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1 GENERAL INTRODUCTION AND AIMS OF THE
STUDIES

1.1 GENERAL INTRODUCTION

L1.1  Asthma phenotype

Asthma is a chronic airway disease that affects all age groups. Its phenotype varies, and may
change over the years, partly under the influence of lung growth during childhood and decling in
lung function al older age (1). A definition of asthma symptoms and pathophysiolagical
characteristics is therefore hard lo give, but usually include episodic symptoms of dyspnea, chest
tightness, breathlessness, wheezing and cough, with characteristic functional abnormalities such
as variable and sometimes excessive airways obstruction, and airways hyperresponsiveness,
Both structural and mechanical characleristics of the airways, as well as chronic airway
inflammation are key factors in asthma pathogenesis (1), Variahle expression is inherent to
asthma. Acute symptoms may be incited by various bronchoconstrictive stimuli such as exercise,
hyperventilation, breathing cold air, inhalation of irritant gases or fumes, or salicylates (1,2).
Usually, inhaled [;-agonists provide immediate relief for such symptoms. The severity of
symploms, the underlying dysfunction and inflammation may vary with the time of day (worst at
night and in the early momning) (3), and may deteriorate from exposure (o sensitizing stimuli such
as indoor and outdoor allergens (4), ozone (5), certain low molecular weighl chemicals
(occupational asthma) (6) and respiratory virus infections (7).

1.1.2  Etiolegy

Asthma is a multi-factorial disease. A pattern compatible with a polygenic or oligogenic
inheritance is substantiated by disease-associated polymorphisms or sequence variants on several
different chromosomes (5, 6p, 11p, 12q. 13 and 14q) (8). Interestingly, these genes are often co-
located on chromosomes that contain genes for several cytokines that have been implicated in
allergic atrways inflammation in asthma (e.g, IL-3, IL-4, TL-5, IL-9, TL-12, TL-13) as well as the
glucocorticoid receptor and the B;-adrenergic receptor (8). Tt has become evident that the
prevalence of atopic disease and asthma is vastly increasing worldwide (9,10). The rise in
prevalence has been particularly striking in young children. Evidence suggests that asthma
prevalence increases under the influence of environmental factors associated with the adeption
of western life style (11). However, too little is known about these environmental factors to
defy the asthma epidemic. At present. about 10-20% of the Western European population has
asthma (12).

The combined contribution of genetic background and environmental factors can be translated
into several risk factors for developing asthma (11,13). These include having a parent (particularly
mother} with asthma, elevated IgE levels, associated atopic disease (hay fever, eczema), exposure
to allergens (14), ranknumber among siblings (risk decreases with ranknumber) (13), lifestyle and
nutrition (16). Low initial lung fimetion (particularly in males) appears to be a risk factor for
recurrent wheezing with respiratory tract infections in the first 3 years of life, but not thereafier
(I7). Similarly, passive smoking, by decreasing lung function, is a risk factor for asthma in infants,
particularly in those of parents who have asthma (18).



How do genetic predisposition and environment interact? It appears that the Tha-type response
pattern which predisposes to lgE-mediated immune responses is the default pattern Prcsenl at birth
(13,19,20). Exposure to environmental stimuli (for example within the gastrointestinal tract), a.nc?
repeated infections (either bacterial or viral) (21) from birth onward would, as it were, “educate™
the immune system to deviate towards a Th)-type response pattern (19,22). It is sp.ecul El'it?d that
genc-cnvironment interaction comes into play here. For example, genetic 'pt‘t:dlf‘»p().‘iltl?l] to
enhancement of 1L-12 production by monocytes in response to bacterial products (i.e. LPS), or
promoting the production or responsiveness to IFN=y (13) may promote the deviation mw:drds a‘
Th, type immune response (22). Alternatively, genetic predisposition to enhanced production of
IL-4, or increased responsiveness to IL-4 would represent the other end of the spectrum,
prometing the persistence of the Th2 type response pattern and atopic disease (22).

1.1.3  Pathology and pathophysiology ‘ e
Airway inflammation is a consistent feature of asthma (1,23). The inflammation in asthma is of
a chronic nature, and can already be found in the very mild stages of asthma (24). The extent of
the airway inflammation varies with disease severity, and is associated with symptoms, variable
airways obstruction and airway hyperresponsiveness (25), Pathologic features of asthima
typiczilly include epithelial shedding, increased collagen deposition hcne‘ath. the basemgnl
membrane, the presence of a mononuclear infiltrate, mast cells and eosinophils in the bronchial
mucosa throughout the bronchial and bronchiolar airway wall (23,25) and the alveolar
parenchyma (26).

The mononuclear infiltrate consists predominantly of T lymphocytes. T helper cells
(particularly the Th, subset), in concert with antigen presenting cells, and their cylokines hmlre
been shown (o be important in orchestrating the airways inflammation in asthma (27-29), in
which inflammatory cells (predominantly cosinophils, mast cells) and residential tisst?es (e.g.
epithelium, airway smooth muscle) participate. T cells orchestrate cosinophjh'c .inﬂltrauon, and
promote growth of mucosal-type mast cells and immunoglobulin isotyps swuchmg towards ‘[gE
production (30). In turn. eosinophils and mast cells arc also capable of producing Cy'lOk.l_l‘L?S-
(IL-4. 1L-5) (30-32). Once activated, eosinophils are capable of secreting a number of llpi.d
mediators and proteins, (eicosanoids and Platelet Activating Factor) and may release thel.r
cytotoxic granules proteins major basis protein, eosinophil-derived neumm.xin, eosin_ophll
cationic protein (ECP) and cosinophil peroxidase (EPO)(31,32). Their toxicity to airway
epithelium and other cells (33) is in keeping with reports of a correlations between levels of
ECP within the airways and airway hyperresponsiveness and the clinical severity of asthma
(25,34-36) (chapter 6). Mast cells are the major effector cells of the allergic (type I)
hypersensitivity reaction, Classically, cross-linking of their high affinity IgE rc«f:cptur by. IgE-
allergen complexes was described to lead to degranulation and secretion of various mediz_ltm's
implicated in the local anaphylactic reaction (37). However, it is now known that Sll‘lch mefizat{{r
release may occur in response to various chemokines and non-immunoi.oglcal su.m%uh.
implicating mast cells in nen-allergic asthma as well as allergic asthma (38). }n gddstltjln,
various chemokines with strong chemotactic activity for eosinophils and basophils (eotaxin,
[L-8, RANTES, MCP-1, MCP-3, MIP-1¢t and MIP-1B) are produced within the airways by
several cell types, including epithelial cells and T cells (39). Thus, T cells, other inﬂammatgry
cells, antigen presenting cells, residential tissues, and their mediators, enzymes and adhe‘ston
molecules form an intricate network of interactions that regulate allergic airways inflammation.

Bvidence suggests that the small, unmyelinated airway sensory nerves (C-fibers) are
involved in allergic airways inflammation (40,41), Epithelial shedding may expose these fibers

to various endogenous and exogenous stimuli, which may induce cough and chest tightness
(42,43), and cause the local release of various neuropeptides, including substance P and
neurokinin A (40,42). These neuropeptides may subsequently causc alrway smooth muscle
contraction, microvascular leakage and vasodilation, leading to airway narrowing, which appear
lo be more pronounced in asthmatics as compared to normals (42,44-46). The latter
phenomenon may in part be explained by an asthma-associated impaired function and/or
expression of neutral endopeptidase, the neuropeptide-degrading enzyme, present in various
tissues including the epithelium, which may be (partly) reversed by glucocorticoid therapy (47).

The inflammatory processes as summarized above contribute to the histopathological
features of asthma, which include smooth muscle hyperplasia/hypertrophy  (48-50),
vasodilation, vascular leakage (51-53), edema of mucosa and adventitia (54), mucous gland
hyperplasia (24), mucus hypersecretion, intraluminal mucus plugging and exudate. These, and
possibly other structural changes are considered to be important in the detachment of the
bronchioles from the parenchymal structures that provide the retractile force (54,55). Such
detachment, together with smooth muscle hyperplasia’hypertrophy  (48,49) and altered
phenotype andfor functional characteristics of the smooth muscle (36) that may result in
decreased relaxation (57,58), are considered to be key factors in airways hyperresponsiveness
and (excessive) airway narrowing (54,55,59,60).

1L.1.4  Exacerbations of asthma
Hospital admission rates for asthma and asthma mortality (and thereby much of the burden and
cost of asthma) hold pace with - or exceed the increase in asthma prevalence, particularly in young
children (10,61-63). Lack of accessibility to adequate health care for economically disadvantaged
people should be considered as a possible cause (10). When asthma is treated according to current
guidelines, therapy with (inhaled) corticosteroids is generally, though not always, effective in
reducing asthma symptoms, variable airways obstruction, ai rway hyperresponsiveness, and
airways inflammation (1,64.65). Yet, exacerbations of asthma, which may be severe.
mtractable, and potentially deadly may still occur. even in patients classified as having mild
asthma (66-69), and even during vigorous treatment of asthma (70). This points towards a lack
of contral over asthma, and its exacerbations in particular (68.69), which suggests that there may
be exacerbations of asthma that behave according to different mechanisms (70-72). It can be
postulated that such exacerbations might be the ones associated Tespiratory virus infections.
Virus-associated exacerbations are an important cause for hospitalization for asthma at any
age (73-76). Prospective population studies have confirmed what had long been recognized by
patients and clinicians, namely that exacerbations of asthma are often associated with common
colds: in 44% (in adults) up to 85% (in children) of the exacerbations of asthma a respiratory
virus such as influenza -, para-influenza -, respiratory syncytial -. rhino-, or coronaviruses can
be detected (7,77,78). Also, infections with chlamydia pneumoniae, an obligate intracellular
pathogen, have been associated with exacerbations of asthma (79). Exacerbations of asthma are
treated according to guidelines that do not take the cause of the exacerbation into account (1)
This is understandable, as evidence on the effectiveness of existing treatment for (rhinejvirus-
associated exacerbations of asthma is scarce, Yet, the occurrence of severe and potentially
deadly exacerbations indicates that there is room for improvement of therapy or prevention of
exacerbations. Insight in the pathogenic mechanisms of virus-associated exacerbations might
eventually lead to improvement of asthma control at any age, and especially in childhood, when
the incidence of infections is highest (80). Improvement of asthma control may reduce the cost
of asthma care and improve quality of life of patients with asthma.



Rhinovirus infections generally account for about half of the common colds and also for
about half of the exacerbations of asthma associated with a virus infection at any age over one
vear old (7,77.78,80), Therefore, rhinovirus infections contribute significantly 1o asthma
morbidity. Experimental rhinovirus infections, first in normals, and later in atopic non-
asthmatics and mildly asthmatic patients have been shown to be feasible and safe. Its use has
opened opportunities for deseription of the pathophysiclogic and pathologic effects and the
immunologic mechanisms of rhinovirus infections and the exacerbations of asthma associated
with those infections, in well-characterized subjects, and under controlled circumstances. In
addition, the use of experimental infections in asthma has allowed doing double blind, placebo-
controlled testing of the effectiveness of pharmacological interventions against common colds
and rhinovirus-associated exacerbations of asthma. Such experiments have expanded the
knowledge of the effects and mechanisms of the common cold (reviewed in chapter 2).

The studies in the present thesis focus on the pathophysiologic and pathologic/immunologic
effects of experimental rhinovirus 16 infection in patients with mild persisient asthma, and the
effectiveness of prophylaxis with an inhaled corticosteroid. By doing so we aimed to clarify
soine aspects of manitoring, pathogenetic mechanisms, and treatment of rhinovirus-associated
exacerbations of asthma.

1.2 AIMS OF THE STUDIES

The studies in this thesis aim (o address the following issues:

1. Acecurate description of the functional changes during rhinovirus infections in asthma form
the basis of interprelation of the pathophysiological mechanisms of exacerbations of the
disease. Therefore, we aimed to describe the effect of experimental rhinovirus colds on
symptoms of asthma, usage of rescue medication, lung function (chapter 3) and airway
hyperresponsiveness (chapter 4 and 5) in patients with asthma,

(o]

. Neurogenic mechanisms, involving small, unmyelinated airway sensory nerves (C-fibers),
have been implicated in the development of virus-induced exacerbations of asthma. In order
to investigate whether a rhinovirus cold would increase the sensitivity of airway sensory
nerves, we examined the effect of rhinovirus colds on airway responsiveness to bradykinin,
a sensory nerve stimulus, in patients with asthma (chapter 3).

3. In order to gain insight in the inflammatory and immunologic mechanisms of experimental
rhinovirus infections in asthma, as a first step, we investigated the effects of rhinovirus colds
on production and release of pro-inflammatory mediators in nasal lavage (chapter 4) and
sputum (chapter 6) in relation to changes in lung function and airway hyperresponsiveness.

4. Next. with the same objective as given under aim 3, we examined the effects of rhinovirus
calds on infiltration and accumulation of inflammatory cells in the bronchial mucosa of
asthmatics, in relation to the accompanying changes in lung function and airway
hyperresponsiveness (chapter ).

5. The adhesion molecule ICAM-1 promotes infiltration and migration of inflaimmatory cells and
provides a costimulatory signal for T cell activation, It is also the receptor for 90% of the
thinovirus serotypes (including RV16). Its cxpression may be enhanced by various
inflammatory conditions. Therefore, we investigated the effect of a rhinovirus cold on the
bronchial epithelial ICAM-1 expression in asthmaties in vivo (chapter 7).

6. Finally, we addressed the issue of prophylaxis of virus-induced exacerbations in asthma, by
investigating the effect of placebo-controlled pretreatment with the inhaled steroid,
budesonide, on rhinovirus-associated effects on lung function, airway hyperresponsiveness,
and accumulation of inflammatory cells in the bronchial mucosa (chapter 8), and on bronchial
epithehal ICAM-1 expression (chaprer 7).

The conclusions and implications of this thesis will be summarized in the chapters 9 (in English)

and 13 (in Dutch). These chapters include recommendations for new perspectives of research in
this area,

th



2 RHINOVIRUSES AND ASTHMA

Adapted from:

The effects of rhinovirus infections in asthma,
K. Griinberg

Eur Respir Review 1998 8: 1122-1127.

and:

Rhinovirus infections: induction and modulation of airways inflammation in asthma.
K. Griinberg and P.J. Sterk.

Clin Exp Allergy 1999; 26 65-73

2.1 INTRODUCTION

At present, about 10-20% of the Western Buropean population has asthma (12), and prevalence
increases (10). In spite of improvement of treatment in recent years episodic worsening may
still occur, sometimes requiring hospitalization, and potentially leading to near-death or death.
Respiratory virus infections. for which there is no cure, have been recognized as an important
risk factor, if not cause for such exacerbations of asthma. Rhinovirus infections, the most
common cause of colds, account for about half of the virus-associated exacerbations. These
intriguing observations have incited a great research effort to unravel the pathogenetic
mechanisms of virus-associated exacerbations of asthma, in order to find directions for new
treatment strategies. Much progress has been made, but some work remains to be done to fill in
the gaps and tic the evidence from all different directions together to a film of the pathogenesis
of a thinovirus-associated exacerbation of asthma. This review describes what is known about
the effects of rhinoviruses in humans, with focus on the implications for asthma, thus providing
a rough scenario of the events in the course of a rhinovirus-associated exacerbation ol asthma,

2.2  RHINOVIRUS INFECTION: THE COMMON COLD

2.2.1 Virelogy

Rhinoviruses are part of the family of picomaviridae, which also includes enteroviruses. The 2
genera differ in that rhinoviruses, unlike enteroviruses, become instable and non-infectious in
acidic environment (pH < 5). A hundred different thinovirus serotypes have been characterized.
Rhinoviruses are small (25 nm diameter) non-enveloped viruses with icosahedral (20-sided)
shape, with a genome that consists of single stranded sense RNA (81). The multiplication cvcle
involves delivery ol the RNA to the cytoplasm, mediated by binding to the specific receptor
(ICAM-1 for 90% of the serotypes), followed by ribosomal RNA translation and formation of a
polyprotein. which includes structural proteins, a proteinase, and an RNA polymerase. The
polymerase transcribes the sense RNA, which is then followed by transcription of the antisense
RNA in the endoplasmatic reficulum to produce new viral sense RNA strands, Concomitantly,
structural viral proteins are being produced in the cytoplasm, which are assembled to capsids.
RNA is packaged into these capsids to form new, mature infective virions. These virions are
ultimately released by disintegration of the host cell. However, this production line has a large



spill in that it produces many defective, non-infectious particles (80). These particles may retain
important functions (e.g. cell binding capacity), and could therefore be immunogenic but not
infectious (80).

2.2.2  Rhinovirus epidemiology

Rhingviruses account for 30% to 50% of all acute respiratory illnesses (80). Incidence gradually
declines with age, and varies from 1-2/year in children to 0.25/year in people over 60 years old.
Parents (particularly mothers) represent an exception to this rule. probably due to more intense
exposure to the respiratory pathogens of their small children. Infections are prevalent throughout
the year, but the incidence is highest in early fall and mid-to-late spring. Attack rates vary greatly
with serotype, and range from 0 to 71%. Transmission can oceur by hand contact (particularly
when the hands are contaminated with fresh, infactious mucus) (82) but is most likely to occur by
aerosol routes (83). Transmission is facilitated when an infected person has symptoms of a
moderate to severe cold, sheds high amount of virus, and in situations where there is a high
infecied persons/mon-infected persons ratio, and population density is high, such as can be found
i, for example, a class room.

2.2.3 Hosi response
“It feels like it sounds:
A rhinovirus is a good indication of how it would be
10 lhiave a rhinoceros stuck up your nose”
Hanna Holmes, in: The Skinny On the Rambling Rhinovirus
{(www.discovery.com/areasskinnyon/skinnyon980206/)

Most people are familiar with the symptoms of the common cold caused by a rhinovirus
infection: sore throat, headache, runny nose, blocked nose, coughing and sneezing, malaise,
sometimes low-grade fever (80). The incubation time is usually 2-3 days, but may vary from
several hours up to 7 days. A rhinovirus cold in otherwise healthy people is a self-limiting
disease, that usually resolves within a 9-11 days. However, in elderly people and nursing home
residents the consequences of a thinovirus cold appear to be more severe, leading 1o increased
morbidity and mortality (84-88]. The same holds true for young children (73,89). Rhinovirus
infections may be complicated by sinusitis (90,91), elevated middle ear pressure (92) and acute
otitis media (93-96), and even pneumonia (73,97-100). Moreover, rhinoviruses may cause
interstitial pneumonitis in immunecompromized hosts (101). There is evidence that personality,
siress. and life events prior to rhinovirus exposure increase the susceptibility to a symptomatic
colds (102-104). Rhinovirus as the underlying viral pathogen during bacterial superinfection
increases the risk of failure of antibiotic treatment (105,106). A rhinovirus cold in a carrier of
bacteria such as multiple resistant staphylococcus aureus (MRSA} may enhance bacterial
spreading (107). Thus, it can be concluded that host factors are important determinants for the
severity of a rhinovirus infection.

2.2.4  Therapies and remedies aguinst the comneon cold

A range of therapies and preventive strategies for the common cold have been studied (108-
125)(see also review (80)). Some treatment modalities have been shown to be more or less
effective in controlled studies (109.111,112,114-119,121,123-136). However, side effects and
relatively poor effectiveness once the infection has manifested itself, together with high price of
newly developed compounds, have so far precluded widespread use of such treatments. New
freatment strategies for rhinovirus infections aim at blocking the binding to ICAM-1. This may

be accomplished by providing a surplus of pseudoreceptors, such as soluble ICAM (125,137),
or by blocking the binding site using so-called pocket factors (138). Until an effective and
affordable cure for the common cold becomes available, it is likely that all kinds of drugs to
alleviate cold symptoms will remain “big business”. In this respect, it is interesting to note that
cheap and widely available “old-fashioned” remedies such as the intake old high dose of
vitamin C (80,139) applying warmth by inhaling hot steam (111,140) or even drinking hot
beverages like chicken soup (141) might not be completely without benefit for patients with
common colds.

2.3 EPIDEMIOLOGY OF RHINOVIRUS COLDS AND PULMONARY DISEASE

231 Asthma

Several clinical and epidemiological studies have described a close temporal association of
respiratory virus infections with asthma exacerbations (77,78,142-144) (also reviewed i (7)).
Respiratory viruses can be identified in 10 to 44% of the asthma exacerbations in adults (77,144),
while in children identification rates vary from 26 to 83% (78,143,145,146). In the two most
recent studies the use of palymerase chain reaction technique to detect thinovirus and coronavirus,
rather than the less sensitive techniques that were used previously, has resulted in the highest
identification rates so far (77,78). Ameng the various respiratory viruses identified, rhinovirus
predominates in most of these studies, accounting for about 50% of the detected viruses
(77.78,143,145,146). The incidence of rhinovirus infections may even be higher in asthmatic
patients as compared to non-asthmatic subjects (7.147), although rhinovirus shedding in the
absence of cold symptoms does not seem lo be associated with clinical worsening ol asthma
(146,148). Emergency room visits and hospitalization for asthma exacerbations, and even asthma
deaths (149) are associated with rhinovirus infection, both in children (73-75) and adults (74,76).
This underlines that 2 common cold is not a harmless condition in patients with asthma.

2.3.2  Other pulmonary diseases

Not only asthmatic patients suffer from rhinovirus-induced exacerbations of their disease.
Rhinovirus colds are also associated with worsening of a number of other diseases. of the
respiratory tract, such as COPD/emphysema (87), broncho-pulmonary dysplasia (150-152) and
cystic fibrosis (153), although evidence seems to be inconclusive in the latter disease (154). Taken
together, this indicates that rhinovirus infections may have a causal role in exacerbations of
pulmonary disease, and asthma in particular. As rthinovirus infections also appear to cause mild
lower airways disease in healthy people, the question can be raised which (if any) disease-specific
factors are involved in the development of exacerbations of airways diseases.

2.4 RHINOVIRUS INFECTIONS IN ASTHMA: THE EXPERIMENTAL MODEL

As rhinoviruses are largely specific to the human species, animal models (mice, chimpanzee)
could only be used to investigate certain aspects of rhinovirus-induced pathology (137,155-
159). The introduction of experimental infections, first in normals, then in atopic patients, and
later in asthmatic patients filled this gap, and allowed further investigations into mechanisms of
rhinovirus-induced exacerbations of asthma, linking them to functional consequences. Such a
model allows careful patient selection and monitoring, and intensive assessment of the
rhinovirus-induced effects under controlled circumnstances and timing. Experimental infections
have been shown to be a useful tool for investigating the effects of rhinovirus infections in
allergic disease or asthma (35,36,148,160-173). Thus, the effects of a rthinovirus infection can



be assessed at the level of asthma symptoms, use of asthma medication, parameters of airway
physiology, such as airways obstruction and hyperresponsiveness, as well as the underlying
inflammation. Furthermore, it allows the double blind, placebo-controlled studies of the effects
of pharmacological interventions on common colds (see above: therapies and remedies against
the common cold) or the exacerbations of asthma asscciated with those colds.

2.5 EFFECTS ON LUNG FUNCTION

So far, experimental rhinovirus infections in patients with asthma and/or atopic rhinitis have not
shown to induce a significant change in airways obstruction (as reflected by FEV,) when
measured during laboratary visits (148,160,162-164.166,167,170,172). This has been considered
to be reassuring in terms of patient-safety in the experimental model. However, frequent home-
recordings of FEV (3 times daily), appeared to decrease in atopic asthmatic patients in the acute
phase of an experimental RV 16 infection (165) {chaprer 3). Indeed, the maximal decrease in FEV,
in the acute phase of the infection, expressed as percentage of the recent personal best, correlated
significantly with the observed increase in airway hyperresponsiveness (165). This suggests that
there is transient worsening of airways obstruetion after rhinovirus infection in asthma, which may
improve spontaneously during the day, or as a consequence of repeated deep-breath maneuvers as
are being performed in the lung function lab., pointing at either increased sensitivity to
bronchoconstrictive stimuli and/or a reduced bronchodilating effect of a deep breath (57).

