | Brussels Paris Prague P
n 9 6 21 15
BW 101?10 3 l—é8 63(13 8 il17 0.066
BAL 102—020 101-940 122~016 122-034 0.192
Table 8 Lavage instillation volumes

The instillation volumes of lower airway lavage (BW bronchial washing, BAL
bronchoalveolar lavage) are shown between centres as median and range (ml). P
values for Kruskal Wallis one-way ANOVA between groups are shown. There were

no significant differences between groups although BW approached significance.

Southampton | Brussels Paris Prague p
n 9 6 21 15
35 % 42 % 37 % 30 %
BW 20-50 20-67 14— 57 10 —47 0.709
50 % 47 % 42 % 60 %
BAL 20 -85 20-69 | 15-100 | 17-125 | 9384

Table9 Lavage return

The lavage return volumes for lower airway lavage (BW bronchial washing, BAL
bronchoalveolar lavage) are shown between centres as median and range (% of
instilled volume recovered). P values for Kruskal Wallis one-way ANOVA between
groups are shown. There were no significant differences between groups.

3.4.4. Nasal lavage method

Nasal lavage was performed according to a standard protocol at all centres and was
similar to the methods previously used in neonates (Frischer et al. 2000). With the
child supine a suction catheter was placed into the posterior nasopharynx and 10 ml
of warmed sterile saline syringed into the nares on the contralateral side. Lavage
fluid was immediately suctioned into a sterile trap and placed on ice prior to

analysis.
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3.4.5. Nasal lavage return

There was a significant difference between both lavage instillation and return
volumes between centres (Table 10). Paris used a 5 ml NAL whilst lavage at the
other centres varied around 10 ml. Brussels had the highest volume NAL with

lavages of up to 20 ml.

Southampton | Brussels Paris Prague p
n 10 6 21 15
Instilled 10 ml 10 ml 5ml 10 ml
volume 5-10 620 5-5 5-10 < 0.001
Percentage 57% 41% 80% 40% 0.004
return 30-90 10 - 100 20 -120 10 - 85 '

Table 10 Nasal lavage volumes

The instillation volumes (ml) and lavage return (% of instillation volume) for nasal
lavage are shown between centres as median and range. P values for Kruskal Wallis
one-way ANOVA between groups were significantly different between centres.

Comparison of NAL between centres showed that Brussels had consistently higher
ECP, IL-8 and sICAM-1 concentrations in NAL than the other centres (Table 11).
Correlations between lavage volumes, lavage returns and these variables were not
significant. Total nasal cells were not significantly different between centres and

varied markedly between with each centre.

Southampton | Brussels Paris Prague p
35
1.3 59 93
INCC | 0003184 | 001-123 | %007- 1005 9002 | 0.142
x10°cells/ml 1165
10 6 14
20
11 112 33 13
EC/II) 3113 8183 | 0-162 0-70 0.006
Ie 10 5 15 9
. 64 921 164 63
i 14-679 | 297-1708 | 0-517 0-1127 0.023
& 9 4 15 12
0 29 0 0
SICi‘HMﬂ'l 0-14 14204 025 0-55 0.001
pg/mt 9 6 14 15

Table 11 Nasal lavage markers by centre
Total Nucleated Cell Counts (TNCC), ECP, IL-8 and sICAM-1 concentrations in
nasal lavage between centres (median, range, n). P values for Kruskal Wallis one-
way ANOVA between groups were significantly different between centres for all but
TNCC. Cellular differentials were not related to lavage volume and are not shown.
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3.4.6. Lavage processing

The lavage specimens were processed according to a standard method within 60
minutes of collection (Klech and Pohl 1989; Mander 1999; Postle et al. 1999). There
was a central protocol used by each study centre. Having been placed on ice at
collection, airway lavage was filtered through a 100 pm nylon cell strainer (Becton
Dickinson, UK) into polypropylene tubes. Samples were then centrifuged at 400 g
for 10 minutes at 4 °C to pellet the cells. The supernatant was decanted in 0.5ml
aliquots and frozen at —80 °C for subsequent analysis. The pellet was then
resuspended in a known volume of Hank’s balanced saline solution and total, viable
cell and epithelial cell count performed using the 0.4 % Trypan Blue exclusion test
(Sigma-Alrdich Co Ltd, Irvine, UK). Cells were diluted to between 5 x 10° and 1 x
10% cells/ml using Hank’s Buffered Salt Solution (HBSS, GibCo BRL, Life
Technologies Ltd, Paisley, UK) and slides were prepared using a cytocentrifuge
(Cytospin 2, Shandon, UK). The slides were stained using Haema-Gurr (BDH
Laboratory Supplies Ltd, Poole, UK) and a differential cell count performed on at
least 300 cells per slide.

3.5. Cell Counts

Staff at each local centre performed the cell counts. The total nucleated cell count
(TNCC); viable cell count and epithelial cell count were calculated from the Trypan
Blue exclusion method. Both epithelial cells and cellular viability were expressed as
percentages of this TNCC. The differential leucocyte count was calculated from the
cytocentrifuge differential and expressed as a percentage. Actual counts were not
available from each centre, as only percentages were recorded. This had an impact
on the statistical methods available for comparisons. Although a minimum of 300

cells was counted at each centre, this figure may have varied between slides.

3.5.1. Validation of cell counts

It was impossible to directly validate the live cell counts (TNCC, viability and
epithelial cells) between centres because they could not be stored or independently
verified. Statistical methods were employed to account for potential counting

differences between centres (see 3.10).
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However, cytocentrifuge slides were frozen and sent to Southampton for
immunohistochemistry. Unfortunately most of the slides did not survive prolonged
freezing. However, seven BAL slides could be recounted from the Paris centre. The
results are shown in Table 12. Lymphocytes were significantly different between
centres, suggesting that intra-observer differences were present between centres. A
Bland Altman plot (Bland and Altman 1986) (Figure 11) showed that the most
variation between counts occurred only for the higher lymphocyte counts
demonstrating a degree of proportionality in this variation. On average central counts

were 4.1 % higher than those performed locally.

Nasal lavage slides were unsuitable for recounting and so statistical compensations

were made to account for potential centre differences as with BAL.

Original Recount P
n 7 7
Macrophages % 438_8 96 s 48_29 6 0.772
Lymphocytes % 1‘01—3 '??2.3 4.3127.2 0.041
Neutrophils % vy o 0.091
Eosinophils % 0 —27.6 0 _(13‘0 0.225

Table 12 Comparison of cell counts at different centres

The table shows median cell counts with ranges for cell counts performed originally
at the local centre and the recount performed at Southampton. Wilcoxon Signed

Rank test statistic probabilities are shown.
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Figure 11 Bland Altman plot of lymphocyte counts

Plot of the average lymphocyte count for the same BAL sample counted both locally
and centrally compared to the absolute difference between these values. Mean of
these differences and the upper and lower limit of normal as defined by + or - 1.96 *
Standard deviation (StD) are shown on the plot. The graph shows that variation
between centres increased as the average count increased, demonstrating a degree
of proportional error between these two centres.

3.6. Cytology varied between centres

Cell counts were seen to vary between centres. Using a two way analysis of variance
(ANOVA) on transformed data, significant differences were found in counts
between centres (Table 13). All cell types except for BAL neutrophils and
eosinophils varied significantly between centres, which demonstrated that the cell
counts were operator dependant. Further analysis of cell counts using this method
would have to consider the role of centre differences in the calculations. The two
way ANOVA (MIXED model method, SAS) was able to do this using either fixed or

variable differences between centres. Both methods gave very similar results.
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Cell count P
TNCC <0.001
Cell viability % 0.004
Epithelial cells % 0.004
Macrophages % 0.002
Lymphocytes % <0.001
Neutrophils % 0.176
Eosinophils % 0.678

Table 13 Differences in cell counts between centres

The table shows the probability of differences between centres for each transformed
BAL cell count. The probabilities were generated using a two way ANOVAwith fixed
differences between centres although variable difference model was not very

different from this. Only neutrophils and eosinophils did not show differences
between centres.

3.7. Enzyme Linked Immunosorbent Assays (ELISA)

ELISA is a standard and commonly used method for sensitive and specific detection
of immune mediators in clinical samples. It has been available since the discovery of
monoclonal antibodies in the 1970s (Pathak et al. 1997). Several sandwich ELISA
were used in this study. All of these assays work on similar principles that are

described below.

3.7.1. The Sandwich ELISA

The sandwich ELISA uses two monoclonal antibodies raised to different epitopes on
the target molecule. The target is thus sandwiched between them during the assay
(Figure 12). The amount of secondary bound antibody can be detected and compared
to known standards in order to provide a quantitative result. Most assays use
standard 96 well polystyrene plates. The primary antibody is adhered to the surface
of the plate by the natural affinity of hydrophobic immunoglobulin heavy chains for
the plastic surface. Coating buffers or pre-activation of the polystyrene surface using
UV light or glutaraldehyde ensure an even coating of antibody on the surface. The
surface is then washed to remove unbound immunoglobulin and blocked with a

protein coat to reduce non-specific binding sites for the target molecule.
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Figure 12 The sandwich ELISA method

See text for a description.

The clinical sample is then added to the pre-coated wells and the target binds to
antibody attached to the solid phase surface. Following a wash cycle to remove
unbound substrate the second detection antibody, which is also target specific is
added. This antibody is raised against a second site on the molecule of interest so
that binding is not obstructed by adhesion to the first antibody. The detection
antibody has been previously conjugated to enzyme. A second wash cycle removes

unbound secondary antibody and then detection can proceed.

Several methods of detection are available. They use enzymes whose products are
able to produce fluorescence (fluorogenic) or a detectable colour (chromogenic). All
of these methods rely on an enzyme or its substrates that are non-toxic and not
present in the biological samples under investigation. Substrate is added to the wells
and, following incubation, the colour or fluorescence read by fluorimetry or

spectrophotometry.

The optical density of the sample by spectrophotometry is directly related to the

concentration of secondary antibody present in the sample. It also relates to the
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affinity of this antibody for its substrate, but, in most commercial situations, a high

affinity antibody is used and binding mechanics do not factor in the assay.

3.7.2. ELISA method

The assays were performed according to the manufacturer’s instructions. All
samples were performed in duplicate except where repeated observation had shown

that the within duplicate variation was consistently below the detection level of the

assay.

Quantitative sandwich ELISA were used unless otherwise stated (Quantikine, R & D
Systems Europe Ltd, Abingdon, UK). These assays used microplates pre-coated with
primary antibody. In this system, horseradish peroxidase was used as the conjugate
detection enzyme. It uses hydrogen peroxide to develop colour from the chromogen

tetramethylbenzidine.

Plates were read at 450nm without subtraction at 540nm but using a used microplate
of the same material to blank the spectrophotometer (Multiskan Plus, Titertek Ltd,
UK). Direct comparison of the two reading methods showed that the single
absorption at 450nm gave results that were not significantly different from the two-

wavelength subtraction method.

Optical densities were converted to concentrations using a polynomial regression (4-
PL) equation from the standard curve. Optical densities outside of the standard curve
were repeated as dilutions until the value came within the confines of the standard

curve.

3.7.3. Validation of ELISA in lavage fluid

The validity of these assays had not been proven in BAL or NAL. From the previous
discussion it is clear that the characteristics of the biological sample under
consideration may have a profound affect on the ELISA detection method.
Validation of the ELISA for a new biological sample was performed according to the
manufacturer’s recommendations. Known concentrations of standard were spiked

into lavage fluid throughout the range under consideration. A dilution curve was
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plotted throughout the expected range with recovery ratios calculated at each point.
The manufacturer’s suggested acceptable recovery was between 80 — 120%. All
assays fell within this range except for s-ICAM-1 where data were not available and

MMP-9 where quantative zymography was used as a comparison.

Lower limit of
Assay Manufacturer Sensitivity
detection
IL-8 R&D Systems <31.25 pg/ml 10pg/ml
sSICAM-1 R&D Systems <10 ng/ml 0.35ng/ml
MMP-9 Amersham
) <0.125 ng/ml 0.125 ng/ml
Pharmacia Biotech
TIMP-1 Amersham
) <3.13 ng/ml 1.25 ng/ml
Pharmacia Biotech

Table 14 ELISA kit characteristics

Reproducibility of concentrations between batches was shown from manufacturer’s
results. The limits of detection of these assays are from the manufacturers data and
are shown in the table.

3.8. Radio-Immunoassay (RIA) for ECP

The Eosinophil Cationic Protein radio-immunoassay (Pharmacia & Upjohn
Diagnostics AB; Uppsala, Sweden) used in this project was the kind gift of Dr
Stephan Ahlstedt of Pharmacia & Upjohn. The method was first described Peterson
et al (Peterson ef al. 1991).

The ECP RIA used in this study was a double antibody, competitive, immunosorbent
assay (Figure 13). '*’I-ECP competed with ECP in the sample to bind with the
primary antibody: an anti-ECP rabbit IgG. A second antibody, sheep anti-rabbit IgG,
which has been coated to Sepharose beads, was added to this mixture and these
complexes were then separated into a pellet by centrifugation at 1350g for 20
minutes at 18°C. The radioactivity of the pellet was measured over 60 seconds per
sample in a gamma scintillation counter (Compugamma Universal Gamma Counter,
LKB Wallace, Turku, Finland). The radioactivity of the pellet is inversely
proportional to the amount of ECP in the original sample. The lower limit of

detection was < 2.0 pg/l.
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The ECP RIA was originally validated on bronchoalveolar and nasal lavage

(Peterson et al. 1991) and so further validation was not required.

O ‘ LECP
Q O O ECP
©

<4———— Rabbit anti-ECP IgG

Sheep anti-rabbit IgG

coated onto Sepharose

Figure 13 Competitive basis of the ECP RIA

The double antibody competitive radio immunoassay for ECP. The radioactivity of
the Sepharose beads is inversely proportional to the amount of ECP in the original
sample, see text for details.

3.9. Quantative zymography for MMP-9

Zymography quantifies active enzyme by capitalising on the gelatinase capabilities
of MMP-9 (Kleiner and Stetler-Stevenson 1994). The biological sample is separated
into component proteins by molecular weight and charge using electrophoresis. The
electrophoresis is standard except that gelatin is incorporated into the gel. The
gelatin can be revealed by staining with Coomassie Blue. Activated MMP-9 digests
the gelatin leaving clear strips within the gel. These strips can be converted into
quantified amounts of active enzyme by using image analysis software and

comparing sample bands to those created by standards of known concentration.

Gelatin zymography was performed by Dr Sarah Dobson and Dr Jane Warner using
the method described in Schock et al (Schock et al. 2001). To summarise, lavage
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proteins were separated using SDS polyacrylamide gel electrophoresis (PAGE)
incorporating 0.1% gelatin. Samples were run against a MMP-9 standard and a full
range rainbow molecular weight marker. The gel was then washed twice in
zymography buffer and stained with Coomassie Brilliant Blue after an overnight (18
hour) incubation. Following destaining of the gel with 7.5% acetic acid and 5%
methanol, bands corresponding to the 92kDa fraction of MMP-9 were visible as

clear bands on a blue background. They were analysed using an image analysis

densitometer (Scan Analysis, UK).

3.9.1. Proteinase / inhibitor ratios

Molar ratios were calculated for MMP-9 (by ELISA and zymography) and TIMP-1.

Ratio = [MMP-9 (ng/ml) / 96 kDa] / [TIMP-1 (ng/ml) / 28 kDa]

The ratio is a representation of the amount of MMP that is bound to its cognate

inhibitor and is the inverse of the amount of MMP free and potentially active.
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3.10. Follow up study
The BAL study recruited children between January 1998 and December 2000 and

questionnaire follow up occurred in November 2002, 23 months later. This means
that children in the original BAL cohort were between 2 years 5 months and 6 years

11 months old at the time of the questionnaire follow up.

3.10.1. Aims

The aim of this part of the study was to examine the hypothesis that eosinophillic
inflammation of the upper and lower airways will predict the persistence of wheeze.
The follow up study was designed to assess the persistence of atopic symptoms and
asthma amongst the BAL study cohort. This was an attempt to stratify the infant

lavage specimens by the children’s eventual wheezing status.

3.10.2. Exclusion criteria

Each recruiting centre carefully assessed the suitability of further contact with the
family prior to sending out a questionnaire. This was to ensure that the children were
still alive at follow up and that postal contact for research was appropriate.
Suitability was assessed by a review of the subject’s hospital notes and by contacting
the subject’s general practitioner, family doctor or office paediatrician by post, two
weeks prior to mailing the questionnaire. Thus the only children excluded from the

follow up study were those in whom it was deemed inappropriate to do so.

3.10.3. Questionnaire

The questionnaire used was the parental reporting questionnaire for 6 to 7 year olds
of the International Study of Asthma and Allergies in Childhood (ISAAC)(Asher et
al. 1995a). It assessed wheeze, wheeze severity, exercise induced symptoms and
nocturnal cough as well as questions for rhinitis and atopic dermatitis. The full
questionnaire and its Czech translation are shown in Appendix 1. Following
assessment of exclusion a questionnaire was sent to the parents of each subject in the
BAL study. A further questionnaire and follow up letter was sent two weeks later.
The questionnaire contained a stamped return envelope and the introductory letter
was personalised. This and the use of university headed notepaper have been shown

to increase return (Edwards et al. 2002).
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3.10.4. Recruitment centres

The BAL study was a multi-centre pan European study. Five centres actively
recruited in England, France, Belgium and the Czech Republic. Questionnaires were
distributed and returned locally with data the sent on to the study centre at
Southampton. The patient information sheets were translated into French and Czech.
The recruiting centre returned a recruitment log to ensure completeness.

Questionnaires were identified with the subject’s BAL study number to ensure

confidentiality.

3.10.5. Validation and translation

The ISAAC questionnaire was chosen because it provided a tool for assessment of
symptoms across different languages. The ISAAC questionnaire had been validated
in English (Asher ef al. 1995b) and in French (Braun-Fahrlander et al. 1998). The
French validated questionnaire was the kind gift of Dr Isabella Annesi-Maesano but
was not used in the eventual study due to the non-participation of the francophone

centres.

The standard ISAAC methodology for translation and validation was used for the
Czech questionnaire (Weiland et al. 2002). The questionnaire was translated into
Czech by a UK based medical translations service and proof read by Dr Petr
Pohunek, a first language Czech speaker. Several independent reviewers back
translated the Czech questionnaire. The results were compared using qualitative
content analysis software (NUD*IST 5, QSR Inc, Australia). No meaningful
differences were found between back translations and the Czech questionnaire was

used in its proof read format.

3.11. Statistical analysis

The cell and immunological markers in lavage did not follow a Normal distribution
and it has been common practice in the literature to use non-parametric statistics
when comparing this sort of data. Although they are biological specimens, there are
several good reasons why their distribution should not follow the Gaussian curve.
Firstly, lavage specimens sample a variable amount of the epithelial lining fluid and
secondly, the immunological markers studies may well be the product of a cascade

reaction with an exponential distribution.
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Statistical analysis was performed using SPSS for Windows v11.0 (SPSS Inc., USA)
and STATA v6.1 (SAS/STATA Inc, USA), graphs were plotted in Minitab (Release
13 for Windows, Minitab Inc, USA). Data were transformed and modelled for

parametric analysis by Dr Linda Hunt, all other statistical calculations were

performed by the author.

3.11.1. Non-parametric analysis

Groups were displayed as medians and ranges. Group comparisons were made using
the Kruskal Wallis one way ANOVA. Results below the limit of detection were
allocated the same lowest rank. Pair wise comparison of data were performed using a
test for multiple comparisons between treatments (Siegel and Castellan 1988)

according to the formula:

(mean Rank; — mean Rank,) > or =z o) N[(N(N+1)/12 * (1/n; + 1/n3)

Where o = 0.05, k the number of groups, N the total sample size and n the size of
each group.

Correlation of variables was performed using Spearman’s rank correlation
coefficient (rs) (Bland 2000). Markers were transformed into binary or categorical
data where appropriate and comparisons between groups performed using Chi-
squared tests. Two tailed Fisher’s Exact tests were employed where expected

numbers were smaller than five.

3.11.2. Parametric analysis

In order to compare cell counts between groups and take into account possible centre
differences, a parametric analysis was performed. Variables were transformed to
stabilise variances. TNCC transformed using natural logarithm whilst cellular
viability, epithelial cell and the leucocyte differential percentages required arcsine

transformation into radians in order to stabilise the variances of these data. Natural

75



Bronchoulveolar lavage Pndings in infant wheeze

logarithmic transformation could not be applied to these proportions because of the

presence of data points at zero percent.

transformed variable = arcsin * sqrt (p) where p is %/100

Two way ANOVAs were used to compare groups taking into account centre
differences using the MIXED procedure in SAS (Chapter 18 in the SAS user
manual). Centre differences were considered both as a fixed and random variable.
The results were very similar and only those from the fixed model are shown. T tests
were performed between groups and Bonferoni’s correction was applied to correct

for multiple pairwise comparisons.

3.11.3. Graphs

Boxplots are used frequently in the results. They show the median and interquartile
ranges as boxes. Whiskers indicate the highest or lowest value within 1.5 times the
interquartile range from the first or third quartile box. Where individual values are
not all shown individually, value symbols indicate any data points outside these

parameters.
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Chapter 4: Results from bronchoalveolar lavage

The aim of this chapter was to address the hypothesis that those infant wheezers with
atopy had a different inflammatory process in the lower airways than non-atopic
wheezers. The role of MMP-9 and TIMP-1 in infant wheeze is also considered here.

The chapter concludes with a comparison of bronchial washings and BAL.

4.1.1. Total nucleated cell counts (TNCC)

The results for TNCC by group and centre are shown in Table 15. TNCC were
significantly different between wheeze groups (p = 0.050). Infected wheezers had
higher cell counts than idiopathic wheeze (p = 0.019, with Bonferoni’s correction p =
0.057). There were no differences between atopic wheezers and the other subgroups.

These differences are illustrated in Figure 14.
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Idiopathic Atopic Infected
wheezers wheezers wheezers

median 1.6 2.6 0.7
Southampton | range 0.1-32 1.6 -7.7

n 3 6 1

median 2.2 1.9 15.6
Brussels range 1.8-2.6 0.5-4.0

n 2 3 1

median 1.6 1.0 3.0
Paris range 02-4.0 09-5.0 0.9-36.0

n 5 5 11

median 12.6 32.7 101.9
Prague range 1.6 -30.4 0.8 -184.8 0.3 -200.1

n 5 8 2

LS mean 12.3 13.0 134
log. TNCC Std Dev 03 0.3 0.4

n 14 20 15
Back
transformed x10°/ml 2.2 45 6.7
means

Table 15 Total nucleated cell counts in BAL

Total nucleated cell counts are shown by wheeze subgroup and centre. TNCC were
expressed as cells x 10°/ml BAL. There was a significant difference in counts
between centres (p < 0.001) with those from Prague being higher than the other
counts. Accounting for centre differences, there was still an overall difference
between groups (p = 0.050). Transformed Log, TNCC counts are shown as least
square (LS) means and standard deviations (Std Dev) for all centres, having
accounted for fixed centre differences. Back transformed means for each group are
also shown (x 10° cells/ml). Pairwise comparison showed a difference between
idiopathic and infected wheezers (p = 0.019, with Bonferoni’s correction p = 0.057).
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Figure 14 Total nucleated cell counts in BAL

The error bar chart shows log, total nucleated cell counts from BAL by centre and
divided by group. The marker of central tendency is the mean and error bars
represent one standard deviation. Single data points are shown without error bars.
The graph shows the significant differences in cytology between centres. When these
differences were taken into account there were still overall differences between
groups with TNCC being raised in infected wheezers compared to controls. Centre
abbreviations: Soton - Southampton, Brux — Brussels.
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4.1.2. Cellular viability and epithelial cells in BAL

Cell viability and epithelial cells were not significantly different between groups (p =
0.455 and 0.764 respectively. The data are shown in Table 16 and Table 17. There

were no significant pairwise comparisons between groups.

Idiopathic Atopic Infected
wheezers wheezers wheezers
median 73% 64% 61%
Southampton range 58 - 86 51-94
‘ n 3 5 1
median 68% 66% 82%
Brussels range 65-171 52 -100
n 2 3 1
median 75% 64% 67%
Paris range 69 — 88 38-178 35-176
n 4 4 11
median 92% 83% 90%
Prague range 63 -100 68 — 94 81-99
n 4 8 2
Overall mean LS Mean 80.1% 73.7% 74.2%
Overall count (n) | count 13 20 15

Table 16 BAL cellular viability by group and centre

BAL cellular viability percentages are shown as median with ranges and counts
between groups and centres. Cell viability showed a significant difference in counts
between centres (p = 0.004) but no difference between groups when centre
differences were accounted for (p = 0.4). Overall data was amalgamated following
arcsin transformation and a comparison made using a two way ANOVAwith fixed
differences between centres. The backtransoformed least square (LS) means are
shown at the bottom of the table with overall counts.
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Idiopathic Atopic Infected
wheezers wheezers wheezers
median 11.0% 1.1% 2.6%
Southampton range 0.8-18.8 0.8-6.7
n 3 5 1
median 15.5% 12.0% 4.1%
Brussels range 149 -16.0 7.7-18.0
n 2 3 1
median 1.0% 1.5% 1.0%
Paris range 0-2.0 0-5.0 0-6.0
n 4 4 10
median 6.9% 3.6% 8.0%
Prague range 0-2.0 1.7-238 0.4-15.7
n 4 7 2
Overall mean LS mean 5.6% 5.0% 4.0%
Overall count 13 19 14

Table 17 BAL epithelial cells by group and centre

BAL epithelial cell percentages are shown as median with ranges and counts
between groups and centres. Epithelial cells showed a significant difference in
counts between centres (p = 0.004) but no difference between groups when centre
differences were accounted for (p = 0.764). Overall data was amalgamated
following arcsin transformation and a comparison made using a two way ANOVA
with fixed differences between centres. The backtransformed least square (LS) means
are shown at the bottom of the table with overall counts.

4.1.3. Differential leucocyte counts

Differential leucocyte counts were compared between groups having taken centre
differences into account. There were no overall differences between groups (Table
18). However, using pairwise comparisons, macrophages were significantly reduced
(p = 0.003) in infected wheezers compared to idiopathics (median percentage 70.8%
versus 86.0%). This remained significant taking Bonferoni’s correction for pairwise
comparisons into account (p = 0.009). Neutrophils were raised in infected wheezers
compared to idiopathics (median percentage 13.3% versus 3.7%; p = 0.047). This

was not significant when taking Bonferoni’s correction into account (p = 0.141).
The presence of eosinophils was considered as a dichotomous variable in BAL.

Eosinophils were present in BAL of 35% of controls, 30% of idiopathics, 42% of

atopics and 20% of infected wheezers. Fisher’s Exact test was not significant (p =
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0.5). There were no pairwise significant differences between atopics and the other

subgroups.
LS Mean % Idiopathic Atopic Infected p
LSM radians, (std) wheezers wheezers wheezers
n 14 20 15
86.0% 78.2% 70.8%
Macrophages 0.089
1.2 rad (0.06) 1.1 rad (0.05) 1.0 rad (0.07)
7.8% 9.8% 8.7%
Lymphocytes 0.634
0.28 rad (0.03) | 0.32rad (0.02) | 0.30rad (0.03)
3.7% 6.5% 13.3%
Neutrophils 0.135
0.19 rad (0.06) 0.26, 0.05 0.37,0.07
0.10% 0.50% 0.06%
Eosinophils 0.330
0.03 rad (0.02) | 0.07 rad (0.02) | 0.02 rad (0.03)

Table 18 BAL cellular differentials

BAL cellular differential counts are shown as back transformed least squares means
(LSM) in percentages. The least squares means from arcsin transformed data are
shown in radians (rad) with standard deviations (in parentheses) to demonstrate
spread of data. P values are for group differences using fixed effects for centres in a
two way ANOVA. There was a significant difference in proportions of macrophages
(p = 0.018) and lymphocytes (p < 0.001) between centres, but not for neutrophils or
eosinophils. Pairwise comparison showed differences in macrophages between
idiopathic and infected wheezers (p = 0.003, with Bonferoni’s correction p = 0.009).
Neutrophils also showed a difference between infected and idiopathic wheezers (p =
0.047 with Bonferoni’s correction p = 0.141). Lymphocytes and eosinophils did not
show significant differences between groups.

4.1.4. Control and wheezer cytology comparisons

Control cytology was available for 14 children from Southampton. Live cell count
data was compared for the 9 Southampton wheezers and these controls. The results
are shown in Table 19. Wheezers had a reduced cellular viability compared to
controls (Mann Whitney U Test, p = 0.041). However, this was not seen when the
wheezers were split into their subgroups, probably due to the small numbers of

cases. Pairwise, there were no differences between atopics and controls.
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median Idiopathic Atopic Infected
range Control
" wheezers wheezers wheezers
3.7 1.6 2.6 0.7
Ilf(gfens | 04-440 0.1-32 1.6-7.7
14 3 5 1
. 81% 73% 64% 61%
E/:e“ viability 6195 58 — 86 51—94
0 12 3 5 1
. 2.1% 11.0% 1.1% 2.1%
fgl‘:'f;l‘al 0-47 0.8-18.8 0.8—6.7
0 12 3 5 1

Table 19 Southampton’s live cell counts

The table compares live cell counts from the Southampton centre. Data is shown as

median with ranges and cases (n). Total Nucleated Cell Count (TNCC). There were
no differences between groups.

Section 3.5.1 compared slides that had been counted by the author to the original
counts performed locally. This analysis only used slides from Paris, however,
another four slides had survived freezing from the other centres and were stained and
counted at Southampton. This provided 20 differential leucocyte counts from
wheezy infants, all counted by the same observer, compared to 14 controls. The
results are shown inTable 20. Comparing wheezers as a whole group to controls,
lymphocytes were higher amongst wheezers (Mann Whitney U test p = 0.025).
Macrophages were reduced amongst wheezers (p = 0.056). There were no significant
differences overall or between groups. Eosinophils were highest amongst atopics and

neutrophils highest amongst those with infection.
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C All Idiopathic Atopic Infected
ontrol

wheezers wheezers wheezers wheezers
n 14 20 6 11 3
Macrophages 90% 82% 84% 83% 79%
% 74 — 98 54 —96 68 -93 66 — 96 54 - 96
Lymphocytes 6.7% 11.6% 12.1% 11.4% 12.1%
% 0.8-217 | 38-272 | 64-214 | 3.8-229 | 43-27.2
Neutrophils 2.7% 2.4% 3.8% 1.0% 8.6%
% 0-13.9 0-18.7 1.0-13.0 0-17.3 0-18.7
Eosinophils 0% 0% 0% 0% 0%
% 0-0.7 0-13.0 0-0.6 0-13.0 0-0

Table 20 Wheezers differential leucocyte counts versus controls

The table compares differential leucocyte counts, all performed by one observer,
Jfrom wheezers and controls. Data is shown as median with ranges and counts. Total
Nucleated Cell Count (TNCC). There were no differences between groups, however
wheezers as a whole showed reduced macrophages (p = 0.056) and increased
lymphocytes (p = 0.025) compared to controls.

4.2. Inflammatory markers in BAL

Bronchoalveolar lavage supernatant was analysed centrally for concentrations of IL-
8, ECP and sICAM-1. Comparisons between controls and wheeze subgroups were
performed using the ranks based Kruskal Wallis Test one-way ANOVA. All results
below the limit of detection of the assay were assigned the lowest rank. Pairwise
comparisons followed the method of Siegel & Castellan (Siegel and Castellan 1988).
The results are shown in Table 21. Soluble ICAM-1 was not significantly different

between groups and the results are not discussed further.

4.2.1. IL-8 in BAL

Looking at the data in Table 21 it is clear that BAL Interleukin-8 (IL-8) was higher
amongst those wheezers with infection (96.8 ng/ml) than any other group. Compared
to idiopathic wheezers (27.6 ng/ml), atopic wheezers (52.1 ng/ml) and controls (46.2
ng/ml) infected wheezers IL-8 concentrations appeared elevated. However, infected
wheezers only had significantly higher 1L-8 concentrations than idiopathic wheezers
(p <0.05) and even this difference was not significant when adjustments for multiple
pairwise comparisons were taken into account (p < 0.25). There were no significant

difference between controls and infected wheezers. There were also no overall
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differences between groups. Dividing subjects by those with 1L-8 above the limit of

detection, a Fisher’s Exact test was performed between groups. This was also not

significant.
Idiopathic | Atopic Infected
BAL Control P
Wheeze Wheeze Wheeze
median 46 28 52 97
IL-8 range | <31—234 | <31-175 | <31-4085 | <31 848 0549
pg/ml n 7 15 18 10 '
% LOD 57% 50% 58% 80%
median 22 2.0 2.6 29
ECP range | <2.0—-5.4 | <2.0-120 | <2.0-903 |2.0-151.8 0,037
pgll n 8 16 18 11 '
% LOD 62% 47% 58% 100%
. 80 78 76 77
soluble | ™edian
range | 42-186 | 24-206 | 27-230 | 39-160
ICAM-1 0.846
. n 12 16 18 11
ng/m o
%LOD 100% 100% 100% 100%

Table 21 Inflammatory markers in BAL fluid in infant wheeze

Concentrations of IL-8, ECP and sICAM-1 in BAL fluid supernatants are shown as
medians with ranges and counts. The percentage of supernatants with values above
the limits of detection (LOD) are shown. All lavage samples had detectable sICAM-
1. P values are from Kruskal Wallis tests between all four groups. Less than symbols
indicate that the value was below the cut off for the assay.

4.2.2. ECP in BAL

ECP was significantly different between groups (Kruskal Wallis Test p = 0.037).
Pairwise comparisons between controls and infected wheezers (p < 0.05) and also
between idiopathic and infected wheezers (p < 0.001) showed a significant
difference, demonstrating that ECP was raised in infected children. Although ECP
was raised amongst some children with atopy this did not reach significance
compared to the other groups. When the presence of ECP was considered as a

dichotomous variable, either below or above the limit of detection in BAL, ECP was
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present in all infected wheezers and 58% of atopics. Fisher’s Exact test for the

presence of BAL ECP between groups was significantly different (p = 0.021).

4.3. Matrixins and TIMP in BAL

MMP-9 concentrations and its molar ratio to TIMP-1 were the only inflammatory
markers that achieved significance against control lavage for wheezers as an entire
group (p = 0.001 and < 0.001 respectively). However, each wheeze subgroup
showed a different pattern of MMP:TIMP imbalance (as shown in the Table 22).

Idiopathic Atopic Infected
Control p
Wheeze Wheeze Wheeze
N 11 12 14 10
MMP-9 0.8 33 1.9 4.8
0.005
ng/ml <0.1-4.7 | 0.8—15.0 | <0.1-30.6 | 1.0-55.7
TIMP-1 27 20 29 9
0.030
ng/ml 14 - 87 11-108 8-206 1-72
MMP/TIMP 0.006 0.031 0.022 0.115
<0.001
ratio 0-0.018 | 0.01 -0.10 0-0.12 0.02-2.01

Table 22 MMP-9 and TIMP-1 in BAL fluid in infant wheeze

The table shows concentrations of metalloproteinases, TIMP and molar ratios in
BAL. Data is shown as medians with ranges. P values are from Kruskal Wallis tests
between all groups.

4.3.1. MMP-9 concentrations in BAL

MMP-9 was significantly different between groups (p = 0.005, see Table 22 and
Figure 15). Infected wheezers had significantly elevated levels of MMP-9 in BAL
compared to controls (p < 0.05). There were no other differences seen between
idiopathics and controls or atopics and controls. However, if no account was made
for multiple pairwise comparisons, MMP-9 concentrations in all wheeze subgroups
were significantly different from controls. Idiopathic wheezers (p < 0.02) and atopics

(p <0.05) were significantly different from controls in these circumstances.
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Figure 15 MMP-9 in BAL

The boxes show median and interquartile ranges, whiskers indicate the highest or
lowest value within 1.5 times the interquartile range from the first or third quartile,
other values are shown as inverted triangles indicating outlying data points. A
Kruskal Wallis one-way ANOVA showed significant differences between groups (p=
0.005) with further pairwise difference between control and infected wheezers (p
<0.035).

4.3.2. TIMP-1 concentrations in BAL

TIMP-1 concentrations were significantly different between all groups (p = 0.030,
Figure 16). Children with atopy had the highest values for TIMP-1 in BAL and those
with infected wheeze the lowest values. TIMP-1 was significantly different between
atopics and infected children demonstrating this relationship (p < 0.05, Figure 16).
However, the data suggested that infected wheezers had lower TIMP-1
concentrations than controls, but this reached significance only when data was not
adjusted for multiple comparisons (p < 0.02). Similarly, atopic wheezers TIMP-1
concentrations approached significance compared to controls only when no

adjustment was made for the effect of multiple comparisons (p < 0.1).
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Figure 16 TIMP-1 in BAL

The boxes show median and interquartile ranges. A Kruskal Wallis test was
significantly different between groups (p = 0.030) with further pairwise difference
between atopic and infected wheezers (p < 0.05).

4.3.3. Molar ratio of MMP-9 to TIMP-1

The molar ratio of MMP-9 to TIMP-1 was significantly different between groups (p
< 0.001; Figure 17). The balance between MMP-9 and TIMP-1 was tightly
controlled. The maximum control value was 0.018 and all but four children
maintained a ratio of below 0.15. Four wheezers with infection had grossly elevated

molar ratios with the highest ratio peaking at 2.01.

Molar ratios were increased in idiopathic wheezers compared to controls (p < 0.05)
and also between infected wheezers and controls (p < 0.05). Only atopic wheezers
did not show a significant difference with controls. Infected wheezers also had
significantly higher ratios than atopics (p < 0.05), which suggests that MMP-9

TIMP-1 ratios are the same as controls in atopic wheeze.
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Figure 17 Molar ratio of MMP-9 to TIMP-1 in BAL

A: The boxes show median and interquartile ranges with inverted triangles indicating
outlying data points. A Kruskal Wallis test (KWT) showed significant differences between
groups (p < 0.001). B: Values above 20% (found only amongst those with infection) were
excluded to aid visual comparison. Pairwise differences were present between controls and
infected wheezers, controls and idiopathic wheezers, and atopic and infected wheezers (p <
0.05, indicated by *).

89



S SUURUNIUNF IR SN SN DU o ST L SN
Bronchoalveolar lavage ff!hfl,f,’gi\ NP WAeeZe

4.3.4. Other markers

Gamma IFN, sIL2-R and eotaxin were not detectable in BAL from any of the
subjects in this study. BAL markers were measured in successive aliquots of BAL
starting with ICAM-1, ECP and IL-8 and progressing through to these other markers.
There were some technical problems with refrigeration before these other markers
were analysed and samples had to be moved between freezers on several occasions.
Defrosting may have occurred during this period. The absence of these proteins from
lavage should be considered with caution in these circumstances. Lavage aliquots for
MMP-9 and TIMP-1 had been stored in a separate freezer before this occurred
although they had lower priority than the other markers.
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4.4, Correlations between cells and markers

Spearman’s rank correlation coefficients (rs) were used to assess the relationships
between cell counts and markers within BAL fluid. Wheezers were considered as a

whole in the first instance and then correlations were sought within each of the three

subgroups.

4.4.1. Alveolar macrophages are a marker for inflammation

The resting BAL differential count is almost entirely composed of alveolar
macrophages and lymphocytes, so any cellular infiltration will reduce their relative
frequency in BAL. Inverse correlations with macrophages are therefore a sensitive
marker for the presence of airway inflammation. Table 23 and Figure 18 show how
lymphocytes were associated with reduced macrophages across all groups. In
comparison neutrophils were associated with reduced macrophages only in infant

wheeze. Eosinophils did not correlate with reduced macrophages amongst any group.

All Idiopathic | Atopic Infected
Controls
wheezers wheeze wheeze wheeze
Fs - 0.661 -0.851 -0.922 -0.675 -0.543
Lymphocytes P <0.001 <0.001 <0.001 0.001 0.036
n 49 14 13 21 15
s -0.643 -0.459 -0.603 -0.677 -0.737
Neutrophils P <0.001 0.098 0.029 0.001 0.002
n 49 14 13 21 15

Table 23 Correlation of BAL macrophages

The table shows Spearman rank correlation coefficients between BAL macrophages

and other BAL cell counts. Significant relationships are in bold.
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Figure 18 Cellular correlations with BAL macrophages

The scatter plots show correlations between BAL macrophages and lymphocytes (4)
and neutrophils (B). The different groups are denoted by the symbols. Lymphocytes
correlated with macrophages across all groups whilst neutrophils correlated only
amongst wheezers.
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4.4.2. KEpithelial cells shed during inflammation

[iHi o wihesTe

Epithelial cells are a marker for airway damage. Correlations between inflammatory

and epithelial cells indicate that inflammation is involved, either directly or

indirectly, with airway damage. Table 24 shows that epithelial cell shedding was

correlated with reduced macrophages, and increased lymphocytes and neutrophils

only amongst those with atopic wheeze. Epithelial cells did not correlate with

eosinophils. Epithelial cells also correlated with neutrophils amongst controls, which

suggested that the epithelial cell shedding seen in atopics was the normal response of

an inflamed airway.

All Idiopathic | Atopic Infected
Controls
wheezers wheeze wheeze wheeze
rs | -0.466 0.000 -0.182 - 0.662 -0.314
Macrophages p 0.001 1.000 0.593 0.001 0.274
n 45 12 11 20 14
rs 0.440 -0.255 0.264 0.521 0.018
Lymphocytes p 0.002 0.423 0.463 0.019 0.950
n 45 12 11 20 14
¥s 0.149 0.619 -0.023 0.464 0.118
Neutrophils 4 0.329 0.032 0.947 0.039 0.688
n 45 12 11 20 14
Fs 0.247 -0.138 -0.347 0.420 0.360
Eosinophils )4 0.103 0.668 0.295 0.065 0.206
n 45 12 11 20 14

Table 24 Correlation of BAL epithelial cells

The table shows Spearman rank correlation coefficients (vS) with probabilities (p)
and counts (n) between BAL epithelial cells and other BAL cell counts. Significant

relationships are in bold.
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Figure 19 Correlations with BAL epithelial cells

The scatter plots show correlations between BAL epithelial cells and macrophages
(A) and neutrophils (B). The different groups are denoted by the symbols.
Macrophages correlated with epithelial cells only amongst atopics whilst
neutrophils correlated with epithelial cells amongst atopics and controls.
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BAL ECP correlated to neutrophils but not eosinophils (Table 25). Significant

correlations were seen mainly amongst the atopic groups suggesting a more

prominent role in inflammation. Amongst atopic wheezers, the presence of ECP

correlated to epithelial cells, reduced macrophages and neutrophils. Neutrophils also

correlated with ECP amongst idiopathic wheezers, whilst ECP also correlated with

epithelial cells amongst infected wheezers.

All Idiopathic | Atopic Infected
Controls
wheezers wheeze wheeze wheeze
rs 0.230 0.088 - 0.165 0.557 0.677
Epithelial cells )4 0.148 0.868 0.609 0.013 0.032
n 41 8 12 19 10
rs | -0.428 - 0.268 -0.299 - 0.547 -0.410
Macrophages )4 0.004 0.520 0.322 0.015 0.210
n 43 8 13 19 11
rs 0.698 - 0.293 0.555 0.814 0.329
Neutrophils p | <0.001 0.482 0.049 <0.001 0.324
n 43 8 13 19 11
rs 0.117 0.016 0.117 0.376 -0.300
Eosinophils p 0.456 0.970 0.704 0.112 0.370
n 43 8 13 19 11

Table 25 Correlations of BAL ECP

The table shows Spearman rank correlation coefficients between BAL ECP and BAL
cell counts. Significant relationships are in bold. BAL ECP did not correlate with

lymphocytes.
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Figure 20 Correlations with BAL ECP

The scatter plots show correlations between BAL ECP and epithelial cells (4) and
neutrophils (B). Plot B shows only values for ECP under 20 pg/l to aid visual
comparison. The different groups are denoted by the symbols.
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4.4.4. Correlation of MMP-9 and TIMP-1 in BAL

MMP-9 correlated with neutrophils. This was true for wheezers overall but also
specifically for idiopathic and atopic wheezers, but not infected children (Table 26).
BAL MMP-9 correlated with IL-8 and ECP concentrations. BAL IL-8 correlated
with MMP-9 amongst all wheezers but not controls. MMP-9 correlated with ECP

only amongst atopic wheezers.

The relationships of MMP-9 in BAL may be entirely due to the correlation of MMP-
9 with BAL neutrophils, as neutrophils also strongly correlated with ECP (Table 25),
BAL IL-8, MMP-9 and its molar ratio with TIMP-1 (Table 27).