2.6 EFFECTS ON ATRWAY HYPERRESPONSIVENESS

The effects of experimental rhinovirus infection on airway responsiveness vary among different
studies, using different rhinovirus serotypes. In normals, experimental rhinovirus infections have
not been shown to induce airways ebstruction or airways hyperresponsiveness (167,174-176),
although a small but consistent increase in the maximal bronchoconstrictive response to
methacholine after rhinovirus 16 (RV16) infection was recently reported by de Kluijver ef al.
(177). In non-asthmaric patients with atopic rhinitis Lemanske e ol and Gem ef al. have
demonstrated an enhanced hypersensitivity to histamine and allergen challenge after experimental
RV16 infection (162,170), which was significantly different from the lack of response in normals
(170). However, others have not observed such an effect when using rhinovirus 16 (172)
thinovirus 39 (178) or Hanks strain rhinovirus (171). In asthmatic subjects, Halperin e/ af. has
found increased hypersensitivity to histamine in only 4 out of 22 subjects after experimental
thinovirus (serotype 39 and HH strain) infection (160). Moreover, Cheung ef al. have shown that
thinovirus 16 (RV16) increases asthma symptoms, coinciding an increase in the maximal
bronchoconstrictive response to methacholine up to 15 days after infection (163). pointing
towards the potential of excessive airway narrowing due to a rhinovirus infection. However,
airways sensitivity to methacholine was not shown to be affected by RV16 infection in these
patients (163,172), In a similar placebo-controlled design, we have shown a significant increase in
airway sensifivity to histamine in asthmatic subjects after RV16 infection, which was most
pronounced in those subjects who had severe cold symptoms (chaprer 4) (148). In addition,
experimental RV 16 infection was shown to abolish tolerance to a repeated bradykinin challenge in
asthma, suggestive of the mvolvement of airway sensory nerves (chapter 5) (166). Evidence
suggests that RV16 colds in non-asthmatic patients with allergic rhinitis potentiate the allergen-
induced enhancement of both airway responsiveness and airway inflammation (168). In tum,
recent allergen exposure may modify the course of infection (169,179). Taken together, these data
indicate that patients with asthma and/or atopic thinitis may suffer from more severe
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pathophysiological consequences of a rhinovirus infection as compared to non-atopic non-
asthmatic subjects, suggesting an bi-directional interaction of virus-induced airways inflammation
and features of the underlying disease, such as altered airway geometry (180) and airways
inflammation (24,181).

2.7 ANTIGEN PRESENTATION AND T CELL-MEDIATED IMMUNE RESPONSE

2.7.1 T cell activation and proliferation

Rhinovirus does appear to replicate inside monocytes and airway macrophages (182). However,
the uptake of infectious rhinovirus particles by antigen presenting cells (either or not mediated by
ICAM-1) may increase non-specific T cells activation (183). This is reflected by the increased
expression of the activation marker CD69, but not CD25 on the cell membrane (183), and
spontancous (184,185) or mitogen-induced secretion of 1L-2 and IFN-y (183,186). In addition,
from three weeks after infection onward, antigen-specific lymphocyte proliferation could be
demonstrated (186-188), indicative of a T cell-mediated immune response, generated against T
cell epitopes that are present within the viral capsid (158). Such CD4+ cells may be either specific
to serotype-restricied or shared viral epitopes (156,158,184,189), which is likely to increase the
chance of rapid and potent recall immune responses, and might explain the resistance to a
rhinovirus infection during an ongoing rhinovirus infection (36,30),

2.7.2  Monacytes modulate T cell response

I[ncubation of either infectious or inactivated rhinovirus particles with a mixture of antigen
presenting cells and lymphocytes induces a proliferative response to rhinovirus (184), while
concomitantly hampering the monocytes-induced. ICAM-1 mediated specific T cell proliferation
and cytotoxicity to other antigens (190,191). Natural killer cell activation and cytotoxicity, which
is less dependent on ICAM-1/LFA-1 interaction, was not shown to be affected, or even increased
after iz vitro inoculation (186.190,192). As the ICAM-] binding sites for LFA-1 and rhinovirus
overlap partially (193). it has been postulated that binding of rhinovirus to [CAM-1 may interfere
with ICAM-1/LFA-1 interaction (190,193,194). Dendritic cell- or B-LCL-induced allogeneic T
cell response critically depend on ICAM-1/LFA-1 binding, yet, thinovirus alone did not inhibit
such a response (191), whereas this could be achieved in dendritic cells by the culture supernatant
of thinovirus stimulated monocytes (191). Indeed, rhinovirus binding to monoeytes induces the
production of high levels of IL-10, which may account for inhibition of the accessory function of
both monocytes and dendritic cells, and inhibition of [L-12 production, although the latter eflect is
in part mediated by rhinovirus stimulation itself (191). It has been postulated that dampening of
allogeneic cellular immune responses in the course of infection might predispose to secondary
infections (e.g. otitis media) and failure of antibacterial treatment (105,106).

2.7.3  Non-specialized antigen presentation cells

MHC class T and 1T molecules can be expressed on respiratory epithelial cells (195). Recent
evidence suggests that rhinovirus infection upregulates the expression of MHC class 1 molecules
and costimulatory melecules, implying a role for the epithelium as antigen presenting cells during
rthinovirus infection (196-198). Moreover, eosinophils, when expressing ICAM-1, may bypass
specialized antigen presenting cells by acting as antigen presenting cells, inducing rhinovirus-
specific CD4+ cell proliferation and enhancing IFN-y production (185). This may contribute to
viral clearence, but on the other hand, it has been postulated that such T cell activation might
enhance pre-existing airway inflammation (183).



2.7.4  Disease-specific differences

In a comparative study, using in vive experimental RV39 miections, patients with allergic rhinitis
appeared to have lower numbers of T helper cells (either or not activated), and less RV39-induced
peripheral blood mononuclear cell proliferation as compared to normals (188). while only in the
rhinitis patients an increase in proliferation to RV39 was noted as early as during the acute phase
of the infection. Furthermore, the decrease in NK-activity was less marked in the rhinitis patients
as compared to the normals {188). This suggests that there may be disease-related differences in T
cell-mediated immunity, It can be speculated that, like in mice, such differences are associated
with the major histocompatiblity haplotype of the host (158). However, it is presently unclear as to
how these differences might be interpreted in terms of mechanisms of rhinovirus-induced
exacerbations of asthma.

2.8 HUMORAL IMMUNE RESPONSE

Immunoglobulins, in contrast to T cell mediated immunity, are by definition highly specific for
rhinovirus serotypes (81). The Fab frapment fits only partly into the rhinovirus canyon, but
binds to the VP2 region in upper part of the canyon (81,199-202), thus preventing binding to
TCAM-1 (199.201). In normals, the level of protection against infection, or at least cold
symptoms is related to levels of nasally secreted IpA and circulating virus-specific antibodics
(80,80,203.203-205), although the immune system can be overwhelmed by high viral doses
(80). There is evidence that atopic, and/or asthmalic subjects may be more susceptible to
repeated infection with the same serotype, even in the presence of circulating antibodies
(148.161).

2.9 ICAM-1 INTERACTION

2.9.1 Role of ICAM-1

ICAM-1, in its dual role as an intercellular adhesion molecule on antigen presenting cells,
lymphocytes, eosinophils, mast cells, submucosal glands, airway smooth muscle and epithelial
cells (185,206-209) and as the major rhinovirus receptor (210,211) which catalyzes rhinovirus
uptake (212), has been the [ocus of much attention in rhinovirus-induced inflammation. Asthmatic
patients have enhanced expression of ICAM-1 in their bronchial epithelium (213,214). Moreover,
experimental rhinovirus colds have been shown to increase ICAM-1 expression on the basal cells
of the bronchial epithelium, both in normals (177) and asthmatics (173) (chapier 7).

292 {CAM-I binding and susceptibility to infectian
ICAM-1 binding to its ligands, lymphocyte function associated antigen (LFA-1) and macrophage-
1 antigen (MAC-1, CDIIb/CDIE) is involved in the process of leukocyte adherence and
migration, and in addition, may provide costimulatory signals for CD4+ cell and lymphokine-
activated killer cell activation, T cell-mediated cytotoxicity, and T cell dependent B cell activation.
It has been postulated that cytokines such as TNF-¢ IL-1B, IFN-y, and I1.~-4 may alter the
expression, [unction or configuration of TCAM-1, thereby specifically promoting (TNF-or, IEN-y,
1L-4) or impeding (IL-6, 1L-1) lymphecyte adhesion to, for example, cytokine-pretreated
fibroblasts or primary tracheal epithelial cells, without affecting binding of rhinovirus particles
(194,215,216), thus leaving the uptake of rhinovirus particles unaffected (212),

ICAM-1 expression is upregnlated upon stimulation with rhinovirus in primary cultures of
human nasal epithelial cells, pulmonary epithelial cell lines, submucosal gland cells and airway

smooth muscle cells in vitra (197,208,209,217-220). Upregulation of ICAM-1 by secondarily
released cytokines such as IL-1e, [L-13, and TNF-c: facilitates rhinovirus infection in susceptible
cell types (209,212.215,218). In contrast, IFN-y increases ICAM-1 expression and rhinovirus
binding in uninfected cells (194.215), while decreasing the susceptibility to infection (215.219) by
downregulating ICAM-1 expression in infected cells (219),

Taken together, it seems likely that not only the amount of [CAM-1 expression, but also the
local eytokine milieu, and the virus-induced production of cytokines are determinants for the
susceptibility to rhinovirus infection.

2.10 EFFECT OF RHINOVIRUS ON AIRWAY EPITHELIUM

2.10.1 Epithelial integrity

In vitro rhinovirus infection of pulmonary or nasal epithelial cell lines does not cause a cytolytic
infection or decrease cell viability (215,218.221-223), although cytopathic alterations and
decreased viability may occur in primary bronchial epithelial cells (223). This is in keeping with
observations in nasal epithelium in visro (224) and in vivo (148), where infection may cause
mereased shedding of alive epithelial cells (225), ciliary defects (164), and impair mucosal
clearence in the nose (226) (but apparently not in the trachea (227,228), in conjunction with
mucus hypersecretion (229).

2.10.2 Adhesion molecules

Rhinovirus has various immunological effects on epithelial cells, fibrablasts and submucosal
glands. As discussed, rhinovirus infection upregulates expression of MHC class | molecules and
costimulatory nmolecules B7- and B7-1 (198), as well as the MHC class 11 costimulatory molecules
ICAM-1 and VCAM-1 (196,197) on epithelial cells. thereby promoting antigen presentation as
well as infiltration of inflammatory cells,

2.10.3 Cytokines

There is ample evidence that rhinovirus binding and/or infection of epithelial cells, fibrablasts and
submucosal glands i virro induces synthesis of a number of pro-inflammatory cytokines, such as
GM-CSF, IL-11, IL-6, IL-1@, TL-1RA, TNF-¢. and the chemokines IL-8 and RANTES
(209,215,218,221-223,230-233). Evidence suggests that the increased transcription is mediated in
part by transcription factors such as NF-xB (223,231,234), which may be activated by oxidative
species that are produced in response to rhinovirus infection (235). Interestingly, rhinovirus
attachment to ICAM-1 or infection does not seem to be required for production of reactive oxygen
species (236). Alternatively, double-strand (ds) RNA may stimulate secretion of chemokines such
as RANTES, implicating the involvement of dsRNA-sensitive enzymes in the signaling process
(237). Release of such pro-inflammatory cytokines provides strong stimuli for chemotaxis and
migration of inflammatory cells towards the bronchial mucosa and the airway lumen, and may
enhance cell activation and survival, thereby promoting the release of more cytokines and granule
proteins from various inflammatory cells.

2.10.4 Nitric oxide

Levels of NO in exhaled air have been shown to rise after rhinovirus 16 infection in asthmatic
subjects (238), possibly due to upregulation of iNOS (239). [nn vifro, NO has been shown to inhibit
RV16 replication and cytokine protein synthesis i airway epithelial cells. thus providing a
defense mechanism against infection (232,240), although this could not be confirmed when using
RV serotype 39 (241). Indeed, during infection the elevated levels of exhaled NO were associated



with protection against the RV 16-associated enhancement of airway hyperresponsiveness (238). It
has been postulated that the role of NO (protective or harmful) may depend on its site of action,
and thus on the NOS isoforin present at that site (239,242). It is presently unclear which (if any)
NO synthase isoforms (constitutively expressed versus inducible NOS) are affected (defected or
induced) by rhinovirus infection.

In conclusion, the airway epithelial layer as the primary target of infection appears Lo provide a
defense against rhinovirus contamination or infection, which, at the same time, may increase
airways, inflammation.

2.11 EFFECT OF RHINOVIRUS ON AIRWAY SMOOTH MUSCLE

Recent evidence suggests that in vitro incubation of airway smooth muscle with rhinovirus
results in increased constrictor responsiveness to acetylcholine and attenuated P-receptor-
mediated relaxation (208.243.244), which is associated with atienuated cAMP accumulation in
response to a f-agonist, and upregulated expression and action of Gy protein (208). These
effects are similar to the effect of passive sensitization of the smooth muscle with serum of
atopic asthmatic humans (245), and can be attributed to autocrine signaling, involving
upregulated IL-5-mediated production and release of 1L-1B (243-245). The above cffects
require at least rhinovirus binding to ITCAM-1, as the effects could be prevented by blocking
ICAM-1 (208,243,244). Moreover, ICAM-1 expression on smooth muscle increases afer
exposure to thinovirus (208). These findings point towards airway smooth muscle as a
potential player in increasing airway respensiveness and infiltration of inflammatory cells after
a rhinovirus infection. However, it is uncertain as to whether viral penetration of the
epithelium and submucosa required to reach the airway smooth muscle actually oceurs in the in
vivo situation.

2.12 MEDIATOR RELEASE AND CELLULAR INFILTRATION IN VIVO

2.12.1 Pro-inflammatory mediators

In humans, f7 vivo observations show elevated levels of various pro-inflammatory mediaters in
airways secretions during common colds, and are therefore in keeping with data from in vito
studies, These mediators include the eytokines GM-CSF, 1L-11, 1L-6, IL-1 B, IL-1RA, TNF-o, and
the chemokines IL-8 and RANTES eotaxin and MIP-1¢: in nasal secretions (172,223,229,230,246-
253) (chapter 4) and IFN-y, IL-3, IL-8 and IL-6 in sputum (35,172,254,255). In addition, a
rhinovirus cold increases the levels of major basic protein and histamine in nasal lavage
(247,253), albeit that the latter mediator was found to be elevated only in atopics (247). Moreover,
sputum levels of the eosinophil granule protein ECP rise during an RV16 cold in asthmatic
subjects (35).

2.12.2 Cellular infiltration

Fitting in with the observed release of chemoattractant mediators and increased expression of
for example ICAM-1, rhinovirus infections have been shown to lead to infiliration of
leucocytes, particularly neutrophils and mononuclear cells, into nasal secretions (248,256-
258), rather than the nasal mucosa (256.259). Both in normals and asthmatic subjects this
occurs in conjunction with an increase in the number of neutrophils in peripheral blood,
whereas the number of circulating lymphoeytes fall in the acute phase of infection
(148,163,164,260). These effects, as well as the increase in airway sensitivity to histamine in
asthmatic subjects are significantly related to the severity of the cold, as reflected by the cold

score (148,260) and increase in IL-8 in nasal lavage (148), underlining the relationship
between the severity of the cold and the pathophysiological consequences (146,148).

Studies of bronchial biopsies show an elevation of T lymphocytes numbers in the bronchial
mucosa of atopic asthmatic subjects following RV 16 infection (164), which was marginal (164) or
absent in normal subjects (36.261,262). Nonetheless, the more accumulation of CD3+ cells in the
lamina propria, the bigger the increase in the maximal bronchoconstrictive response in normals,
indicating that induction of airway inflammation may lead to abnormal airway function (261,262).
However, in the asthmatic patients the increase in epithelial CD8+ cell number was associated
with improvement of airway sensitivity to histamine after rhinovirus infection (36). Based on
these two observations one could postulate that a rhinovirus infection causes airway inflammation
that may interfere with the pre-existing airways inflammation in asthma.

With respect to eosinophils, different studies have now shown an increase of sputum ECP at 2
days after RV16 inoculation, correlating significantly with the increase in airway sensitivity to
histamine (chapter 6) (35). Next, a small increase in the numbers of activated eosinophils (EG2+
cells) in the bronchial epithelium has been observed at 4 days after RV 16 inoculation (164), and
finally, we observed a trend towards a decrease in the number of EG2+ cells in both the
epithelium and lamina propria at day 6 after inoculation (chaprer 8).

In view of the chemotactic properties of chemokines such as IL-§, RANTES and eotaxin on
(memory/Th2) T lymphocytes, eosinophils, basophils, and neutrophils one can postulate that
recruitment of T cells and migration of eosinophils towards the airway lumen is driven by such
chemokines.

2.13 RHINOVIRUS INFECTION OF THE LOWER AIRWAYS

In the nose, rhinovirus replicates in the epithelium and the lymphepithelium of the adenoid (263},
and can readily be detected by tissue culture or RT-PCR (264-269), or even in sif hybridization
(270,271). The apparent lack of sensitivity of in sity techniques may in part be explained by the
patchy distribution of the infection (272,273). Evidence of rhinovirus infection of the lungs has
been more difficult to obtain. Although rhinoviruses can occasionally be cultured from sputum
(274), tracheal brushings (167), and bronchoalveolar lavage (BAL) fluid (169,275), possible
nasopharyngeal contamination precludes definite conclusions as to virus infection of the lower
airways., The use of RT-PCR on BAL cells rather than BAL fluid increased the likelihood of
detecting lower airways infection, and has led to a detection rate of 80%, while the detection rate
i nasal lavage flid in the same subjects was 100% afier experimental RV16 infection (276).
Only recently, the application of in sifur techniques to detect the viral genome and its replicative
strand in brochial tissue specimens (277,278) has strengthened the evidence for lower airways
infection. In view of the difficulties in detecting rhinoviruses in the lungs so far, and their relative
fastidiousness for culture conditions, particularly the usually relatively low optimal culture
ternperature of 33° C (279), a high grade infection of the lower airways may not be very likely.
However. one could speculate that host factors such as increased [CAM-1 expression in the nasal
(280) and pulmonary epithelivm (206) or inclination towards a Tho-type immune response (254)
might increase the susceptibility of asthmatic and or atopic patients to symptomatic or prolonged
rhinovirus colds (147), with (more severe) lower airways infection of the upper and lower
airways, and its consequences,



2.14 SUMMARY

In summary, experimental infections induce a mild exacerbation of asthma in atopic patients
with mild persistent asthma, as indicated by increased variable airways obstruction (chapter 3)
and airways hyperresponsiveness (chapiers 4, 5), which suggests an increase of airways
inflammation. The upper airways infection of epithelial cells and lymphepithelium is followed
by a local and a systemic cellular immune response (chapter 4). In asthma, neither the infection
nor the inflammatory response to the common cold was found to be limited to the upper
airways, as enhancement of airways inflammation was observed in sputum {chapter 6) and
bronchial tissue (ehaprers 7, §). The evidence points towards inflammatory cells (eosinophils,
neutrophils, lymphoeytes), antigen presenting cells, and residential tissues such as epithelium,
airway sensory nerves chapier 3) and airway smooth muscle as players that interact in the
immune response. This response involves the release of nitric oxide and proinflammatory
mediators such as cytokines, chemokines and granule proteins, both in the upper and lower
airways (chaprer 4, 6). In addition, rhinovirus infections induce upregulation of adhesion
molecules and co-stimulatory molecules, notably on epithelium (chaprer 7). The upregulation
of ICAM-1 is of particular interest in view of its role as the major rhinovirus receptor and the
potential for augmenting infection.

An important issue that remains to be resolved is the disease-specificity of virus-associated
exacerbations in asthma with respect to both immunological/neurogenic effects and
pathophysiological effects. In other words: which host factors predispose to — or protect against
a (severe) virus-associated exacerbation of asthma? Next, more detailed insight in the
involvement of various pulmonary tissues in the infection, the subsequent immune response,
and the extra-cellular and intracellular signaling pathways might be helpful to generate
hypotheses on specific new therapeutic mterventions or tailoring existing treatment to the cause
of the exacerbation. Rhinovirus infections in asthmatic patients in the experimental setting
allow double blind placebo-controlled testing of such pharmacological interventions, thereby
providing a valuable tool to investigate the usefulness of both existing anti-asthma drugs as
well as newly developed compounds against rhinovirus infection or asthma.

3 EXPERIMENTAL RHINOVIRUS 16 INFECTION
CAUSES VARIABLE AIRWAYS OBSTRUCTION IN
ATOPIC ASTHMATIC SUBJECTS

Katrien Griinberg, Micke C. Timmers, Erik P.A. de Klerk. Elliot C. Dick, Peter J. Sterk.
Am J Respir Crit Care Med 1999:160:1375-1380.

3.1 ABSTRACT

Exacerbations of asthma are often associated with rhinovirus infections. However, it has
not been investigated whether rhinovirus infection can induce variable airways
obstruction in asthma., We examined the effect of experimental rhinovirus 16 (RV16)
infection on daily home-recordings of FEV, in 27 non-smoking atopic, mildly asthma
subjects, who participated in a parallel placebo-controlled study. The subjects recorded
FEV; 3 times daily from 4 days before- until 10 days after RV16 (n = 19} or placebo (n
= §) inoculation, using a microspirometer. In addition, symptoms of asthma and
symptoms of common cold were scored. Airway hyperresponsiveness (o histamine was
measured 3 days before -, and on days 4 and 11 after RV16/placebo administration.
Home-recordings of FEV, decreased significantly after RV16 infection, reaching a
minimum at 2 days after inoculation (ANOVA: p = 0.005), which was significantly
different from placebo (p < 0.004). In the RV16 group the lowest FEV, (expressed as %
personal best) during days 0-3 after infection (mean = SEM: 78.7 £ 2.6% vs. baseline:
85.6 £ 1.2, p = 0.008) correlated significantly with the cold score (r = -0.47, p = 0.04),
asthma score (r = -0.47, p = 0.04), and with the decrease in airway hyperresponsiveness
at day 4 as compared to baseline (r = 0.50, p = 0.03). We conclude that experimental
RV16 infection augments variable airways obstruction in asthmatics. This favors a
causative role of rhinovirus colds in asthma exacerbations, and is in keeping with
rhinovirus-induced worsening of airway inflammation.



3.2 INTRODUCTION

Asthma is a chronic airway disease, characterized by episodic exacerbations of symptoms,
often accompanied by transient airway obstruction and an increase in  airway
hyperresponsiveness to specific or non-specific stimuli (1). Prospective epidemiological studies
in children as well as adults have shown that episodic falls in peak flow are often associated
with respiratory virus infections, and rhinovirus infection in particular (77.78). This fits in with
data obtained by experimental rhinovirus infections in asthmatic subjects, demonstrating an
increase of both asthma symptoms and non-specific airway hyperresponsiveness, thercby
suggesting that rhinovirus infections can indeed induce mild exacerbations of asthma
(148,163). However, the development of variable airways obstruction has not yet been
investigated following laboratory inoculation with rhinovirus. So far, several experimental
studies have failed to demonstrate a significant increase in airways obstruction in asthmatics, as
measured by spirometry under standardized laboratory conditions (148,163,166).

It can be argued that frequent (daily) measurements of peak flow or FEV, are more sensitive
measures of variahle airways obstruction than less frequent lab recordings of lung function (1).
In asthma, such daily variability of airways obstruction is associated with the inflammatory
changes within the airway wall (281), whilst it improves in response to anti-inflammatory
trealment (282,283), There is evidence that experimental rhinovirus infections are associated
with an increase in airways inflammation (35.164,169), characterized by cellular infiltration of
the airway wall (164). Such cellular infiltration may be accompanied by release of
proinflammatory mediators, potentially promoting vasodilation and vascular leakage, and
airway wall swelling, which enhances airways obstruction (284,285). Therefore, in the present
study we hypothesized that experimental rhinovirus infection augments variable airways
obstruction in atopic. mildly asthmatic subjects.

To test this hypothesis, we examined the effect of experimental RV 16 infection on home-
recordings of FEV,, in conjunction with cold- and asthma symptom scores in a placebo-
controlled parallel study in subjects with atopic asthma. [n addition, we also measured lung
function and airway hyperresponsiveness to histamine under standardized conditions in the
lung function laboratory.