All Idiopathic | Atopic Infected
Controls
wheezers wheeze wheeze wheeze
rs 0.728 0.303 0.745 0.937 0.396
Neutrophils % 4 <0.001 0.365 0.013 <0.001 0.257
n 34 11 10 14 10
rs 0.854 0.359 0.800 0.717 0.921
IL-8 p <0.001 0.484 0.002 0.004 < 0.001
n 36 6 12 14 10
s 0.713 0.434 0.469 0.802 0.410
ECP P <0.001 0.331 0.124 0.001 0.273
n 35 7 12 14 9
s 0.271 0.471 0.421 0.513 0.462
TIMP-1 P 0.110 0.144 0.173 0.061 0.179
n 36 11 12 14 10
rs 0.611 0.840 0.341 0.486 0.584
MMP-9: TIMP-1 )% <0.001 0.001 0.278 0.078 0.077
n 36 11 12 14 10

Table 26 Correlations of BAL MMP-9

The table shows Spearman rank correlation coefficients for BAL MMP-9. Significant
relationships are in bold.
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All Idiopathic | Atopic Infected
Controls
wheezers wheeze wheeze wheeze
s 0.693 0.778 0.702 0.779 0.338
BAL IL-8 p <0.001 0.039 0.011 <0.001 0.339
n 41 7 12 19 10
s 0.072 0.655 0.505 0.567 -0.395
TIMP-1 P 0.685 0.029 0.137 0.034 0.258
n 34 11 10 14 10
s 0.570 0.112 0.411 0.539 0.644
MMP: TIMP p < 0.001 0.744 0.238 0.047 0.044
n 34 11 10 14 10

Table 27 Correlations of BAL neutrophils

The table shows Spearman rank correlation coefficients for BAL neutrophils %.
Significant relationships are emboldened.

TIMP-1 did not correlate with MMP-9 amongst wheezers or controls. TIMP-1
correlated to neutrophils amongst controls (rs = 0.655 p = 0.029) and atopic
wheezers (rs = 0.567 p = 0.034), which mirrored the pattern seen between
neutrophils and epithelial cells in controls and atopic wheezers (Table 24). This

tripartite relationship is shown for atopic wheezers in the 3D plot (Figure 21).

The MMP:TIMP ratio correlated neutrophils with atopic and infected wheezers and

overall but not amongst controls or idiopathic wheezers.
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Figure 21 Correlation of TIMP-1 with neutrophils

A: Scatterplot of neutrophils to TIMP-1, significant for atopics and controls. B: 3D
plot of the relationship between neutrophils, epithelial cells and TIMP-1.
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4.5. Relationship between bronchial washings and BAL

Paired bronchial washings (BW: the first lavage aliquot, see section 1.4.1 and 3.4.2)
were compared with BAL (second and subsequent aliquots) amongst wheezers, as
BW was not available for controls. This allowed a direct comparison to be made
between these lavages, which could be useful when interpreting data from other

studies that have used different lavage techniques.

Correlations for each cell type showed strong positive relationships (rs > 0.5)
between bronchial washings and BAL that were highly significant (p < 0.01) which
demonstrated that BW is a good surrogate for BAL. This was also true for the
inflammatory markers ECP and IL-8 but not SICAM-1 for which no relationship was
found. MMP-9 and TIMP-1 were not measured in BW.

Although the trends were the same, absolute values between BW and BAL differed.
The Wilcoxon Signed Rank test was used to compare BAL and BW values within
each individual. Epithelial cells (Figure 22) were higher in BW (median 11.4%, 3.9 —
16.2) than BAL (2.6%, 1.0 — 8.5; p = 0.001). Cell viability (Figure 22) was reduced
in BW (60%, 46 — 83) to BAL (71%, 63 — 83; p < 0.001). Neutrophils (Figure 23)
were lower in BAL than BW (3.0% versus 6.2 %, p < 0.001) and lymphocytes
(Figure 23) were raised (12.5 % (6.0 —22.8) versus 9.4 % (5.0 -21.2), p = 0.052).
Soluble ICAM-1 (Figure 24) was also reduced in BW with a median of 27pg/ml (11
— 55) compared to 77pg/ml (60 —117) in BAL (p < 0.001). However, ECP (Figure
24) and IL-8 (Figure 25) concentrations were raised in BW compared to BAL (p =
0.027 and 0.003 respectively).
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Figure 22 Live cell counts in BW and BAL

The boxes show median and interquartile ranges, whiskers indicate the highest or
lowest value within 1.5 times the interquartile range from the first or third quartile,
values outlying these ranges are shown as inverted triangles. Boxplots showing the
relationship between A: epithelial cell counts in BW and BAL (p < 0.001) and B:
cellular viability in BW and BAL (p = 0.013).
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Figure 23 Leucocytes in BW and BAL

The boxes show median and interquartile ranges, whiskers indicate the highest or
lowest value within 1.5 times the interquartile range from the first or third quartile,
values outlying these ranges are shown as inverted triangles. Boxplots showing

relationship between A: lymphocytes in BW and BAL (p < 0.052) B: neutrophils in
BW and BAL (p < 0.001).
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Figure 24 Markers in BW and BAL

The boxes show median and interquartile ranges, whiskers indicate the highest or
lowest value within 1.5 times the interquartile range from the first or third quartile,
values outlying these ranges are shown as inverted triangles. Boxplots showing
relationship between A: sICAM-1 (ng/ml) in BW and BAL (p < 0.001)B: ECP (ug/l)
in BWand BAL (p = 0.027).
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Figure 25 IL-8 in BW and BAL

Boxplot showing relationship between IL-8 (ng/ml) in BW and BAL (p = 0.003) The
boxes show median and interquartile ranges, whiskers indicate the highest or lowest
value within 1.5 times the interquartile range from the first or third quartile, values
outlying these ranges are shown as inverted triangles.
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4.6. Chapter summary

Differences between centres in cell counts made comparison between groups
difficult. TNCC was different between groups and was raised amongst infected
wheezers compared to idiopathic wheezers. Infected wheezers also showed higher
proportions of neutrophils and fewer lymphocytes than idiopathic wheezers.
Compared to controls, no significant differences were seen. However atopic

wheezers had higher eosinophils and infected wheezers higher neutrophil counts.

IL-8 was raised between idiopathic and infected wheezers but not controls. ECP was
raised between controls and infected but not atopic wheezers. No differences were

seen in SICAM-1 concentrations between groups.

MMP-9 was significantly different across all groups being raised in infected
wheezers compared to controls. TIMP-1 was reduced in infected wheezers but not
significantly different from controls in other wheezers. There was a trend toward
raised TIMP-1 in atopic children but this did not reach significance. MMP/TIMP
ratios were significantly different from controls in idiopathic and infected wheezers

but not amongst atopics.

Correlations between cells and markers showed that epithelial cells increased with
inflammation particularly amongst atopic wheezers but not infected children. In
atopic children, epithelial shedding was related to neutrophils, IL-8, ECP and TIMP-
1. This relationship between neutrophils, epithelial cells and TIMP-1 was seen

amongst controls and atopics but not infected or idiopathic wheezers.

ECP did not correlate to eosinophils but instead correlated with neutrophils even in
atopics. ECP correlated to more markers of inflammation in atopic wheezers than the

other groups, suggesting a more important role for this protein in atopic wheeze.

MMP-9 correlated with neutrophils and also with most other markers of
inflammation. These correlations may be due to the central role of neutrophils in

inflammatory process in all forms of infant wheeze.
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The chapter finished by considering the role of bronchial wash compared to BAL. It
is clear that BW can provide a surrogate for BAL cell counts as most cells type
correlated between lavages. However actual values differ significantly for both cells

and markers in this respect the two are not comparable.
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Chapter 5: Nasal lavage findings in infant wheeze

5.1. Introduction

This chapter considers the hypotheses that nasal lavage findings in atopic wheezers
mirror changes in the lower airway, and that NAL may provide a surrogate for BAL.
The wheezers in this study had nasal lavage and serum samples taken at time of

bronchoalveolar lavage. Nasal lavage was not available for control subjects.

5.2. Nasal cytology

As in Chapter Four, nasal lavage was compared between the three subgroups of
wheezers: idiopathic, atopic and infected. A two way ANOVA was used to account
for fixed differences between centres. A random effect model gave very similar
results. The results are shown in Table 28. Centre differences were seen for
macrophages, neutrophils and lymphocyte proportions but not for nasal TNCC,
epithelial cells, cell viability and eosinophils. Nasal neutrophils were higher in
infected wheezers compared to idiopathic and this approached significance (0.083).
Neutrophil counts for the different wheeze phenotypes are shown by centre in Figure
26. Infected wheezers also showed reduced proportion of lymphocytes (8.8 %; p =
0.047) when compared to idiopathics (21.3 %). Lymphocyte counts for the different
wheeze phenotypes are shown by centre in Figure 27. There were no overall

differences in the other cell counts between groups.
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BTLSM Idiopathic Atopic Infected
LSM, SE P
" wheezers wheezers wheezers
3.0 3.0 3.7
TNCC 12.6, 0.6 12.5,0.5 12.8,0.6 0.924
14 21 15
71.4 76.6 69.4
Cellular viability 1.01, 0.07 1.07, 0.06 0.98, 0.08 0.646
13 20 14
15.2 17.2 9.4
Epithelial cells 0.40, 0.09 0.42, 0.08 0.31,0.11 0.729
13 18 12
14.8 24.5 11.9
Macrophages 0.39, 0.09 0.52, 0.08 0.36, 0.11 0.411
14 18 12
41.2 51.8 66.3
Neutrophils 0.70, 0.09 0.80, 0.08 0.95,0.11 0.216
14 18 12
21.3 14.0 8.8
Lymphocytes 0.48, 0.06 0.38, 0.05 0.30, 0.07 0.114
14 18 12
0.5 0.3 0.3
Eosinophils 0.021, 0.017 | 0.056,0.014 | 0.055,0.021 | 0.238
14 18 12

Table 28 Cell counts in nasal lavage

The table shows back transformed least squares means (BTLSM) with original
transformed least squared means (LSM) with standard errors (SE) and counts (n).
Total Nucleated Cell Counts (TNCC) are shown as cells x10°/ml and other counts as
Dpercentages when back transformed.
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Figure 26 NAL neutrophils in infant wheeze

Error bar plot of mean and standard deviations of transformed neutrophil
proportions in nasal lavage by centre and group. Trends show an increase in nasal
neutrophils in the infected wheezers.
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Figure 27 NAL lymphocytes in wheeze

Error bar plot of mean and standard deviations of transformed lymphocyte
proportions in nasal lavage by centre and group. Trends show a decrease in nasal
lymphocytes in the infected wheezers.
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3.3. Nasal inflammatory markers

Nasal ECP was not significantly different between groups. Idiopathic wheezers had
14 pg/l (range 4 —93) ECP in NAL, infected 34 ug/1 (8 — 92) and atopics 49 pg/1 (10
—-108). Nasal IL-8 and sICAM-1, were also not significantly different between
wheeze subgroups. Nasal lavage was available for measurement of MMP-9 and
TIMP-1 in 11 children, but numbers were too small to make a meaningful

comparison between groups.

5.4. NAL as a surrogate for BAL

Correlations were performed between paired NAL and BAL. Nasal lymphocytes
correlated with BAL lymphocytes (rs 0.414, p = 0.006). They were the only nasal
cell type to correlate with their lower respiratory tract counterpart (Figure 28).

There was evidence that atopic nasal inflammation was associated with
bronchoalveolar inflammation. Nasal ECP correlated with BAL ECP (rs 0.567,p =
0.001; Figure 29), but nasal eosinophils did not correlate with BAL eosinophils.
Nasal eosinophils also did not correlate with either NAL or BAL ECP.

In the absence of a direct correlation for nasal and bronchial eosinophils,
dichotomous variables were created using the presence of absence of eosinophils in
BAL, and high or low counts for eosinophils in NAL in order to consider the co-
segregation of atopic inflammation in both upper and lower respiratory tract.
Eosinophils were present in both compartments in only 14% of wheezers and this

result was not significant using Chi squared analysis.

Amongst wheezers as a whole group, atopic nasal inflammation was associated with
bronchial epithelial shedding. Nasal lymphocytes, NAL ECP and NAL sICAM-1
correlated with BAL epithelial cells (rs 0.437, p = 0.005; rs 0.432, p = 0.009; and 13
0.496, p = 0.001 respectively; Figure 30).

NAL IL-8 correlated to BAL ECP (rs 0.512, p = 0.001) demonstrating the interaction

of neutrophils and eosinophils in wheezy inflammation (Figure 31).
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Figure 28 Correlation between NAL and BAL lymphocytes

Scatterplot showing the relationship between nasal and bronchoalveolar
lymphocytes (rs 0.414, p = 0.006).
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Figure 29 ECP correlation between nose and lung lavages

Scatterplot showing the relationship between nasal and bronchoalveolar ECP
concentrations (rs 0.567, p = 0.001). One outlier of BAL ECP 150 pg/l is excluded
to aid visual comparison.
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Figure 30 Nasal correlates with BAL epithelial shedding

A: Scatterplot showing the relationship between nasal and bronchoalveolar

lymphocytes (rs 0.437, p = 0.005). B: Scatterplot showing the relationship between

nasal ECP and bronchoalveolar epithelial cells (rs 0.432, p = 0.009).
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Figure 31 Nasal IL-8 correlates to BAL ECP

Scatterplot showing the relationship between nasal IL-8 and bronchoalveolar ECP
(rs 0.512, p = 0.001).
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Serum ECP and soluble ICAM-1 were measured from serum in infant wheeze. The

results are shown in Table 29. There were no significant differences either overall or

between groups. There were no significant correlations between serum markers and

BAL cytology for wheezers overall or for atopic subjects in particular. Equally, nasal

lavage cytology and markers did not correlate with serum ECP or SICAM-1.

median

Idiopathic Atopic Infected
range P
" wheeze wheeze wheeze
17.6 285 34.9
Ser“m/FCP 27-719 31-1250 | 32.1-40.7 NS
e 15 22 15
335 409 334
Ser““; S/In?f“M'l 243 _ 755 307 - 589 268 — 636 NS
& 15 22 15

Table 29 Serum markers in infant wheeze

The table shows median with range and counts for ECP and sICAM-1 in serum.
There were no significant differences between results. P values are from Kruskal
Wallis one way ANOVA tests between groups.
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5.6. Allergic rhinitis and infant wheeze

The bronchoalveolar lavage of infant wheezers was examined in the light of allergic
nasal disease, in order to test the hypothesis that allergic upper airways disease has
an impact on lower respiratory tract disease. Wheezers were divided into two groups
based on the presence or absence of allergic rhinitis (AR). AR was defined as a
clinical diagnosis of allergic rhinitis or aeroallergen sensitivity. By definition all
these children were also atopic wheezers. As bacterial infection has been shown to
influence atopic markers, such as ECP, these children were excluded from the
analysis. AR data were not available for two children who were also excluded,

however, wheezers with missing cultures were included in this analysis.

Twelve infants had either allergic rhinitis or sensitivity to an aeroallergen by skin
prick test or RAST, compared to 24 wheezers without nasal disease. There was no
difference in ages between the two groups of wheezers (Mann Whitney U test, p =
0.7). Wheezers with AR had a median age of 1.1 years (range 0.6 — 3.5) whilst those
without were slightly older with a median age of 1.3 (range 0.5 — 3.1).

5.6.1. NAL and serum in allergic rhinitis

Nasal lavage showed significantly more eosinophils in subjects with AR than those
without (Mann Whitney U test, p = 0.044). Children with AR had a median
proportion of 1.0% (range 0 — 27.6) compared to 0 (0 — 1.2) in those without AR.
NAL eosinophil counts had been previously shown not to vary according to centre
and no adjustment for centres differences were made in this calculation. Another
way of looking at this difference was to categorise subjects into those with high or
low nasal eosinophils by rank ordering the data (Table 30). Chi squared analysis was
significant (p = 0.039). However, NAL ECP was not significantly different between
groups (14 pg/l, range 0 ~163 versus 76 pug/l, 5 —183 in AR).

Nasal cell viability, the counts for which also did not vary significantly between
centres, was lower amongst those with AR (66%) compared to those without (81%).

This approached but did not reach significance (Mann Whitney U test, p = 0.091).
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Allergic Rhinitis
NAL Eosinophils
No Yes
Low 16 4 20
High 4 6 10
20 10 30

Table 30 Nasal eosinophils in AR

The table shows the number of children with allergic rhinitis who also had high
proportion of eosinophils in NAL (Chi Squared p = 0.039). Whilst a higher
proportion of children with AR had high nasal eosinophils they did not account for
all children in this group.

Serum ECP was elevated in those with AR (p = 0.002). The median serum
concentration was 63 pg/l in AR (range 16 — 124) compared to 13 in those without

nasal disease (range 2.7 — 72). The relationship is shown in Figure 32.
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Figure 32 Serum ECP in allergic rhinitis

Serum ECP was significantly higher amongst wheezers with allergic rhinitis (p =
0.002.)
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5.6.2. BAL in allergic rhinitis

The presence of allergic upper respiratory tract disease as defined by allergic rhinitis
had an impact on the composition of bronchoalveolar lavage. BAL eosinophils were
raised amongst subjects with AR (p = 0.05). Those without AR had few if any
eosinophils in BAL (median 0, range 0 — 2.0%) whilst those with AR had a median
of 1% (0 — 27.6%). Dividing subjects into those with or without eosinophils in BAL
confirmed this finding (Table 31). However, the presence of high nasal eosinophils
did not have a significant relationship with the presence or absence of eosinophils in
BAL (data not shown). Like NAL ECP concentrations in AR, BAL ECP
concentrations were not significantly different between groups. There was no

difference in IL-8, sSICAM-1, MMP-9 or TIMP-1 concentrations in BAL between
groups in AR.

Allergic Rhinitis
BAL Eosinophils
No Yes
Absent 17 3 20
Present 4 9 13
21 12 33

Table 31 BAL eosinophils in AR

The table shows the number of children with allergic rhinitis who also had
eosinophils in BAL (Fisher’s Exact test (two sided) p = 0.003).
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5.6.3. Correlations in allergic rhinitis

Correlations were performed between nasal lavage cell counts and BAL cells and
markers amongst wheezers with allergic rhinitis. Trends seen in the correlations
within BAL fluid for atopic wheezers were more obvious amongst those with
allergic rhinitis. For instance, BAL epithelial cells were related to a reduction in
macrophages (rs =— 0.820, p = 0.01, n = 12), lymphocytes (rs = — 0.600, p = 0.030)
and neutrophils (rs = — 0.687, p = 0.010) but not eosinophils. Epithelial cells were
also related to ECP (rs = 0.791, p = 0.004, n = 11, Figure 33) and TIMP (rs = 0.857,
p = 0.014, n= 7, Figure 34) but again not eosinophils.

Considering correlations between nasal and bronchoalveolar lavage, nasal
neutrophils correlated with BAL neutrophils (rs = 0.618, p = 0.043). Nasal
lymphocytes also correlated with BAL epithelial cell shedding (rs = 0.624, p =
0.054, n = 10, Figure 35). In wheezers with allergic rhinitis, nasal eosinophillia
correlated to BAL TIMP concentrations (rs = 0.880, p = 0.021, n = 6), but did not
correlate to any other marker. The TIMP data did not produce a convincing graphical

relationship and with such small numbers the results must be treated with caution.
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Figure 33 BAL Epithelial cells and ECP in AR

The scatter plot shows the correlation between BAL epithelial cell and ECP amongst
wheezers with allergic rhinitis at bronchoscopy (rs = 0.791, p = 0.004).
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Figure 34 BAL epithelial cells and TIMP-1 in AR

The scatter plot shows the correlation between BAL epithelial cells and TIMP-1
amongst wheezers with allergic rhinitis at bronchoscopy (rs = 0.857, p = 0.014).
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Figure 35 BAL epithelial cells and NAL lymphocytes in AR

The scatter plot shows the correlation between BAL epithelial cells and NAL

lymphocytes amongst wheezers with allergic rhinitis at bronchoscopy (rs = 0.624, p
= 0.054).
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5.7. Chapter summary

This chapter sought to examine the hypothesis that changes in nasal lavage mirror
those found in the lower airway. The role of NAL and serum as surrogate markers

for BAL were also considered.

Nasal neutrophils were raised in infected wheezers whilst nasal lymphocytes were
reduced in this group. There were no differences between nasal eosinophils between

groups. Similarly nasal IL-8, SICAM-1 and ECP did not vary significantly between

groups.

Nasal ECP correlated with BAL ECP suggesting atopic inflammation in both
compartments. However, nasal eosinophils did not correlate with BAL eosinophils.
Also eosinophils did not co-segregate in both compartments. However, more subtle
signs of nasal inflammation such as nasal ECP and sSICAM-1 concentrations and the
presence of nasal lymphocytes, correlated with lower respiratory tract inflammation

as evidenced by epithelial shedding.

Separating wheezers with allergic rhinitis into a separate group showed some
interesting results. As might be expected, nasal eosinophils were higher in this
group, but interestingly not nasal ECP. Serum ECP was raised amongst those with
AR. Lower respiratory tract changes were seen in wheezers with AR including raised
eosinophils but again not ECP. Correlations within those with AR reinforced the
pattern seen in atopic wheezers, where LRT inflammation was associated with
epithelial cell numbers. It also included a relationship between TIMP-1 and epithelial

cell shedding, but none for MMP-9.
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Chapter 6: Questionnaire Follow Up Study

6.1. Introduction

The results of the follow up questionnaire for the infant wheezers are discussed in
this chapter. The ISAAC questionnaire was divided into three modules (wheezing,
rhinitis and eczema) and each section is discussed in turn. Current symptoms of
wheeze and rhinitis were then used to compare serum, upper and lower respiratory
tract lavage findings at initial bronchoscopy in an attempt to define the
immunological markers, early in the disease process, that were associated with

persistent symptoms.

6.2. Response rate

All four of the BAL study centres were invited to participate in the follow up study
but only Prague and Southampton agreed. Questionnaires were sent to parents of all
the children, from these two centres, who had been previously enrolled in the BAL
study. No children were excluded from the study at these centres. This was nearly
half (48%, n = 25) of the original 52 BAL study subjects. Subjects from the other
two centres were excluded from further analysis. Following two rounds of postal
questionnaire, 20 parents had replied giving an overall response rate of 80% (20/25).

Southampton had a 60% response (6/10) and Prague 93% (14/15).

6.3. Characteristics of respondents

Characteristics of the respondents are shown in Table 32. Of the 20 who responded,
12 were atopic wheezers reflecting the excess of these children amongst the
participating centres. Three were infected wheezers and five idiopathic. There were

no differences in clinical characteristics in those who did not respond to the survey.
The average age of the children at follow up was 4.0 years (range 2.7-6.9). This

compared to 1.4 years (0.6 — 3.8) at bronchoscopy. The average length of time
between bronchoscopy and follow up was 2.6 years (2.0 — 3.6).

123



Bronchoalveolar lavage findings i infani wheeze

Responders Non- Total/ p
responders value

Wheeze subgroups
Idiopathic wheezers 5 3 8
Atopic wheezers 12 2 14
Infected wheezers 3 0 3
Total (n) 20 5 25
Age
Age at follow up 3.7 3.8 NS
(years) (2.7-6.9) (3.3-4.3)
Interval since bronchoscopy 2.6 2.6 NS
(years) (2.0-3.6) (2.0-2.7)
Age at bronchoscopy 1.3 1.4 NS
(years) (0.6 -3.8) (0.7-1.8)
Clinical characteristics
Males 13 1 NS
Rhinitis and aero-allergy 6 1 NS
Atopic dermatitis 7 1 NS
Family history of atopy 8 3 NS
Family history of asthma 8 3 NS
Abnormal serum IgE 4 0 NS

Table 32 Characteristics of follow up study respondents

The table shows the number of children in the follow up study categorised by their
original wheeze subgroup at bronchoscopy. Age is shown in years (median, range)
with the binary variables given as number of subjects who had these findings at
bronchoscopy. There were no significant differences between groups using Mann

Whitney U tests.
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6.4. Wheezing module

Twenty respondents answered the respiratory module, and the results of the

respiratory follow up questions are shown in Table 33.

n=20 Response (%)
Wheezed at anytime in the past 19 (95)
Diagnosis of asthma ever 14 (70)
Wheezed in the last 12 months 15 (75)
Attacks of wheezing in the last 12 months

None [5(25)]
1to3 7 (35)
4012 8 (40)
Sleep disturbance due to wheezing

Never woken 8 (40)
Less than once per week 4 (20)
Once or more nights per week 3(15)
Speech limiting severity in last 12 months 2 (10)
Exercise induced symptoms in last 12 months 10 (50)
Nocturnal cough in last 12 months 10 (50)

Table 33 Wheezing module responses

Results of the wheezing module of the ISAAC questionnaire shown as respondents
(percentage). The square brackets indicate calculated response to this question
based upon those who had indicated previously that their child was free of
symprloms.

6.4.1. Persistence and severity of respiratory symptoms

The majority of children continued to wheeze. Three quarters of parents (15/20)
reported that their child had wheezed in the last year. All of the children in this study
had been bronchoscoped for wheeze and cough in infancy. However, of the 20

parents who replied, one reported that their child had never been wheezy.
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Seventy percent of the infant wheezers had reported a diagnosis of asthma by the
time of follow up (70%, 14/20). A diagnosis of asthma was not related to the age of
the child at follow up. As might be expected, the majority (85%, 11/14) of these
asthmatics had continued to wheeze in the last year (Table 34). An asthma diagnosis
was not related to an allergic phenotype in infancy or a family history of asthma or
atopy. Most (8/10) of the children with exercise induced symptoms had a diagnosis
of asthma at follow up. These symptoms are more in keeping with childhood asthma

than the viral induced pattern of wheezing in infancy.

Asthma diagnosis
] No Yes Total
Wheezing in
No 2 3 5
last 12 months
Yes 4 11 15
Total 6 14 20

Table 34 Asthma and current wheezing

Approximately one third of the children (7/20, 35%) had their sleep disturbed by
wheezing. Half (10/20) reported a dry nocturnal cough not associated with a cold or
chest infection. Two of these children had not wheezed in the last year. This may
represent the persistence of airway reactivity, albeit at a reduced level of severity
than in infancy. The two children concerned were both above 4.5 years at follow up
but had been bronchoscoped at 11 months and 2.6 years. The data support a fading
of symptoms with age.

Two questions addressed severity and frequency of symptoms. Half of the persistent
wheezers (7/15, 47%) had one to three episodes of wheeze per year and half (8/15,
53%) between four and twelve episodes. Only two children (both of whom had
frequent exacerbations) had wheezing of a speech limiting severity. That only two
continued to have severe disease is somewhat surprising considering that all of these
children required bronchoscopy as infants; such was the severity of their symptoms

at that time.
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6.5. Rhinitis module

All of the 20 parents who answered the questionnaire completed at least some

questions on nasal symptoms. The results are shown in Table 35.

n=20 Response (%)
Sneezed without a cold or flu ever 12 (60)
A diagnosis of hay fever ever 3(15)
Sneezed without a cold in the last 12 months 9 (45)
Itchy watery eyes in last 12 months 6 (30)
Interference with daily life in the last 12 months

Not at all 3 (15)
A little 6 (30)
A moderate amount 0
Season of symptoms in last 12 months

Perennial 1(5)
Spring 6 (30)
Summer 3(15)
Autumn 3(15)

Table 35 Responses to rhinitis module

Results of the rhinitis module of the ISAAC questionnaire shown as respondents
(percentage).

Overall the symptoms of allergic rhinitis had increased since bronchoscopy. Whereas
only one child was originally recorded as having rhinitis as an infant, 12 (60%,
12/20) reported having sneezed without a cold at some time (Table 36). Nine (45%)
had current symptoms within the last year and three no symptoms for twelve months.
Of these nine current sneezers, six also had itchy or watery eyes associated with their
sneezing suggestive of an allergic aetiology. However, in spite of the increase in
nasal symptoms, only one third of currently symptomatic children (3/9) had a
diagnosis of hayfever. This is probably due to an under diagnosis of rhinitis in this

sample.

The increasing frequency of rhinitis symptoms was not matched by an increase in the
severity of disease. All parents reported that nasal and ocular symptoms did not

interfere significantly with the child’s daily activities.
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Sneezing ever
Current No Yes Total
sneezing in | No 8 3 11
last year Yes 0 9 9
Total 8 12 20

Table 36 Current sneezing symptoms

The symptoms reported are those occurring without a cold.

There was no overall pattern to the seasonality of rhinitis. Nasal symptoms were
more prominent in the spring and summer, again in keeping with allergic rhinitis,
although autumn affected two children. Both of these children were allergic to HDM
or cat dander at bronchoscopy, and the increase in their nasal symptoms may be

related to spending more time indoors as the winter months approached.

Only one child had perennial symptoms, he was allergic only to egg at bronchoscopy
(but not to aeroallergens), and had an interval of 2.0 years from bronchoscopy to
follow up (the minimum recorded interval). Egg allergy in infancy has been
associated with the development of aeroallergen sensitivity which may be the case

for this child (Tariq et al. 2000).

6.6. Eczema module

More children had symptoms of atopic dermatitis at follow up than at bronchoscopy.
All of the 20 parents who replied answered at least some of the third module relating
to eczema. Nearly half of all children (45%, 9/20) had an itchy rash coming and
going for at least six months at some stage in their life. The results of the eczema

module are shown in Table 37.

Parents of the symptomatic children were asked further questions regarding their
children’s skin. The majority (8 of 9) still had active disease and had suffered these
symptoms in the last year. In total 60% (12/20) had been given a diagnosis of

eczema with an average age of these responders being 3.7 years (range 2.8 —5.7
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years). This was an increase from 35% (7/20) at bronchoscopy where the average

age for these children was 1.4 years.

Of the eight with active eczema at follow up, five had symptoms at bronchoscopy,
one developed eczema before two years old and the other two children developed a

rash after they were two. Eczema began in infancy for most children in this study.

n=20 Response n (%)
Itchy rash coming and going over six months ever 9 (45)
A diagnosis of eczema ever 12 (60)
Itchy rash in the last 12 months 8 (40)
Rash affected typical areas 6 (30)
Rash cleared completely in last 12 months 5(25)
Rash started

Under 2 years 6 (30)
2 to 4 years 2 (10)
5 or more years 0
On average sleep disturbed

Never in last year 525)
Less than one night per week 2 (10)
One or more nights per week 1(5)

Table 37 Responses to the eczema module

Results of the eczema module of the ISAAC questionnaire shown as respondents
(percentage).
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6.6.1. Changes in atopic symptoms at follow up

In the interval between bronchoscopy and follow up, the frequency of atopic
symptoms changed pattern in this small sample. Overall the changes are in keeping
with the allergic march. Allergic rhinitis became an increasingly common diagnosis.
Eczema had also increased and some wheezers had become asymptomatic during

this period. The results are shown graphically in Figure 36.
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Figure 36 Frequency of atopic disease over time

The bar chart shows the differing frequencies of atopic disease between

bronchoscopy at an average age of 1.4 years and the follow up questionnaire at a
mean of 4.0 years.
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6.7. Persistence of wheeze

The majority of children continued to wheeze at follow up, but these were not evenly
distributed amongst wheeze subgroups. All but one child in the atopic group at
bronchoscopy continued to wheeze at follow up (Table 38). This child was the one
who had never wheezed according to his parents. In comparison 2 of 5 idiopathic
wheezers and 2 of 3 infected wheezers had outgrown their symptoms. Excluding the

child who never wheezed, the results were significant using Fisher’s Exact test (p =
0.020).

Wheezing in last 12 months
No Yes Total
Wheeze
Idiopathic 2 3 5
subgroup at
Atopic 1 11 12
bronchoscopy
Infected 2 1 3
Total 5 15 20

Table 38 Persistence of symptoms by wheeze subgroup

Table showing the respiratory fate of the wheeze subgroups at bronchoscopy.
Fisher’s Exact test was not significantly different for this table (p = 0.060).

6.7.1. Age of persistent wheezers

At follow up, persistent wheezers were significantly younger than those who had
outgrown their symptoms. Persistent wheezers had a mean age of 3.7 years (range
2.6 — 6.7 years) compared to 5.2 years in the asymptomatic group (range 4.2 — 6.9
years; t-test, p = 0.013). The time interval from bronchoscopy to follow up was also
related to persistence (t-test, p = 0.001). Those without symptoms for the last year
had waited longer for follow up (mean 3.2 years, range 3.0 —3.5 years) than those
who still wheezed (2.4 years, range 2.0 — 3.6 years). This is represented graphically
in the scatter plots in Figure 37. However, there was no difference between the ages
of children at follow up when compared by wheeze subgroup (p = 0.3), suggesting

that persistence of wheezing is more than just an age affect (Figure 38).

131




Bronchoalveolar lavage findings in infant wheeze

7 —
® O
6 —
@)
5 — ®
o 4 —
s o ,°
® ¢
3379
g L
I I [ I
1 2 3 4
Age at bronchoscopy
7 —
O e
6 —
@)
5 — ®
S
> @) OO
24 o
L ® e
o, |be Y
o 3 ®
< ®
I I I {
2.0 25 3.0 3.5

Age interval from bronchoscopy to follow up

Figure 37 Age of child at follow up and persistence of wheeze

The scatter plots relate the age of the child at follow up and the time interval from
bronchoscopy to follow up with persistence of wheeze. The shaded circles (e)
represent persistent wheezers whereas the open circles (0) indicate that the child
had not wheezed in the last year.

132



Bronchoalveolar lavage findings in infant wheeze

©
O
6 ]
5 —
W 4 — O
3 £0 o
2 o0 g S
53+ ¢ |
<
T T T
Idiopathic Atopic Infection

Figure 38 Age at follow up by wheeze subgroup

Age at follow up was compared according to the wheeze phenotype of respondents at
bronchoscopy. There was no difference between groups (p = 0.3).

6.7.2. Current rhinitis was associated with persistent wheeze

The acquisition of allergic rhinitis by the time of follow up was associated with
persistent wheezing (Table 39). Unlike persistent wheezing, current sneezing
symptoms were not related to the age of the child at follow up (p = 0.3). All (45%,
9/20) of the children who had sneezing episodes unrelated to colds in the last twelve
months also continued to wheeze (Fisher’s Exact test, p = 0.038). Similarly, all

children with itchy watery eyes at follow up still wheezed.

Sneezing in last 12 months
Wheezing in No Yes Total
last 12 months No > 0 5
Yes 6 9 15

Table 39 Current wheeze and current nasal symptoms
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Although more atopic wheezers had symptoms of rhinitis at follow up (Table 40),
not all of them had developed rhinitis. In particular those with aeroallergen
sensitivity or allergic rhinitis at bronchoscopy did not necessarily have current
symptoms of rhinitis at follow up. Only 4 of 6 children with upper airway symptoms
at bronchoscopy had ever sneezed without a cold, and only 3 of these had done so in
the last year. All of them continued to wheeze. One idiopathic wheezer and one
infected wheezer had developed current sneezing symptoms and itchy watery eyes
suggestive of AR. The infected wheezer had no signs of atopy at bronchoscopy. This

suggests that they developed atopic sensitisation between the time of bronchoscopy

and follow up.

Sneezing in last 12 months
No Yes Total
Wheeze
Idiopathic 4 1 5
subgroup at
Atopic 5 7 12
bronchoscopy
Infected 2 1 3
Total 11 9 20

Table 40 Current nasal symptoms by wheeze subgroup

Table showing the nasal symptoms at follow up by wheeze subgroups at
bronchoscopy. Fisher’s Exact test was not significantly different.

6.7.3. Active eczema was associated with persistent wheezing

All children with active eczema at follow up remained wheezy (Table 41). Most
(6/8) also had symptoms of rhinitis. The two children who developed eczema late
(after two years old) were both atopic in infancy and had more severe active wheeze,
as evidenced by frequent exacerbations (4-12 per year) at follow up. Both also had
allergic rhinitis but only one showed any tendency to nasal disease, or atopy, at

bronchoscopy.
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Current rash
No Yes Total
Current
No 0 0 0
wheeze
Yes 2 8 10
Total 2 10 10

Table 41 Relationship between current skin and wheeze symptoms

6.8. Can BAL findings in infancy predict persistence of wheeze?

Our original hypothesis stated that persistent of symptoms would be related to the
changes seen in atopic wheeze. The aim of this analysis was to distinguish those
cellular and inflammatory markers in infant lavage fluid and serum that could predict
the persistence of chest and nasal symptoms at follow up. The age of the child at
bronchoscopy was not related to persistence of wheeze, which indicates that the use

of bronchoscopy data may not be skewed by age.

The results of the comparison of BAL cellularity and inflammatory markers by
persistence of wheeze are given in Table 42 and Table 43. Cellular viability and
TIMP-1 concentrations are the only markers significantly associated with current
wheeze; each is discussed in more detail in the next sections. Sample size did not

permit logistic regression of these results with other potential confounding variables.

Responses to other questions in the respiratory module were used to assess the
predictive value of lavage markers, including: nocturnal symptoms of cough, waking
with wheeze at night, exercise induced symptoms, and the child having been given a
diagnosis of asthma. Markers of severity within the persistent wheezers were also
considered using frequency of exacerbation and speech limiting severity as
indicators. Subjects available for these sub-analyses were often very small, and no
relationships were found between these phenotypes and lavage markers. In
particular, no relationship was found between the presence of eosinophils or ECP in
BAL or NAL and the child’s wheezing status at follow up, both by using continuous
data and by dividing the variables into two and four rank based groups.
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BAL cell counts

Wheezing in last 12 months

No Yes P
Tee L6-300. 07— 1548 06
Viability % §1.0-100 610-940 0.026
Epithelial cells % N 0280 0.4
Macrophages % 524560 260959 07
Neutrophils % 0o Ny 05
Lymphocytes % 4.09—{‘7’.6.0 3.71—2 .310.6 0.8
Eosinophils % 0 _02.0 0 —37.6 0.9

Table 42 BAL cytology of persistent wheezers

Table showing differences between cells counts in BAL fluid in infancy by current
wheezing status at follow up (wheezing in last 12 months). Data are shown as
median and range with non-parametric Mann Whitney U tests probabilities. TNCC
is shown as cells x 10° /ml BAL.

BAL

Wheezing in last 12 months

No Yes p
65 77

SICAM-1 ng/ml 39. 128 27 -39 0.8
2.1 <2.0

ECP ng/ml <20-32 <2.0-90 0.3

0 27

IL-8 pg/ml 0-98 0 — 4098 0.3
0.9 9.6

MMP-9 ng/ml 0998 0-21.0 0.5
10.6 323

TIMP-1 ng/ml 61-18.6 9.1_83.9 0.027

MMP-9/TIMP-1 0.033 0.013 0.3

molar ratio 0.014 -0.077 0-0.092 )

Table 43 Lavage markers in BAL related to persistence of wheeze

Table showing differences between lavage markers in BAL fluid and current
wheezing status at follow up (wheezing in last 12 months). Data are shown as

median and range with non-parametric Mann Whitney U tests probabilities.
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6.8.1. BAL cellular viability was decreased in persistent wheeze

Cellular viability of BAL in infancy was related to current wheezing at follow up
(Figure 39). Viability was reduced from a median of 98.3 % in the asymptomatic
group to 74.4 % amongst persistent wheezers (p = 0.026). A relationship was not
demonstrated using bronchial wash cellular viability specimens from these subjects

(p =0.6).
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Figure 39 BAL cellular viability in persistent wheezers

Boxplot showing BAL cellular viability % at bronchoscopy versus current wheezing
at follow up. Boxes indicate medians with interquartile ranges. A Mann Whitney U
tests was significantly different between groups (p = 0.026). The shaded circles (o)
represent persistent wheezers whereas the open circles (0) indicate that the child
had not wheezed in the last year.
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6.8.2. BAL TIMP-1 levels were raised amongst persistent wheezers
The concentration of TIMP-1 in BAL was raised amongst those who continued to
wheeze at follow up (p = 0.027, Figure 40). The median concentration in BAL from
the symptomatic group was 32.3 ng/ml compared to 10.6 ng/ml in the asymptomatic

children.
MMP-9 and the molar ratio of MMP-9/TIMP-1 did not show significant differences

between groups (Table 43). Age at follow up (p = 0.046) and the interval between
bronchoscopy and follow up (p = 0.003) were also significant for these children.
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Figure 40 BAL TIMP-1 in persistent wheezing

A: The Boxplot shows TIMP-1 ng/ml concentrations in infant BAL against their
symptoms at follow up (MWU test 0.027). B: Scatterplot of TIMP-1 and age at
bronchoscopy demonstrating that TIMP-1 levels were not associated only with older
children at bronchoscopy. The shaded circles (®) represent persistent wheezers
whereas the open circles (0) indicate that the child had not wheezed in the last year.
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6.8.3. Serum sICAM-1 and persistent wheezing

Serum s-ICAM-1 was related to persistence of wheezing. The median value for
persistent wheezers was 394 ng/ml compared to 269 ng/ml for those who had
outgrown their symptoms (p = 0.027, Figure 41 A). Age was associated with the
disappearance of symptoms from these subjects (t-test, p = 0.013). However, age at
bronchoscopy was not related (p = 0.218, Figure 41 B).

Wheezing in last 12 months
Serum Y
No Yes
270 394
sICAM-1 ng/ml 0.015
251 -337 243 - 589
34.4 16.5
ECP ng/ml 0.687
4.1-40.1 2.7-1249

Table 44 Serum markers and persistence of wheeze

Table showing differences between serum markers at bronchoscopy and current
wheezing status at follow up (wheezing in last 12 months). Data are shown as
median and ranges with non-parametric Mann Whitney U tests probabilities.
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Figure 41 Serum sICAM-1 amongst persistent wheezers

A: The Boxplot shows s-ICAM-1 ng/ml concentrations from BAL in infancy
compared between those children who continued to wheeze at follow up (p = 0.015).
B: The Scatterplot shows the relationship between age at sampling and serum

ICAM-1. Shaded circles (®) represent persistent wheezers whereas the open circles
(o) indicate that the child had not wheezed in the last year.
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6.9. Rhinitis and the persistence of wheeze

Current symptoms of allergic rhinitis have already been shown to be associated with
persistence of wheeze. All children with aeroallergen sensitisation and allergic
rhinitis at bronchoscopy also continued to wheeze but the findings in nasal lavage
amongst these infants was not so well defined. Nasal lavage findings at
bronchoscopy were analysed according to the presence of wheeze at follow up.

Cellular and lavage constituents in nasal lavage are shown in Table 45.

High neutrophil counts in NAL (median 92.5% versus 42.4%; p = 0.038) and a low
macrophage count (0.5% versus 21.8%; p = 0.019) were related to the disappearance
of wheeze in this sample. However there were only two data points in the no

symptoms groups, which makes further interpretation unreliable.
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<5

median

Wheezing in last 12 months

ra:ge No Yes P
0.32 0.65
Fotal cell count 0.05 - 90.2 0.02- 42.0 038
(cells x 10° /ml)
5 13
69.2 78.1
Viability % 25.0-98.5 37.1-925 0.5
5 13
20.0 59
Epithelial cells % 0.5-75 2.8-100 0.9
5 14
0.5 21.8
Macrophages % 0-1.0 1.6 -100 0.019
2 13
92.5 42.4
Neutrophils % 88 -97 0-93 0.038
2 13
6.5 3.0
Lymphocytes % 2.0-11.0 0-8.2 0.8
2 13
0.5 0
Eosinophils % 0-1.0 0-11.0 0.8
2 13
15 5
SICAM-1 ng/ml 0-18 0-55 0.6
5 14
2.4 13.0
ECP ng/ml NA 2.1-69.7 0.2
1 13
2.11 0.65
IL-8 ng/ml 0.52-11.27 0.53-2.9 0.4
3 14

Table 45 NAL findings in infancy amongst persistent wheezers

Table showing differences between cells counts and markers in NAL fluid taken in
infancy and their current wheezing status at follow up (Wheezing in last 12 months).
Data are shown as median (IQR, n) with non-parametric Mann Whitney U tests

probabilities. Note IL-8 is given in ng/ml not pg/ml as for BAL fluid.
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6.10. Chapter summary

The follow up study was performed a mean interval of 2.6 years after bronchoscopy.
It was limited by the small number of children in the sample (n = 20) and the fact
that the majority of children continued to wheeze, which reduced the ability to
distinguish between groups even further. Of 20 respondents, only 5 had outgrown

their symptoms.

On the whole, those who continued to wheeze had been atopic at bronchoscopy or
had developed symptoms of allergic rhinitis since infancy. All children who had AR
or aeroallergen sensitivity at bronchoscopy continued to wheeze. A history of

sneezing with colds or active eczema at follow up was associated with a persistence

of disease.

Those who had outgrown their symptoms were significantly older (5.2 versus 3.7
years) than those who continued to wheeze. Persistence of symptoms was not related
to the presence of eosinophils or ECP in BAL, NAL or serum. Instead, BAL cellular
viability and TIMP-1 concentrations were increased in BAL from persistent

wheezers. Persistence was also associated with raised serum sICAM-1 at the time of

bronchoscopy.
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Chapter 7: Discussion

This chapter draws together the results from the last three chapters to formulate an
opinion on wheezing in infancy, and address the main hypotheses. A critique of
methodology precedes a discussion of the principle findings of this work, which are
then addressed in the light of published work. Finally the potential mechanisms
underlying the results are considered, as are the possibilities for future research.
This study was the first to measure MMP-9 and TIMP-1 in BAL from preschool
wheezers. Although the cells and markers such as ECP and IL-8 have been published
previously, the separation of those with bacterial infection into a distinct group,
brings new insights to BAL in infant wheeze. Also this study was the first to use
concomitant nasal and bronchoalveolar lavage. The use of structured follow up also

sheds light upon the results.