3.3 METHODS

3.3.1 Subjecits

Twenty-seven adult, non-smoking asthmatic subjects participated in the study. The patients’
characreristics have been published previously (35,148), and are summarized in table 1, The
subjects had not used inhaled or oral corticosteroids for at least 3 months preceding the study,
nor had they used any other medication other than inhaled short-acting bs-agonists on demand,
They were atopic as determined by skin prick test to 12 common aeroallergens (at least 1
positive wheal, > 3 mm), The LUMC Medical Ethics Committee gave its approval for this
study, and informed consent was obtained from all the subjects,

3.3.2 Design

The study had a parallel placebo-controlled design. Nineteen patients were inoculated with
RV16 on two consecutive days (days 0 and 1), and ¥ patients received placebo. Prior to the
study the patients were screened for in- and exclusion criteria. Home-recordings of FEV,
symptoms of common cold, and symptoms of asthma were noted by the subjects from 4 days
before inoculation until 11 days afterwards. Airway sensitivity was measured by histamine

challenge tests at 3 days before inoculation (day -3) and at days 4 and 11 after inoculation,
Nasal lavage was performed and a blood sample was taken immediately before inoculation.
Nasal washings werc repeated at days 2 and 9. and a second blood sample was taken 4 weeks
after inoculation.

Table 3.1: Subject characteristics

subject SCK age FEV* PGy antibody titer” RV culture
number (yr.) (% pred,) (mg/ml) (before/day 2R) day 2/day 9
placebo
1 M 25 76 0.28 < § =l negmeg
2 M 26 68 0.60 <l [} =l neg/meg
3 M I8 71 0.64 32 | 32 neg/neg
4 I’ 26 75 0.78 8 [ 8 neg/neg
5 M 25 73 0.80 16 / 8 neg/neg
6 M 24 80 1.37 128 / 128 negineg
7 M 24 89 1.85 1 ¢ =] neg/meg
8 M 25 87 1.93  ER - | neg/meg
meantSEM 77.4+£2.6 05704
RV16
9 F 25 7l 0.12 <]l [ 4 pos/neg
10 F 23 77 0.25 =1 [/ 4 pos/neg
L1 M 21 103 n.32 <1 |/ 4 pos/neg
12 M 18 80 0.34 <l /16 pos/pos
13 M 19 81 0.37 I/ 128 pos/pos
14 M 22 83 D.41 <l / 32 pasineg
15 M 20 87 0.71 <1 / 128 pos/pos
16 F 25 88 D.86 <1 / 1 POS/POS
17 M 26 108 0.87 <l / 4 pos/neg
18 B 21 g2 1.19 2 /) 3 neg/neg
19 M 20 101 133 16 / 236 pos/pos
20 M 21 50 1.39 <1 |/ 64 posineg
21 F 24 59 1.76 g / 512 pos/pos
22 M 22 89 2,03 4 J 312 pos/neg
23 F 23 77 2,12 =1 / 128 pos/pos
24 M 26 69 2.39 4 / 8 pos/neg
23 M 24 77 2.69 <1 [ 32 posineg
26 M 21 90 298 <1 { 32 pos/pos
27 F 22 105 4,17 <l { 16 pos/pos
meantSEM 86.442.6 0.90x0.2

A: Baseline FEV, recorded at day -3

B: Alirway hyperresponsiveness to histamine {provocative concentration of histamine causing a 20% fall
in FEV,) measured at entry of study.

C: Titer of nentralizing antibodies against RV16 measured on sereening day and at day 28 after
inoculation {1 =< 1:1).

3.3.3  RVI6 inoculation

The RV16 strain and stock were the same as used in previous experiments by others (162) and
ourselves (148,163,166). The RV16 was cultured according to standards of good laboratory
practice and the inoculum was tested to be safe for human in vivo usage (286). RV16 was
inoculated according to a previously described protocol (148,163,166). Briefly, 0.25 - 1,45 x



10" times the 50% tissue culture infective dose (TCIDj,) was administered by nasal inhalation
of nebulized virug suspension (DeVilhiss 646, DeVilbiss Co., Somerset, PA), then by spraying
the suspension into both nostrils (DeVilbiss 286, powered by a compressor), and finally by
instilling droplets of the suspension into both nostrils using a pipette. This procedure was
repeated on the next day. In 8 patients the diluent was administered in the same fashion.

One or more RVI6-positive viral cultures of nasal lavages, and/or a 4-fold or greater
increase in RVI6 specific serum neutralizing antibodies confirmed the infection (148). [n
addition, all lavages were cultured in rhesus monkey kidney cells (LLC-MK2), Hep2 cell
cultures, and HEL cell cultures at 37° C in order to exclude other intercurrent virus infections.

3.3.4 Home recording of symptoms and FEV,

Throughout the study period, from day -4 to day 11, symptoms of common cold or asthma were
evaluated with a questionnaire that was completed by the participants 3 times a day. Cold
symptoms included sore throat, headache, nasal discharge, sneezing, stulfy nose, malaise,
cough and chills or fever, which were graded from 0 (absent) to 3 (severe) and added up lo a
total symptom score for each recording time (maximum 24), The maximal score atter infection
(“cold score”) was used for correlation analysis (35,148,162,163.286). Asthma symptoms
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included breathlessness, wheeze, chest tightness, cough, and nocturnal symptoms. The
cumulative asthma score of the first 5 days after infection, corrected for the baseline symptom
score was used for correlation analysis (“asthma score™; maximum 156). In addition, the daily
consumption of albuterol (number of 200 pg doses by metered dose inhaler -MDI-) was noted
(148).

Each time after evaluation of symptoms, the patients performed 3 maximal forced
expirations on a portable spirometer (Micro Spirometer, Micro Medical Lid, Rochester,
England). in order to record FEV . The highest FEV, of 3 attempts was noted in the diary card.
For statistical analysis, occasionally missing values in the diary cards were replaced by
interpolation of the 2 adjacent data points.

3.3.5  Lab assessment of lung function, airway hyperresponsiveness

Histamine inhalation challenge tests were performed using histamine-di-phosphate in serial
doubling concentrations ranging from 0.03 to 8.0 mg/ml as described previously (35,148). The
response was measured as FEV,, by dry rolling spirometer (Morgan spiroflow, Rainham,
United Kingdom). The tests were discontinued when FEV, decreased by more than 20% from
baseline value.

3.3.6  Statistical analysis

Home recorded FEV, was expressed as % of the predicted value. In addition, the maximal
degree of worsening in each individual was expressed as the lowest FEV, (% personal best)
(287) during the period before RV16 inoculation (period 0), and during 3 periods after
inoculation: days 0-3 (period 1), days 4-7 (period 2) and days 8-10 (period 3). The response to
histamine was expressed as provocative concentration causing 20% fall in FEV, (PCy). Log-
transformed values of PCyy were used in the analysis and changes in PCy, were expressed as
doubling doses (DD).

The effects of RV 16 or placebo on symptoms, FEV, and PCy, were explored using repeated
measures analysis of variance (ANOVA) for each group separately, and for all subjects with
RV16 or placebo as between group factors, and with time as a within-group factor. This
analysis was repeated for morning, afterncon, and evening recordings separately, in order to
exclude the effect of variability during the day. In the case of significant ANOVA effects,
paired and unpaired Student’s T-tests were applied to analyze within-group and between-group
effects, respectively. Pearson’s correlation test was used for evaluation of associations between
different parameters. P values = 0.05 were considered statistically significant. The summary
statistics were expressed as mean = SEM.

3.4 RESULTS

One of the RV 16-treated subjects (4#9) dropped out of the study at day 7 due to a moderate
exacerbation of asthma that required oral prednisone treatment, to which the subject responded
well. RV 16 infection was confirmed in all RV16-treated subjects, whereas in the placebo group
all the nasal lavages remained negative for respiratory viruses, without a rise in RVI16
neutralizing antibodies (table 1).

34.1 Symptoms

Before RVI16 infection common cold symptoms were not different between the groups
(ANOVA: p=0.92), In the RV16 group symptoms of common cold started to increase from
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day 0 onwards, peaking at day 2 and returning to baseline within one week in most infected
subjects (ANOVA: p < 0.001) (figure 1A). This increase was significantly different from the
placebo group (ANOVA: p < 0.001). The asthma score was also not different between the
groups at baseline (ANOVA: p = 0.43). Asthma symptoms gradually increased from day 0
onward, peaking at days 2 and 3, and returning to baseline in most RV 6-treated subjects
within a week (ANOVA: p < 0.001) (figure | B). This increase was significantly different from
the placebe group (ANOVA: p = 0.04). Before RV16/placebo inoculation, the albuterol use
(mean £ SEM) was 0.35 £ 0.13 doses/day. The RV16 group showed a non-significant increase
in the use of albuterol (ANOVA: p = 0.13), which peaked at day 3 (figure 1C), This change was
not significantly different from placebo (ANOVA: p = 0.09). The patient who dropped out due
to an exacerbation of asthma recorded the highest albuterol use.

3.4.2  Lung function and airway hyperresponsiveness: laboratory recordings

As described previously, there were no significant changes in FEV, either within the group
(ANOVA: p = (1.13) or between the groups (ANOVA, p = 0.40) (148). In the placebo group
there were no significant changes in PCy during the study (ANOVA, p = 0.67). In the RV16
group PCyy decreased significantly at day 4 as compared to baseline (p = 0.02), but not at day
Ll {(p = 0.19). These changes were not significantly different from the changes in the placebo
group (p = 0.10) (148).
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3.4.3 Home recordings of FEV,

During the days before inoculation the home-recorded FEV; was higher in the RV16 group as
compared to the placebo group (mean £ SEM: RV16: 94.0 + 2.4 % pred. placebo: 82.4 + 2.8,
ANOVA, p = 0.009). During the study, FEV, showed variability during the day (ANOVA, p <
0.001) (figure 2). When considering morning, aflerncon and evening FEV, separately, there
was only a slight increase in afternoon FEV| in the placebo group (ANOVA. moming: p = .16,
afternoon: p = (.01, evening: p = 0.14) (figure 2). In the RV16 group FEV, decreased
significantly (ANOVA, moming: p = 0.005, afternoon: p = 0.003, evening: p = < 0.001),
reaching a minimum at day 2 after inoculation, returning to baseline value during the following
3 days (figure 2). These effects were significantly different between the groups (ANOVA,
moming: p = 0.004, afternoon: p = 0.001, evening: p = 0.001}. The lowest FEV, in period 0

was not significantly different between the groups (RV16: 85.6 + 1.2 % best, placebo: 81.5 +
1.8, p=10.07), In the RV16 group the lowest FEV, decreased in period 1 (78.7 £ 2.6 % best, p =
0.008), still tended 1o be decreased in period 2 (82.8 £ 1.6, p = 0.06), and returned to baseline in
period 3 (854 £ 1.5, p = 0.77), whereas in the placebo group the lowest FEV, did not change
significantly (ANOVA: p = 0.14) (figure 3). The change in period 1 as compared to period 0
was significantly different between the groups (p = 0.04). [n the RV16 group the maximal fall
in home-recorded FEV, (% best) in period 1, correlated significantly with the cold score (r =
-0.47, p=0.04) (figure 4A), asthma score (r = -0.47, p = 0.04), and the change in PCy, at day 4
as compared to baseline (r = 0.50, p = 0.03) (figure 4B). In the placebo-group. only the maximal
fall in home-recorded FEV; (% best) in period | and asthma score were significantly correlated
(r=-0.74, p = 0.04).
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3.5 DISCUSSION
This study demonstrates that experimental RV16 infection leads to a transient fall in daily
home recordings of FEV, in asthmatic subjects. This virus-induced decrease in FEV, appears to
be significantly related to the accompanying cold symptoms, asthma symptoms and to the
increase in airway hyperresponsiveness to histamine. These data indicate that experimental
RV16 infection leads o variable airways obstruction, suggesting that a rhinovirus-induced
exacerbation of asthma may be associated with airways inflammation and airway wall swelling.

This is the first study demonstrating worseming of airways obstruction by experimental
rhinovirus infection in asthma. This finding is in keeping with epidemiological data, showing
that the detection of rhinovirus in the nasal lavage is associated in time with a drop in peak flow
in asthmatic patients (77,78). The experimental design of the present study allows assessment
of the time course of this phenomenocn, and the relationship with symptoms and changes in
airway hyperresponsiveness. Previous cxperimental studies in asthmaties, including the present
one, have failed to demonstrate an effect of rhinovirus infection on laboratory recordings of
FEV, (148,163,164,166) This suggests that the timing or the procedure of the spirometric
measurements in the lung function lab may mask the occurrence of variable airways
obstruction, which is associated with asthma symptoms in everyday life.

The data in the present study were oblained by applying a controlled design, and carefully
validated methods for RV16 inoculation (148,163) and standardized laboratory measurement of
lung function (288) and airway hyperresponsiveness (289), We chose to study home recordings
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of FEV, rather than peak flow, since FEV; may be a slightly more sensitive and more specific
measure of airways obstruction, being less effort-dependent than peak flow (288). It can be
argued that the home recordings of FEV, may have been influenced by on-demand use of
albuterol. However, albuterol usage was generally low in these mildly asthmatic subjects, and
did not increase significantly during the study in either group. Moreover, the use of albuterol
would have led to an underestimation of airways obstruction, and can therefore not explain the
fall in FEV, together with a rise in asthma symptoms in the RV 16 group.

We observed a decrease in home-recorded FEV,, whereas such a change could not be
detected using lab-recordings of FEV,. Studies on exacerbations of asthma which were cither
virus-induced (290), or due to experimental tapering of steroid treatment (291) have shown that
home-recordings are more sensitive in picking up changes in airways obstruction than lab.-
recordings in asthmatic patients. We speculate that this is also the case in our study. In the
before mentioned studies PEFR rather than FEV, was recorded in the home setting. However,
frequent recordings of FEV, show a pattern of variable airways obstruction that is qualitatively
comparable to PEFR-recordings in asthmatic patients (292). Therelore, we consider the
recordings to be valid, thus allowing assessment of effects of RV16 infection on FEV,. The
observed findings may he attributed to factors such as frequency and timing of the
measurements (292) and volume history preceding the measurements (293).
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Figure 3.4. Correlations of cold score and the maximal fall in home-recorded FEV, (% personal
best) during the acute phase after infection (period 1), (A), and of the maximal fall in home-recorded
FEV, (% personal best) and the change in PCy; to histamine between days -3 and 4 (expressed as
doubling doses -DD-) (B} in the RY 16 group.

How can a rhinovirus cold lead to variable airways obstruction? There is evidence to suggest
that experimental rhinovirus 16 infections are accompanied by an increase in airway
inflammation (35,164,169), characterized by cellular infiltration of the airway wall, particularly
with Iymphocytes and eosinophils (164). Such inflammation appears to be accompanied by
release of proinflammatory mediators from these cells (35) and airway tissues such as the
epithelium {215,218), which subsequently may cause airway smooth muscle contraction,
vasodilation and vascular leakage, leading to edema and airway wall swelling (284). 1t is highly
likely that increased airway wall thickness, both internal and external from the airway smooth
muscle layer, augments airway narrowing during smooth muscle contraction (55,255.294), This

has been difficult to confirm in humans, since it probably occurs predominantly in the small
airways (55), where asthmatic airways inflammation has indeed been demonstrated
(26,295.296). It has been postulated that respiratory virus infections may induce small airways
nflammation (297), but this remains to be established for rhinovirus colds in humans.

Our data implicate that the use of home-recorded FEV, (even when FEV, is measured only
once daily) appears to be a sensitive parameter for early detection of virus-induced
exacerbations of asthma, thereby allowing timely adjustment of bronchodilator and/or anti-
inflammatory therapy. As part of an adequate self-management plan, this could lead to
prevention of severe airways obstruction or perhaps even the development of severe virus-
associated exacerbations in asthma,

In conclusion, this study shows that experimental rhinovirus 16 infection induces the clinical
and functional features of a mild exacerbation of asthma. This resembles exacerbations
observed after natural rhinovirus infection, thereby allowing further experimental studies on
both immunological mechanisms and therapeutic interventions, in order to optimize treatment
of virus-induced exacerbations of asthma.
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4 EFFECT OF EXPERIMENTAL RHINOVIRUS 16
COLDS ON AIRWAY HYPERRESPONSIVENESS
TO HISTAMINE AND INTERLEUKIN-8 IN NASAL
LAVAGE IN ASTHMATIC SUBJECTS IN VIVO.

Katrien Griinberg, Mieke C. Timmers, Hermelijn H. Smits, Erik PA. de Klerk, Elliot C. Dick,
Willy JM. Spaan, Pieter S. Hiemstra, Peter J. Sterk
Clin Exp dllergy 1997:27:36-45

4.1  ABSTRACT

Asthma exacerbations are closely associated with respiratory virus infections, However,
the pathophysiological consequences of such infections in asthma are largely unclear. The
objective of the present study was to examine the effect of rhinovirus 16 (RV16) infection
on airway hypersensitivity to histamine, and on interleukin-8 (IL-8) in nasal lavage.
Twenty-seven non-smoking atopic, mildly asthmatic subjects participated in a placebo-
controlled, parallel study. A dose of 0.5-29x 10* TCID<y RV16 or placebo was nasally
administered. Cold symptoms were recorded by questionnaire throughout the study.
Histamine challenges were performed at entry and on days 4 and 11 after inoculation,
Nasal lavages were obtained at entry, and on days 2 and 9. The response to histamine was
measured by PCy (changes expressed as doubling doses: DD). [L-8 levels were obtained
by ELISA, and were expressed in ng/ml. RV infection was confirmed by culture of nasal
lavage and/or by antibody titer rise in each of the RV16-treated subjects. Among the 19
RV 16-treated subjects, 8 developed severe cold symptoms. Baseline FEV did not change
significantly during the study in either treatment group (p = 0.99). However, in the RV16-
treated subjects there was a decrease in PCy at day 4, which was most pronounced in
those with a severe cold (mean change + SEM: -1.14 £ (.28 DD, p = 0.01). In addition, IL-
R levels increased in the RV16 group at days 2 and 9 (p < 0.001). The increase in nasal 1L~
8 at day 2 correlated significantly with the change in PCyy at day 4 (r = -0.48, p = 0.04).
We conclude that the severity of cold, as induced by experimental RV 16 infection, is a
determinant of the increase in airway hypersensitivity to histamine in patients with asthma.
Our results suggest that this may be mediated by an inflammatory mechanism, involving
the release of chemokines such as IL-8,
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4.2 INTRODUCTION

Asthma is a chronic discase of the airways, characterized by episodic chest tightness and
wheezing, and by airway hyperresponsiveness to non-sensilizing stimuli, as measured by the
sensitivity to inhaled histamine or methacholine (298), Airway inflammation underlies both stable
asthma and exacerbations of the disease, as appears from a predominantly eosinophilic and
mononuclear cell infiltrate in bronchial biopsy specimens (181). It is generally considered that the
exacerbations are due to exposure to respiratory virus infections and/or to aitborne allergens,
potentially leading to a flare-up of airway inflammation (181,298).

Several clinical and epidemiological studies have described a close temporal association of
respiratory virus infections with asthma exacerbations (7). Respiratory viruses can be identified in
10 to 44% of the asthma exacerbations in adults (77.144). whilst in children identification rates
vary from 26 to 83% (78,143,145,146), The use of sensitive techniques to detect rhinovirus and
coranavirus in the two most recent studies have resulted in the highest identification rates so far
(77.78). Among the various respiratory viruses identified, rhinovirus predominates in most of
these studies (77,78,146). Interestingly, rhinovirus shedding in the absence of cold symptoms does
not scem to be associated with clinical worsening of asthma (146).

The effects of experimental rhinovirus infection on airway responsiveness to inhaled histamine
are somewhat controversial. Lemanske er al. demonstrated an induction of hypersensitivity to
histamine after experimental thinovirus 16 (RV16) infection in nonasthmatic patients with atopic
thinitis (162), whereas others have not observed such an effect when using other rhinovirus
serotypes (176,178). In asthmatic subjects Halperin e al. found increased hypersensitivity to
histamine in only 4 out of 22 subjects afler experimental rhinovirus (serotype 39 and HH strain)
infection (160), whilst in the most recent study by Fraenkel ef al. a rather small, but significant
increase in sensitivity to histamine could be detected in 6 asthmatic subjects after infection with
RV16 (164). Since none of these studies was placebo-controlled, it seems mandatory to examine
the effect of experimental rhinovirus infection on airway sensitivily to histamine in asthmatic
subjects by using such a design. This has successfully been employed in our previous study,
showing excessive airway narrowing to methacholine after RV16 infection in atopic asthmatic
subjects (163).

Rhinovirus infection has been shown to lead to infiltration of inflammatory cells into nasal
seeretions and mucosa (256-258), as well as into the bronchial mucosa (164} in normal and/or
atopic subjects. /i virro, there is evidence that bronchial epithelial cell lines, fibroblasts and
mononuclear cells produce pro-inflammatory cytokines in response to infection with rhinovirus
(182,215,299). In vivo, the levels of chemokines such as interleukin-8, RANTES and MIP-1e
were found to be elevated in nasal secretions of asthmatic children during naturally acquired colds
(251,253). Consequently, one can postulate that chemokines such as IL-§ drive recruitment of
inflammatory cells (300). thus promoting airway inflammation, and thereby airway sensitivity to
histamine.

In the present study, we hypothesized that experimental RV16 colds in alopic asthmatic
patients increase airway sensitivity to histamine, particularly in those with severe cold symptoms.
In addition. we postulated that this effect is associated with a rise of TL-8 in nasal secretion. To
that end, we measured dose-response curves to inhaled histamine and levels of [L-8 in nasal
washings before and afier placebo-controlled nasal inhalation of wild type RV16 in atopic, mildly
asthmatic patients.

4.3 MATERIALS AND METHODS

4.3.1  Subjects

Twenty-seven non-smoking, atopic asthmatic subjects participated in this study. The subjects
had not used inhaled or oral corticosteroids for at least 3 months, nor had they used
theophyllines, antihistamines, sodium cromoglycate, or nedocromyl sodium for at least 6 wecks
preceding the study. Symptoms of asthma were stable and controlled by on demand usage of
inhaled salbutamol alone, which was withheld for at least § hours before the measurements.
There was no history of relevant exposure to allergens from 2 weeks before until the end of the
study, The patients were not selected on basis of a history of virus-induced exacerbations.
Among the eight subjects who received placebo-inoculation, four did not have neutralizing
antibodies in their undiluted sera against 20-25 tissue culture infective dose (£ 1:1), and four
had titers between 1:2 and 1:128 serum dilution. Fourteen out of the nineteen subjects who
received virus did not have neutralizing antibodies. and five had titers in the range of 1:2 to
L:16 serum dilution. The study was conducted [rom July to December 1994, The Hospital’s
Medical Ethics Committee approved the study, and informed consent was obtained from all
participants. The subjects’ characteristics are listed in table 1.

4.3.2 Design

The study had a double-blind, placebo-controlled parallel design. Prior to the study, each
subject was screened for inclusion and exclusion criteria. Three days before the experimental
inoculation of virus or placebo, a histamine inhalation test was carried out. Subsequently, virus
or placebo (diluent) was administered on two successive days. Histamine challenges were
repeated at days 4 and 11 after the first inoculation of virus or placebo. Nasal washing was
performed and a blood sample was taken immediately before the first inoculation of virus or
placebo, and then at days 2 and 9. Four weeks after inoculation all subjects returned to the
laboratory for a final nasal washing and a blood sample to determine the convalescent antibody
titer,

4.3.3  RVI16 inoculation

The RV16 virus strain and stock was the same as used in previous experiments in humans in
viva by others (162) and by ourselves (163). The virus was cultured according to standards of
good laboratory practice and the inoculum was tested to be safe for human in vivo usage (286).
Nasal incculation of the rhinovirus was performed following a previously described method
(162), that was slightly modified by adding nasal virus inhalation (163). A total dose of 0.5 -
2.9 x 10* TCIDy, diluted in 3 ml Hanks' balanced salt solution (HBSS) with 0.5 % (wiv) gelatin
was administered to each subject. This dose was divided over two days. On each day the same
procedure for virus inoculation was followed. First, (0.5 ml of the inoculum was inhaled through
the nose by using a nebulizer (DeVilbiss 646; median mass acrosol diameter (MMAD) 2.4 pm)
connected to a face mask. Second, 0.5 ml was sprayed by atomizer (DeVilbiss 286, powered by
a compressor, MMAD: =10 pum) into the nostrils, And finally, 0.5 ml was instilled into the
nosirils by pipette.