7.1. A critique of study methods

This was a small observational study and was not powered to detect differences in
any of the markers considered, so lack of significant findings does not preclude
relationships between them. The invasive investigation of children is practically
difficult, and research involving such procedures is ethically fraught. Studies using
BAL from children cannot recruit large numbers due to the relatively small numbers
of children who require these procedures. The use of a multi-centre study design can

address this issue but has problems of its own (section 7.1.4.1.).

7.1.1. Selection of wheezers

The infant wheezers recruited to this study were a heterogeneous group of children
whose indications for bronchoscopy included severe or atypical symptoms and
failure of standard therapies. The severity of their symptoms makes extrapolation of
the results to the general population of infant wheezers difficult. However, there are
several factors that suggest that these results can be extrapolated to wheezers in

general including the relative absence of congenital structural abnormalities found at

bronchoscopy.
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The range of clinical opinion contributing to the study provided a rounded sample of
severe preschool wheezing. Although the inclusion of wheezers was based upon
subjective clinical findings of a severe and atypical presentation, the children were
recruited from four centres, over four European countries, and had at least five
tertiary paediatricians contributing patients to the bronchoscopy lists. This range of
clinical opinion ameliorated any potential skew of the sample towards one particular
severe wheezing phenotype. The bronchscopists were also blind to the eventual
categorisation of wheezers at the time of inclusion, which is reflected in the differing

profiles of the three wheeze subgroups between the recruitment centres.

Skilled paediatric bronchoscopists recruited the infant wheezers in this study and
because of this the severity of the study wheezers may be more comparable to the
wider population as a whole. Bronchoscopy is a safe and increasingly popular tool
for the investigation of infant wheeze (Schellhase et al. 1998; Strunk 2002) and the
threshold for further investigation will be lower at centres where bronchoscopy is

performed frequently and routinely (Nicolai 2001).

However, it is ironic that it is only by recording data from the exceptional few, that
knowledge can be gathered that may affect the future understanding and
management of all wheezy children. Studies using non-bronchoscopic lavage
methods have an advantage of being able to sample from the broader population of

infant wheezers who do not require investigation for chest disease (Stevenson et al.

1997).

7.1.2. Selection of controls

The majority of the control group was selected retrospectively from children
undergoing bronchoscopy for the investigation of stridor. The careful selection of
controls defined a group of individuals who, on balance, had symptoms likely to be
due to a structural airway problem and not airway inflammation. None of them had
recorded wheezing, symptoms of atopy or a family history of asthma. Those who
coughed were only included if they also had airway malacia at bronchoscopy (which

demonstrated an anatomical reason for their symptoms).
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In defence of this selection policy, the generation of widely accepted normal data has
been taken from bronchoscopy findings in such children (Midulla et al. 1995; Ratjen
et al. 1994; Tessier et al. 1996). Other bronchoscopy studies on infant wheezing

have also used children with airway malformation or stridor to act as controls

(Marguet ef al. 2000).

Not all studies considering BAL in infant wheeze have used such strict criteria for
their controls. Several studies used a diverse array of diagnoses such as cough,
recurrent infection and stridor with or without positive cultures to act as controls
(Azevedo et al. 2001; Barbato et al. 2003; Le Bourgeois et al. 2002). Such control
children included those with primary tuberculosis, suspected inhaled foreign body
and even recurrent bronchitis, albeit without wheezing. At least some of the control
cases will have had lower respiratory tract inflammation or infection, and some may

even have had asthma. In many instances they would fit our study’s criteria for

inclusion as a wheezer.

Finding appropriate controls for research requiring invasive procedures in children is
extremely difficult. The gold standard would be the bronchoscopic lavage of healthy
infants and children. Kraweic et al (Krawiec et al. 2001) performed such a study of
bronchoscopy on children attending for elective surgery without a history of acute or
chronic respiratory problems. Bronchoscopic BAL has also been performed on a
range of healthy children over three years old undergoing elective surgery (Ratjen et

al. 1994) and amongst infants (Midulla ef al. 1995).

There are ethical issues surrounding the performance of an invasive procedure, such
as bronchoscopy, on children who do not require it on clinical grounds alone, and for
this reason we felt that healthy children without lower airways disease could not be
recruited directly. The control cases in this study are believed to represent as near to

normal physiology as is possible within ethical and practical constraints.

7.1.2.1.  Missing cultures

As bacterial infection played an important part in this study it is unfortunate that

culture results were not available for all subjects. Missing cultures were due to
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routine laboratory error or lost data and are indicative of the low priority that
infection has played in asthma and wheeze. However, missing cultures occurred at
random so all the available data were included. Exclusion of subjects with missing
culture results made little difference to the analysis, as did assuming that all missing

cultures were positive, placing cases in the infected wheezers group.

Chronic viral infection may also play a role in infant wheeze. Schellhase et al
(Schellhase et al. 1998) recorded a high rate of viral infected BAL in infant wheeze.
However, a later study did not find any positive viral cultures amongst their larger
group of wheezers, suggesting that viral infection does not play as important a role in
infantile wheeze as might be suspected (Najafi ez al. 2003). In spite of this, the lack
of virology results in our subjects remains a limitation of our study, and future
studies of BAL and more importantly NAL in infancy should have full bacterial and

viral cultures performed.

Some controls cases also had missing cultures. Culture results were negative for all
controls with symptoms of cough and stridor but were missing for some subjects
with stridor alone. In children with diagnosed laryngomalacia, lavage was performed
purely for research purposes and it is likely that they would have negative cultures,

having never wheezed or shown signs of LRT infection.

7.1.2.2. Clinical data collection

There were several aspects of data collection that may have been improved. Firstly,
although antihistamines were discontinued and washed out prior to study entry,
children were still on a range of other medications, including in some cases inhaled
corticosteroids (ICS) and antibiotics. ICS have been shown to affect lavage cytology
in infant wheeze (Just et al. 2002), where the use of this medication reduced
lymphocyte counts. In our sample of severe infant wheezers discontinuation of
medication may have been associated with an exacerbation of symptoms and

increases in bronchial hyperreactivity making bronchoscopy hazardous.

No account was made of exposure to tobacco smoke in this study. In the original
protocol urine was to be taken on the day of bronchoscopy and analysed for cotinine

as a direct estimate of exposure to tobacco smoke (Rylander et al. 1995). However,
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infants who have been fasted prior to an anaesthetic have a reduced urine output and
coupled with the difficulties of collecting urine samples in this age group, and the
focus of this complicated and invasive study on the respiratory tract, only a handful
of samples were received and were not analysed. Questionnaire follow up also
provided an opportunity to collect retrospective data on this variable. Environmental
tobacco smoke played a role in all forms of infant wheeze (Martinez et al. 1995), and

our inability to record and account for these data is a shortcoming of this study.

There was no definition for the diagnosis of allergic rhinitis or eczema at
bronchoscopy and children were allocated these terms at the discretion of the
recruiting physician. For this reason some children classified as idiopathic wheezers

in this study may not have had these diagnoses fully excluded.

7.1.3. BAL methods

This study had the advantage of concomitant sampling of bronchial washings, BAL
and nasal lavage allowing direct comparison between lavages. Inflammatory markers

were analysed by subject, thus further reducing variability between compartments.

The multicentre study design increased the number of cases recruited over the study
period and also reduced skew towards a particular clinical presentation of wheeze.
However, several factors in the processing and counting of lavage specimens could
have affected the results and many of these issues involve recruitment of subjects

from several centres.

7.1.3.1. Dilutional corrections for BAL

Bronchoalveolar lavage takes a variable sample of the ELF. Several methods have
been employed to try to quantify the concentration of ELF in BAL. The dilution of
ELF in BAL is related to

e The volume of lavage infused,
e The amount of epithelial lining fluid diluted by this lavage,

e The amount successfully aspirated.
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This is related to;

e The size of the airways, and thus the age and size of the child (Najafi et al.
2003),

e The quality of the bronchoscopic wedge and therefore the bronchscopist’s

technique.

It 1s impossible to standardise many of these factors, and the variation that they
impose on the data is part of the difficulty in interpreting findings of bronchoalveolar
lavage. Urea and albumin have both been used to assess the amount of ELF in
lavage, but unfortunately both these methods have their limitations. ELF urea is
considered to be in equilibrium with that of serum and as such, BAL urea
concentrations have been compared to serum urea as a measure of the ELF return
from lavage (Heaney et al. 1996). However, this method relies upon the premise that
urea does not diffuse into BAL during the lavage process. Unfortunately, urea
diffuses from serum into BAL and is thus increased as the dwell time increases
(Marcy et al. 1987). For quick lavages such as those performed by non-
bronchoscopic BAL or infant NAL there is little time for equilibration of serum urea
to BAL. However, bronchoscopic lavage is more prolonged and urea concentrations
may be falsely elevated by diffusion from serum into the BAL fluid itself, leading to
an overestimation of the ELF fraction in returns. Urea concentrations in BAL may
also be affected by increased alveolar vascularity and capillary permeability in
certain disease states. This is also the case when considering albumin as a marker.
Albumin concentrations in BAL are altered by the disease states themselves and are

therefore unreliable (de Blic et al. 2000).

The current recommendations for reporting BAL fluid findings in children state that
‘normalisation for ELF should not routinely be performed due to lack of a reliable
method for its quantification’ (de Blic et al. 2000) pp220. In keeping with these

guidelines no account was made for such sources of variation in our data.
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The use of ratios of BAL components to each other negates any need to consider
dilution of the ELF as this dilution is cancelled in the ratio equation, providing an

internal control within the individual lavage.

i.e. (MMP-9/BAL protein) / (TIMP-1/BAL protein) = MMP-9 / TIMP-1

ELF sampling can be performed without recourse to lavage. Yamazaki et al
(Yamazaki et al. 2003) used bronchoscopic micro-sampling with fine (1.9 mm) fibre
rod probes. Such probes take up ELF by capillary attraction when the tip is placed
against the airway under direct vision during bronchoscopy. This method negates the
need for airway lavage, but is only able to sample a small volume of the ELF. It has

not been used for the detection of inflammatory markers and ELF cellularity.

7.1.3.2.  Processing of lavage

There are various techniques for the subsequent processing of BAL. The processing
of BAL may affect the cytology (Baughman et al. 1986; Mordelet-Dambrine et al.
1984). However, for the majority of these processing steps, their effect on cellular
constituents of infant wheeze has not been established, and they are in routine use by
most research laboratories. In this respect, our study had the advantage of a single

processing protocol to ensure that lavage was dealt with in the same way.

7.1.3.3.  Filtering

Lavage specimens are often filtered in order to remove mucus and particulate debris,
which can often make the sample unsuitable for analysis (Stevenson et al. 1997).
Unfortunately, filtering can also selectively remove cellular components of BAL
(Klech and Pohl 1989). Epithelial cells may be particularly susceptible to removal by
a cotton gauze filter (Lam et al. 1985) but the nylon filters used in this study may
remove less cellular material than the cotton gauze method (Klech and Pohl 1989).
Our technique of nylon filtering lavage has been shown to increase cell yield by
17%, when compared to unfiltered lavage, although it potentially reduced the
proportion of epithelial cells by 2.8% (Mander 1999).
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Nasal lavage is particularly difficult to process if there is mucus in the sample. In this
situation, filtering allows more samples to be successfully processed. At present the
balance of expert opinion, cited in current European guidelines, suggests that
filtering does not have a significant impact on results, and the recommendations are

that lavage be filtered through a single layer of gauze (de Blic et al. 2000).

7.1.3.4. Cytology

The most direct method for performing cell counts from BAL involves placing a
drop of unfiltered lavage onto a glass slide for staining and counting (Heaney et al.
1996; Laviolette ef al. 1988). The advantages of this method are clear, in that less
processing provides a more representative count. However, the use of neat lavage in
this way reduces the volume of BAL available for further analysis. If the lavage is
dilute, and cells are scattered over several microscope fields, the several hundred
cells required for standard counts, can be difficult to visualise by this method. For
this reason BAL is often centrifuged and cells resuspended in buffer to concentrate
cells, and also to harvest the supernatant for analysis. Cytocentrifuge preparations, as
used in this study, are one way to concentrate cells from dilute BAL. However, each
step away from neat BAL adds the possibility of artefact into the results. For the
majority of these steps the effect on the cell counts has not been quantified, but
Saltini et al (Saltini et al. 1984) suggested that cytospin preparations underestimate
lymphocyte counts in BAL.

To summarise, the lavage processing was standardised between centres by a single
protocol. Differences between cytologists were accounted for in the statistical
methods employed. No dilutional marker was used in keeping with current

guidelines (de Blic et al. 2000).

7.1.3.5. Differences between cytologists

There was a defined protocol for cytology, which ensured that similar counting
methods were used throughout. However, no validation exercise was built into the
protocol. Validation was particularly important for the live cell counts, as they could

not be stored for central analysis. Methods to standardise cell counts might have
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included the use of sample photomicrographs and training packages, to provide a
reproducible standards. Photomicrographs of the live cell preparations could also

have been used to verify counts between cytologists.

The situation was less critical for the differential cell counts as cytocentrifuge slides
were stained and recounted centrally. It is unfortunate that many had undergone
prolonged frozen storage and were unsuitable for analysis. Prolonged storage is even
more important for studies using immunohistochemistry, where six weeks is
considered the maximum duration of frozen storage for cytospins (Dr S Wilson,
personal communication). This probably accounts for the overall disappointing

results for the immunohistochemistry performed on these slides (data not shown).

In spite of storage difficulties, we were able to compare the original counts from one
centre with recounts from frozen slides at the central laboratory in Southampton.
Only lymphocytes showed a significant difference between cytologists. This
difference was proportional to the size of the lymphocyte count, with higher counts
producing more variation between cytologists. Such a proportional effect was also
seen in the eosinophil counts, where one count from the original centre was an
outlier for the entire dataset. This subject had a local eosinophil percentage of 28%,
which compared to the central recount value ofi 13%. Such proportional variation
between cytologists indicates counts were subtly different between centres and this
effect was amplified as the cell counts increased. Indirectly this also suggests that
counting methods were standardized for each cytologist in order for such
proportional differences to occur. Warke et al (2001) considered the role of within
and between observer variability in paediatric non-bronchscopiuc BAL. They found
that only lymphocytes, but not other cell types including eosinophils, varied between
two observers, which in interesting in that they agree wtih our findings. Why
lymphocytes should produce more variability between observers is not clear. These
discrepancies in cell counts emphasize the importance of inter-rater validation in
studies using different centres, or where more than one cytologist has been involved.
Other studies of lavage in infancy have not considered this issue and have not
routinely stated validation for cell count data, even when such data were collected

over several years (Just ef al. 2002; Le Bourgeois et al. 2002).
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For these reasons it was not possible to directly compare cell counts between clinical
groups when different centres had contributed cases. Instead, the statistical analysis
of this cellular data accounted for differences between centres. Although this negated
inter-centre effects, it also further reduced power to detect differences between
clinical groups in an already small study. In this respect, cell count data was recorded
in each centre as proportions and not the raw cell count data. This hampered
statistical analysis of variability between centres, by demanding techniques that used
proportions, and future studies should consider collection of absolute counts as well

as proportional data.

7.1.4. NAL methods

There were several issues in the method of nasal lavage collection that require

discussion.

7.1.4.1.  Differences in lavage volumes

Firstly, the volume of nasal lavage used was different between the centres. Upper
airway lavage methods influence the resulting composition of NAL (Klimek and
Rasp 1999). 1t is also known that differences in dwell time and lavage volume to
epithelial surface area will alter ELF sampling in BAL (Najafi et al. 2003), and are
likely to influence NAL ELF concentration in a similar fashion. One centre in our
study (Paris) used a 5ml lavage, whilst the other centres used 10ml. This also
significantly affected the return volumes, with Paris achieving a higher return than
the other centres. This does not mean that Epithelial Lining Fluid (ELF)
concentrations were higher using the 5Sml NAL. Although a formal dilutional marker
was not measured, it seems that Brussels had a higher concentration of ELF in their
lavage return evidenced by significantly higher IL-8, ECP and sICAM-1
concentrations in NAL than the other centres. Brussels median NAL volumes were
equivalent to those of Southampton and Prague but Brussels had the highest range of
volumes for NAL (up to 20ml) and such large volume NAL may have washed ELF
from the nasal cavity more effectively than the smaller volumes, in a manner similar

to the dwell time used in adult nasal lavage protocols. Bronchoalveolar lavage
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volumes and returns were not significantly different between centres, neither were

those of bronchial washings.

7.1.4.2. Nasal lavage methods

The nasal lavage technique used in this study differed markedly from that used in
adults and older children. In this study, nasal lavage was suctioned from the
nasopharynx in a manner similar to that used in studies with neonates (Frischer et al.
2000; Halmerbauer et al. 2000). In older children and adults the subject is trained to
hold the lavage fluid within the nasal cavity prior to suction (Wojnarowski et al.
1999). Young children will not retain lavage fluid in the nose to permit a dwell time,
which means that the lavage must be suctioned immediately from the nose (Frischer
and Baraldi 2000). As such, the results of nasal lavage studies from adults and
infants may vary markedly, and are not directly comparable as longer dwell times are

associated with increases in the concentration of inflammatory and diluent markers

such as urea.

7.1.4.3. Dilutional effects in NAL

The concentration of epithelial lining fluid in nasal and bronchoalveolar lavage
probably account for some of the differences seen in this study. Such variation
between ELF sampling in the nose and the lung would occur even if similar dwell
times were being used at both sites, as other factors such as the volume of lavage and
airway size would come into play. One way of overcoming ELF dilution would be to
measure a standard inert marker in order estimate the concentration of ELF. Urea
and albumin have been tried and discredited in BAL (de Blic et al. 2000), and such
markers may be even more difficult to use in the upper airway, where serum proteins

readily leak into nasal secretions.

Another method of ELF estimation would be to spike lavage with a dilutional marker
prior to instillation. Using a lavage method similar to ours Balfour-Lynn et al
(Balfour-Lynn et al. 1993) diluted saline with known concentrations of inulin prior
to nasal lavage, in an attempt to estimate the amount of nasal ELF aspirated in NAL.

They showed that nasal secretions accounted for a mean of 8.8% of lavage, a figure
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that changed little from wheezer to non-wheezer and also by the presence or absence
of infection. As our lavage volumes were greater than those used in their study (10ml
compared to 2ml x 2) the sampling of nasal ELF may be different using our method.
Nasal lavage using the adult dwell method is similarly reproducible in adults and
older children (Nikasinovic-Fournier et al. 2002). However, another study showed
that ECP concentrations in NAL were not reproducible amongst infants, even over a
period of a few days (Frischer and Baraldi 2000), which suggests that ELF sampling
by NAL may not be as constant as the previous study suggested.

7.1.4.4. Variation in NAL cytology between centres

Between centres differences were apparent for different cell types in nasal lavage.
Counting differences occurred between centres for macrophages and neutrophils
proportions. These cells are more difficult to distinguish in nasal lavage than BAL.
This is because macrophages adopt intermediate monocyte/macrophage morphology

in NAL and immature neutrophils are also seen making identification more difficult.

7.1.5. Follow up methods

Using the ISAAC questionnaire in our international multicentre study was important
for several reasons. Firstly the ISAAC questionnaire was designed to enable
comparisons between countries (and languages) and a set protocol was available for
its translation. Secondly it was an epidemiological questionnaire designed to look at
the community prevalence of symptoms, not just for those who attend for medical
help. In this way the results of follow up for this sample of severe infant wheezers
allowed comparison to the wider population. Thirdly, the results enable direct
comparison of BAL immunology to a growing number of other ISAAC based studies
and large epidemiological studies, once again contextualising these results within the

wider body of evidence.

7.1.5.1.  Validity of the ISAAC questionnaire

The questionnaire used in our study was a completed by parents and had been

validated for children in the 6 to 7 year old age group (Asher et al. 1995a) but not
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amongst preschool children. The average age at follow up in this study was four
years and it seems unlikely that significant differences exist in the symptomatology
of these children compared to six year olds. Peroni et al. have also successfully

applied this questionnaire to the preschool age group (Peroni et al. 2003).

Although the ISAAC questionnaire has face validity, parents have been shown to
frequently misinterpret wheezing as a non-specific term for any kind of noisy
breathing (Elphick et al. 2001). A study using video footage of wheezing children
showed that only 59% of parents were able to correctly identify wheezing (Cane et
al. 2000; Cane and McKenzie 2001).

When considering multinational studies, the verb to wheeze does not exist in many
languages outside of English (von Mutius 1998). This further impairs the specificity
of other languages to define wheeze, when describing wheezing to parents. The verb
to wheeze does not exist in Czech (or French), however overall it was considered
that the combination of a close word for wheeze as well as a term for whistling in the
chest was a suitable alternative. Similarly the Czech word for eczema is fairly non-
specific and could be confused with any rash, although every care was taken to

ensure accuracy and comparability of questionnaires in translation.

7.1.5.2.  Size of study and length of follow up

Clearly the size of the follow up study was its biggest drawback. The numbers of
children available for comparison were further reduced by the fact that the majority

of children had continued to wheeze in the last year.

Children who had outgrown their symptoms were older than persistent wheezers.
The small sample size meant that logistic regression analysis could not be performed
to account for this fundamental confounder. However, persistent wheezers were not
younger than their peers at bronchoscopy and the lavage findings remain valid. Such
confounding variables are a problem in small studies and changes to the study design
could have ameliorated them. An example would be to have followed up children on

their fourth birthday to minimise age discrepancies.
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7.2. Relationships to other studies

In this section the main findings are discussed in relation to other studies in the field.

7.2.1. Bronchoalveolar lavage findings

Total nucleated cell counts were raised in infant wheezers, especially those with
infection. This is in keeping with the findings of Krawiec et al (Krawiec et al. 2001).
They considered the lavage of 20 wheezing infants, who like this present study,
required bronchoscopy for clinical severity of disease and compared them to a group
of children attending for elective day case surgery. Like this study they also did not

show differences for leucocyte differential proportions in infant wheeze.