4.3.4  Laboratory confirmation of infection

We considered a fourfold or greater increase in virus-specilic neutralizing antibody in the
serum and/or recovery of the virus from nasal washes as confirmation of RV16 infection
(162,163). Before and 28 days after virus or placebo inaculation, levels of neutralizing



antibodies were determined by a neutralization assay using homologous virus (162,163). Nasal
lavages were obtained before the first virus or placebo administration, and subsequently on
days 2, 9 and 28. Human embryonic lung fibroblast (HEL) cultures were inoculated with these
lavages and incubated at 32° C for 14 days. If the culture showed the characteristic rhinovirus-
induced cytopathic effects, RV 16 was identified by a neutralization assay, using RV16 specific
guinea pig immune serum (1126AS/GP-VR; Ametican Type Culture Collection, Rockville,
MD). All nasal washes were also inoculated into thesus monkey kidney (LLC-MK2) cells,
HEp-2 cell cultures and HEL cells, and cultured at 37° C, in order to exclude any intercurrent
respiratory virus infection.

Table 4.1: Characteristics of study subjects

subject  sex  age FEV, PC,FEV,®  cold asthma titer® culture [,  allergy*
(M/FY  (yr) (%o pred.) (mg/ml) sCOTe  Seore pre/post days 2/ 9

placebo
| M s 76 0.28 1 0 =]f <] negneg - H
2 M 26 a8 .60 4 2 =<1/ =1 negmeg Py H,C
3 Y | 18 71 .64 2 1 32/ 32 neg/neg [ H.C
4 F 26 75 0.78 2 0 R/ 8 negmeg  f, H.CP
5 M x5 73 0.80 I ] 16/ 8 negimeg o H.€
6 M 24 80 1.37 2 2 128/ 128 negmeg - H,CP
7 M 24 B9 1.85 L1 5 <lf <l negineg - C
8 M 25 87 1.93 4 0 I/ <l negimeg P T,C,P

77.412.6 L8704

RVI16
9 F 25 71 0.12 15 32 <1/ 4 posimeg B,  H,P
1 F 23 77 0.25 10 3 <1/ 4 posmeg B, H,P
11 M 21 103 032 4 0 <]/ 4 pos/neg - H,
12 M 18 RO 0.34 o 6 <1/ 16 pas/pos i, H.C
13 M 19 81 0.37 5 -1i L/ 128 posipos - 1
14 M 22 85 0.41 0 0 <1/ 32 posmeg B, H,C,P
15 M 20 87 071 16 23 </ 128 pos/pos [ H, P
16 E 25 Y 0.86 11 23 =1/ =1 pasfpos - H,C.P
17 M 26 108 0.87 2 2 <1/ 4 posmeg s H
18 Fo2 o2 1.19 2 23 232 negineg B, %
19 M 20 101 1:33 12 15 16/ 256 posfpos i, H.C,P
20 M 2] RO 1.39 16 28 =|/ 64 pos/meg - H,C,P
21 I 24 89 1.76 22 49 B 512 posipos - H,C.FP
22 M 22 59 2,03 6 8 4512 poymeg P. H,C
23 i 3 77 212 14 29 =1/ 128 POS/Pos - H,EF
24 M 26 69 239 6 4 48 posineg B H.€
25 M 24 77 269 5 2 <1/ 32 posineg B, H,C,P
26 M 21 a0 298 3 0 =<1/ 32 posipos - C
27 F 22 105 4.17 a 0 <l/ 16 posipos - H.C

86.442.6 0.96+).2

*  Airway hyperresponsiveness to histamine (provocative concentration of histamine causing a 20% fall

in FEV,) measured at entry of study. # Titer of neutralizing antibodies against RV16 (serum dilution)
measured on screening day and at day 28 after inoculation. *  Allergy C = cat, H = house dust mite, P =
pollen (grasses and/or trees), determined by skin prick test (Vivodiagnost, ALK, Benelux)

4.3.5  Diary cards
Throughout the study period, symptoms of common cold and asthma were evaluated with a
guestionnaire that was completed by the participants three times daily. Cold symptoms included
sneezing, sore throat, nasal discharge, stuffy nose, headache, cough, malaise, chills, or fever,
which were graded: 0 = absent, 1 = mild, 2 = moderate, 3 = severe and added up to a total cold
symplom score. In subjects m whom infection was confirmed, those who recorded a total cold
symptom score = 11 at any time-point afier inoculation were defined as having a severe cold,
whereas subjects with scores < 11 were considered having a mild cold (162,163.286).

In the same manner, asthma symptoms including cough, breathlessness. wheere, chest
tighiness, and nocturnal symptoms were recorded (163). The daily consumption of inhaled
salbutamol as rescue medication was also noted.

4.3.6  Histamine chailenge

Standardized histamine challenge tests (289) were performed using histamine-di-phosphate in
phosphate buffered saline. Histamine was stored at 4° C, and nebulized at room temperature in
serial doubling concentrations ranging from 0.03 to 8 mg/ml. A DeVilbiss 646 nebulizer
(DeVilbiss Co., Somerset, PA}output 0.13 ml/min.) was used, in connection to the central
chamber of an in- and expiratory valve box with an expiratory aerosol filter (Pall Ultipor
BB30T). The acrosol was inhaled by tidal breathing for 2 min at 5 min intervals with the nose
clipped. The lung function response was measured as FEV), obtained by a dry rolling
spirometer (Morgan spiroflow, Rainham, United Kingdom). First, baseline FEV, was
determined as the mean of three reproducible values (within 5 %). Subsequently, single
measurements of FEV, were made 90 seconds after cach histamine dose. The tests were
discontinued if FEV, decreased by more than 20% from baseline. Afterwards the subjects
inhaled 200 pg salbutamol to provide immediate bronchodilation,

Figure 4.1. Change in
baseline FEV, as compared
to the walue at entry,
expressed in percentage fall
m FEV, from individual
mean baseline value (100%)
m the placeboe  group
{squares), the mild cold
group (triangles) and the
severe cold group (circles),
There was no significant
etfect on FEV, during the a0 ' : ; i ;
study  in any  group -4 2 3 4 a 10 11
IMANOVA: p=10.99),

% fall in FEV1

92+

study day

4.3.7  Nasal lavage

A modified “nasal pool device” (301) was used for nasal lavage. This consists of a syringe,
connected to a rubber tube. equipped with an inflatable balloon, serving as « nasal adapter, The
balloon was inserted into the vestibulim nasi, and gently inflated. While the patient was sitting
in writing position, 10 ml of pre-warmed Hanks® balanced salt solution (HBSS) (one nostril
with and the other without (.5 % gelatin) was instilled by gently compressing the syringe. After



5 min the fluid was recovered by retracting the syringe. This procedure was carried out in each
nostril. The lavage recovered from the first (with 0.5% gelatin) and second nostril (without
selatin) was used for confirmation of RV infection and to determine the IL-8 level,
respectively.

4.3.8  1L-8 in nasal washing

Immediately after recovery, nasal washings were centrifuged at 250 x g for 10 min. Supernatant
was removed and stored at -70° C until further analysis. The IL-8 levels were determined by
ELISA (CLE, Amsterdam, The Netherlands), according to the manufacturer’s directions. The
detection limit of this assay was 40 pg/ml,

4.3.9  Leunkocyte counts in peripheral blood

Before, and on days 2 and 9 after placebo or virus administration, absolute and differential
leukoeyte counts were assessed by automated blood count analysis (Technicon H1, Technicon,
Tarrytown, NY .

4.3.10 Statistical analysis
The highest individual total cold symptom score (referred to as cold score), and the cumulative
asthma score recorded from day 0 to 5 after inoculation minus the cumulative scores from 4 to
1 day before inoculation (referred to as asthma score) were used for correlation testing (163},
The respanse of FEV| to histamine was expressed as percentage fall from baseline value (289),
and was plotted against log nebulized concentration of histamine in mg/ml. The concentration-
response curves were characterized by their position, expressed as the provocative
congentration causing 20% fall in FEV, from baseline value (PC,), which was calculated by
log-linear interpolation between the last two adjacent data-points (289). The logarithm of PCy
was used in the analysis, and changes in PCy were expressed in doubling doses (DD). 1L-8
levels were expressed in ng/ml, peripheral blood leukocyte numbers were expressed in cells/L.
Changes in the variables were analyzed by repeated-measure analysis of variance
(MANOVA), with placebo, RV 16 treatment or severe cold and mild cold as a between-group
factors and time as a within-group factor. Significant MANOWVA effects were explored with
Student r-tests. Differences in PCay, 1L-8 levels and leukocyte numbers within the groups
between the study days were examined using two-tailed paired #-tests, and differences between
the groups were analyzed using unpaired f-tests. The summary statistics were expressed as
means £ SEM. For evaluation of associations between the variables, the Pearson’s correlation
test was used. P values less than 0.05 were considered statistically significant.

44 RESULTS

One of the RV16-treated subjects (subject 9) dropped out of the study at 7 days after the firsl
inoculation because of & moderate cxacerbation of asthma, requiring treatment with oral
prednisone, to which she responded well. One nasal washing sample was excluded from the
analysis (subject 7, day 9), because of a recent bleeding nose.

4.4.1  Confirmation of infection

In the placebo group all cultures of nasal washes remained negative for RV 16 during each visit,
Tn the virus-treated group RV16 could not be detected in the nasal lavage before inoculation,
whilst at day 2 RV was detected in the nasal lavage of all but one subject (subject 18). Al day 9,
RVI16 was identified in 10 out of 19 subjects, whereas at day 28 all nasal washings were
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negative. No other respiratory viruses were identified in any of the nasal washings (table 1).

In the placebo group none of the subjects showed an increase in RV16 neutralizing
antibodies. In the RV16 group all subjects but two (subjects 16 and 24) showed at least a
fourfold increase in neutralizing antibodies in the convalescent sera (range: 4-fold to 128-fold
increase) (table 1).

4.4.2 Cold - and asthma scores

In the placebo group, there was no significant change in cold score or asthma score
(MANOVA, p = 0.52). In the RV16 group, there was a significanl increase in cold score
(MANOVA, p < 0.001). that peaked 1 day after the first inoculation, gradually returning to
baseline within 5 days. The highest cold scores were significantly different between the groups
(p = 0.001). Eight of the RVI16-infected subjects had a severe cold as shown by a symptom
score = 11 (table 1),

In the RVl6-treated subjects there was a significant increase in asthma symptoms
(MANOVA, p < 0.001) that peaked on the second and third day after the first inoculation, and
returned to baseline within 5 days. The asthma score in the subjects with a severe cold was
significantly higher as compared to the asthma score in those with a mild cold and the placebo-
treated subjects (p < 0.001) (table 1). Cold score and asthma score were significantly correlated
in the RV16 group (r = 0.92, p < 0.001}. The use of salbutamol did not change significantly
within the groups at any time point (MANOVA, p =1.00).

Figure 4.2. Change in
sensitivity  to  inhaled
histamine (PC,,FEV,) as
0o+ compared to the value at
entry, expressed in
doubling  doses (DD,
geometric mean + SEM)
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(circles). In the severs
oa cold group the changes
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from placebo at day 4 (p=
study day 0.01), but not at day 11 (p
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4.4.3  Baseline lung function

Before RV16 or placebo inoculation, FEV % predicted was slightly higher in the RV16 group
as compared to the placebo group (p = 0.04) (table 1). During the course of the study, there
were no significant effects on baseline FEV, within either the placebo group or in the RV16-
treated subjects with a mild or severe cold (MANOVA, p = 0.99) (figure 1). The maximal
change in FEV, after infection did not correlate significantly with the asthma score (p = 0.9%).
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4.4.4  Sensitivity to histamine

Belore inoculation of RV 16 or placebo, the mean PCyFEV, was not different between the 2
treatment groups (p = 0.93). In the placebo group, there was no significant change in PCsy
during the study (MANOVA, p = 0.67) (figure 2). In the RV16 group, there was a significant
decrease in PCy; at day 4 (mean difference £ SEM: -0.65 + 0.25 DD, p = 0.02), which was no
longer significant at day 11 (mean difference + SEM: (.40 + 0.30 DD, p = 0.19). These
changes were not significantly different from placebo (p = 0.10 and p = 0.27, respectively).
However, in the subjects with a severe cold, this decrease was more pronounced: mean
difference & SEM: 1,14 £ 0.28 DD, p = 0.005 at day 4, with a trend towards a decrease at day
11 (mean difference £ SEM: -0.75 £ 0.34 DD, p = 0.07) (figure 2). This change was
significantly different from placebo at day four, but not at day 11 (p = 0.01 and p = 0.09,
respectively). In the mild cold group there was neither a change in PCy at day 4 (mean
difference + SEM: -0.30 + 0.35 DD, p = 0,42}, nor al day 11 (mean difference + SEM: -0.18 +
0.44 DD, p = 0.68) (figure 2).

The changes in PCyq in the 5 subjects with pre-existing neutralizing antibodies against RV 16
were not statistically different from the changes in those without such antibodies (MANOVA, p
=().33) (day 4: mean change £ SEM: -0.53 £ 0.46 DD, p = 0.31, and -0.69 £ 0.31 DD, p = 0.04,
respectively, Day 11: -1.10£0.28 DD, p = 0.02, and -0.13 £ 0.38 DD, p = 0.73, respectively).
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1.8 X the severe cold group
(circles). In the severe cold
group, the changes in the
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4.4.5 [IL-8 in nasal washing

IL-8 in the nasal washings did not change significantly in the placebo group (MANOVA, p =
0.06) (figure 3). In the RV16 group, IL-8 increased both at days 2 and 9 (p < 0.001) as
compared to day -5, In subjects with a severe cold this increase was significant at both time-
points (within group, p < 0.04), and also as compared to placeba (p < 0.03). In those with a
mild cold the increase in 1L-8 was only significant at day 9, both within the group (p = 0.008)
and as compared to placebo (p < 0.01) (figure 3). The increase in IL-8 al day 2 in the RV16
group correlated significantly with the cold score (r = 0.80, p < 0.001), asthma score (r = 0.68,
p=0.001), and with the change in PCy; at day 4 (r=-0.48, p =0.04) (figure 4A, 4B).

4.4.6  Leukocyte counts in peripheral blood

In the RV16 treated subjects differential leukocyte counts showed a significant rise in lhe
nurmber of neutrophils (p < 0.001} and a concomitant decrease in lymphoeyte number at day 2
afler inoculation (p < 0.001) {figure 5). Only in subjects with a severe cold the cell numbers at
day 2 were significantly different from placebo { p < 0.01). Neutrophil and lymphocyte
numbers had returned to baseline at day 9 (p > 0.17),

The number of neutrophils at day 2 correlated significanily with cold score (r = 0.59, p =
0.008), asthma score (r = 0.65, p = 0.002), the change in PCy at day 4 (r = -0.49, p = 0.03),
whilst there was a trend towards a significant correlation with the change in [L-8 levels at day 2
{r=10.39. p = 0.10) (figure AC). Furthermore, the number of lymphocytes at day 2 was also
significantly related to the cold scores (1 = -0.69, p = 0.001), asthma score (r = -0.62, p = 0.004)
and the change in 1L-8 at day 2 (r = -0.73, p < 0.001) (figure 4D). with a trend towards a
carrelation with the change in PCy at day 4 (r = 0,42, p=0.07).
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Figure 4.3. Relationship (Pearson’s correlation coefficient, r) between the changes in IL-8 levels in
nasal washing at day 2 as compared to the values at entry, and cold score (A), changes in PCyy at day 4 as
compared to the values at entry (B), and the number of neutrophils (C) and lymphoeytes (D) in peripheral
blood at day 2.

4.5 DISCUSSION

This study shows that experimental rhinovirus 16 infection in atopic asthmatic subjects induces
airway hypersensitivity to histamine, particularly in those patients who develop a severe cold.
[n addition, we have demonstrated that the levels of the pro-inflammatory chemokine 1L-8 in
nasal secretions rise after infection. This rise is associated with cold score, change in airway
hyperresponsiveness, and numbers of neutrophils and lymphocytes in peripheral blood after



infection. These findings suggest that the severity of the cold is a major determinant of
rhinovirus-induced airway hyperresponsiveness in asthma. Our results fit in with the hypothesis
that this is mediated through an inflammatory mechanism involving locally produced
chemokines.

This is the first placcho-controlled study showing the development of airway
hypersensitivity to histamine after experimental infection with wild type rhinovirus, The change
in airway hypersensitivity in the asthmatic subjects with severe colds was about 1 doubling
dose, which is similar to what is usually observed alter allergen challenge (302). Rhinovirus-
induced hypersensitivity of such magnitude has also been demonstrated in patients with atopic
rhinitis by Lemanske ef al. (162). However, in the latter subjects the histamine hypersensitivity
lasted up to 4 weeks after infection, whereas in our study the effect was no longer significant at
day 1. One could speculate that the prolonged effect in atopic rhinitis might have been due to
the additional allergen challenges during that study. Two previous studies on experimental
rhinovirus infection in asthma (160,178) showed small and variable changes in airway
hypersensitivity. Our findings suggest that this might be explained by the severity of the colds
that were induced. After taking this into account, it appears that experimental rhinovirus
infection in asthma does lead to substantial worsening of PCy to histamine, Interestingly, this
also occurred in the small number of subjects who had pre-existing RV 16 neutralizing, but
possibly cross-reactive circulating antibodies. The latter may not be surprising, since atopic
subjects with low titers of neutralizing antibodies, as opposed to normal subjects with such
titers, have been shown to develop severe cold symptoms afier experimental RV 16 inoculation
(161).
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The design of the present study allowed us to differentiate the respenses to rhinovirus
inoculation from normal fluctuations in symptoms and airway physiology that are characteristic
to asthma. The study was performed in the months July to December, but no attempt was made
to exclude coinciding allergen exposure (pollen, house dust mite), since this would have been
hard to accomplish. However, the present circumstances can be considered as those
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encountered during naturally occurring infections. Despite the fact that the subjects were
clinically stable as assessed by history, and by symptom control with p.r.n. P2 adrenergic
medication alone, a moderate exacerbation of asthma developed in the subject who had the
lowest PCyy at entry into the study. This underlines the potential of exacerbations after
rhinovirus infection in patients with asthma (7,78,149), despite the usually small accompanying
changes in lung function (160,163,164).

In this study, we applied validated procedures for inoculation and measuring the responses
to rhinovirus infection. First, by using a combination of three methods of virus administration,
including nasal inhalation, the natural ways of transmission were mimicked (80). In this way.
the virug may even have reached the intrapulmonary airways (303). Second, commonly used
and well standardized methods for long function testing and histamine challenges were used
(289). And third, we applied a validated method for nasal lavage (301), which allowed IL-8 to
diffuse into the lavage fluid during a 5 min exposure period of the nasal epithelium, resulting in
IL-8 levels well above the detection limit of the IL-8 ELISA.

How can the present results be interpreted? The increase in airway hypersensitivity, in the
absence of a significant decrease in lung function, during the acute phase of infection might be
explained by physiological phenomena such as airway wall swelling, potentiating the airway
narrowing effect of smooth muscle shartening (297). Such an explanation would be in keeping
with the observations by Cheung ef a/. (163), who showed that experimental RV16 infection
leads to excessive airway narrowing in response to inhaled methacholine in subjects with
asthma. Airway wall swelling in asthma is generally considered to be a consequence of
inflammation (181). Indeed, Fraenkel er «l. (164) recently described the infiltration of
inflammatory cells, particularly lymphocytes and eosinophils into the bronchial mucosa in
patients with asthma after experimental RV16 infection. The presenily observed correlation
between the numbers of neutrophils and lymphocytes in peripheral blood after infection and the
change in airway hypersensitivity indirectly supports an active role of these cells in the virus-
induced airway inflammation.

We found a marked rise in IL-8 in nasal secretions afler RV 16 mfection. In general, this
confirms the ability of rhinovirus to increase the release of a number of pro-inflammatory
mediators and/or cytokines within the airways, such as e.g. kinins (246,258) and interleukin-1
(248) in nasal secretions, and histamine in broncho-alveolar lavage fluid (169), The present
results obtained by experimental rhinovirus infection are in keeping with the preliminary data
of Teran ef al. (251), who showed that levels of IL-% in nasal sccretions were elevated in nasal
secretions during a natural acquired cold in children with asthma. Our results extend these
previous observations by showing an association between the increase in IL-8 in nasal washings
and cold- or asthma symptoms, as well as the degree of worsening of airway
hyperresponsiveness. [L-8 is a CXC-chemokine, produced by tissue cells (epithelial cells,
fibroblast and endothelial cells), leukocytes, macrophages and mast cells (300,304). IL-8
displays various activities, such as chemotactic activity for neutrophils, lymphocytes and
basophils (305). In addition, 1L-8 may be involved in the recruitment of primed eosinophils,
implicating its involvement in allergic inflammation (306). Since rhinevirus in vifro induces the
production of TL-8 in epithelium, fibroblasts and peripheral blood mononuclear cells
(215,223,299), our findings support the hypothesis that the release of mediators such as the
chemokine IL-8 can drive the airway inflammation, and thereby the hypersensitivity to
histamine after rhinovirus infection in allergic asthma.

What are the clinical implications of this study? First, a common cold aggravates airway
hypersensitivity in patients with asthma, fitting in with the close epidemiological association
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between rhinovirus infections and exacerbations of asthma {77,78). And second, it appears that
ato]:;ic asthimatic patienis with low titers of neutralizing antibodies may not be fully protected
against experimental RVIG6 infection, and its detrimental effects on their asthma. This
observation in a small number of subjects in the present study first needs confirmation in larger
series of experimental or naturally occurring rhinovirus infections in patients with allergic
asthma.

In conclusion, experimental RV16 infection can be employed as a useful laboratory model
for the development of airway hypersensitivity during an asthma exacerbation. One of the
potential mechanisms for this might be the rhinovirus-induced release of pro-inflammatory
chemokines. This hypothesis needs further testing in models of thinovirus infection i1 visro an;i

in vivo. focusing on the pathological mechanisms in the intrapulmenary airways in patients with
asthma.
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5 EFFECTS OF EXPERIMENTAL RHINOVIRUS 16
(RV16) INFECTION ON AIRWAY HYPER-
RESPONSIVENESS TO BRADYKININ IN
ASTHMATIC SUBJECTS IN VIVO.

Katrien Griinberg, Eugenie A.P. Kuijpers, Erik P.A. de Klerk, Heidi W.F.M, de Gouw. Aloys
C.M. Kroes, Elliot C. Dick, Peter J. Sterk.
Am J Respir Crit Care Med 1997,155:833-838.

5.1 ABSTRACT

Disturbance of the balance between excitatory and inhibitory activity of the airway
sensory nerves has been implicated in asthma pathogenesis, particularly during
exacerbations of the discase. The objective of this study was to examine the effect of
experimental rhinovirus 16 (RV16) infection on airway responsiveness to bradykinin, a
potent scnsory nerve stimulus, in asthma. Thirteen atopic, mildly asthmatic subjects
participated in a parallel, placebo-controlled study. A total dose of 2.6 - 5.6 x 10*
TCIDsg RV16 (n= 7) or its diluent (n = 6) was inoculated on 2 consecutive days (days
0, 1). Histamine and bradykinin challenges were performed before (days -7, -6) and after
inoculation (days 3, 4). The response was measured by FEV, and partial flow-volume
curves, and was expressed as PCyFEV, and PCyVaop, respectively (changes expressed
in doubling dose: DD). Before inoculation, PC3FEV| and PCyqVag, to histamine were
not significantly different between the groups (p 2 0.22), while PCyFEV, and PCaoVany
to bradykinin tended to be higher in the RV16 group (p = (.11 and p = 0.06,
respectively). PCxpFEV| and PCyyVyy, to histamine decreased significantly in the RV16
group (mean change £ SEM: -0.65 £ 0.20 DD, p=0.02 and -0.98 £ 0.28 DD, p = 0.01,
respectively). but not in the placebo group (p = 0.26). PCyyVay, to bradykinin increased
significantly in the placebo group (+2.46 £ 0.92 DD, p = 0.04), with a similar trend for
PCxFEV, (+1.50 £ 0.62 DD, p = 0.06), whilst there were no significant changes in the
RV16 group (p = 0.77). These changes in PCyyVag, to histamine and bradykinin were
significantly different between the groups (p = 0.02). We conclude that repeated
bradykinin challenge over a 10 days interval induces tachyphylaxis in asthmatic subjects
in vivo, and that experimental RV16 infection abolishes such tachyphylaxis to
bradykinin, while it enhances airway responsiveness to histamine. These results do not
favor a predominant role of airway sensory nerves in rhinovirus-induced exacerbations
of asthma.
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5.2 INTRODUCTION

Asthma is a chronic inflammatory disease of the airways characterized by episodic worsening
of symptoms such as chest tightness, dyspnea and cough, accompanied by variable airways
obstruction (1}, In prospective epidemiological studies, it appears that exacerbations of asthma
are closely associated in time with respiratory virus infections (78). A respiratory virus can be
found in 44 to 83 % of all asthma exacerbations, and about half of these viruses can be
identified as rhinovirus (78),

Experimental studies have shown that rhinovirus 16 (RV16) colds induce airway
hyperresponsiveness to inhaled histamine and methacholine, and an increase in maximal
bronchoconstrictive response to methacholine in subjects with atopic rhinitis (162) or asthma
(148.163,164). One could postulate a virus-induced increase in airway wall inflammation (297).
[ndeed. infiltration of lymphocytes and cosinophils into the mucosa has been described in
bronchial biopsies after experimental RV16 infection in six atopic asthmatic subjects (164).
This finding is in keeping with the hypothesis that inflammatory changes are involved in
rhinovirus-induced exacerbations of asthma, even though the involvement of cholinergic
mechanisms within the airways cannot be cxcluded (43).