7.2.1.1.  Cellular viability in infant wheeze

The measurement of cell viability has not been widely used in paediatric lavage
studies, probably because it requires a separate staining method. Our study showed
that any differences between groups were largely due to counting variation between
centres, and that overall cell viability was the same between the wheeze subgroups.
In the only other study of infant wheeze to consider cell viability, Azvedo et al
(Azevedo et al. 2001) showed that cellular viability was the same in wheezers (65%)
and controls (67%).

7.2.1.2.  Epithelial cells

The presence of epithelial cells in BAL is a marker of epithelial cell shedding and
airway remodelling. Our study was in keeping with the findings of other studies of
infant wheeze (Table 46 and Table 47) where epithelial cells are the same or reduced
amongst atopic wheezers. Amongst this cohort of studies, ours was unique for its
method of epithelial cell count estimations. The other studies counted these cells as
part of their cellular differential whilst ours included the epithelial cell count during
estimation of TNCC. Epithelial cells are more easily recognised using wet
preparations as they frequently still have motile cilia, which potentially increases the

yield of epithelial cells found in this study compared with the two others.
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Epithelial cells may be affected by concomitant asthma medication. They were
significantly reduced in children taking 450 pgof inhaled corticosteroids (ICS) per
day (Krawiec et al. 2001), which may account for the lack of a differences in their
study, especially when eosinophillic inflammation was such a prominent feature of
their atopic wheezers. Other studies documented that up to half had also been pre-
treated with cromoglycate or inhaled corticosteroids, which may also have affected
the cell count (Stevenson et al. 1997). In our study no children had received oral
glucocorticoids in the preceding six weeks and no children were taking ICS at the
time of bronchoscopy. However, some children had received ICS in the previous six
weeks and these children had significantly higher BAL ECP concentrations than
their peers (data not shown). This was probably due to the fact that atopic children
were more likely to receive a therapeutic trial of ICS than non-atopic wheezers, and

was not an intrinsic effect of the medication.

Age may also be an important factor in the distribution of epithelial cells, as they
have been shown to be higher amongst wheezy children under two years old (Najafi
et al. 2003). This was suggested to be due to the differences in lavage sampling
dynamics of young children, which produced a lavage from more proximal airways,
thus making it more akin to epithelial cell rich bronchial washings. Our study did not
show a correlation between age and epithelial cell percentages in BAL, BW or NAL

(data not shown) although our study was not powered to detect such differences.

7.2.2. Infected wheezers are a distinct phenotype

Bacterial infection in BAL from wheezy infants is a common finding, but only a few
studies have considered these wheezers as a separate group (Just ef al. 2002; Najafi

et al. 2003; Schellhase et al. 1998). The cytology of infected wheezers is shown in
Table 46.

Our findings of increased cellularity with neutrophil infiltration of the airway are in
keeping with the other studies. The presence of bacterial infection in BAL does alter
the inflammatory milieu of the lower airway, and may well contribute to wheezing in

this group of children.
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Infected Najafi Just Schellhase

wheezers 2003 2002 1998
n 15 16 13 12
TNCC e « “ -
Macrophages % - Wi - ¥
Lymphocytes % > Wi ¥ ¥
Neutrophils % t T { T
Eosinophils % “ ¥ t «
Epithelial cells % > « ND ND
Cellular viability % ND ND ND

Table 46 Cell counts of infected wheezers

This table shows the relative differences between cell counts from infected wheezers
when compared to non-infected infant wheezers. Trends are shown as single arrows
(* for raised, \ for reduced and « for equivocal) whilst significant differences are
shown as triple arrows (eg. V). (Najafi et al. 2003), (Just et al. 2002), (Schellhase
et al. 1998), Infected wheezers were results from this study, ND Not done or
reported, TNCC total nucleated cell count.

Not all bronchoscopy studies have accounted for infection in infant wheeze, but most
have recorded positive bacterial cultures of BAL, where it was sought. Some studies
did not culture BAL from infant wheezers (Azevedo et al. 2001; Stevenson et al.
1997), possibly because the prevailing belief has been that infection was not an issue
in asthma. When cultures have been performed the number of infected infant
wheezers varied between 10 % (Krawiec et al. 2001), to 55 % (Marguet et al. 1999;
Marguet et al. 2001) and 60 % (Le Bourgeois et al. 2002) compared to 29% in our
study.

The majority of cultured organisms from BAL are common upper respiratory tract
flora, and their presence has been considered likely to be due to contamination (Le
Bourgeois et al. 2002; Marguet et al. 1999; Marguet et al. 2001). It has been argued
that the absence of quantative bacterial culture may make the differentiation of upper
airway contamination from true infection of lavage impossible (Le Bourgeois et al.
2002). However, a collaborative study in association with members of our own
group, has shown that using quantative culture many infant wheezers have

significant bacterial loads (defined as >10> CFU/ml BALF) (Marguet et al. 2001).
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Fayon et al (Fayon et al. 1999) showed that bacterial infection is a common finding
in severe childhood asthma, and that nasal colonisation rarely predicts lower
respiratory tract organisms, suggesting that bacterial isolates for the lower
respiratory tract are not contaminants. The raised BAL neutrophil count and total
cellularity of infected wheezers in our study also suggested that the organisms were

present some time before the procedure, in order to invoke an inflammatory

response.

One explanation for the frequency of bacterial infection in our study may be that it is
more common amongst severe infant wheezers than the general population (Just et
al. 2002). The clinical criteria for bronchoscopy used in this study, and others
(Azevedo et al. 2001; Just et al. 2002; Le Bourgeois et al. 2002; Najafi et al. 2003),
may preferentially select infected children. The majority of infected wheezers in our
study were recruited from one centre suggesting a bias towards the investigation of
the infected wheezer at this centre. However, this does not preclude the extrapolation
of the infected phenotype to wheezers in general. Infected wheezers were found at all
centres, and in all the other BAL studies of preschool wheezing, which indicate that
they represent a standard presentation of severe infant wheezing. Further studies are

required to consider lower respiratory tract cultures in less severe infant wheezers.

The inclusion of wheezers with bacterial infection in other bronchoscopic studies
may have skewed their results. For example, Le Bourgeois et a/ (Le Bourgeois et al.
2002) showed that neutrophils were raised in all infant wheezers yet sixty percent of
their infant wheezers, in whom cultures were performed, had documented bacterial
infection in BAL. This compared favourably to their control group and was not
considered significant. However, the controls also had several children with wheezy
bronchitis and infective symptoms, likely to indicate LRT infection and were not a
suitable comparative group. Their results showed that total cellularity was increased
in wheeze, with an increase in percentage neutrophil count. This was identical to the
pattern observed amongst infected wheezers in our study suggesting that their results
have been materially affected. High neutrophil counts in infant wheezers have also
been seen in studies where no record of infection was kept (Azevedo et al. 2001)

suggesting that bacterial infection of these severe wheezers was underlying their

findings.
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7.2.3. Atopy and infant wheeze

Eosinophils were not raised amongst atopic wheezers and were only raised amongst
those wheezers with allergic rhinitis. This is in contrast to the other studies that have
compared atopic to non-atopic (or idiopathic) infant wheezers (Azevedo et al. 2001;
Krawiec et al. 2001; Le Bourgeois ez al. 2002; Marguet et al. 2001). In these studies
the presence of eosinophils in atopic infant wheeze has been a consistent finding.

The results of the other studies are shown in Table 47.

Atopic wheezers Atopic A B C D
Wheezers

Age (years) 1.2 24 ND 3.1 7.5
TNCC o y “ 22} o
Macrophages % - ) « t )
Lymphocytes % “ ? - Vv o
Neutrophils % “ y V ¥ y
Eosinophils % “ e T e e
Epithelial cells % « ? ND ¥ —
Cellular viability % ND ND ND ND

Table 47 Comparison of cytology within atopic wheezers

This table shows the relative differences between cell counts from atopic wheezers
when compared to non-infected infant wheezers. Trends are shown as single arrows
(%) whilst significant differences are shown as triple arrows (W1). A (Najafi et al.
2003), B (Just et al. 2002), C (Stevenson et al. 1997)D (Marguet et al. 2001), AW
Atopic wheezers from this study, ND Not done or reported

Most of the studies considering atopy and infant wheeze have selected a sample of
atopics who are older than the non-atopic infant wheezers, to which they are
compared. For instance, the atopic wheezers of Najafi et al (Najafi et al. 2003) had
raised eosinophils but were also older (with a mean age of 2.4 years) than their non-
atopic wheezing comparison group (mean age 1.1 years). The atopic wheezers of
Stevenson et al (Stevenson et al. 1997) were also older than those in our study with
the viral associated wheeze group having a mean of 3.1 years (1.9 - 8.2) compared to

a mean age of 1.2 years in our study. School age children with asthma are known to
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have eosinophillic BAL similar to adult asthmatics (Kim et al. 2000; Marguet ef al.
1999; Marguet et al. 2001; Stevenson et al. 1997). These older preschool wheezers

may therefore represent the adult atopic phenotype and not that of the atopic infant

airway.

7.2.4. Eosinophil Cationic Protein

BAL ECP was significantly different between controls and the three wheeze
phenotypes. It was also significantly raised amongst infected wheezers when
compared to idiopathic wheezers. Although BAL ECP was also raised in atopic
wheezers, but not to statistical significance. Consideration of ECP as a categorical
variable, as others have done (Azevedo et al. 2001; Marguet et al. 2001), also gave
significant results between groups.

Azevedo et al. showed an increase in BAL ECP amongst there group of acute
wheezers. This effect may be due to acute infection rather than their atopic status
Azevedo et al. 2001. Marguet et al. showed that ECP was related to neutrophil count
being raised in those with counts over 10% suggested once omor eof infection
(Marguet ef al. 2001). Other studies to consider ECP in BAL from infant wheezers
have not demonstrated differences from controls (Azevedo et al. 2001; Ennis et al.
1999; Marguet et al. 2001). This is in contrast to older children with atopic asthma or
persistent wheezing, where ECP was increased in BAL (Barbato et al. 2001). The
differences between our study and these negative studies lies almost certainly in the
definition of wheeze subgroups. The separation of infected wheezers into a separate
group in our study polarised the changes in ECP between wheeze phenotypes, and

was enhanced by the selection of non-inflamed controls.

Children with infection were more likely than those with atopy to have detectable
ECP in BAL. ECP is increased in acute viral induced wheeze in infancy (Ingram et
al. 1995; Oh et al. 2000). Urine EPX, another marker of eosinophillic inflammation,
was also elevated in acute viral induced wheezers but settled on convalescence
(Oommen et al. 2003b). Barbatao er al (Barbato et al. 2001) considered that ECP
may play a role in the development of asthma, and that those with transient wheeze
have lower levels of ECP in BAL. However, lower levels of ECP may be related

entirely to the timing since the last exacerbation of symptoms (Shields et al. 1999).
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Raised concentrations of ECP seen in our infected wheezers would agree with this

finding.

Considering the importance of ECP in persistent inflammation, it is intriguing that
ECP did not correlate to eosinophil concentrations in BAL, but correlated instead
with neutrophils, epithelial cells, IL-8 and MMP-9. Ennis et al (Ennis et al. 1999)
correlated ECP to eosinophils amongst a group of school age atopic asthmatics as
did Marguet et al (Marguet et al. 2001). All other studies have reluctantly had to
agree that in infant wheeze, ECP correlates with neutrophils and not eosinophils

(Azevedo et al. 2001; Barbato et al. 2001; Marguet et al. 2001).

The reasons for raised levels of ECP despite the general absence of eosinophils
cannot be readily explained. Degranulated eosinophils may be difficult to detect in
lavage cytology under standard staining conditions, leading to an underestimation of
their true number (Azevedo et al. 2001). As a relatively rare cell type, eosinophils
can be misidentified during cytology. The use of immunohistochemistry, such as the
immuno-histochemical staining methods attempted in this study, or by use of flow
cytometry, may give a more accurate count. However, it is unlikely that there has
been gross underestimation of eosinophils in every study on infant wheeze, so this
argument can only partially explain the phenomenon. Other possibilities include the
release of ECP into BAL from intraepithelial eosinophils (Azevedo et al. 2001).
However, BAL and bronchial biopsy have shown good correlations between
intraepithelial and lavage cell numbers (Foresi et al. 1990), which indicates that
lavage from the airway lumen reflects cellular infiltration within the epithelial

mucosa.

Likewise, the relationship of ECP to neutrophil infiltration of the airway is puzzling
because neutrophils do not produce ECP. Neutrophils have been shown to
phagocytose eosinophil granules and contain traceable quantities of ECP and other
eosinophil proteins, which demonstrates that the small amounts of ECP present are
imported from eosinophils (Sur et al. 1998). Reverse transcriptase PCR
demonstrated an absence of ECP mRNA from highly purified neutrophils, which
confirms that neutrophil ECP is exogenous (Bystrom et al. 2002). Thus, the role of
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eosinoiphils in ECP production remains a mystery. It is discussed further in section
7.3.2.

7.2.5. Matrixins and TIMP in infant wheeze

This is the first study to measure the concentrations of matrixins and TIMP in infant
wheeze. Although one study in cystic fibrosis used childhood asthmatics as controls
(Delacourt et al. 1995), no other studies have considered metalloproteases in

childhood asthma.

7.251. MMP-9

MMP-9 was increased in the BAL of most infant wheezers compared to controls.
This was statistically significant for infected wheezers, and also for atopic and
idiopathic wheezers using less stringent statistical criteria, which is in keeping with
studies of adults with stable asthma who show similar increases in MMP-9 in BAL
(Mautino et al. 1997), induced sputum (Lee et al. 2001; Vignola et al. 1998) and
serum (Belleguic et al. 2002; Suzuki et al. 2001). However, in our study the only
group in which MMP-9 was not statistically different from controls was the atopic
wheezers, which is interesting to note because this was the group that could be
considered to be most like the atopic adult asthmatics. One study of milder
asthmatics did not show a difference between MMP-9 in sputum from asthmatics
and controls, suggesting that the atopic infant wheezers in this study fall into this
category of more mild disease (Cataldo et al. 2002a), despite their severe symptoms

requiring bronchoscopy.

Infected wheezers had the highest concentrations of MMP-9 in BAL suggesting that
they were in an acute phase of their disease. MMP-9 has been shown to be increased
in poorly controlled asthma beyond levels seen in stable disease (Mattos et al. 2002;
Mautino et al. 1997). Status asthmaticus also increased the levels of MMP-9 (Lee et
al. 2001; Lemjabbar et al. 1999; Mattos et al. 2002; Suzuki et al. 2001).

MMP-9 correlated with neutrophils suggesting that neutrophils may be the
predominant source of MMP-9 in infant wheeze. In adult asthmatics MMP-9 also

correlates with neutrophils (Mautino et al. 1997; Vignola et al. 1998), in adults with
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status asthmaticus (Lemjabbar et al. 1999) and following allergen challenge
(Cataldo et al. 2002a). MMP-9 has also been directly imaged on the neutrophil
surface using immunohistochemistry (Becky Kelly ez al. 2000).

In our study, MMP-9 did not correlate with eosinophils however; two studies of
asthma in adults have suggested that eosinophils may also play a role in MMP-9
production. Hoshino et al (Hoshino et al. 1998) showed that MMP-9 and TIMP-1
mRNA from bronchial biopsy specimens correlated with eosinophil infiltration of
the epithelium. Wenzel et al (Wenzel et al. 2003) showed that MMP-9 staining of
epithelial basement membrane increased in severe asthma. This was associated with
increased in BAL neutrophils but also with an infiltration of bronchial biopsy tissue
by eosinophils. This suggests that finding MMP-9 in BAL does not reflect changes
to the airway wall itself, and undermines our fundamental assumption that the BAL

and epithelium are synonymous.

The gelatinase activity of MMP-9 has been shown to be increased in acute
exacerbations of disease (Lee et al. 2001; Mattos et al. 2002). MMP-9 is able to
cleave IL-8, potentiating its action on neutrophils in preference to the eosinophil
attracting CC chemokines, RANTES and eotaxin (Van den Steen et al. 2000). It is a
drawback of our study that enzyme activity levels were not formally assessed, as
they may have provided further insights into the source as well as the role of MMP-
9. However, gelatin zymography (at 92 kDa) performed in tandem with ELISA
showed a good correlation between methods in our study (rg = 0.7, p < 0.001). In
addition, it has been suggested that active MMP-9 may be more difficult to measure
in lavage, due its preference for binding to the ECM (Shute 2002) and the neutrophil
cell surface (Owen et al. 2003).

7.25.2. TIMP-1

BAL TIMP-1 concentrations were reduced in infected wheezers compared to
atopics. Atopic wheezers showed a trend towards higher TIMP-1 levels compared to

controls and other wheezers, but this did not reach significance. As with MMP-9,
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interpretation of these findings requires a consideration of the data gleaned from the

adult respiratory tract.

In our study TIMP-1 correlated with epithelial cells in BAL particularly amongst
atopic wheezers, where these cells were correlated with IL-8 and ECP concentrations
in BAL. It is not known whether shed epithelial cells produce TIMP or shedding is a
consequence of the action of TIMP on the airway. In one study, TIMP-1 was
produced by alveolar macrophages (Mautino et al. 1999b), but other studies of
TIMP-1 in adult asthma have not been able to correlate TIMP-1 with any particular
cell type. In our study TIMP-1 correlated with neutrophils and epithelial cells
amongst atopic wheezers and controls, which suggests that the TIMP-1 response is

that of a normal airway to an inflammatory stimulus.

The reduced concentrations of TIMP-1 seen in the infected wheezers were similar to
that observed amongst adults with acute community acquired pneumonia (Hartog et
al. 2003). It suggests that the inflammatory changes observed in infected wheeze are
a response to infection, once again demonstrating the importance of bacterial

infection of the lower respiratory tract in the wheezing illnesses of infancy.

Raised TIMP-1 amongst atopic wheezers was similar to that seen in adult asthma,
where TIMP-1 may be raised in acute disease. However, there is some controversy
over these data. Some studies of serum suggest that TIMP-1 remained the same in
sera from acute asthma compared to stable disease (Belleguic et al. 2002; Oshita et
al. 2003). However, induced sputum showed increased levels of TIMP-1 during
spontaneous exacerbations (Mattos et al. 2002; Suzuki et al. 2001) and from BAL in
adults ventilated for status asthmaticus (Lemjabbar et al. 1999). A study of blood
neutrophils from asthmatics noted that they did not produce TIMP-1 on stimulation
(Cataldo et al. 2001), unlike COPD and control subjects, which may be an

explanation for the differences seen between serum and airway secretions in adults.

Further evidence from allergen challenge studies indicates that TIMP-1 is raised in
acute disease. In adult asthmatics, TIMP-1 remained quiescent in sputum six hours
after aerosol allergen challenge with house dust mite (Cataldo et al. 2002a). This is
in contrast to Becky-Kelly et al. (Becky Kelly et al. 2000) where TIMP-1 was seen
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to be elevated by 48 hours post challenge. The reasons for the differences in these
studies are almost certainly due to the timing of post challenge sampling. It is likely
that TIMP-1 is synthesised de novo in response to allergen whilst MMP-9 is released

immediately from de-granulating neutrophils (Atkinson and Senior 2003).

7.2.6. Nasal lavage in infant wheeze

Our study was the first to compare nasal lavage directly to BAL in infant wheezers.
Although other studies have considered nasal lavage (Meyer et al. 2003; Noah et al.
1995; Teran et al. 1999) and nasal brushings (Sale et al. 2003) in children with
allergic rhinitis, these studies recruited schoolchildren and teenagers. The results are
therefore not directly comparable to this study. Other studies have considered
nasopharyngeal aspirates from acute virally infected infant wheezers (Ingram et al.

1995; Oh et al. 2000; Oh et al. 2002).

We showed distinct changes between neutrophils and lymphocytes in nasal lavage
between wheeze subgroups. Neutrophils predominated in nasal lavage from infected
wheezers whilst lymphocytes were present in higher proportions in idiopathic and

atopic wheezers. Nasal eosinophils were present in children with allergic rhinitis.

7.2.6.1. Nasal neutrophillia in infant wheeze

Nasal lavage neutrophillia was associated with wheezers with bacterial lower
respiratory tract infection. There are two possible explanations for this finding. The
first is that the presence of upper respiratory tract inflammation caused
contamination of BAL during bronchoscopy with bacteria. Although nasal
endoscopy during bronchoscopy makes this a possibility it does not explain the
reductions in BAL cell viability seen amongst both atopic uninfected wheezers and
the infected children. Cell death would take some time to occur, much longer than

the time required for the bronchoscopy procedure.
The second is that the presence of neutrophillic inflammation in the nose was
associated with similar picture in the lung. Nasal lavage was not sent for bacterial or

viral culture so we were unable to demonstrate the presence of URT infection in this
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group. However, the implication is that infected wheezers were experiencing

transient and infection induced wheezing,.

Data from adult volunteers shows that viral URTI can cause lung neutrophillia
(McKean et al. 2003). LRT differences were seen when adults who wheezed only
during viral URTI were infected with rhinovirus as a model of viral induced wheeze.
These participants showed a neutrophillia in induced sputum implying that LRT
neutrophil driven inflammation is present during periods of viral upper respiratory

tract infection.

7.2.6.2.  Allergic rhinitis in infant wheeze

Although eosinophils did not dominate atopic NAL and the presence of eosinophils
in NAL did not predict their presence in BAL, children with allergic rhinitis or
acroallergen sensitivity had raised NAL eosinophils suggesting the presence of
allergic nasal disease. AR was associated with lower respiratory tract inflammation
with evidence of epithelial shedding suggesting that a remodelling process was
occurring. Soluble ICAM-1 concentrations in NAL correlated to BAL epithelial cells
and are probably derived from serum exudates and reflect the significant differences
seen from blood. It suggests that bronchial epithelial damage is occurring amongst
atopic wheezers, more evidence that airway damage is associated with inflammation

in this group.

7.2.6.3. Nasal ECP concentrations

Nasal ECP was not elevated in this study, even amongst atopic wheezers. Other
studies have shown that nasal ECP was raised in acutely wheezy infants compared to
those without wheeze (Ingram et al. 1995; Oh et al. 2000). In these studies NAL
ECP was not associated with RAST to aeroallergens or serum IgE status suggesting
that nasal ECP is a mark for acute viral infection in this age group. Neonates of
atopic parents had raised nasal ECP in the first few weeks of life suggesting that
atopic sensitisation may occur very early in life (Halmerbauer et al. 2000). Raised
ECP in acute infections may then overlay the presence of atopic inflammation in

infancy making ECP a less sensitive marker for allergic disease in the preschool
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child. As infective exacerbations lessen with age ECP becomes specific to allergic

disease once more.

7.2.77. Surrogate markers for BAL

The use of a less invasive way to study the immune response of the lower airway
would provide a useful insight into childhood asthma and preschool wheezing. The
use of bronchoscopy tends to be skewed towards those children with severe disease
and extrapolation is required to apply these findings to the general population. A
non-invasive method that correlated with lower airway disease would be extremely

useful in this respect.

This study was well placed to consider the differences between lavage
compartments. Lavage was taken from lung and nose on the same day, and cell
counts and processing were performed simultaneously. Inflammatory markers were

analysed by subject to further reduce variation between compartments.

7.2.7.1.  Bronchial washings

Our study has shown that bronchial washings provide a surrogate for BAL.
Correlations between lavages were strongly positive and significant for all cells and
markers considered. The absolute results varied but it is already known that the first
aliquot of BAL has a different composition to subsequent lavages (Pohunek et al.
1996). Differences found in the bronchial wash are believed to be due to the first
lavage filling the larger airways, and not the alveolar spaces. In particular the
cellularity and cell viability are reduced in bronchial wash, although the differential
cell count remains largely unchanged (Pohunek et al. 1996). In keeping with our
study, other sources have shown more epithelial cells, reduced macrophages and
increased neutrophil counts in the bronchial wash compared to BAL (Rennard et al.

1998; Shields and Riedler 2000).

However, bronchial washes are just as invasive as BAL because they too require
endoscopy and are not very useful as a surrogate for BAL. Non-bronchoscopic
lavage (NBL) could represent a form of bronchial wash and in this respect would be

less invasive than bronchoscopy (Shields and Riedler 2000). The use of a single
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aliquot of lavage fluid suggests that NBL is a form of bronchial washing. This is
compounded by the higher levels of epithelial cells found in NBL when compared to
BAL, which suggests a lavage from the proximal airway. The proponents of NBL
(Shields and Riedler 2000), argue that the smaller diameter suction catheters used in
NBL provide a more distal lavage, which is therefore more akin to BAL. No studies
have provided a direct comparison. In blind BAL the wedge of the catheter into a
distal airway is not performed under direct vision, and may be misplaced collecting
both proximal fluids from the larger airways as well as distal fluid from the alveolar

space. It may also sample from the lower lobes leading to reduced lavage return

(Heaney et al. 1996).

The cellular data from healthy infantile non-bronchoscopic lavage indicate that NBL
is more likely to represent BW than BAL (Heaney et al. 1996). The published data
on NBL is not directly comparable to our study because the cell counts include
epithelial cells. However, removal of these cells from the count show macrophages
to be in excess with a median value of 91.5%, neutrophils present in greater number
than lymphocytes (4.2 compared to 3.9%) and eosinophils and mast cells present in
low numbers (0.01 and 0.3%) respectively. This increase in neutrophils is typical of

bronchial washings (Pohunek ez al. 1996).

Our study suggests that NBL is likely to be a form of BW and as such may correlate
directly to BAL. For research purposes the advantages of NBL and their use in

children attending for routine surgery permits the study of a wider population of

infant wheezers.

7.2.7.2. Nasal lavage

NAL cellularity was not a good predictor of BAL cellularity. This could be due to
two main reasons. Firstly, that a different inflammatory process occurs in the nose to
the lung. Chanez et al (Chanez et al. 1999) have compared nasal to bronchial biopsy
in adults with asthma and observed similar differences. Secondly, the variation in
ELF sampling between the nose and lung required a larger sample size than our

study could provide to demonstrate true differences between nose and lung.
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In a small study such as ours, the differential cell count proportions had the greatest
opportunity of direct correlation between the nose and lungs. This is because the
cells were concentrated by cytospin prior to counting and the use of cell count
percentages means that the differentials were unrelated to the concentration of ELF
in the lavage. As all the counts were performed at their home centres, no adjustment

had to be made for differences in cytology between centres.

In spite of this, the lack of correlation between nasal and bronchoalveolar lavage

indicates that nasal lavage cannot be used as a surrogate for BAL.

7.2.7.3. Serum

Our study showed that serum ECP was increased only amongst those with allergic
rhinitis and that this was related to, but did not correlate with, BAL and NAL
eosinophillia. Other studies have linked serum ECP to lower airway eosinophillic
inflammation from BAL (Marguet et al. 2001; Shields et al. 1999), but as we have

seen, this was amongst older children, not infants.

The relationship between serum ECP and infant lung function is poorly understood.
In one study, serum ECP did not influence bronchial hyperreactivity in this age
group (Reichenbach et al. 2002). However, serum ECP and atopy, but not the
neutrophil associated myeloperoxidase (MPO), influenced salbutamol reversibility in
infant wheezers, indicating that allergic inflammation may yet impact on infant lung
function (Lodrup Carlsen et al. 1995). The evidence is conflicting and differences in
these studies probably represent the difficulties of pulmonary function in the

preschool child.

7.2.8. Follow up studies of infant wheeze

This section compares our results to those found in other similar follow up studies of
wheezing in infancy. Our study showed that current symptoms of allergic rhinitis
were associated with persistent wheezing at follow up. BAL TIMP-1, but not ECP,

MMP-9 or its molar ratio, was raised in persistent wheezers, as was serum sICAM-1.
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The role of TIMP-1 in persistent wheezing is strongly suggestive of airway

remodelling and is discussed in section 7.3.4.

7.2.8.1. BAL ECP

ECP as a prominent marker for eosinophillic (and by implication therefore allergic)
inflammation has received most attention as a marker for the prediction of: outcome
of infant wheeze. Although, eosinophillic inflammation is associated with acute viral
wheeze (Ingram et al. 1995; Oommen et al. 2003b; Wojnarowski et al. 1999), it does

not predict persistent wheezing in infancy.

Several studies have considered the role of ECP in predicting the outcome of infant
wheezing. BAL ECP correlates to measures of impaired lung function in infant
wheeze (Lodrup Carlsen ef al. 1995) and acute serum ECP predicts development of
recurrent wheezing (Koller ef al. 1997; Villa et al. 1998). Studies in older children
with asthma have shown mixed results indicating that ECP may play a more
prominent role in the pathogenesis of disease in infancy than in the older child. In
these studies, ECP did not correlate to either symptom severity scores or lung
function in serum (Rao et al. 1996) or BAL (Ferguson et al. 1992). However,
induced sputum ECP was found to correlate to lung function and bronchial hyper-

responsiveness in this older age group (Wilson et al. 2001).

Our study has shown that BAL ECP was also raised in infected wheezers and was
not particular to atopic wheeze. It is this discrepancy that may account for the
inability of previous studies to demonstrate a link between ECP and persistent

wheeze.

7.2.8.2. Nasal symptoms and persistence of wheeze

In our small follow up study, the persistence of preschool wheeze was strongly
associated with nasal symptoms in infancy and their persistence or the development

of these symptoms at follow up.
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Rhinitis in infancy has been implicated in persistence of wheeze for a long time
(Wright et al. 1994). However, there is very little work on the subject. For instance
the relatively recent and comprehensive ARIA workshop on allergic rhinitis
(Bousquet ef al. 2001) considered that allergic rhinitis was rare before the third year
of life, and still followed an allergic march pattern of wheeze before rhinitis. They
agreed that sensitisation to aeroallergens occurs early in life but that this was not the
same as rhinitis. Whereas our findings in nasal lavage would suggest that

eosinophillic inflammation in the nose occurred early in those with such aero-

sensitisation.

Studies on nasal ECP concentrations in neonates, born to atopic parents, would
indicate that nasal sensitisation to allergen begins as early as four weeks of life
(Tauber et al. 2000) and predicts development of: wheeze and atopy (Frischer et al.
2000). Longer-term follow up of this cohort is required to establish the true
relationship between nasal ECP and childhood asthma (Bush 2000).

7.2.8.3. Serum siCAM-1

Serum sICAM-1 was not significantly raised amongst any group in our study. The
findings in infancy are in contrast to older children with asthma where serum
SICAM-1 is elevated (Tang ef al. 2002). Even the atopic wheezers in our study did
not have raised serum sICAM-1. However, questionnaire follow up showed that
raised serum sICAM-1 at bronchoscopy was associated with persistent wheezing.
Koopman et al (Koopman et al. 2003) showed, from a random sample of 86 from a
much larger birth cohort study, that serum sICAM-1 concentrations in asymptomatic
one year olds were elevated amongst those who went on to develop wheezing by age
two. Serum sICAM-1 was not elevated amongst one-year-old wheezers who
continued to wheeze. In these children soluble IL-2 receptor was elevated compared
to non-wheezers, which was in agreement with a logistic regression analysis of: risk

factors associated with persistent wheeze (Clough et al. 1999).
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7.3. Possible mechanisms and implications

7.3.1. The neutrophil in infant wheeze

BAL neutrophil proportions in our study correlated with IL-8, ECP and MMP-9,
suggesting an important role for the neutrophil in infant wheeze. Neutrophils have
previously been shown to be important in childhood asthma (Barbato et al. 2001;
Ennis 2003) and is in contrast to studies of older asthmatic children (Stevenson ef al.
1997). In spite of neutrophils potential importance, neutrophil counts were only
raised in infected wheezers. Neutrophils, eosinophils and their associated
chemokines (IL-8 and IL-5) were increased in induced sputum from acute childhood
asthma in children over 8 years old (Norzila et al. 2000). This study also showed that
these markers decreased on resolution of the exacerbation. Infected wheezers are in
an acute inflammatory phase of their disease, and the other groups are more

quiescent, which may be the reason why there were not more marked differences

seen in our study.

Neutrophils are being recognised as an important cell in adult asthma (Ennis 2003;
O'Donnell and Frew 2002). The presence of neutrophils in asthma has been related
to more severe symptoms (Jatakanon et al. 1999) and acute corticosteroid dependent
asthma (Wenzel et al. 1997). Neutrophils have also been observed in response to
localised bronchial allergen challenge in adults (Becky Kelly et al. 2000; Cataldo et
al. 2002a).

Neutrophils seem to be important in Allergic Bronchopulmonary Aspergillosis
(ABPA), which until recently was considered an eosinophil mediated disease
(Gibson ef al. 2003). In induced sputum from adults with ABPA, IL-8 correlated to
neutrophil counts, MMP-9 production and severity of disease. The authors
considered that IL-8 played a critical role in neutrophil inflammation leading to

bronchiectasis.

7.3.2. ECP and infection

Neutrophils seem to be the dominant inflammatory cell in infant wheeze, correlating

with all inflammatory markers, and yet raised ECP concentrations suggest that
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eosinophils should also be present. Thus the absence of eosinophils from the
wheezing airway remains a paradox and the explanations provided for this

phenomenon to date remain unsatisfactory (see section 7.2.4).

It has been proposed that neutrophils may phagocytose eosinophils in the airway
lumen, leading to a reduction in eosinophil cell numbers without concomitant
reduction in ECP (Marguet et al. 2001). Why this should occur solely in infant
wheeze and not be seen in asthma, where eosinophils are prominent, is not clear.
Neutrophils have not been demonstrated ingesting eosinophils in lavage studies of

asthma or allergen challenge. Therefore neutrophil phagocytosis cannot be the whole

answer.

In our study, the presence of infection was a better stimulus to ECP production than
the atopic trait, with ECP present in all children with infected wheeze compared to
only 60% with atopic wheeze (p = 0.005). In an eloquent review, Rosenberg &
Domachowske (Rosenberg and Domachowske 2001) suggest a role for eosinophils
in viral infections. They consider that a primary function of ECP is as a ribonuclease
against single stranded viral genomes. Mouse models of respiratory viral infections
have demonstrated that eosinophils are present in the airway before the onset of
symptoms; with neutrophils being almost entirely present by the time symptoms

occur (Domachowske et al. 2000).

There is evidence that viral URTI prompt an eosinophillic response. Experimental
infection with rhinovirus in adults with allergic rhinitis has shown an eosinophillic
response to viral infection, with eotaxin and ECP concentrations raised in nasal
lavage following infection (Greiff et al. 1999). Other studies have shown that both
ECP (Ingram et al. 1995) and RANTES (Pacifico et al. 2000) production was

increased amongst wheezers with viral URTL

The role of eosinophils in viral infection would fit with the serum ‘eosinopaenia’
that is the hallmark of transient viral induced wheezers during acute exacerbations of
their disease (Garofalo et al. 1994; Martinez et al. 1998). The observed reduction in
eosinophils from the circulation may be due to their recruitment to the respiratory

tract early in the disease process.
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7.3.3. Bacterial infection and wheeze

Our study has shown that infant wheezers with positive bacterial cultures have a
distinct lavage phenotype. Infected wheezers had a different lavage cell profile from
other wheezers, evidence of bronchoalveolar inflammation and metalloproteinase
imbalance. Although the term wheezy bronchitis has gone out of fashion (Edwards et

al. 2003), it appears to be alive and well amongst children with severe infant wheeze.

Infant wheezing has been considered to be a viral induced phenomenon. Some of the
original data on viral induced wheezing in infancy came from longitudinal studies of
school aged children (Homn et al. 1979; McIntosh et al. 1973; Minor et al. 1974).
These studies showed that viruses, and in particular rhinoviruses, were isolated from
the upper respiratory tracts of children with acute wheezy episodes, and agree with
more recent PCR based epidemiology (Johnston et al. 1995)> Modern molecular
biology has revealed that such exacerbations induce eosinophil chemoattractant
production (Teran et al. 1999). All of the subjects from these studies were older
children who were not in the preschool age group, and it may be specifically
amongst toddlers and infants that bacterial triggers are a significant pathology. A
more recent study of induced sputum from children under two with recurrent
wheezing showed that 16 of 35 children had pathogenic bacteria isolated during a
wheezy episode (Nagayama ef al. 2001). Children older than two did not have a
bacterial trigger for their exacerbations and the frequency of bacterial isolation was
in keeping with the longitudinal studies previously described. It is interesting to note
that, as in our study, bacterial infection and wheezing was associated with elevated

serum ECP (Nagayama et al. 2001).

Even in the absence of high bacterial loads, low-grade colonisation of the lower
respiratory tract may still lead to chronic airway inflammation (Simell et al. 2001). It
is noteworthy that pneumococcal colonisation of the upper respiratory tract is highest
in infancy, when it may colonise up to half of all children (Shackley et al. 1997). The

impact of bacterial carriage on infant wheeze has not been studied.
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7.3.4. Remodelling in infant wheeze

Both MMP-9 and TIMP-1 have been implicated in the process of asthmatic airway
remodelling (see section 2.8.2). Ours was the first study to measure MMP-9 and
TIMP-1 in lavage from wheezy infants, and as such we have an opportunity to
consider the role of airway remodelling in preschool wheeze albeit by an indirect
method. Our assumptions were that an imbalance of MMP-9 to TIMP-1 (section
2.8.3) would be directly related to remodelling, and that remodelling would lead in
turn to persistence of wheezing at follow up. To date, persistent wheezing has been
associated with atopy and our original hypothesis was that atopic wheezers would
demonstrate the most pronounced matrixin imbalance. Therefore, it was surprising to
find that MMP:TIMP imbalance was only seen amongst infected and idiopathic
wheezers when compared to controls, and that atopic wheezers were the most
balanced of our wheeze subgroups in this respect. However, BAL TIMP-1 was
raised in infancy amongst those who continued to wheeze suggesting a role for

TIMP-1 in airway remodelling.

The role of MMP-9, TIMP-1 and their molar ratio in prediction of airway
remodelling remains uncertain. They are impossible to interpret with accuracy, as
they remain unvalidated, surrogate markers of the remodelling process. Until biopsy
studies are able to provide a basis for their validity, both in adults and in infancy,
their significance can remain only speculative. An example of such a study was that
of Wenzel et al. (Wenzel et al. 1997), who correlated MMP-9 deposition to TGF-8
positive cells within the epithelium, but did not observe any co-association with
basement membrane thickness, thus demonstrating that there is still considerable

proofrequired to link the matrixins and TIMP with the remodelling process.

In cystic fibrosis it is easy to visualise airway damage from unchecked metallo-
proteolytic activity, but can the low molar ratios seen in infant wheeze allow this to
happen? The ratios observed in infant wheeze are miniscule compared to sputum
from cystic fibrosis, where MMP-9 outweighed TIMP-1 ten fold (Delacourt et al.
1995), even when asthmatic children were acting as controls. The gearing of these
ratios in infant wheezing was such that TIMP-1 vastly outweighed MMP-9 in BAL.

Molar ratios exceeded parity in only one infected subject in our study, and apart
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from four infected children, ratios of MMP-9 to TIMP-1 were consistently below
0.15 (0.15:1), indicating and excess of nearly seven times more TIMP than MMP in
the airway. Mautino et a/ (Mautino et al. 1999¢) showed that TIMP-1 concentrations
in BAL were high enough to bind all matrixin species, not just the most common
airway matrixin MMP-9. In healthy adults, and those with mild asthma this ratio
averaged around 0.4 (Mattos et al. 2002) and increased to parity for severe
asthmatics (Mattos et al. 2002). Our control data implied that molar ratios of around
0.02 are normal in infancy and that a fifty-fold excess of TIMP-1 over MMP-9 is

maintained in the healthy infant lung.

The excess of TIMP on MMP may due to two possible scenarios. Firstly, the excess
TIMP may be a response to its inability to completely inhibit protease activity. This
would occur if MMP-9 occupied a sanctuary site. Owen et al/ demonstrated that
MMP-9 was insensitive to TIMP-1 inhibition when bound to the neutrophil surface,
exposing the possibility of such a sanctuary (Owen et al. 2003). The continued
release of MMP-9 degradation products into the airway may lead to continued
synthesis of TIMP-1 and TIMP excess. Secondly, active MMP-9 preferentially binds
to tissue and would not be present in BAL fluid (Shute 2002). Therefore, the
relatively high levels of TIMP-1 in lavage may be in order to saturate active, cell

associated and EBM bound matrixins.

However, smaller differences in molar ratios may still be significant in terms of lung
damage. The ratios seen in broncho-segmental allergen challenge in mild asthma
were similar to those observed in our study (Becky Kelly et al. 2000). This would
suggest that even small imbalances in molar ratios are a significant part of the atopic
(and by implication remodelling) response to inflammation. In our study, no
difference in molar ratio was seen between atopic wheezers and controls. A study of
induced sputum in asthmatics showed that molar MMP:TIMP ratios were in fact
lower in asthmatics than in controls (Vignola et al. 1998) and our findings in atopic

wheeze may thus be more suggestive of an adult type asthmatic response.

In our study, atopic wheezers showed correlation between TIMP-1, neutrophils and
epithelial cell numbers. This finding was not seen in other wheeze subgroups, but

was shared by controls. This suggests two things, firstly a role for TIMP-1 in atopic
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inflammatory epithelial cell shedding, which is one of the cardinal features of airway
remodelling. Secondly, it also suggests that this is the response of a normal airway to
an inflammatory stimulus. The abnormality may be the presence of inflammation in
the lower respiratory tract and not the inflammation itself, which is a normal
response to an abnormal stimulus. This idea will be expanded further when

considering the nasal lavage findings.

The follow up study showed that persistent wheezers had both raised BAL TIMP-1
and serum sICAM-1 in infancy. Both of these findings may be a surrogate for the
action of TGF-8 which has been shown to up regulate both these markers in
inflammation (Duvernelle et al. 2003). Thus the see-saw model of MMP TIMP ratios
(Figure 7) tips the balance in favour of TIMP-1 as the key to airway remodelling in

infancy.

These findings suggest that airway remodelling is occurring amongst some infant
wheezers and that this is associated with atopy and more specifically allergic rhinitis
and aeroallergen sensitivity. Remodelling occurs early in life, and that this outcome
may thus be predicted from infancy. The inflammatory process that leads to
remodelling may start as early as the first few weeks of life (Halmerbauer et al.

2000), and allergic sensitisation may occur ir utero (Warner 2004).

7.3.5. The prognosis of transient infant wheeze

The absence of BAL epithelial shedding in infected wheezers suggests that airway
remodelling is not taking place in these children. This would imply that children with
this type of lower respiratory tract wheezing have transient wheezing of infancy.
Colds during the first year of life are protective against the development of asthma
(Ili et al. 2001; Johnston and Openshaw 2001), however this was not true of

repeated lower respiratory tract infections.

The discussion to date has implied that the infected wheezers in this study probably
represent those with transient symptoms or those who are not remodelling their
airways. However, our data shows that metalloproteinase excess, with raised molar

ratios, was present amongst infected wheezers. Such raised molar ratios are also seen
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in infection and severe inflammation and they imply that proteolysis, with the

possibility that airway damage does occur in infected wheezers.

Studies of pulmonary function have shown that if airway damage occurs during
transient wheezing, it is less obvious than the clear changes to lung function
observed amongst persistent wheezers. For instance seven years old transient
wheezers had low to normal lung function (Gern et al. 2002), whereas persistent

wheezing was associated with changes that persist into adulthood (Grol et al. 1999).

Long term follow up of transient infant wheezers into adulthood have shown an
impact on adult lung function that could not have been foretold by the childhood
cohorts. Transient preschool wheezers, now in their mid-thirties, had reductions in
FEV1 not seen in age matched controls (Strachan et al. 1996). Also there was a rapid
decline in lung function of transient infant wheezers in middle age, which may
herald the onset of obstructive airways disease (Edwards et al. 2003). Such changes
are not seen in all studies (Oswald et al. 1997), and may be due to difficulties with

Initial case definitions and symptom recall.

Matrix metalloproteinase imbalance during transient preschool wheezing episodes
may have an effect upon pulmonary development that is only seen much later in

adulthood. Today’s happy wheezer may be tomorrow’s chronic bronchitic.

7.3.6. Reconsidering the allergic march

Current understanding of atopic disease in preschool children suggests that allergic
rhinitis (AR) is not a major problem compared to asthma and eczema. Our study
showed that, even when symptoms are present, they are light and do not interrupt the
child’s daily life. The paradigm of the allergic march would also suggest that for the
majority ofichildren AR occurs after the establishment of persistent wheeze. Allergic
rhinitis is recognised in preschool children but little work has been performed on it
as a separate entity and it remains largely under diagnosed (Peroni et al. 2003). This
1s probably because AR is a difficult diagnosis to make in a preschool child due to

the frequency of intercurrent URTI. However, our follow up questionnaire showed

181



Aronchoalveolur lavage findings in infani wheeze

that parents are able to recognise symptoms of rhinitis in their children even if their

physicians fail to take note.

7.3.7. A mechanism for the one airway hypothesis

The role of allergic rhinitis in persistent wheezing may provide an insight into the
mechanisms of the one airway hypothesis. If the nose is the gateway to the lung then
allergic rhinitis may leave the door open to the lower respiratory ftract.
Environmental allergens are not the only factors in the development of asthma
(Pearce et al. 2000), and normal bronchial epithelium has been shown to have an
inflammatory response to inhaled agents (Davies 2001). Access of allergen to the
lower respiratory tract may be the trigger for the development of lower airway
eosinophillic inflammation and persistent wheezing in predisposed individuals.