It has been postulated that non-adrenergic non-cholinergic (NANC) sensory nerves can drive
airway inflammation in asthma, particularly during exacerbations of the disease (307).
Triggering of such unmyelinated sensory nerve endings (C-fibers) in the airway mucosa by
endogenous or inhaled substances may cause an axon reflex, leading to the release of
neuropeptides (e.g. substance P and neurokinin A), and/or a bronchoconstrictive cholinergic
reflex (42). Neuropeptides potentially contribute to airway smooth muscle contraction,
microvascular leakage, mucus hypersecretion, tracheo-bronchial vasodilatation and recruitment
and activation of inflammatory cells, which might contribute to worsening of non-specific
bronchial hyperresponsiveness in asthma (42). In asthma, inhalation of bradykinin, one of the
most potent stimuli of airway sensory nerves (308), closely mimics the symptoms of the discase
such as airway narrowing, cough, and chest tightness, whereas normal subjects do not respond
(309). Moreover, levels of bradykinin in bronchoalveolar lavage fluid in asthmatic subjects
have been found to be elevated as compared to normals (310).

From animal studies there is evidence that mechanisms opposing the sensory nerve-
mediated bronchoconstriction, such as the production of nitric oxide (NO) by NO-synthase or
degradation of neuropeptides and bradykinin by neutral endopeptidase (NEP) may become
dysfunctional after parainfluenza-3 infection (242.311). Interestingly, in normal humans the
level of bradykinin in nasal lavages has been shown to increase during rhinovirus colds (258).
In addition, C-fiber nerve endings may become more exposed to inhaled stimuli secondary to
epithelial shedding, as has been cbserved in the nose during rhinovirus infections in normals
(225). One could postulate that rhinovirus infection induces comparable effects in the lower
airways, thereby promoting the airway hyperresponsiveness to bradykinin in asthma.

In the present study, we hypothesized that RV16 infection increases airway
hyperresponsiveness to bradykinin in asthmatic patients. To that end, we performed bradykinin
inhalation challenges before, and four days after placebo-controlled experimental RV16
infection in atopic subjects with mild asthma & vivo,
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5.3 METHODS

5.3.1  Subjects

Fourteen nonsmoking adults with atopic, mild persistent asthma (1) (mean age, 22.6 yr.; range
20 to 26 yr.) participated in this study. Their asthma was characterized by episodic symptoms of
chest tightness and wheezing, with FEV, 2 70 % predicted and PC,FEV, to histamine < 4
mg/ml (289). Atopy was defined by one or more positive skin prick tests (wheal >3 mm) to 12
common allergens. The subjects had not used oral or inhaled corticosteroids for at least 3
months before entry into the study, and they had not suffered from common cold symptoms
during the 4 weeks preceding the study. Symptoms of asthma had been slable during that
period, and were controlled by on demand usage of inhaled salbutamol alone, which was
withheld for at least 8 hours before each study visit. The subjects did not use any other
medication. Before entry into the study, none of the 7 subjects who received RVI16 had
circulating neutralizing antibodies against RV16 (titer < 1:2 against 20-25 x 50% tissue culture
infective dose -TCIDsy-). The study was conducted from September to November 1995. The
protocel was approved by the Hospital’s Medical Ethics Committee, and informed consent was
obtained from all participants. Patients’ characteristics are summarized in table 1.

Table 5.1: Patients’ characteristics

subjects sex age FEV, PCyo H* culture titer cold allergy
(yr)  (Mpred.) (mg/ml} days 2&10 pre-post score
placebo
1 m 22 102.8 0.27 negineg 4-4 1 H.P
2 f 24 86.9 0.31 neg/neg 32-16 4 B,C
3 i 21 90,7 0.41 neg/neg 16-16 3 H.C
4 t 23 86.4 0.28 neg/neg 256-256 4 H.C
5 m 21 §7.4 0.74 neg/neg 8-4 2 H, P
& f 20 90.9 1.30 neg/RV 4-8 ] H; P, €
meantSEM 90.842.5  0.5240.35° 23%15
RV16
7 m 26 715 0.15 RV16/meg 1-16 9 H
B f 22 8535 0.22 RV16meg 1-4 1 H. B, C
g m 20 932 0.62 RV16Mmeg 2-16 8 H
10 m 25 70.0 0.80 RV16/neg 1-8 14 H
11 m 20 91.5 1.08 RV16/RV16  1-128 8 P.C
12 m 25 958 2.98 RVI16/RVI16 1-2 4 C
13 i 24 89.2 4.00 negmeg 2-32 12 HP,C
meantSEn 86,1435 0.R0H0.66 8.0+ 1.7

M: male, F: female, Allergy: positive skin prick test (Vivodiagnost, ALK, Benelux). H: house dust mite,
C: cal. P; grass pollen, #: PC5FEV, to histamine before inoculation of RV16 or placebo. Titer: serum
dilution in RV16 neutralization assay pre- and post RV16 or placebo inoculation. i geometric mean £
SEM (doubling dose).

5.3.2 Design

The study had a placebo-controlled, parallel design. Fach subject was screened for inclusion
and exclusion criteria, including a bradykinin challenge at least 10 days before entering the
study (mean: 20.9 days, range: 10 - 40 days). On the first 2 study visits a histamine challenge
(day -7) and a bradykinin challenge (day -6) were performed. Subsequently, RV16 (n = 7) or
diluent (n = 6) was administered on two successive days (days 0 and 1). Histamine challenge
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and bradykinin challenge was repeated at 3 and 4 days after the first inoculation, respectively.
Nasal lavages for viral culture were taken immediately before the first inoculation, and 2 and 10
days later. A blood sample was drawn at the first study visit and 3 weeks after inoculation. to
determine the RV 16 neutralizing antibody titer in serum. Bronchial challenges were performed
at the same time of the day (+ | h) in each subject.

5.3.3  RVI6 inoculation

The RV 16 strain and stock was the same as used in previous experiments in humans in vivo by
others (162) and by ourselves (148,163). The virus was cultured according to standards of good
laboratory practice and the inoculum was tested 1o be safe for human i vivo usage (286). Nasal
inoculation was performed according o a previously described protocol (148,163). Briefly, a
dose of 1.3 - 2.8 x10" TCIDy, diluted in 1.5 ml Hanks® balanced salt solution with 0.5% gelatin
(w/v) was nasally administered to 7 subjects by inhalation of 0.5 ml from a nebulizer
(DeVilbiss 646, DeVilbiss Co., Somerset, PA) connected to a face mask, spraying of 0.5 ml by
atomizer (DeVilbiss 286) powered by a compressor, and instillation of 0.5 ml by pipette into
the nostrils. This procedure was repeated after a 24 h interval. In 6 subjects the diluent was
administered in the same fashion,

3.3.4  Laboratory confirmation of infection

We considered a fourfold or greater increase in RV16-specific neutralizing antibody in the
serum, and/or recovery of RV16 from the nasal lavages being confirmative of infection (163).
The levels of neutralizing antibodics were determined by a neutralization assay using
homologous virus. Nasal lavages were inoculated into human embryonic fibroblast (HEL)
cultures, and incubated at 32 C for 14 days. In the positive cultures RV16 was identified by
neutralization assay. using RVY16 specific guinea pig immune serum (1126AS/GP-VR;
American Type Tissue Culture Collection, Rockville, MD). All nasal lavages were also
inoculated into thesus monkey kidney cells (LLC-MK2), HEp2 cell cultures and HEL cell
cultures, and cultured at 37° €, in order to exclude other intercurrent respiratory virus
infections.

In addition, the subjects scored their cold symptoms including sneezing. sore throat, nasal
discharge, stuffy nose, headache, cough, malaise and chills on a 4-point scale, ranging from
none (0) to severe (3). These scores were added up to 2 maximum of 24, and are referred to as
cold score. Cold scores were recaorded 3 times daily throughout the study period (148). The
highest cold score recorded after inoculation is presented in table 1.

5.3.5  Inhalation challenges

The histamine challenges tests were performed using histamine-bi-phosphate (Bufa, Uitgeest,
The Netherlands) in phosphate buffered saline. according to a standardized procedure (289).
Serial doubling concentrations ranging from 0.03 to 8 mg/ml were nebulized using a DeVilbiss
646 nebulizer (output 0.13 ml/min). in conmection to an in- and cxpiratory valve box with an
expiratory filter (Pall Ultipor BBSOT). The aerosol was inhaled by tidal breathing for 2 min at 5
min intervals, with the nose clipped.

The bradykinin challenges were performed using bradykinin (Bachem, Switzerland) in
phosphate buffered saline. Bradykinin, which was derived from a single batch and lot number,
was stored in a steck solution (1.1 ml portions) of 8 mg/ml, at -20° C. On the day of the
challenge test, serial doubling concentrations, ranging from 0.03 to 8 mg/ml were prepared
from the stock solution in siliconized glass tubes by the hospital pharmacy, and were kept on
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melting ice until use. Bradykinin was aerosolized by an efficient and previously validated jet
nebulizer (Mallinckrodt Diagnostica, Petten, The Netherlands) (46). The nebulizer was filled
with 0.5 ml of each concentration. The whole fluid content of the nebulizer was sprayed by
compressed nitrogen during 1 min into a drying chamber (30 L collapsible bag), in which the
droplets evaporate to dry particles. Subsequently, the whole content of the collapsible bag was
inhaled through a three-way valve box and a mouth piece by tidal breathing for 3-4 min, while
100% oxygen (4 L/min) was supplied into the valve box. First, the diluent of bradykinin was
inhaled and baseline measurements were made. Then, increasing doses of bradykinin were
given at 8 min intervals,

e Figure 5.1. Change in
FEV, during the study,
109 i expressed as the percentage
5" —H_H“‘——m—ﬁ_______q_h__ \l’/l change as compared to the
W 408 R FEV, measured at day -7
'3 I (100%) in the placebo group
% 95 4 = (squares} and in the RV16
5 group (circles). There was
® no significant change in
204 FEV, in either treatment
~=-placebo group (MANOVA: p =

R a1 S W S 0.37).

7 -6 o1 3 4
study days

5.3.6  Response to inhalation challenge

The response to the inhaled drugs was measured by the FEV, and Vg, obtained from maximal
and partial expiratory flow-volume curves, respectively (46,312). The expiratory flow-volume
curves were standardized for volume and volume history. First, a maximal inhalation to TLC
was carried out, followed by tidal breathing for 45 sec. Then, a partial flow-volume curve was
initiated at a standardized Tung volume, being 60% of the largest FVC, marked of from TLC.
Immediately thereafier, a maximal flow-volume maneuver was carried out. The measurements
were performed using a dry rolling-seal spirometer (Morgan spiroflow, Rainham, United
Kingdom) and an analogue recorder (X-Y recorder BD 90; Kipp, Delft, The Netherlands).
Baseline FEV, and Vy, values were determined as the mean of three reproducible
measurements (FEV, within 5%). Subsequently, single measurements of FEV, and V., were
made, starting 45 s after each histamine dose, and 1 and 3 min after each bradykinin dose (46).
The measurements accompanying the lowest FEV, were used in the analysis (46). The test was
discontinued when FEV, decreased by more than 20% from baseline, after which 200 pg
salbutamol was inhaled to provide immediate bronchodilation.

5.3.7 Analysis

The response in FEV, or Vi, was expressed as the percent fall from mean baseline value, and
was plotted against the log concentration of the drug (289). The position of the curve was
expressed as the concentration leading to 20% fall in FEV, (PCxFEV)) or 40% fall in Vg,
(PCa4pVigp), which was calculated by linear interpolation of the last two adjacent data points
(289).
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Two-tailed paired Student’s -test was applied in testing the changes in In(PC,FEV,} and
In{PCyyVypp) within each treatment group. whilst unpaired Student’s t-test was used to test the
differences in the changes between the groups. Changes in baseline FEV, (measured before
cach challenge test} were analyzed by repeated measures analysis of variance (MANOVA),
with RV16 or placebo as between-group factors, and time as a within-group factor, P < 0,05
was considered statistically significant (313). Mean values of the log-transformed data were
expressed as geometric mean = SEM in doubling dose (DD). Changes in PC,FEV, and
PCyy Vi were expressed as DD,
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Figure 5.2. The PCyFEV; (A) and PCy;Vig, (B) to histamine before (day -7) and after (day 3)
inoculation in the RV16 group (left panel) and the placebo group (right panel). In the RV16 group PCy
and PCy, decreased significantly (p < 0.02). These changes were significanily different from placsbo (p
= 0.02). The bars and arrows indicate peometric mean = SEM (in doubling dose). Fach symbol
represents an mdividual subject. #*: p = 0,02 (paired t-test).
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54 RESULTS
5.4.1  Confirmation of infection

In the placebo group, all cultures except one (positive for rhinovirus, not RV16, in patient 6, on
day 10 after inoculation) remained negative for RV16 during the study. None of the placebo-
treated subjects showed an increase in RV 16 neutralizing antibodies. In the RV16-treated group
RV16 infection was confirmed in all subjects. No other viruses were detected in this group

(table 1),
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Figure 5.3. The PCL,FEV, (A) and PCyVyy, (B) (o bradvkinin before (day -6) and after (day 4)
noculation in the RV16 group (left panel) and the placebo group (right panel). In the placebo group
PCyy tended to increase (p = 0.06), while PCy; increased significantly {p = 0.04). The change in PCy,
tended to be different from RV16 (p = 0.07), while the change in PCyy was significantly different from
RV16 (p=0.02). The bars and arrows indicate geometric mean + SEM (in doubling dose). Each symbol
represents an individual subject. # p = 0,06 (paired t-test), *: p = 0.04 (paired t-test),

45



5.4.2  Baseline lung function

Before inoculation with RV16 or placebe, FEV, % predicted was not different between the
treatment groups (MANOVA, p = 0.31) (table 1). During the study, there were no significant
changes in FEV | in either treatment group (MANOVA, p=0.37) (figure 1).

5.4.3  Airway responsiveness ta histamine

At baseline, mean PC;iFEV, and PCyVag, to histamine were not different between the groups
(p = 0.44 and p = 0.22, respectively) (table 1), In the RV16 group there was a significant
decrease in PCoFEV) (mean change + SEM: -0.65 £ 0.20 DD, p = 0.02) and in PCy;Vg, (-0.98
+0.28 DD, p = 0.01) at day 3 as compared to baseline values, whereas PC,FEV, and PCy Vg,
did not change significantly in the placebo group (0.41 £ 0.32 DD, p = 0.26 and 0.45 + 0.42
DD, p=0.34, respectively). The changes in PCyuFEV, and PCy V4, were significantly different
between the groups (p = 0.02, both variables) (figure 2).

5.4.4  Airway responsiveness to bradykinin

At one visit (subject 11. day -6) Vg, could not be measured due to a technical problem.
PCyFEV, to bradykinin was not significantly different between the groups before inoculation
(p = 0.11), while PCyVy,, tended to be higher in the RV16 group (geometric mean £ SEM:
placebo: 0.12 = 1.04 DD, RV16: 0.93 = 0.98 DD, p = 0.06). In the placebo group there was a
irend towards a significant increase in PCyFEV, (+1.50 £ 0.62 DD, p = 0.06) together with a
significant increase in PCy Vi, (+2.46 £ 092 DD, p = 0.04). However, there were no
significant changes in PCyFEV, and PCy Vg, in the RVI6 group (-0.09 & 0.48 DD, p = 0.86
and -0.36 + 0.60 DD, p = 0.77, respectively). The changes in PC,FEV, showed a trend towards
a significant difference between the groups (p = 0.07), whilst the changes in PCy Vi, were
significantly different between the groups (p = 0.02) (figure 3).

5.5 DISCUSSION

This study shows that bradykinin induces tachyphylaxis to a repeated challenge in atopic
asthmatic subjects, even over a 10 days time period. Experimental infection abolishes such
tachyphylaxis, but does not enhance hyperresponsiveness to bradykinin, as it does to histamine.
These findings do not favor a major role of airway sensory nerves in rhinovirus-induced
exacerbations of asthma.

This is the first study addressing the effects of a respiratory virus infection on airway
responsiveness to bradykinin in asthmatic subjects in vive. Our results confirm and extend
those obtained by Summers er al. (176), who did not observe rhinovirus-induced airway
responsiveness to bradykinin after experimental RV-EL or RV 2 infection in non-asthmatic
volunteers, However, interpretation of those data is hampered by the absence of a placebo-
inoculated control group. Since no increase in airway responsiveness to histamine was cbserved
in these normal subjects, factors such as subject selection and rhinovirus serotype seem (o
preclude further comparison with the present lindings.

In this study, we applied validated methods for inoculation of the rhinovirus (148,162,163),
and for measuring airway hyperresponsiveness (289). The degree of enhancement of airway
sensitivity to histamine as observed in the present study is similar to that reported in previous
studies by others (164) and by ourselves (148). and fits in with the findings ol Cheung er al.
(163), describing an increase in the maximal bronchoconstrictive response to methacholine up
to 2 weeks after infection. This indicates thal experimental RV16 infection in asthma is a
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reproducible model for virus-induced exacerbations of asthma. Special care was taken to ensure
optimal delivery of bradylkinin into the lungs. First, by using freshly prepared serial dilutions of
constant peptide content. and secondly by using a highly efficient jet nebulizer system (46).
Therefore, we believe thal the absence of virus-induced increase in hyperresponsiveness to
bradykinin is not due to technical factors. This is further supported by the consistent deerease in
responsiveness to bradykinin in the placebo group. Tolerance to repeated bradvkinin challenges
is a well known phenomenon (314,315), which, together with the characteristic fluctuations of
lung function and airway hyperresponsiveness in asthmatic patients, warrants a placebo-
controlled design. The placcbo-controlled design, in combination with the use of a very
sensilive index of bronchoconstriction such as Vi, (163.312) allowed us to demonstrate
differences in changes in bradykinin responsiveness between the RV16 and the placebo group.

The effects of bradykinin are various. In guinea pigs in vive, mainly three mechanisms have
been shown to be involved in bradykinin-induced bronchoconstriction: the secondary release of
prostanoids, evocation of cholinergic reflexes, and release of neuropeptides (316). In humans in
vitro, these effects appear 1o be predominantly mediated by the bradykinin B; receptor (317). In
asthmatic subjects in vivo, pretreatment with the cycloxygenase inhibitor flurbiprofen had only
a small protective effect against inhaled bradykinin (318), whereas inhalation of the anti-
cholinergic agent ipratroprium bromide and the tachykinin receptor antagonist FK-224 had
considerable protective effects (309,319). The bronchoconstrictive response to bradykinin can
be potentiated by inhalation of the NEP inhibitor phosphoramidon (320), and by inhalation of
L-NMMA, a nitric oxide (NO) synthase pseudo-substrate (321). This suggests that in humans in
vivo, the bradykinin-induced bronchoconstriction is mediated primarily by its effect on afferent
nerve fibers, leading to tachykinin release and cholinergic reflex mechanisms, However,
functional antagonists (such as NO) may counteract this response.

Does this provide an explanation for the development of tolerance? In asthmatics i vive, it
has been demonstrated that tolerance to bradykinin over a period of several hours can not be
prevented by inhibition of cycloxypenase (314). We can only speculate on other potential
explanations for this phenomenon, such as: increased production of functional antagonists, like
NO, upregulation of kinases such as neutral endopeptidase. downregulation or decreased
expression of bradykinin receptors, ar relative depletion of tachykinins from the sensory nerve
endings, as has been demonstrated for capsaicin (42). The time span of 10 days of tolerance to
mhaled bradykinin in the present study was remarkable, and deserves further study in view of
the above mechanisms.

RV16 infection abolished the tolerance to bradykinin, but did not induce
hyperresponsiveness to this stimulus as compared to bascline. The latter contrasts to the
recently described enhancement of responsiveness to bradykinin 2 days after an allergen
challenge in atopic asthmatic subjects (315). Apparently, sensory nerve activity does not
predominate after rhinovirus infection in asthma, as it does e g. after Sendai virus infection in
guinea pigs and rats in vivo (311,322). The loss of tolerance to bradykinin in the RV16 group
might be due to the interaction of RV 16 with any of the possible mechanisms listed above. If a
rhinovirus cold leads to epithelial damage or dysfunction in the bronchi, a number of
endogenous bradykinin inhibitor systems might be impaired. Human in vitro studies have
shown that the removal of the epithelium markedly potentiated the bronchoconstrictive effect of
bradykinin (317), fitting in with loss of NEP (311), or reduced functional antagonism by
relaxant cycloxygenase metabolites (317) and NO (242). In view of the increased levels of
kinins found in the nasal lavage during rhinovirus infection, such impairment in counteracting
this potent mediator might be clinically relevant, However, the present lack of worsening in



bradykinin responsiveness following RV16 infection strongly suggests that sensory nerve
activarion is not a major pathway of rhinovirus-induced exacerbations of asthma,

In conclusion, RV16 infection induces an increase in airway hyperresponsiveness to
histamine, and prevents the development of tolerance to repeated bradykinin challenges in
asthmatic subjects in vivo. These findings do not favor a major involvement of sensory nerves
in virus-induced exacerbations of asthma. The development of specific receptor antagonists
(e.g. for bradykinin or neuropeptides) for human in vive usage will give new opportunities to
study the role of neurogenic mechanisms in virus-induced exacerbations of asthma, and may
eventually lead to new therapeutic strategies.
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6 EXPERIMENTAL RHINOVIRUS 16 INFECTION:
EFFECTS ON CELL DIFFERENTIALS AND
SOLUBLE MARKERS IN SPUTUM IN
ASTHMATIC SUBJECTS

Katrien Griimberg, Hermelijn H. Smits, Mieke C. Timmers, Erik P. A. De Klerk, Radbout J. E.
M. Dolhain, Elliot C. Dick, Pieter S. Hiemstra, and Peter J. Sterk.
Am J Respir Crit Care Med 1997 156:609-616

6.1 ABSTRACT

Asthma exacerbations are often associated with respiratory virus infections, particularly
with rhinovirus, In the present study we investigated the effect of experimental
rthinovirus 16 (RV16) infection on airway inflammation as assessed by analysis of
hypertonic saline induced sputum. Twenty-seven non-smoking atopic, mildly asthmatic
subjects participated in a placebo-controlled parallel study. RV16 (n = 19) or its diluent
(n = 8) was nasally administered. Sputum inductions were performed at entry, and on
days 2 and 9 after inoculation, while airway responsiveness to histamine (PCayy) was
measured on days 4 and 11. Cell differentials and levels of albumin, ECP, 1L-8 and TL.-6
were determined. The cellular origin of IL-8 was investigated by intracellular staining.
RV infection was confirmed by culture and/or by antibody titer rise in each of the
RV16-treated subjects. There were no significant changes in the sputum differentials of
non-squamous cells (MANOVA, p = 0.40). In the RV16 group, there was a significant
increase in the levels of ECP, IL-8 and 1L-6 at day 2 after infection (p < 0.05) whereas
the albumin levels did not change (p = 0.82). The levels of IL-8 and IL-6 remained
clevated up to 9 days after infection (p < 0.05). The increase in the percentage 1L-8
positive cells at day 2 after infection could be attributed to the increase in 1L-8 positive
neutrophils (p < 0.02). There was a significant decrease in PCyy at day 4 (p = 0.02),
which was no longer significant at day 11 (p = 0.19). The decrease in PCsq correlated
significantly with the increase in ECP in the first week (r = -0.60), and with the change
in the percentage eosinophils in the second week after inoculation (r = -0.58).

We conclude that experimental RV 16 infection in atopic asthmatic subjects increases
airway hyperresponsiveness, in conjunction with augmented airway inflammation, as
reflected by an increase in ECP, IL-§ and IL-6 in sputum. Our resulls suggest that the
RV16-enhanced airway hyperresponsiveness is associated with eosinophilic
inflammation.
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6.2 INTRODUCTION

Asthma is a chronic disease, that is characterized by episodic chest tightness and wheezing,
associated with variable airways obstruction (1). At the level of the bronchi, chronic
inflammation and epithelial shedding are regarded to be characteristic to airway pathology in
asthma (181). The inflammatory process is considered to be me(lli:aied by the selective release of
cytokines and other mediators by infiltrating leukocytes, but also by resident cells within the
airways (323), bringing about the characteristic accumulation and activation of eosinophilic
granuloeytes and other accompanying features such as airway wall edema and luminal
exudation (324).

Asthma exacerbations appear to be associated in time with respiratory virus infections (78).
The detection rate of such viruses during wheezing episodes has been reported to be as high as
83% in 9 - 11 year old children, thinovirus accounting for approximately 50% of the identified
viruses (78). Furthermore, experimental rhinovirus infections in asthma and atopic rhinitis have
been shown to transiently enhance airway hyperresponsiveness to histamine (148,164). and to
increase the maximal bronchoconstrictive response to methacholine in mildly asthmatic
subjects (163).

These functional changes in asthma suggest a rhinovirus-induced increase in airway
inflammmation {297). Indeed, Fraenkel er af. (164) recently described an increase in numbers of
submucosal T-lymphocytes. without a change in the CD4/CDS ratio in bronchial biopsies after
experimental RV 16 infection in a group of 11 normals and 6 atopic asthmatics. Morcover, the
numbers of activated eosinophils in the epithelium increased in the acute phase of infection in
hoth normals and asthmatics, whilst interestingly, in the latler group the eosinophils counts
remained clevated even after recovery. These findings are suggestive of rhinovirus-induced
gosinophilic airway inflammation in asthma.

One of the potential explanations for enhanced cellular infiltration into the airways after
infection may be virus-induced production of chemoatiractant mediators, such as chemokines or
other cytokines within the airway mucosa. I vitro studies have shown that bronchial epithelial
cell lines and primary epithelial cell subcultures produce several cytokines in response to
incubation with rhinovirus (215,218,221-223,231). This is in keeping with results in humans in
vivo, showing an increase in the levels of TL-8 in the nasal lavage after experimental rhinovirus
infections (148). Hence, it can be postulated that epithelial-derived chemokines are involved in
the cellular and physiological responses of the airways to a rhinovirus infection.

In the present study we hypothesized that experimental RV 16 infection in asthmatic subjects
induces changes in the cellular constituents and the production of cytokines within the airways
in atopic, mildly asthmatic subjects. To that end, we applied the recently validated, non-
-invasive technique of sputum induction by means of inhalation nebulized hypertonic saline.
We performed sputum inductions and measured lung function and airway responsiveness to
histamine before and twice after experimental RV16 infection in atopic, mildly asthmatic
subjects in vivo, Sputum was examined for cell differentials and for albumin, ECP, IL-8, and
IL-6 in sputum supernatant. The cellular origin of one of the cytokines was investigated by
intracellular TL-8 protein staining,
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6.3 METHODS

6.3.1 Subjects

Twenty-seven non-smoking, atopic subjects with mild persistent asthma participated in this
study (1). The subjects’ characteristics are listed in table 1. Their FEV, was greater than 70%
of the predicted value. and the provecative concentration of histamine causing a 20% fall in
FEV; (PCs) was smaller than 8 mg/ml {1). Atopy was examined by skin prick test, using a
panel of 10 common acroallergens (Vivodiagnost, ALK, The Netherlands). The subjects did not
report symptoms of a common cold in the month preceding the study, and they had not used
inhaled or oral corticosteroids for at least 3 months, nor had they used theophyllines,
antihistamines, sodium cromoglycate, or nedocromyl sodium for at least 6 weeks preceding the
study. Symptoms of asthma were stable and controlled by on demand usage of inhaled
salbutamol alone, which was withheld for at least 8 hours before the measurements. Before
entry into the study, 4 out of 8 placebo-treated subjects did not have detectable levels of
circulating neutralizing antibodies against RV 16 (titer; £ 1:1) against 25 times the 50% tissue
culture infective dose (TCIDs), while 4 subjects had titers in the range of 1:2 to 1:128. In the
RV16 group 14 out of 19 subjects had no detectable neutralizing antibodies, while 5 subjects
had low titers, between 1:2 and 1:16. The study was conducted during the months of July to
December. The siudy was approved by the Medical Ethics Committee, and informed consent
was obtained from all participants.

6.3.2 Design

The study had a double-blind parallel placebo-controlled design. Each subject was screened for
the in- and exclusion criteria before entry into the study. Before inoculation with RV16 or
placebo a sputum induction (day -5) and a histamine challenge were performed (day -3).
Subsequently, RVI16 or placebo was inoculated on two consecutive days (days 0 and 1),
Thereafier, sputum induction was repeated at days 2 and 9 afier the first inoculation, while the
histamine challenge was repeated at days 4 and 11. The sputum inductions were preceded by
nasal lavage.

6.3.3  RVI6 inoculation

The RV16 strain and stock was the same as used in previous experiments in humans in vivo by
others (162) and by oursclves (148,163). The virus was cultured according to standards of good
laboratory practice and the inoculum was tested to be safe for human in vivo usage (286). Nasal
inoculation of the RVI16 was performed following a previously deseribed protocol (163),
Briefly, a dose of 0.5 - 2.9 x 10" was nasally administered by inhalation form a nebulizer
(DeVilbiss 646, DeVilbiss Co. Somersel, PA), spraying by atomizer (DeVilbiss 286), and
instillation by pipette into both nostrils. This procedure was repeated afler 24 hr,

6.3.4  Confirmation of infection

A four-fold or greater increase in RVI6-specific neutralizing antibody in serum. and/or
recovery of RV16 from the nasal lavages was considered to confirm infection. Serum titers of
neutralizing antibodies were determined by a neutralization assay, using 25 TCIDs, RV16.
Nasal lavages were inoculated onto human embryonic lung fibroblasts (HEL) cultures, and
incubated at 32° for 14 days. In the positive cultures RV16 was identified by neutralization
assay, using RV16 specific guinea pig immune serum (1126 AS/GP-VR; American Type Tissue
Culture Collection, Roclville, MD). All nasal lavages were also inoculated onto LLC-MK2 cell
cultures, Hep2 cell cultures and HEL cell cultures, and cultured at 37° C, in order to exclude
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other intercurrent respiratory virus infections. In addition, the subjects recorded their cold
symptoms including sneezing, sore throat, nasal discharge, stuffy nose, headache, cough,
malaise and chills on a 4-point scale, ranging from none (0} to severe (3). These scores were
added up to & maximum of 24, and are referred to as cold score. Cold scores were recorded 3
times daily throughout the study period (148). The highest cold score recorded after inoculation
is presented in table 1.

Table 6.1: subject’s characteristics

subject  sex age  FEV, PCs  culmre™  antibody titert  cold B, allergy™
- (yr) (%pred) (mg/ml* (day?2/9) (before/ufter) score

RVI16
1 F 25 71 0.12 i = 1/ 4 15 B, H, P
2 I 23 77 0.25 + /= 1/ 4 10 B H, P
3 M 21 103 0.32 o - 144 4 — H, P
4 M 18 80 0.34 +if 1/ 16 6 B HC
5 M 19 81 037 i flee 1/ 128 5 - C
6 M 22 85 0.41 . Js 1732 0 B HCP
7 M 20 87 0.71 i 1/ 128 16 B B
8 F 25 BE .56 Fi e 1 /1 11 = H. &P
9 M 26 108 0.87 + b= 14 2 B. H
10 F 21 92 1.19 ~- = 2132 12 B, {3
11 M 20 101 1.33 + 16 256 12 B, HCP
12 M 21 80 1.39 + - 1/ 64 16 - H,CP
13 F 24 89 1.76 Sl g 512 22 - HCP
14 W 22 89 2.03 + /- 4 /512 6 B H,
13 F 23 77 2.12 F f¥ 1/ 128 14 — HCP
16 M 26 9 239 i 4/ 8 6 B HC
7 M 24 77 2.69 = 1/ 32 s B, HCP
18 M 2 90 298 e 1732 3 - C
19 F 22 105 4.17 ot 1k 1/ 16 f - H.E
meantsEM 864426 090102
placebo
20 M 25 76 0.28 -/ = el 1 ~ H
21 M 26 6R 0.60 -/ = LA 4 B H.C
ik M 18 71 0.64 = 32 AR 2 Ba H.C
23 F 26 75 0.78 - = 8/ 8 2 B HCGP
24 M 25 73 0.80 - - 16/ 8 1 B HC
25 M 24 80 1.37 -/ = 128 / 128 2 - HCP
26 M 24 89 1.85 -/ = 1/1 11 - C
27 M 25 87 1.93 -/ = M 4 B. H,CP
meantSEM 77426 0.8710.4

* : Geometric mean + SEM in doubling dose. %% : Rhinovirus culture of nasal lavage fluid.

+ ; RVI16 neutralizing antibody titer in serum, expressed as serum dilution (1 =< 111 dilution). TF:
Allergy, as determined by skin prick test (wheal > 3 mm). H = house dust mite, C = cat, P = grass and tiee
pollen mixture.
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6.3.5 Histamine challenge

The histamine challenge was performed using histamine-bi-phosphate (Bufa. Uitgeest, The
Netherlands), according to a standardized procedure (289). Serial doubling concentrations of
nebulized histamine (0.03 to 8§ mg/ml, DeVilbiss 646 nebulizer, output 0.13 ml/min) were
inhaled by tidal breathing for 2 min at 3 min intervals, with the nose clipped. The respanse was
measured by the FEV,, using a dry rolling-seal spirometer (Morgan spiroflow, Rainham, United
Kingdom) and an analogue recorder (X-Y recorder BD 90; Kipp, Delfl, The Netherlands).
Bascline FEV,| was detcrmined as the mean of three reproducible measurements. Subsequently,
FEV, was measured after each dose, The test was discontinued when FEV| decreased by more
than 20% from bascline. The provocative concentration causing 20% fall in FEV, (PCy;) was
calculated by log-linear interpolation of the last two data points.

6.3.6  Sputum induction

Sputum was induced and processed according to the method described by Fahy ef al, (325),
which was slightly modified (326). Sedium chloride (4.5% w/v) was aerosolized using an
ultrasonic nebulizer (DeVilbiss Ultraneb 2000, Somerset, PA) with a calibrated mass median
aerodynamic diameter of 4.5 pm, and the output set at 2.5 ml/min. The aerosol was inhaled
through a 100 ¢m long tube with an internal diameter of 22 mm, connected to a two-way valve
(Hans-Rudolph, Kansas City, MO) equipped with a mouth piece, while the subjects’ nose was
clipped.

The aerosol was inhaled for serial doubling time periods (0.5 to 8 min), and subsequently for
repeated § min periods, for a maximum of 30 min, After cach inhalation period FEV, was
measured. Then, the subjects were instructed to rinse their mouth and throat and gargle
thoroughly with water, and if necessary the nose was blown. Subsequently, the subjects were
encouraged to cough up and expectorate sputum into a plastic container, A sputum weight of at
least 2 g was considered sufficient. [f FEV, dropped by more than 20% from baseline value,
200 pg salbutamol was administered.

6.3.7  Sputum processing and cell differentials

In order to homogenize the sputum, the whole sputum samples were genily mixed with an equal
weight of dithiothreitol 0.1% (w/v) (Sputolysin. Calbiochem, Lajolla, CA). using a wide bore
plastic pipette, and placed in a shaking water bath at 37° C for |5 min. The samples were then
centrifuged at 350 x g for [0 min. The supernatants were collected and stored at -70" C until
further analysis. The pellets were re-suspended in phosphate buffered saline, filtered through a
gauze, and cytospins were made (200 x g, 3 min) (Shandon 3 cytocentrifuge, Shandon Southern
Instruments, Seickley, PA). Of each sputum sample 2 cytosping were Diff-quik stained and
coded. All cell differentials were made by one observer (H.H.S.), counting at least 500 cells per
cytospin. In addition, at least 4 cytospins were dried and stored at -70” C pending intracellular
IL-8 staining.

6.3.8 Bivchemical analysis

In sputum supernatant albumin levels were assessed by nephelometric assay (Beckman, Brea,
CA), IL-8 levels by enzyme-linked immunosorbent assay (ELISA) using a monoclonal antibody
(mAb) against IL-8 (CLB, Amsterdam, The Netherlands), IL-6 levels by mAb ELISA (CLB)
and ECP by fluoro-enzyme immuno-assay (FEIA) (Pharmacia, Uppsala, Sweden) according to
the manufacturers’ instructions. The detection limits of the ELISA for IL-8 and IL-6 were 4
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pg/ml and 1.5 pg/ml, respectively, and 4 pg/ml for the ECP FEIA. Addition of DTT to the
recombinant cytokines resulled in >90% recovery of the proteins in the ELISA.
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6.3.9  Intracellular 1L-8 staining

The intracellular 1L-8 staining procedure (327) was performed on thawed, para-formaldehyde
fixed cytospins, according to Dolhain er a/. (328). In order to obtain and maintain
permeabilized cells all washing and staining solutions contained saponin 0.1% (w/v) (Riedel-de
Hien, Seelze, Germany). First, endogenous peroxidase (H)O, 0.3% (v/v), azide 0.3% (w/v)) and
non-specific binding sites were blocked (fetal calf serum 5%, Gibco, Breda, The Netherlands).
The actual staining procedure consisted of a monoclonal IgG, antibody against TL-& (CLE),
followed by horse-radish peroxidase (HRP)-linked rabbit-anti-mouse and swine-anti-rabbit
antibody amplifving steps (DAKO, Glostrup, Denmark), Then, the cytospins were incubated in
the dark with 0.1% H>0; and diamino-benzidine (DAB) (0.5 mg/ml) for 30 min. Finally, the
cytospins were counterstained with Mayer’s Losung and eosin., In pilot experiments it was
shown that stimulation with LPS of peripheral blood polymorphonuelear cells and macrophages

isolated from bronchoalveolar lavage greatly increased the intracellular staining for IL-8,
Likewise, cells of the pulmonary epithelial cell line A549 cells stimulated with TNF-c stained
positively for IL-8, while unstimulated cells were always negative. TNF- stimulated A549
cells were therefore used as a positive control for the staining procedure. As a negative control,
a second cytospin of all samples was stained with control mouse 1gG, (CLB) instead of mAb
anti-1L-8. All cytospins were counted twice, counting at least 500 cells. Cell were characterised
by cell type and presence or absence of the typical perinuclear IL-8 staining pattern (327,328).

6.3.10  Sratistical analysis

The sguamous cells in sputum cell differentials were expressed as a percentage of all cells,
while all other cell types were expressed as a percentage of all non-squamous cells, IL-8-
positive staining cells were expressed as a percentage of all non-squamous cells, or as a
percentage of a particular cell type. Eosinophils and lymphocytes only occasionally stained
positively for [L-8, and were therefore also lumped as one “cell type™ in the statistical analysis.
The mean data of the 2 differential cell counts were used in the analysis. Regrettably, data on
sputum volume were lost. Therefore. cell concentrations could not be calculated. PCy, and
levels of ECP. IL-8, IL-6 and albumin were log-transformed before analysis, in order to obtain
normally distributed data. Changes in PCy were expressed as doubling dose (DD), and changes
in levels of soluble markers were expressed in doubling concentrations (DC).

Multivariate analysis of variance (MANOWVA) was applied, either with factor “time”™ for
analysis of the separate groups. or with *RV16™ or “placebo™ as a between-group factor, and
“time™ as a within-group factor for analysis of all subjects (313). Significant effects were
explored using paired Student’s t-tests for within-group effects, and unpaired Student’s t-tests
for between-group effects. Values of p < 0.05 were considered statistically significant (313).
The summary statistics were expressed as mean £ SEM, or geometric mean £ SEM in DC or
DD for the log-transformed data.

6.4 RESULTS
One of the RV 16-treated subjects (# 1, table 1) dropped out at 7 days after the first RV16
inoculation due to an asthma exacerbation, requiring treatment with oral prednisone. Two
subjects (# 6 and 15) did not produce sputum at all three time points, one subject (# 22) did not
produce sputum at the baseline visit (day -5).

In all RV16-treated subjects the infection was confirmed by a rise in RV16 neutralizing
antibody titer in serum and/or at least one rhinovirus-positive culture of the nasal lavage, while
in nane of the placebo-treated subjects a viral infection could be demonstrated (table 1).

6.4.1  Lung function and histamine challenge
Baseline lung function was slightly higher in the RV16 group as compared to the placebo group
(p = 0.04). During the study, there were no significant changes in FEV, either within the group
(MANOVA: p = 0.34) or between the groups (MANOVA, p=0.61).

PCyo to histamine was not significantly different between the groups at baseline (p = 0.93).
In the placebo group there were no significant changes in PCyy during the study (MANOVA, p
=0.67). In the RV16 group PCy decreased significantly at day 4 as compared to baseline (mean
difference: -0.65 + 0.25 DD, p = 0.02), but not at day 11 (-0.40 £+ 0.30 DD, p = (1.19), These
changes were not significantly different from the changes in the placebo group (p = 0.10).



6.4.2  Sputum cell differentials

At baseline sputum cell differentials were not significantly different between the groups (p =
0.32). There were no significant changes in cell differentials within the placebo group
(MANOVA, p = 0.68). In the RV16 group there was only a significant decrease in the
percentage squamous cells at days 2 and 9 after inoculation as compared to baseline (mean
change: —13.2 £ 5.2, p = 0.02, and —17.3 £ 5.5, p = 0.006, respectively) (table 2). Changes in
cell differentials were not significantly different between the placebo and RVI16 group
(MANOVA: p = 0.25) (table 2). However, in the RV 16-group the change in the percentage
cosinaphils between days -5 and 9 correlated significantly with the change m PCy (r=-0.58, p
=0.02) (figure 1A).

Figure 6.2.

Example of typical intracellular
staining pattern for IL-8 (A) and
the negative comtrol (B) in
sputum cells. Arrows indicate
positively staining neutrophils.

6.4.3  Sputum soluble mediators

At baseline, albumin levels were higher in the RV16 group as compared to placebo (mean
difference: 2.35 doubling concentrations (DC). p = (.043). However, within each group there
were no significant changes in albumin levels during the study (MANOVA: p = 0.10) (table 3).
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The groups were not statistically different at baseline with respect to the levels of IL-8, [L-6
and ECP (p = 0.34). In the RV 16 group the levels of IL-8 increased significantly at days 2 and 9
after inoculation as compared to baseline (mean change: 1.18 £ 0.38 DC, p = 0.007, and 1.01 £
0.48 DC, p = 0.049, respectively). In addition, IL-6 levels increased significantly during the
study (mean change, day 2: 2.89 £ 0.74 DC, p = 0.001, day 9: 2.87 £ 0.78 DC, p = 0.002) while
ECP levels increased only significantly at day 2 (mean change: 0.68 £ 0,32 DC, p = 0.047).
There were no significant effects on the biochemical markers in the placebo group (MANOVA:
p 2 0.17), and the effects were not significantly different between the placebo and the RV16
group (MANOVA: p 2 0.11) (table 3). Tn the RV16 group, only the increase in ECP between
days -5 and 2 correlated significantly with the decrease in PCy, between days -3 and 4 (r =
-0.60, p = 0.01) (figure 1B).

Figure 6.3. Intracellular TL-8 RV16
staining: negatively or positively
staining cells, cxpressed as a
percentage of non-squamous cells
n the RY 16 group (upper panel)
and the placebo group (lower
panel),  The upward  and
downward ertor bars represent the
SEM for the negatively staining
cells and the positively staining
neutrophils, respectively. Tn the
RVI6 group the percentage
negatively staining cells
decreased significantly at day 2
after inoculation (mean change +
SEM: «6.1 £ 2.4, p = 0.02), whilst
the percentage positively staining
neutrophils increased at this time
point (mean change £ SEM: 5.4 +
2.1, p=10.02).

non-sguamous cells (%)

placebo
| |

non-squamous calls (%)

-5 2 el
study days

El negatively staining cells

positively staining easinophils and lymphoeytes
Bl positively staining epithelial cells and macrophages
E positively staining neutrophils

6.4.4  Intracellular IL-8 staining

Three samples were rejected because the quality of the cytospins was not adequate for
interpreting the intracellular staining (#14 visit 1, #22 visit 3, and #26 visit 3). A representative
example of a cytospin stained for IL-8 and ils negative conirol are shown in figure 2. At
baseline, the groups were not significantly different with respect to the percentage IL-8 positive
non-squamous cells (mean + SEM: RV16: 7.0 + 1.6%, Placebo: 8.7 + 3.6%, p = 0.64), or the
percentages of the positively staining individual cell types (p = 0.24). The IL-8 positive cells
appeared to be predominantly neutrophils (figure 3), which at baseline accounted for 77.9% of
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all positively staining non-squamous cells, Within the individual cell types, 22.5 + 4.1% of all
neutrophils stained positively, and 2.6 £ 0.7% of the epithelial cells and macrophages stained
positively. Lymphocytes and eosinophils only occasionally stained positively, while squamous
cells were never observed to stain positively for IL-8.