Nasal symptoms and / or allergic rhinitis may be crucially involved in this process.

Several findings from our study are of relevance to the following discussion. The
development of overt nasal symptoms at follow up was associated with persistent
wheezing. Allergic rhinitis in infancy correlated with bronchoalveolar changes
associated with epithelial shedding and airway remodelling (BAL epithelial cells,
ECP and TIMP-1). Also the same pattern of correlations between BAL cells and
markers in atopic wheezers were also seen in controls, which suggested that the

atopic lower airway was producing a normal response to an abnormal stimulus.

Only half of those children with AR at bronchoscopy had current sneezing symptoms
at follow up, but all of them continued to wheeze. The difficulties of diagnosing
rhinitis in infancy have already been discussed. However, the definition of AR used
in this study ensured that these children had two things in common, allergic
sensitisation and or the presence of watery rhinorrhoea. Both of these may be
important in the development of future asthma. The Early Treatment of the Atopic
Child (ETAC) study (ETAC Study group 1998) showed that long-term
administration of antihistamines to children with aeroallergen sensitivity reduced the
later development of wheezy symptoms. This was the first evidence of any
pharmaceutical intervention acting as primary prevention for asthma. Antihistamines

such as cetirizine have been shown to reduce nasal inflammation and the recruitment
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of inflammatory cells to the airway (Nelson 2003). This is probably due to the down
regulation of ICAM-1 on the nasal mucosal epithelium (Fasce et al. 1996). The anti-
inflammatory action of cetirizine on the nasal mucosa would also have reduced
rhinorrhoea (Ciprandi et al. 1997) and it may be this effect which modulated lower

respiratory tract disease.

Rhinorrhoea may be important to bronchial sensitisation because aeroallergens can
dissolve in these watery nasal secretions decreasing their particle size and permitting
entry to the lung. Most aeroallergens are of a particle size that prevents good
deposition in the airways. An example is grass pollen whose diameter of around 10
pm does not permit access to the lower respiratory tract and the majority of particles
are trapped in nasal mucus (Suphioglu er al. 1992). Evidence for the improved

bronchial access of soluble allergen comes from a surprising source.

Epidemics of acute exacerbations of asthma are seen following thunderstorms during
periods of high grass pollen counts (Knox 1993; Packe and Ayres 1985). It is often
those with grass pollen allergy who are most affected. The author has personally
experienced this phenomenon becoming acutely wheezy during a summer downpour
in London (Celenza et al. 1996). He has not wheezed either before or since the event
and does not have allergic rhinitis, which personally demonstrates the response of

normal epithelium to such inhaled allergen.

It has been suggested that pollen particles dissolve in rainwater during these
downpours, reducing their particle size dramatically, which in turn permits entry to
the lower airway (Bousquet et al. 2003; Suphioglu et al. 1992). Rye grass pollen has
been shown to dissolve into much smaller particles of less than five microns under
certain conditions (Taylor et al. 2002). Each mini-particle has both starch and Lol pI

allergen present and at this particle size could easily penetrate the lower airways.

In a similar manner aeroallergens may dissolve in the aqueous upper respiratory tract
secretions of allergic rhinitis increasing their access to the lower airway, which over
time may lead to bronchial sensitisation. Although this hypothesis remains purely
speculative, evidence from sensitised mice suggest that nose and lung are linked in

this way (Hellings et al. 2001).
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This theory of nasal allergen solubility provides a potential mechanism for the one
airway hypothesis. It also explains the results of the ETAC study (ETAC Study
group 1998; Warner 2001) in that modulation of nasal symptoms, including the
drying up of secretions by cetirizine reduced access of soluble allergen to the lung,
preventing LRT sensitisation and slowing the onset of asthma. Several studies in

adults have shown that antihistamines improve allergic asthma in adults with AR
(Walsh 2002).
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7.4. Unanswered questions and future research

This section considers the direction of future research based upon the findings of this

study.

7.4.1. The role of bacteria in infant wheeze

The role of bacterial infection in infant wheeze clearly requires further investigation.
Although most studies of severe bronchoscoped infant wheezers showed bacterial
infection, it is impossible to say whether infection is implicated in less clinically
severe infant wheezing. It is unfortunate that the only study to date that could have
answered this question did not report the results of BAL culture (Stevenson et al.
1997). Further studies on children attending day case procedures are required to
consider the role of infection in preschool wheeze. They may show that the anecdotal
primary care treatment of wheeze with antibiotics may not be as heretical as one
would at first imagine (Gaston 2002). There may yet be some mileage in the concept

of bacterial bronchitis in preschool wheeze.

Although several placebo controlled trials have discredited the use of antibiotics for
adult coughs (O'Brien et al. 1998), no such data exist for treatment of viral induced
wheezers. In fact the failure of corticosteroids to abort attacks of wheezing
(Oommen et al. 2003a), when instituted early in the disease process, is intriguing,
and trials of the use of antibiotics in a similar manner (at the onset of first symptoms
in acute infant wheeze) are required. Other studies using antibiotic prophylaxis may
also be rewarding, it is surprising how many children with chest problems and minor
immunodeficiencies improve on prophylaxis although the evidence is purely
anecdotal. When considering prophylaxis against infection, the effect of

pneumococcal conjugate vaccines on infant wheezing has also not been considered.

7.4.2. Bronchial lavage studies of infant wheeze

Our study has demonstrated that bronchial washings provide a cellular and
inflammatory profile very similar to that of BAL. Epithelial cells were higher in BW

compared to BAL that makes investigation of a disorder involving epithelial

185



oy drveni b Fopssrrere $imediiere Sy f s [ N
H’ Onchoaiveniar [ayage HAOGiigs [/ii;z’/Lf wWheeoo

shedding, like asthma, easier to investigate as differences between groups may be
magnified. The findings in BW are similar to those reported in non-bronchoscopic
lavage (NBL) (Stevenson et al. 1997) and our study provides further validation for
this blind technique. NBL has advantages over the bronchoscopic procedure in that it
is quicker and perceived as less invasive (Shields and Riedler 2000). In this respect a
range of children with infant wheeze can be investigated, not just those with severe
or atypical disease. Investigation still relies on the proviso that they are having a
general anaesthetic for another procedure. However, this method has been used
successfully by the Belfast group (Ennis et al. 1999; Fitch et al. 2000; Heaney et al.
1996; Shields et al. 1999; Stevenson et al. 1997), and should be recommended for

further studies in infant wheeze.

7.4.3. The role of endobronchial biopsy

The true place of airway remodelling in infant wheeze will only be elucidated by
studies of endobronchial biopsy (EBB) specimens. This is because airway
remodelling is a histopathological diagnosis. Although other markers may also
predict asthma, only studies that validate their markers against the benchmark of
tissue diagnosis will provide proof of structural airway changes. This is problematic
because of the relative inexperience with the use of EBB in children and the ethics of
performing invasive procedures on otherwise healthy children, as well as the

controversies over the storage and use of human tissue for research purposes.

Two recent studies have reported that EBB in pre-school children is safe (Saglani et
al. 2003; Salva et al. 2003). Saglani et al compared the complication rate with a
group of children undergoing bronchoscopy and BAL alone (Saglani et al. 2003).
They found that of 66 preschool children, complication rates were the same between
the two groups, although they were not randomised to these groups, which detracts
to a degree from their findings. Salva et al (Salva et al. 2003) considered the safety
of EBB in 170 children of whom 29 were less than five years old. In both of these
studies, no child had active bleeding that required treatment with topical adrenaline,
or developed a pneumothorax. The endobronchial biopsies were of sufficient quality
to allow assessment of airway remodelling. These studies support the earlier report

of its safety in older asthmatic children (Payne et al. 2001). Still more recently,
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endobronchial biopsy has been used to examine the differences between persistent
and intermittently symptomatic school children with steroid resistant asthma (de Blic
et al. 2004). They have shown that eosinophillic and neutrophillic inflammation
were associated with persistent symptoms amongst these children. Changes to
basement membrane thickness were not seen between groups suggesting that

remodelling had occurred in all children.

Coeliac disease provides a precedent for the role of biopsy specimens in the
diagnosis and treatment of an organ specific inflammatory condition. The typical
appearances of jejunal biopsy specimens remain the gold standard for diagnosis of
this condition (Abdulkarim and Murray 2003). Biopsies are taken under sedation by
Crosby capsule and radiologic screening, or more recently by endoscopy under
general anaesthetic. The diagnosis of coeliac disease is important because it leads to
lifelong treatment which, as well as providing symptomatic relief, reduces the

incidence of gut neoplasia providing both primary and secondary prevention.

In a similar way the use of EBB in preschool wheeze should play an important part
in understanding the role of airway remodelling in this condition. Until validated
surrogate markers of airway remodelling are available, EBB should become a routine
part of the research assessment of the infant wheezer. This would enable histological
categorisation of a heterogeneous disorder and elucidation of their different
responses to treatment. It may even enable secondary prevention, with disease
modifying treatment given prior to the onset of airway remodelling. In order to do
this, researchers will need high quality and targeted studies as well as the faith of
their research ethics committees. Progress will be taken in small steps, as has been
shown by the recent studies on EBB safety and their use in older asthmatic children

(de Blic et al. 2004; Payne et al. 2001; Saglani et al. 2003; Salva et al. 2003).

7.4.4. Allergic rhinitis and infant wheeze

The role of allergic rhinitis in infancy is a relatively unexplored area as most
physicians consider that it doesn’t exist. The intriguing findings of our study, which
suggest that nasal symptoms predict lower airway changes associated with

remodelling in infancy, indicate that careful investigation of this area is required.
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Comparisons of nasal lavage findings in infants with aeroallergen sensitivity
compared to a non-sensitised but aged matched controls seems a good place to start.
Consideration of the role of aqueous rhinorrhoea on allergen particle size should also
be conducted, as should the role of respiratory mucins in pollen entrapment and

clearance.

7.4.5. Further follow up

It seems obvious to suggest that further follow up of this sample would be useful but
there are several reasons to think that this is so. Detailed information on lower
respiratory tract inflammation in infants is very hard to obtain and the maximum
amount of information should be collected on this precious resource. Follow up in
mid-childhood would ensure that all those children with transient infant wheeze
would have out grown their symptoms by this time and would give a clearer picture
of the relevance of the infantile inflammatory process in this disease. The
employment of follow up on the subject’s birthday would dispose of the need to
account for age in the analysis, which would be useful with such a small sample. A
repeat age appropriate ISAAC questionnaire would also provide a direct comparison,
not only with this study but also with the wider population as already mentioned.
Questions on exposure to tobacco smoke in infancy and in utero would make up for
deficiencies in this current study. Skin prick testing to common inhalant allergens
and a clinical examination would also be useful in categorising children into their

eventual wheeze phenotypes.
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7.5. Conclusions

Wheezers with bacterial infections were a common occurrence in this small study
and are probably more commonplace than has been previously recognised. They do
not show signs of inflammation associated with epithelial shedding and have nasal
and bronchial neutrophillia in keeping with viral associated wheeze. They also have
raised levels of BAL ECP but no eosinophils, possibly associated with an
inflammatory response to infection. The suggestion from this data is that infected
wheezers represent transient infant wheeze phenotype that is not actively
remodelling the airway. The MMP:TIMP imbalance in infected wheezers appears to

be an acute response to infection. However, this may still cause damage to the

developing lung.

Atopic wheezers did have a different pattern of inflammation in BAL although this
was more subtle than expected and was largely inferred from correlations. The
hypothesis that the presence of eosinophillic inflammation in the airway predicted
the persistence of symptoms has not been confirmed in infant wheeze. However, our
study suggests that eosinophils are present in those with allergic rhinitis or
| aeroallergen sensitivity but were not significantly different in other atopic wheezers.
Amongst atopics, epithelial cell shedding was associated with inflammation. Atopic
wheezers did not have a significant imbalance in MMP:TIMP. TIMP-1 was elevated
amongst atopics although this was significant only in comparison with infected
children. This is similar to adult atopics asthmatics and those with allergic rhinitis.
TIMP-1 correlated with epithelial shedding in atopic wheezers and was also
associated with persistence of wheeze at follow up. This suggests that raised BAL
TIMP-1 may be important in atopic inflammation in infant wheeze and by definition,

the remodelling process.

Idiopathic wheezers represent an indeterminate group. They do not have signs of
inflammation in BAL. They may represent the non-atopic infected wheezers between
acute infections. In this case it is interesting to note that they still had significant
MMP-9:TIMP-1 imbalance compared to controls suggesting that inflammation is

ongoing between acute episodes.
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This is the first study to compare upper airway with lower respiratory tract lavage in
preschool children. Our hypothesis was that upper respiratory tract lavage would
mirror lower airway lavage. It is unfortunate that there was not a direct relationship
between cells and markers in NAL and BAL, as access to the nose is much easier
than the alveolar spaces. Nevertheless, changes in nasal lavage provided insight into
lower respiratory tract disease. The most obvious signs of this were amongst infected
children where neutrophils were present in both lavages. The presence of
lymphocytes and ECP in NAL directly related to findings in BAL. Wheezers with
allergic rhinitis also showed signs of atopic lower respiratory tract inflammation
associated with airway damage. This links upper and lower airway inflammation in
infancy. At follow up, nasal symptoms were present in persistent wheezers. Nasal

disease was associated with development of persistent wheeze, as seen in adults with

allergic rhinitis.

Follow up also implicated serum sICAM-1 and BAL TIMP-1 with persistence of
wheezing. That any markers were related to persistence of wheezing indicates that
inflammation leading to lung damage starts early in life. Raised TIMP-1 indicates
that airway remodelling may be taking place, whilst raised serum sICAM-1 suggests

airway inflammation.

The implications of this study are that airway inflammation leading to remodelling
occurs at the onset of disease in infant wheezers and heralds the persistence of
wheezing in childhood. This process is linked to allergic rhinitis and aeroallergen
sensitisation and implies that the process of development of asthma in childhood
may not be all that different from that observed in adults. Amongst transient infant
wheezers, bacterial lower respiratory tract infections may play a greater role than has

been thought and the diagnosis of wheezy bronchitis may yet see a renaissance.

MDS Erlewyn-Lajeunesse
Bristol, March 2004
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Chapter 8: Appendices

8.1. ISAAC study questionnaire (English)

Questionnaire follow up of wheezing infants.
All questions require you to tick your answer in a box. If you make a mistake put a

cross in the box and tick the correct answer. Tick only one option unless otherwise
instructed.

8.1.1. Module 1

Has your child ever had wheezing or whistling in the chest at any time in the past?
Yes [ ] No [_] If you answered NO please skip to question 6.

Has your child had wheezing or whistling in the chest in the last 12 months?

Yes [] No [_] If you answered NO please skip to question 6.

How many attacks of wheezing has your child had in the last 12 months?

None [_] 1to3[] 41012 ] More than 12 [ ]

In the last 12 months, how often, on average, has your child’s sleep beeen disturbed
due to wheezing?

Never woken with Less than one night per One or more nights per
wheezing [_] week [ ] week [ ]

In the last 12 months, has wheezing ever been severe enough to limit your child’s
speech to only one or two words at a time between breaths?

Yes | | No [ |

Has your child ever had asthma?

Yes [ ] No [ |

In the last 12 months, has your child’s chest sounded wheezy during or after
exercise?

Yes [] No [ |

In the last 12 months, has your child had a dry cough at night, part from a cough
associated with a cold or chest infection?

Yes [ ] No [ ]
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8.1.2. Module 2

Has your child ever had a problem with sneezing, or a runny, or a blocked nose when
he/she DID NOT have a cold or the flu?

Yes [ ] No [ ] If you answered NO please skip to question 14

In the past 12 months, has your child ever had a problem with sneezing, or a runny,
or a blocked nose when he/she DID NOT have a cold or the flu?

Yes [ ] No [] If you answered NO please skip to question 14

In the past 12 months, has this nose problem been accompanied by itchy-watery
eyes?

Yes [ ] No [ ]

In which of the past 12 months did this nose problem occur?
(please tick any which apply)

January [ ] February March [ |  April[] May [_] June [_]

July [] August[ |  September  October[ | November December

[ [

In the past 12 months, how much did this nose problem interfere with your child’s
daily activities?

Notatall[ ] Alittle [ ] A moderate amount [ |  Alot[ ]

Has your child ever had hay fever?

Yes [ | No [ ]

8.1.3. Module 3

Has your child ever had an itchy rash which was coming and going for at least 6
months?

Yes [ ] No [_] If you answered NO please skip to question 21

Has your child had this itchy rash at any time in the last 12 months?

Yes[_] No [_] If you answered NO please skip to question 21

Has this itchy rash at any time affected any of the following places: the folds of the
elbows, behind the knees, in front of the ankles, under the buttocks, or around the
neck, ears or eyes?
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Yes [ ] No []

At what age did this itchy rash first occur?

Under 2 years [_] Age2to 4[] Age 5 or more |
Has this rash cleared completely at any time during the last 12 months?

Yes [ | No []

In the last 12 months, how often, on average, has your child been kept awake at night
by this itchy rash?

Never in the last 12 Less than one night per One or more nights per
months [_] week [] week [ ]

Has your child ever had eczema?

Yes ] No [ ]

Thank you for your participation.

Please return the questionnaire in the pre-paid envelope provided to:

Dr Mich Erlewyn-Lajeunesse, BAL Follow Up Study,

University Department of Child Health, Mailpoint 803,

Southampton General Hospital, Southampton SO16 6 YD, United Kingdom

Version 2 dated 18™ July, 2002
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8.2. ISAAC study questionnaire (Czech)

Dotaznikové sledovani sipajicich déti. U vech otazek je tfeba, abyste svou odpoveéd

vyznacili zaskrtnutim ¢tverecku. Udélate-1i chybu, preskrtnéte ctverecek kiizem a

vyznacte spravnou odpoved’. Neni-li jiny pokyn, vyznadte pouze jednu z moZnosti.
8.2.1. Modul1

Méelo Vase dit€ viibec né€kdy v minulosti sipani nebo piskani v hrudniku?

Ano [] Ne [ | Pokud jste odpovédéli NE, pieskoéte prosim k otézce 6.

M¢€lo Vase dité za poslednich 12 mé&sict sipani nebo piskani v hrudniku?

Ano [ ] Ne [_| Pokud jste odpov&dsli NE, pfeskoéte prosim k otazce 6.

Kolik navali sipani mélo Vase dité€ za poslednich 12 mésicti?

Zadny [] laz3[] 4a212[] Vicenez 12 []

Jak Casto byl za poslednich 12 mésicti pferusen spanek Vaseho ditéte v diisledku
sipani?

Sipani ho nikdy Méng nezZ jednu noc za Jednu nebo vice noci za
neprobudilo [_] tyden [_] tyden [ ]

Stalo se za poslednich 12 mésict, aby bylo sipani tak nepfijemné, aZ by omezilo
hovor Vaseho ditéte jen na jedno slovo nebo dvé v mezidobi mezi nadechy?

Ano [ ] Ne [ ]

Meélo Vase dite viibec nékdy astma?

Ano [_| Ne []

Stalo se za poslednich 12 mésicti, aby hrudnik Vaseho ditéte vydaval sipavé zvuky
pii cvi¢eni nebo po ném?

Ano [] Ne []

Stalo se za poslednich 12 mésicti, aby Vase dité piepadl v noci suchy kasel, kromé
kasle spojeného s nachlazenim nebo hrudnikovou infekci?

Ano [] Ne [ ]
Cislo studie BAL [ ][]

Dotaznikové sledovani sipajicich déti.
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8.2.2. Modul 2

Melo Vase dité viibec nékdy problém s kychanim, s teCenim z nosu nebo s ucpanym
nosem, kdyZ NEBYLO nachlazeno, nebo nemélo chiipku?

Ano [ ] Ne [ Pokud jste dopovédéli NE, prosim preskoéte k otazce 14

Méelo Vase dité za poslednich 12 mé&sici problém s kychéanim, s teenim z nosu nebo
s ucpanym nosem, kdyZ NEBYLO nachlazeno, nebo nemélo chiipku?

Ano [ ] Ne [_| Pokud jste dopovédéli NE, prosim pieskoéte k otazce 14

Byl za uplynulych 12 mésici tento problém s nosem doprovazen svédénim a slzenim
o¢i?

Ano [ ] Ne []

Ve kterém z uplynulych 12 mésict se objevil tento problém s nosem?
(prosim zaskrtnéte viechny, kterych se to tyka)

leden ] tmor [_] bfezen[ |  duben[ | kvsten[ ]  &erven[ ]
Servenec [ | srpen [ ] zaf [ | fijen | listopad [ | prosinec [_]

Jak silné pfekazel za uplynulych 12 mésict tento problém s nosem kazdodennim
aktivitdm VaSeho ditéte?

Vibec ne [ | Trochu [ ] Mimé [ ] Hodng [ ]

Meélo Vase dité vibec nékdy sennou rymu?

Ano [] Ne [ ]
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Cislo studie BAL DDD

Dotaznikové sledovani sipajicich d&ti.

8.2.3. Modul 3

Mélo Vase dité viibec n€kdy svédivou vyrazku, ktera se objevovala a mizela alespoii
po dobu 6 mésici?

Ano [ ] Ne [_] Pokud jste dopovédéli NE, prosim preskodte  k otézce 211

Vyskytla se u Vaseho ditéte tato svédiva vyraZzka kdykoli za poslednich 12 mésic?

Ano [ ] Ne [ ] Pokud jste dopovédéli NE. prosim pieskodte  k otazce 21

Napadla tato svédiva vyrazka kdykoli né&které z téchto mist: loketni zahyby,
podkoleni, narty, mista pod zadeckem, nebo kolem krku, usi nebo o¢i?

Ano [_] Ne []

V jakém veku se tato svédivé vyrazka objevila poprvé?

Do 2 let[ ] Vék2az 4[] V&k 5 avice [ ]
Vymizela tato vyrazka iplné kdykoli za uplynulych 12 mésicti?

Ano [ ] Ne [ ]

Jak Casto se za poslednich 12 mésicti v priméru Vase dit€ v noci probudilo pro tuto
svédivou vyrazku?

Za poslednich 12 mésici Mén¢ neZ jednu noc za Jednu nebo vice noci za
nikdy [] tyden | ] tyden ||

Meélo Vase dité n€kdy ekzém?

Ano [} Ne[ |
Dékuji Vam za ncast.

Prosim vrat'te dotaznik v dodané vyplacené obalce na adresu:
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