In the RV 16 group the percentage [L-8 positive ndn-squamous cells inereased at day 2
{mean change: 6.1 £ 2.4, p = 0.02), but this increase was no longer significant at day 9 (mean
change: 6.3 £ 4.0, p = 0.13) (figure 3). The increase at day 2 was due to an increase in the
percentage IL-8 positive neutrophils (mean change: 5.4 £ 2.1, p = (.02), with a trend towards an
increase in the percentage positively staining epithelial cells and macrophages (mean change:
0.8 + 0.4%, p = 0.07) (figure 3). There was no significant change in the percentage IL-8

airway hyperresponsiveness to histamine correlated positively and significantly with the
inerease in ECP in the first week, and with the change in the percentage eosinophils in the
second week after infection. Furthermore, RV16 infection induced an increase in the levels of
TL-8 and TL-6 up to 9 days after infection. When staining 1L-8 in permeabilized sputum cells it
appeared that IL-8 is predominantly present in neutrophils, and that the percentage IL-8 positive
neutrophils increased at day 2 after infection. These results suggest that experimental
rhinovirus infections increase lower airway inflammation, invelving the release of
proinflammatory cytokines into the airway lumen,

Table 6.3. Soluble sputum markers: descriptive and statistical analysis

positive non-squamous cells in the placeba group (MANOVA, p = (1.23), and the changes were RV16 (n=1T) Placebo (n=8) MANOVA (p value)
not significantly different between the groups (MANOVA, p = 0.89). In the RV16-group, the within group  between
change in the percentage [L-8 positive neutrophils between days 2 and 9 correlated significantly groups
with the change in [L-§ levels in sputum supernatant (r = 0.64, p = 0.008), while there was no g mean [ov] (range) g.mean [ov]  (range) RV16 plac.

significant correlation between changes [L-8 positive staining cells and changes in airway

. albumin (ng/ml) day -5 124.0 [L.3] (4.6 - 809) 243 [2.5] (2.0 - B68)
hiyperresponsiveness (p > 0.19), ;

day 2 1252 [1.4] (4.4 -1290) 557 [22] (2.0-58%) 082 010 003
day 9 1089 [0.9] (17.7-%27) 874 [L1] (1638 -437)

Table 6.2. Sputum cell differentials: descriptive and statistical analysis IL-8 (ng/ml) day -5 2.6 [LO] (0.8 -32.6) 40 [LO]  (L6-247)

— = day 2 58 [1.0] (0.7 - 36.5) 5.4 [08] (1.8-222) 0.009 050 047
RVI6 (n=17 Placebo (n =8 MANOVA (p value

=y o e (pb:;':zl day 9 54 [10] (0.8-23.7) 5.5 [0.6] (2.4 - 13.0)

e G IL-6 (pg/ml)  day-5 116 [22] (0.0 - 192) 46 [26] (0.0 -228)
_ _ . £ day 2 856 [27] (0.0-6200) 62 [2.6] (0.0-250) 0.001 0.56 0.1

an = SEM : SEM RVI6 Pl
Mg Gougal oemic (gs) == day 9 790 [1.5] (0.0 - 431) 82 [23] (00-181)

squamous ¢’s* day -5 40.0z 4.4 (8.1 -855) 426£103 (8.4 - 837}
day 2 26.7+ 5.0 (4.6 -65.2)  40.7+9.7 (12.5- 837) 003 0.88 0.25
day & 224+ 34 (5.3 -48.1) 389176 (17.0 - 80.4)

cosinophils' day-5 93z% 19 (0 -30.3) 8§.6+3.1 (0-250)
day 2 7.5+ 21 (0.1 -34.4) §8+42 0-294) 017 090 079
day 9 55+ 1.4 (0.4 - 23.3) T3+1IR (0.7 - 16.0)

neutrophils’ day -5 2244+ 33 (2.6 -47.3) 276458 (10.8 - 57.6)
day 2 285+ 49 (3.9 -61.6) 32.6+5.6 (12.7-559) 042 0.80 0.93
day 9 273+ 53 (6.2 -672) 294+52 (6.0 - 48.8)

lymphocytes' day-3 3.9+ 035 (1.5 - 8.5) 32408 (0.9 - 6.9
day 2 28% 06 (0.3 - 11.9) 37404 (20-58 023 071 040
day 9 28+ 04 (1.1 -8.2) 31403 (1.8 - 4.6)

macrophages' day -3 346+ 32 (249 -73.0) 488 +44 (32.0 - 61.0)
day 2 5114 3.7 (30,3 - 85.6) 443259 (15.7-667) 068 071 0.97
day 9 538+ 42 (174-757) 487453 (20.9 - 70.9)

bron. epith.c’s’ day -5 9.7+ 1.4 (2.1 - 21.5) 9.0£2.0 (1.5 -15.5)
day 2 101 % 2.1 (1.3-314) Bl+1.9 (22-17.1) 084 068 083
day & 109+ 2.1 (1.9 - 32.6) 11.3+48 (3.7 - 43.0)

ECP (ng/ml) day -5 1191 [1L.3] (8.9 -1146) 70.1 [1.3] (154 - 8OOy

day 2 190.6 [1.4] (17.2 - 80Oy 107.8 [1.4] (12.1 - R800) 0.07 017 0.73

day & 1576 [L.0] (27.8 - 800) 72.2 |L1] (21.8 - 800)

* squamous cells as percentage of all sputum cells
T cell type expressed as pereentage of non-squamous sputum cells

6.5 DISCUSSION

In this study we have demonstrated that RV 16 infection in atopic asthmatic subjects does not
change the cellular composition of the sputum, or levels of albumin in sputum supernatant.
However, an increase in ECP levels was shown in the first week after infection. The increase in
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g. mean = geometric mean
cv = coeflicient of variation

This is the first study showing changes in inflammatory mediators in the airways after
rhinovirus infection in asthmatic subjects. The relationship between RV16-induced changes
eosinophil markers and changes in airway hyperresponsiveness are in keeping with cross-
sectional studies, demonstrating a correlation of sputum cosinophilia with lung function
(329.330) during exacerbations of asthma of unknown cause. The present study extends the
observation by Fraenkel and coworkers (164), showing an increase in activated (EGs-positive)
cosinophils in the bronchial epithelium after experimental RV16 infection in a group of normal
and asthmatic subjects. Hence, the correlation between the increase in ECP, the change in the
percentage eosinophils, and the change in airway hyperresponsiveness support a role for the
eosinophil in rhinovirus-induced exacerbations of asthma.

The presently described increase in IL-8 levels after RVI16 infection. together with
intracellular staining for 1L-8 predominantly in neutrophils is in keeping with a relatively high
percentage of neutrophils and high levels of TL-8 in sputum found during acute exacerbations of
asthma (255). Based on the chemotactic properties of IL-8 for neutrophils, T-lymphocytes,
basophils and primed eosinophils (300), and the pleiotrophic effects of IL-6, including B-cell
activation and proliferation of eytotoxic T-cells (331) one could postulate the involvement of
these cytokines in the immune response against a thinovirus cold, This is further supported by
an increase of neutrophil numbers in the nasal lavage (248) and peripheral blood (148). and the
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increase of T-lymphocytes in the bronchial submucosa during a rhinovirus cold (164).
However, the role of IL-8 and IL-6 in the development of rhinovirus-induced changes in airway
physiology remains to be elucidated, since we did not find a correlation between changes in the
percentages neutrophils and lymphocytes, IL-8, [L-6 levels or IL-8 positive staining cells and
changes in airway hyperresponsiveness.

In the present study. we applied a placebo-controlled design in order to differentiate the
responses to rhinovirus inoculation from fuctuations in airway pathophysiology that are
characteristic to asthma. Despite evident changes in the soluble mediators in the RV 16 group,
there were no significant differences between the RVI16 and placebo group. One could
speculate that this is due to the smaller sample size of the placcbo-group, resulting in low
statistical power to detect such between-group differences (326).

Validated methods were used to inoculate the rhinovirus and measure the physiologic
responses (148,162,163,289). The natural way of transmission was mimicked by using a
combination of three methods of virus administration, including nasal inhalation. In this way,
virus particles may even have reached the lungs. However, we have not attempted to assess
lower airway infection by viral culture of the sputum, since oropharyngeal contamination would
have biased a positive result.

Sputum induetion was performed according to a validated technigue (326), which included
careful avoidance of oropharyngesl contamination during the sputum induction, thereby
reducing, (but not excluding) possible bias by mixing the sputum sample with upper airway
secrefions and saliva (332). In cross-sectional studies the sputum ecsinophil numbers and ECP
levels have been shown to correlate significantly with those in bronchoalveolar lavage (BAL)
and bronchial wash (333-335), whilst a trend towards a significant correlation has been shown
between eosinophils in sputum and the submucosa of bronchial biopsies (334,335). Moreover,
sputum analysis has revealed a decrease in eosinophil numbers and ECP levels after
glucocorticoid treatment in asthma (282}, in accordance with findings in bronchial biopsies
(336). Therefore, the cellular and biochemical constituents of hypertonic saline-induced sputum
seen to be an adequate reflection of rhinovirus-induced airway inflammation in asthma.

The decrease in the percentage of squamous cells in the RV 16-treated subjects might have
been caused by an increase in sputum volume and/or sputum cell concentration after infection.
Unfortunately, the data on sputum volume were lost in the present study, which precluded
calculations of cell concentrations. However, the cell differentials by themselves seem to
provide the most usetul mformation. since these appear to be rather stable under conditions in
which absolute cell counts are variable due to volume dilution effects (332).

How do we interpret the results? The increase in airway hyperresponsiveness to histamine,
in the absence of a significant decrease in lung function may be explained by inflammatory
changes, such as airway wall swelling or thickening, potentiating the airway narrowing effect of
smooth muscle shortening (297). Such inflammation may be characterized by an infiltrate of
inflammatory cells, typically eosinophils and Iymphocytes, and the release of pro-inflammatory
mediators, which may bring about features such as vasodilation and vascular
hyperpermeability, oxidative stress. cellular activaton and tissue damage. The current
association between changes in PCy; and changes in sputum ECP and the percentage
gosinophils suggest that eosinophilic inflammation is invelved in rhinovirus-induced
enhancement of airway hyperresponsiveness.

There are several mechanisms potentially driving the cell infiltration and activation after
RV 16 mfection. First, airway inflammation may be driven by T-lymphocytes, infiltrating the
airways (164,337), and producing several cytokines such as IL-2, IFN-y, IL-4. and IL-5 (323),
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thereby orchestrating the augmentation of the immune response, Second. there is increasing
evidence that cultured epithelial cells and fibroblasts produce pro-inflammatory cytokines. such
as IL-8, IL-6, GM-CSF and RANTES in response to infection with several rhinovirus serotypes,
including RV16 (215.218,221-223.231), Epithelium and airway cells, such as macrophages
release TNF-o. and IL-103 upon uptake of rhinovirus {182,218). which may in turn induce and
potentiate cytokine production in e g. epithelial cells and neutrophils (215). It is presently
uncertain as to whether rhinovirus actually infects lower airway tissues in humans in vive,
although there is evidence to suggest that rhinovirus is present in the lower airways during a
cold {276). Thus, one could envision the interaction between airway resident cells in the
induction of an immune response, involving the release of chemotactic mediators such as
chemokines, which may lead to infiltration of inflammatory cells and subsequent
pathophysiological changes.

What are the clinical implications of this study? The present results suggest that a common
cold increases airway hyperresponsiveness, together with an increase in lower airways
inflammation. This fits in with the epidemiological association between respiratory virus
infections and exacerbations of asthma (78). Glucecorticoids are the treatment of choice for
exacerbations of asthma (1}. In view of their effectiveness against eosinophilic inflammation
(282,336) one could postulate that our data support a rationale for such therapeutic use of
glucocorticoids during rhinovirus-induced exacerbation of asthma. However, it remains to be
established whether steroids can actually prevent the resulting pathological and functional
changes in the airways.

We conclude that experimental RV 16 infection in atopic asthmatic subjects enhances airway
hyperresponsiveness to histamine in conjunction with a rise in sputum levels of IL-8, 1L.-6 and
ECP, which suggests an increase in lower airways inflammation, The relationship between
changes in ECP, the percentage eosinophils and changes in airway responsiveness suggests that
eosinophilic inflammation is involved in rhinovirus-induced enhancement of airway
hyperresponsiveness. In order to further investigate the mechanisms of rhinovirus-induced
exacerbations of asthma, the state of activation and cytokine production of resident cells and
mfiltrating cells within the airway wall/mucosa need to he examined.
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6.6  APPENDIX

As part of the study on the effects of placebo-controlled experimental RV16 infection on levels
of pro-inflammatory mediators in airway secretions we analyzed nasal lavage for levels of total
protein, ECP and Antileukoproteinase (ALP, also known as secretary leukocyte proteinase
inhibitor, SLPT).

For methods for obtaining and processing nasal lavage, see chapter 3. Biochemical
assessment ECP levels was done by fluoro-enzyme immuno-assay (Pharmacia. Uppsala,
Sweden). ALP was assessed by a double-antibody sandwich ELISA (338). The detection limit
of the ALP ELISA was 0.5 ng/ml (338).

Table Al. Descriptive and statistical analysis of total protein, ECP and ALP in nasal lavage.

product  group day -5 day 2 day 9 -5/2 -5/9
gmean = SEM mean + SEM  mean + SEM p' p'
protein®*  placebo 0.27 = 002 0.29 = 0.01 028 = 002 0.21 0.6l
RV16 036 = 003 041 = 0.02 058 = 007 0.12 0.004
p° 0.054 0,002 0.02 psst 003!
ECP* placebo 123+ 0391 1.57 £ 0.690 1.14 + 036 0.47 0.68
RV16 215 = 0378 2.14 + 0.363 284 + 052 0.97 0.12
p" 0.443 0.253 0.021 0.53" 024
ALP placebo 11.01 + 2.R0 11.16 & 2.96 891 + 152 0.91 0.33
RV 16 11.97 £ 1.71 107 =& 133 27.01 £ 4589 (.51 0.006
p° 0.77 0.87 0.03 0.64°  0.02°

*: {otal protein

5 2 gnalysis of log-iransformed data, presented as geometric mean = SEM (Doubling Concentrations).

. p value of between-group comparisons (unpaired t-iests) at days -5, 2 and 9

t pvalue of within-group comparisons (paired t-test) hetween days -5 and 2 and days 5 and 9.

1 :p value of between-group comparisons (unpaired t-tests) of the changes between days —5 and 2, and
days —5 and 9.

7 EXPERIMENTAL RHINOVIRUS 16 INFECTION
INCREASES INTERCELLULAR ADHESION
MOLECULE-1 EXPRESSION IN BRONCHIAL
EPITHELIUM OF ASTHMATICS, REGARDLESS
OF INHALED STEROID TREATMENT

Katrien Griinberg, Rafaé] F. Sharon, T, Jercen N. Hiltermann, Joey J. Brahim, Elliot C. Dick,
Peter 1. Stetk, J.Han J.M. van Kricken
Clin Exp Allergy 2000,30:1015-23

7.1  ABSTRACT

Rhinovirus infections in airway epithelial cells in vifro have been shown to upregulate
intercellular adhesion molecule-1 (ICAM-1) expression. Epithelial ICAM-1, in its dual
role as the major rhinovirus receptor and as adhesion molecule for inflammatory cells may
be involved in the pathogenesis of rhinovirus-induced exacerbations of asthma.

In the present study we aimed to investigate the effect of experimental rhinovirus 16
(RV16) infection on TCAM-1 expression in bronchial mucosal biopsies in asthma. Tn
addition, the cffect of 2 weeks pre-treatment with inhaled budesonide (800 pg b.i.d.) on
RV16-associated changes in ICAM-1 expression was studied.

The study had a parallel, placebo-controlled design in 25 steroid-nai ve non-smoking
atopic asthmatic subjects. After 2 weeks budesonide or placebo pre-treatment
bronchoscopy was performed 2 days before (day -2) and 6 days after (day 6) RV16
inoculation (on days 0&1). Immunohistochemical staining for ICAM-1 was performed on
snap-frozen bronchial biopsies. ICAM-1 staining intensity on the basal epithelial cells was
scored semi-quantitatively from 1 (weak) to 3 (intense). Similarly, cpithelial intactness
was noted (1 = basal cells only, 2 = basal and parabasal cells, 3 = intact epithelium).

At baseline, [CAM-1 scores were not significantly different between the groups at day -
2 (p 2 0.08). Subsequent RV16 infection was associated with a trend towards an increase
in ICAM-1 expression in the BUD-group (p = 0.07), whereas the increase was significant
in the PLAC-group (p = 0.03). However, the increase was not significantly different
between the groups (p = 0.74). Epithelial intactness score was not different between the
groups before RV16 infection (p = 0.07), and no significant changes were observed in
either group (p = 0.59). Moreover, ICAM-1 score did not correlate significantly with
epithelium score in either group, at any time-point (p = 0.27).

We conclude that an RV16 common cold in atopic asthmatic subjects is associated
with increased ICAM-1 expression in the bronchial epithelium, which is not related to
epithelial intactness. Glucocorticoid treatment does not appear to prevent the RVI6-
associated increased ICAM-1 expression. This suggests that other trealment modalities are
required to protect against the spreading of infection during rhinovirus-induced
exacerbations in asthma.
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7.2 INTRODUCTION

Asthma is a chronic airway discase that is characterised by episodic worsening of symptoms such
as chest tightness, dyspnea and cough, associated with variable airways obstruction and airway
hyperresponsiveness (1), This is associated with airway mucosal inflammation, as reflected by
epithelial shedding (339), cellular infiltration and increased expression of proinflammatory
cytokines and adhesion molecules (213,340). The long recognized temporal relationship between
asthma exacerbations and respiratory viral infections has been reconfirmed in recent studies,
showing that a respiratory virus can be found in up to 83% of all asthma exacerbations in children,
about half of these viruses being identified as rhinovirus (78). In experimental studies it has been
shown that thinovirus 16 (RV16) colds increase airway hyperresponsiveness to inhaled histamine
in patients with atopic rhinitis (162) or asthma (148). In addition, elevated numbers of submucosal
lymphocytes and epithelial eosinophils have been reported in bronchial mucosal biopsies after
experimental RV 16 infection in a sample of both normal subjects and asthmatic subjects (164),

Adhesion molecules are involved n leucocyte infiltration in asthma (213.341). Intercellular
adhesion molecule-1 (ICAM-1), a member of the immunoglobulin supergene family, is the major
ligand for the B; integrins lymphoeyte function associated antigen (LFA-1, CD11a/CDI1R) which
is expressed on most leukocytes, and macrophage-1 antigen (Mac-1, CD11b/CDI18) which is
expressed on neutrophils and mononuclear cells (342). Interestingly, 90% of rhinoviruses use
[CAM-1 as their cellular receptor (210). There is evidence to suggest that respiratory viruses,
including rhinoviruses can upregulate 1CAM-1 transcription and expression in pulmonary
epithelial cells in vitro (197.218,343-345), which is associated with enhanced adherence of
palymorph mononuclear cells (343) and migration of T cells (346). Such upregulated expression
may in part be mediated by cytokines such as IL-1 {218,341 344), which is an inducer of [CAM-1
expression (218). Thus, one could envisage an interactive mechanism, in which a increased
ICAM-1 prometes both rhinoviral spreading (218) and influx of inflammatory cells (164), thereby
potentially contributing to the development of an exacerbation of asthma.

Patients with asthma have been reported to demonstrate elevated ICAM-1 expression in their
bronchial epithelium as compared to normal conirols (213,214). 1t its presently unclear as to
whether such expression is dependent on the clinical control of the disease. Glucocorticoids, a
commonly used class of drug in asthma, appear to down-regulate both basal- and cytokine-induced
epithelial ICAM-1 expression in vitro (347). However, in sicady state asthma regular treatment
with glucocorticoids did not seem to have an effect on epithelial ICAM-1 expression (340). The
influence of an asthma exacerbation on epithelial ICAM-] expression has not been studied.

In the present study we hypothesized that a rhinovirus-induced cold in patients with asthma is
accompanied by elevated ICAM-1 expression in the bronchial epithelium. In addition, we
hypothesized that glucocorticoids are able to prevent such elevated ICAM-1 expression. To that
end, we investigated first, the effect of experimental RV 16 infection on the expression of ICAM-1
in bronchial mucosal biopsies. Secondly, we examined the effect of 2-weeks pre-treatment with
inhaled budesonide (a glucocorticoid) on RV16-associated changes in ICAM-1 expression in
atopic, mildly asthmatic subjects.

7.3 METHODS

7.3.1  Subjects

Twenty-five non-smoking or ex-smoking (>12 months, <5 pack years) adult asthmatics (13
female, 12 male; age 19-25 yr.) were recruited. The subjects’ characteristics are shown in table 1.
The subjects had low titers of circulating antibodies specific to rhinovirus 16 using a RV16 serum
neutralization assay (S 1:4 serum dilution against 20-25 x 50% tissue culture infective dose -
TCIDg-), and were atopic, as reflected by one or more wheal (> 3 mm) and flare response to skin
prick tests to 10 common aero-allergen extracts (Soluprick, ALK, Benelux). In the 3 months
preceding the study the subjects had mot used oral or inhaled glucocorticoids or any other
medication for their asthma or allergies except for inhaled short-acting 5, agonists on demand. All
subjects were healthy, apart from their asthma during the 6 weeks preceding the study. The
characteristics of the 7 control patients (PLAC/PLAC group) (3 female, 4 male; age 19-34 yr.) are
presented in table 2.

Table 7.1: Characteristics of thinovirus-inoculated patients

Patient Sex  Age Baseline Baseline PCy;  tiler prefpost- culfure
FEV, histamine inoculation nasal lavage"
(MF  (vr) (% predicted) (mg/ml) Cieed®
)

BULYRV16

1 M 24 73.5 0.14 1/1 pas/pos
2 F 21 86.4 0.17 1/ 8 negmeg
3 M 23 82.5 0.29 1/ 16 pos/pos
4 F 24 86.1 0.30 e 11 posneg
5 M 23 952 0.54 1/ 8 posineg
6 M 24 76.4 0.54 1.4 32 posmeg
7 M 23 81.7 0,65 4.4 128 pos/pos
8 F 23 91.0 128 24 2 negmeg
9 M 24 76.8 1.34 1/ 256 pos/neg
10 M 25 82.6 2.13 1/ 8 pos/pos
11 F 24 80.8 332 1¢ 145 neg/neg
12 r 25 103 5.92 1/ 2 pos/pos
mean + SEM 846424 0741049

PLACRVI16

13 M 22 80.9 0.06 1/ 16 pos/neg
14 F 19 80.5 0.14 1/ 4 pos/pos
15 F 19 842 0.30 L4 1 pas/pos
16 I 20 95.7 031 1/ 8 pos/pos
17 M 19 101 046 1 1 neg/neg
I8 M 23 74.6 0.52 1/ 32 posineg
19 F 20 839 0.53 11 1 posineg
20 ¥ 23 84.0 0.65 1/ 32 pos/pos
21 F 24 94.2 1.44 1/ 16 neg/neg
22 F 20 96.6 1.81 14 1 pos/pos
23 M 23 103 2,18 27 2 neg/meg
24 F 20 959 240 1/ 8 pos/pos
25 M 22 84.1 4.34 1/ 256 pos/pos
mean + SEM 892425  0.65+049°

A : geometric mean + doubling dose
B : Serwm RV 16 neutralizing antibody titer; oblained at days -2 and 28
C : Nasal lavage: obtained ardays 3 and 6



The study was approved by the Medical Fthics Committee of the Leiden University Medical
Center, and the subjects gave their written informed consent before entering the study.

7.3.2  Design

The study had a randomized double-blind, parallel, placebo-controlled design, including two
groups of asthmatics receiving RV16 inoculation during treatment with either budesonide
(BUDVRVI6 group) or placebo (PLAC/RV16 group). Budesonide by dry powder inhaler
(Turbohaler™. 800 g, bid) or placebo was given for a period of 4 weeks, starting 16 days before
RV16 inoculation (day -16). After two weeks of treatment (day -2), bronchoscopy was performed
and bronchial biopsies were taken in all patients. Two days later this was followed by
experimental RV16 infection on two consecutive days (day 0 and day 1), The bronchoscopy was
repeated 6 days alier infection (day 6).

To ascertain that the bronchoscopy procedure itself would not interfere with ICAM-1
expression, bronchial biopsy specimens were obtained at an 8 days interval without intervention
or treatment in 7 asthmatic subjects, thereby serving as controls. This third group of patients
(PLAC/PLAC group) had the same inclusion criteria as the other subjects.

Table 7.2. Characteristics of control patients

Patient number Sex  Age Baseline FEV, Baseline PCs
(M/F)  (yr) (% predicted) methacholine™ (mg/ml)

PLAC/PLAC

26 M 20 111 0.31

27 M 23 115 0.68

28 M 34 94 1.41

24 E 22 99 1.43

30 E 19 114 1.95

il F 23 115 4,79

32 M 20 101 6.02

mean + SEM 107.0 + 3.4 1.57 +0.56"

A methacholine chloride
B : geometric mean + doubling dose

7.3.3  Rhinovirus-16 inoculation

The RV16 inoculum was obtained from the same strain and stock as used in previous experiments
in humans in vive (148,162). The virus was cultured according to standards of good laboratory
practice and the inoculum was tested to be safe for human in vive usage (286). A total dose of 0.6
- 2.1 x 10° TCIDs; RV16 was administered to each subject according to a previously described
procedure (148). Briefly, the total RVI16 dose, suspended in Hanks' Balanced Salt Solution
(HBSS) containing 0.5% (w/v) gelatin, in a volume of 3 ml, was divided over two days. On each
day, 0.5 ml of the inoculum was administered by nasal inhalation (DeVilbiss 646 nebulizer,
connected to a face mask). Then, 0.5 ml was adminisiered by spraying equal portions inlo each
nostril (DeVilbiss 286 atomizer, powered by a compressor). Finally, 0.5 ml of the innculum was
instilled in equal portions into each nostril by pipete.

The confirmation of RV 16 infection was established by a fourfold or greater increase in virus-
specific nentralizing antibody titer in serum and/or by recovery of the virus from the nasal washes
(148). The nasal washes were mnoculated onto Human Embryenic Lung fibroblast (HEL) cultures
and incubated at 32° C for 14 days. The identity of rhinovirus in a positive culture was confirmed
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by neutralization assay, using RV16-specific guinea-pig immune serum (1126AS/GP-VR;
American Type Culture Collection, Rockville, MD). In order to exclude any intercurrent
respiratory infection, all nasal washes were inoculated into rhesus monkey kidney cells (LCC-
MK2]}, Hep-2 and HEL cell cultures and cultured at 37°C (148).

7.3.4  Bronchoscopy

Fiberoptic bronchoscopy was carried out by experienced investigators (1JB, JV, LW, EB), using a
standardized protocol based on international guidelines, as has been used in previous studies in
our department (47). After 6 hr of fasting, pre-medication consisting of atropine 0.5 mg
subcutaneously, codeine 20 mg orally and salbutamol 400 Ug by metered dose imhaler was
administered to the subjects. Local anesthesia was performed with 10% (w/v) lignocaine aerosol
in the oropharynx, and with 2% (w/v) lignocaine solution in the lower airways. I necessary,
additional lignocaine 2% was administered through the bronchoscope during the procedure.
Fiberaptic bronchoscopy was performed using a Pentax bronchoscope (outer diameter 6 mm;,
Pentax Optical Co., Japan). The bronchoscope was introduced through the mouth, with the patient
in supine position, Six bronchial biopsies were taken at (sub)segmental level from either the right
lung (right lower and middle lobe) or the left lung (lingula and lefi lower lobe), using a pair of cup
forceps (Olympus FB-20C, Tokyo. Japan). Alternate biopsy sites (right or left lung) were
randomized over the 2 bronchoscopy visits.

Throughout the procedure oxygen was delivered through the nasal canula at a rate of 4 L/min
while oxyhemoglobin saturation was monitored continuously in all subjects using a
transcutaneous oximeter (N-180, Nellcor Ine., Hayward, CA, USA) with a finger probe placed on
a finger. Afterwards, the subjects were abserved for one hour for any adverse events.

7.3.5 Processing of the biopsies

After bronchoscopy, the biopsy samples were immediately embedded in OCT medium (Miles Inc.
Diagnostics Division, Elkhart, USA), and snap-frozen in isopentane cocled by iced CO..
Thereafler, the samples were stored in airtight containers at -70° C, pending further processing
(47).

Table 7.3: Epithelium intactness scores (median [range]).

Group Day -2 Day 6
BUD/RV16 2.0[1-3] 2.0[1-3]
PLAC/RV16 1.0[1-3] 1.5[1-3]
PLAC/PLAC 1.0[1-2] 1.0[1-3]

There were no significant differences in epithelium intactness score between
the groups at baseline (p=0.08). nor within the groups between the days (p=0.23).

7.3.6  Inmmmunohistochentistry

Four micrometer thick cryostat sections of frozen biopsies were air dried for one hour, and fixed
in acctone for 10 minutes. Immunohistochemical staining was performed using monoclonal
antibodies against the markers of interest, and the avidin-biotin complex (ABC) as visualizing
method. In short, the sections were incubated with an optimal dilation of monoclonal antibodies in
1% BSA/PBS at room temperature for 60 min. After washing with PBS (3 x 5 min), the slides
were incubated with mouse primary antibodies in appropriate dilution for 30 min (1:500 for
[CAM-1, CD54-clone MEM-112, MONQSAN, Uden, The Netherlands; 1:100 for platelet-
endothelial cell adhesion molecule-1 or PECAM-1, NCI-CD31, NOVOCASTRA Laboratories,
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Neweastle upon Tyne, UI), The slides were washed with PBS (3 x 5 min) and incubated with
biotinylated rabbil-anti-mouse antibody (dilution 1:200) for 30 min, Therealier, the slides were
again washed with PBS (3 x 5 min) incubated for another 30 min with the avidin-biotin complex.
Then. the slides were washed with PBS, rinsed in Na-acetate buffer 0.1 M (pH 5.0) for 5 minutes
and the reaction was revealed by pulting the slides in 3% AEC (3-amino-9-cthylearbazol) for 7
minutes. The reaction was stopped in demineralized water and the sections were counterstained
with Mayer’s Haematoxyline. For negative controls, the primary antibody was omitted from this
procedure.

73.7  Analysis of stained sections

All coded biopsy specimens examined al a 250x magnification by one observer (KG), who was
blinded to the patient's characteristics, treatment, and the study day on which the biopsy was
taken. Biopsy sections were analyzed semi-quantitatively, with regard to intensity and distribution
pattern of the staining of ICAM-1 positive basal epithelial cells on a three-point scale (from 1 =
weal, 2 = medium, focal 3 = intense, continuous staining of basal cell layer) (47.214), Areas with
non-adjacent epithelial cells, or layers of epithelial cells not connected to the basement membrane
were not taken into account. Since ICAM-1 staining was most intense on basal cells, less inlense
on parabasal cells, and not present on ciliated and goblet cells, we focused on ICAM-1 staining in
basal epithelial cells only, i order to avoid bias by epithelial damage. The association between
epithelial damage and TCAM-1 staining was further investigated by scoring epithelial intactness in
a semiquantitative way, based on a qualitative description of the bronchial epithelium in asthma
by leffery ef af. (339): 1 = predominantly (250%) adjacent basal cells, 2 = predominantly basal
and parabasal cells, 3 = predominantly intact epithelium. Each biopsy specimen was scored twice
and the mean value of the 2 scores was used in the analysis, Following this procedure, the intra-
observer repeatability of ICAM-1 score and epithelium score of the same slides over a 2-days
interval was satisfactory (k> 0.69). Platelet endothelial cell adhesion molecule-1 (PECAM-1),
which has been described to be constitutively expressed on the endothelium of all vessel types
(348), was used as a technical internal staining control.

Non-parametric statistical analysis was applied in order to examine the effect of RV16 or
bronchoscopy on ICAM-1 immunostaining within the groups {Wilcoxon rank test), and the effect
of inhaled stercids in the BUD/RV 16 group as compared to the PLAC/RV16 group (Mann-
Whitney U-test). Spearman rank test was used to test the relationship between ICAM-1 score and
epithelium scare. P-values less than 0).05 were considered to be statistically significant,

7.4 RESULTS

Thirty-two subjects completed the study. One subject (# 3) did not undergo the bronchoscopies
due to strong subjective discomfort. All the other subjects underwent bronchoscopy twice. The
quality and size of the biopsies obtained during the first bronchoscopy of subjects # 1, 19. 26, 27
and 32, and during the second bronchoscopy of subjects # 1, 10 and 20 were inadequate for
staining, or analysis. RV16 infection was confirmed in all RV16 inoculated subjects, except
subjects #2 and 17, who were only included in the between-group statistical analysis at day -2, All
RV 16-treated subjects had an anti-RV16 titer serum < 1:1 before entering the study. However,
reassessment just before inoculation of RV16 revealed slightly elevated titers in subjects # 7, 8
and 23, coinciding with symptoms of a common cold in subjects # 8 and # 23, which was
confirmed in subject # § by rhinovirus-positive {RV16-negative} culture of the nasal lavage.
Subjects 8 and 23 were therefore excluded from the analysis. Since low levels of neutralizing
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antibodies per se have been shown not to preclude a symptomatic common cold (148), subject # 7
was not excluded from the analysis. Hence, 7 paired samples were available for analysis in the
BUD/RV16 eroup, 9 paired samples were available in the PLAC/RV16 group, and 4 paired
samples were available in the PLAC/PLAC group.

7.4.1 PECAM-I and ICAM-1 staining

Examples of ICAM-1 staining in biopsy specimens before and after rhinovirus inoculation are
shown in figure 1A and 1B, respectively. Epithelial ICAM-1 staining was most intense on basal
cells, less intense on parabasal cells, whereas ciliated cells and goblet cells did not stain in any of
the biopsy sections. Positive staining varied from focal staining of light to medium intensity, to
continuous, intense staining of the basal cell layer. The control staining of PECAM-1 showed
endothelial staining of similar intensity throughout all biopsy specimens (data not shown).

Figure 7.1.  Immunohisto-
chemical staining for ICAM-1 of
frozen tissue of bronchial biopsy
specimens. A = 2 days before
virus inoculation, B = 6 days
afler virus inoculation in the
same patient. Within the lamina
propria leukocytes and
endothelial cells stain similarly
in both biopsies. However,
staiming of intact epithelium is
almost absent before virus
inpeulation  (A)  and  clearly
present in basal and parabasal
epithelial ~ cells  after  virus
inoculation (B).

Before RV 16 infection, the [CAM-1 scores were not significantly different between the groups
(MWU test: p 2 0.08). The ICAM-1 score increased significantly after RV 16 infection within the
PLAC/RV16 group (p = 0.03), whilst there was a similar trend within the BUD/RV16 group (p =
0.07). These increases in ICAM-1 staining were not significantly different between the 2 groups
(p = 0.74) (figure 2). Consequently, at the time of the second bronchoscopy, ICAM-1 intensity
levels were no longer significantly different between the BUD/RV16 group and the PLAC/RVI6
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group (p = 0.53). Repeated bronchoscopy alone did not affect the intensity of ICAM-1 staining
(PLAC/PLAC: p=0.32) (figme 2).

At both time-points, the epithelial intactness score was not different between the BUD/RV 16
group and the PLAC/RV16 group (p = 0.16) (table 3). However, the cpithelial intactness score
tended to be higher in the BUD/RV16 group as compared to the PLAC/PLAC group (p = 0.07).
There was no significant effeet of RV16 infection or bronchoscopy on epithelial quality either
group (p = 0.32). There was no significant correlation berween epithelium score and ICAM score
within the treatment groups for each study visits (p = (.27). Likewise, there was no significant
correlation between the change in epithelium score and the change in ICAM score within the

treatment groups (p = (1.79). Hence, we did not find evidence that epithelial intactness affected the
ICAM-1 scores in our study.
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Figure 7.2. I[CAM-1 scores before (day -2) and after (day 6) experimental RV16 infection. Within-
group analysis (Wilcoxon) showed a trend towards an increase in TCAM-1 score in the BUD/RV 16
group ( ), and a significant increase in the PLAC/RV16 group (V). whereas ICAM-1 scores did not
clhzm_ge in the PLAC/PLAC group (O). The increase in ICAM-1 scores within the BUDVRV16 group not
significantly different from the PLAC/RV 16 group (MWU-test).

7.5 DISCUSSION

This smudy has demonstrated an inereased expression of I[CAM-1 in the epithelium of bronchial
biopsy specimens afler experimental infection with rhinovirus 16 in patients with atopic asthma,
Regular treatment with inhaled budesonide did not prevent the RVI16-induced upregulation of
ICAM-1. These data indicate that RV16 infection (riggers elevated expression of its cellular
receptor within the intrapulmonary airways in asthmatics in vive, irrespective of inhaled
glucocorticoid treatment. This suggests that by upregulating its own receptor, rhinovirus may
potentially facilitate its own bronchial epithelial infeetion and leukocyte mfiltration, which might
contribute to the development of rhinovirus-induced exacerbations of asthma.

This is the first study examining the effect of a common cold on the expression of [CAM-1
within the lower airways in asthmatic subjects in vivo. Such rhinovirus-associated upregulation of
ICAM-1 expression fits in with reports of increased ICAM-1 expression in vive after several ather
pro-inflammatory stimuli such as hyperoxia (349), ozone exposure (350) and allergen inhalation
challenges (213,341). In addition, evidence of in virre studies suggests that respiratory viruses,
including rhinoviruses can upregulate ICAM-1 transeription and subsequent expression in
epithelial cells (197,218,343-345). Hence. our results in asthmatics in vivo canfirm previous
observations in vitro, and extend these by providing evidence of a potential mechanism for the
development of rhinovirus-induced exacerbations of asthma.

The present findings have been obtained afier careful patient selection and study design, and
by applying validated methods for RV 16 experimental infection. RV16 inoculation was performed
as previously described (148). by using a combination of three methods of virus administration,
including nasal inhalation, thus mimicking the natural ways of transmission (83). By choosing the
dosage of inhaled glucocorticoids (800 pg b.i.d.) which was higher than the recommended dose
for mild persistent asthma (1), we intended to affect inflammatory mechanisms within the airways
(336). We purposely added a third group of 7 patients who did not receive an experimental RV16-
infection, nor any other intervention. This control group did not show a significant change
ICAM-1 expression, indicating that there was no confounding effect of a bronchoscopy or any of
the other procedures on ICAM-1 expression. Although these asthmatic subjects were selected
according to the same inclusion criteria, baseline FEV| was slightly higher as compared to the
other 25 asthmatics, indicating that their asthma may have been slightly milder. However, since
this group was added fo investigate the effect of the bronchoscopy procedure on ICAM-1
cxpression only, we feel that such a minor difference is not relevant to the outcome of this study.
The present results may be negatively affected by the loss of statistical power caused by missing
data. However, data in large samples on the repeatability of assessment of ICAM-1 expression in
bronchial biopsies over time are presently not available. Since the reasons for loss of data points
were various, and the success rate of RV16 infection was equally distributed over the two RV10-
treated groups, one can argue that the trend towards an increase in ICAM-1 expression in the
BUD/RV 16 group is comparable to the significant increase in the PLAC/RV L6 group.

The present data critically depend on the immunohistochemical analysis. We used the CD54-
clone MEM112 antibody because of its ability to detect ICAM-1 (351). We focused on the
expression of ICAM-1 in the bronchial epithelium because the available ¢vidence indicates that
the epithelium is the primary target of rhinovirus infection in the nose (273). Furthermore, primary
tracheal epithelial cell cultures as well as a bronchial epithelial cell line appear to be susceptible to
rhinovirus infection (197.218). The stained sections were analyzed by semi-guantitative analysis,
as has been previously described others (213), and by ourselves (47) for measuring the expression
of molecular markers in bronchial biopsies. A potential bias by epithelial damage in the ICAM-1
score was avoided by focusing on staining in the basal cell layer. The lack of effect of budesonide
freatment and the RV16 intervention on epithelial intactness and the lack of a significant
correlation between ICAM-1 staining and epithelial intactness support the absence of such a bias.
Finally, the validity of the scmi-quantitative analysis of both ICAM-1 staining and epithelial
quality is supported by a satisfaclory intra-observer repeatability (k> 0.69). As a technical control
for staining of the biopsies we chose PECAM-1, because it is equally and constitutively expressed
in the endothelium and it has not been reported to he affected by steroids (348).

How can the present results be interpreted? A possible pathway of the rhinovirus-induced
ICAM-1 upregulation is mediation by cytokines such as IL-1B (218). In addition, one could
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speculate that ICAM-1 cross-linking by rhinovirus particles, which contain multiple ITCAM-1
binding sites, could induce AP-1 mediated 1L-1( transcription and expression (352). Indeed,
elevated IL-1P levels have been demonstrated in nasal lavage after rhinovirus infection (248).
Alternatively, the thinovirus infection itself could lead to enhanced transcription of the ICAM-]
gene (197) and other genes (223). This may occur through activation of transcription factors such
as NF-kB, subsequent increased DNA binding (223.231), and activation of the ICAM-1 promoter
region (197). The latter two mechanisms require the presence of thinovirus particles within the
intrapulmonary airways, which seems likely (276), although conclusive evidence is presently
lacking.

We did not observe a difference in epithelial [CAM-| expression in the budesonide-pre-treated
group as compared to the placebo group. The present study was not designed to examine the effect
of inhaled steroids on ICAM-1 expression per sé. Nevertheless, the budesonide pre-treatment did
not appear to influence the RV16-associated increase in ICAM-1 expression. Few studies are
available on the effect of glucocorticoids on pulmonary epithelial [CAM-1 expression. Tn vitro,
glucocorticoids appear to decrease basal and TFN-y-induced TCAM-1 expression (347). In
asthmatic patients in vive, 6 weeks pre-treatment with inhaled glucocorticoids had no effeet on
bronchial epithelial ICAM-1 staining (340), fitting in with our data, whereas it was recently
demonstrated that such a treatment did decrease the [CAM-1 expression on BAL cells (mainly
macrophages) (353). The lack of protection against RV-associated enhanced expression of
[CAM-1 may not be surprising, since a combination of systemic and nasal glucocorticoid
freatment of experimental rhinovirus infection in normal voluntcers did not affect the virus-
induced increase in IL-1f in nasal lavage (248). However, it can be speculated that the
pretreatment period might have been too short and/or the steroid dose too low for some
antiinflammatory effect to take place.

What are the clinical implications of this smdy? The observed thinovirus-associated increase in
its own cellular receptor in the bronchial epithelium might facilitate the spreading of the infection
within the intrapulmonary airways in asthmatics (218), thereby potentially increasing the patients
susceptibility to a severe immune response and its consequences, such as an asthma exacerbation.
It is remarkable that the widely used inhaled steroids in a clinically relevant dose do not protect
against this apparent positive leedback mechanism. It can be speculated that other treatment
modalities such as cromolyns (354) or soluble ICAM-1 (137) will appear to be more useful in
breaking this vicious circle. thus potentially providing effective protection against rhinovirus-
induced asthma exacerbations.

In conclusion, experimental RV16 infection upregulates ICAM-1 expression in the bronchial
epithelium of asthmatics in vivoe. Inhaled steroids do not affect baseline ICAM-1 expression,
and do not appear to have a protective effect against the RV 16-associated upregulation. This
suggests that other treatment modalities are required to treat or prevent rhinovirus-induced
exacerbations in patients with asthma.
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8 EFFECT OF PRETREATMENT WITH INHALED
CORTICOSTEROIDS ON RHINOVIRUS 16-
INDUCED AIRWAYS INFLAMMATION IN
ASTHMA

Katrien Griinberg, Rapha¢l F, Sharon, Jacob K. Sont, W. Johannes C.C.M. in ‘t Veen, W,
Annemarie A.M. van Schadewiik, Erik P.A, de Klerk, Elliot C. Dick, J. Han J.M. van Kricken,
Peter J. Sterk.

(submitted)

8.1 ABSTRACT

Asthma exacerbations are often associated with thinovirus infections. However, the
inflammatory pathways are poorly understood, whilst treatment is often unsatisfactory.
Therefore, we selected 25 atopic, mildly asthmatic patients who underwent experimental
rhinovirus 16 (RV16) infection, whilst receiving double-blind, placebo-controlled
pretreatment with the inhaled corticosteroid budesonide (800 ug b.i.d.), starting 2 weeks
before infection. We assessed inflammatory cell numbers in bronchial biopsies 2 days
before - and 6 days after RV16 infection, and analyzed those in relation to cold
symptoms, changes in blood leukocyte counts, airways obstruction and airway
hyperresponsiveness. RV16 colds induced an increase in tissue CD3+ cells and tended
to decrease the numbers of eosinophils, The T cell accumulation was positively
associated with cold symptoms, Greater epithelial accumulation of either CD8+ cells (in
the placebo group) or CD4+ cells (in the budesonide group) was associated with less
worsening of airways hyperresponsiveness. Similarly, the larger the decrease in
eosinophil counts in the lamina propria, the less worsening of airways
hyperresponsiveness, whilst epithelial accumulation of neutrophils was significantly
correlated with worsening of airways obstruction. Budesonide pretreatment improved
airway hyperresponsiveness and eosinophilic airways inflammation. Yet, it did not
significantly affect the RV16-associated change in numbers of any of the inflammatory
cell types. We conclude that the physiological worsening of asthma after RV16 infection
is inversely associated with accumulation of T cells and dissipation of eosinophils in the
bronchial mucosa, whilst being positively associated with accumulation of neutrophils.
Prophylaxis with inhaled corticosteroids does not appear to affect the RV16-induced
airways inflammation, which is in keeping with its limited protection against virus-
induced exacerbations of asthma.
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82 INTRODUCTION

Patients with asthma frequently suffer from transient worsening of their disease during
respiratory  virus infections. Rhinoviruses are most commonly associated with such
exacerbations (77,78). Indeed, experimental rhinovirus infection in asthmatics worsens asthma
symptoms (148,163) variable airways obstruction (165). and airways hyperresponsiveness to
various bronchoconstrictor stimuli (148,163,170). This suggests that thinovirus infection is able
to promote airways inflammation in pre-existing asthma.

Evidence indeed suggests that rhinovirus infections enhance airways inflammation in
asthma, as reflected by an increase in local production of inflammatory mediators such as IL-
18, IL-8, IL-6 and ECP, detectable in nasal lavage (148,258} and/or in induced sputum (35). In
addition, rhinovirus 16 (RV16) infections enhance ICAM-1 expression in the bronchial
epithelial layer (173), and promote the infiltration of T cells into the bronchial lamina propria,
and of cosinophils into the bronchial epithelium during the acute phase of infection in a sample
that included both normal and asthmatic subjects (164), Yet. the relevance of these observations
for development of rhinovirus-induced exacerbations of asthma is still unclear,

Inhaled or oral glucocorticosteroids are the most commonly used anti-inflammatory drugs
for regular asthma therapy (1). However, their clinical efTectiveness n preventing (355) or
freating (356) rhinovirus-induced exacerbations of asthma could not be confirmed in clinical
studies. Glucocorticoids have various anti-inflammatory effects, including lowering the
numbers of eosinophils and lymphocytes in the mucosa of asthmatics (336), and inhibition of
the effects of pro-inflammatory cytokines such as [L-1 (357.358), a cytokine that has been
implicated in rhinovirus-induced airways inflammation (248). On the other hand, there is some
evidence that glucocorticoids, by suppressing the immune response (359), may hamper viral
clearence (119), thereby potentially worsening or protracting the disease. Hence, there is
inconclusive evidence on the effects of glucocorticoids within the airways in rhinovirus-
associated exacerbations of asthma,

In the present study we hypothesized first, that RV16 colds in asthmatic subjects induce
worsening of the underlying airways inflammation. Second, we tested whether this can be
prevented (in part) by pretreatment with inhaled glucocorticoids. Therefore, we conducted a
trial in atopic asthmatic patients who all underwent experimental RV 16 infection, and received
double-blind, placebo-controlled pretreatment with inhaled budesonide, starting 2 weeks before
infection. The primary outcome parameters of the study were the numbers of inflammatory
cells in bronchial lamina propria and epithelium before and after RV16 infection, as obtained
from bronchial biopsy specimens. The observed changes in these outcome parameters in either
treatment group were analyzed in relation to the severity of the cold (as reflected by cold score,
changes in peripheral blood leukocyte counts) and the physiological severity of asthma (as
reflected by airways obstruction and airway hyperresponsiveness).

8.3 METHODS

831 Subjects

Twenty-five non-smeking or ex-smoking (=12 months, <5 pack years) adult asthmatics (13
female, 12 male; age 19-25 yr.) were recruited. The subject characteristics are presented in table 1.
The patients had low titers of eirculating antibodies specific to thinovirus 16 using a RV16 serum
neutralization assay (= 1:4 serum dilution against 20-25 x 50% tissue culture infective doss
-TCIDs;-), and were atopic, as indicated by one or more wheal (> 3 mm) and flare response to skin
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prick tests 1o 10 commen asro-allergen extracts (Soluprick, ALK, Benelux). In the 3 months
preceding the study the subjects had not used oral or inhaled glucacorticoids or any other
medication for their asthma or allergies except for inhaled short-acting [, agonists on demand. All
subjects were healthy, apart from their asthma, during the 6 weeks preceding the study. The study
was approved by the Medical Ethics Committee of the Leiden University Medical Center, and the
subjects gave their written informed consent before entering the study.

8.3.2 Design

The study had a randomized double-blind, parallel, placebo-contrelled design, which included two
groups of asthmatics receiving RV 16 inoculation during treatment with either budesonide (BUD)
or placebo (PLAC). Budesonide by dry powder inhaler (Turhohaler”, 800 pg, b.i.d.) or placebo
was given for a period of 4 weeks, starting 16 days before RV16 inoculation (day -16).
Experimental RY16 infection took place on two consecutive days (day 0 and day 1), The maximal
forced expiratory volume in one second (FEV,) and the provoeative concentration of histamine
causing a 20% fall in FEV, (PCy) were recorded at days -17, and repealed at day -4, day 4 and
finally at day 13. Blood samples were drawn at days -17, -2, 3, 6 and 28. Bronchial biopsies were
by fiberoptic bronchoscopy taken at days -2 and 6.

8.3.3  RVI6 inoculation, confirmation of infection

The RV 16 inoculum was obtained from the same strain and stock as used in previous experiments
in humans s vivo (148,162). The virus was cultured according to standards of good laboratory
practice and the inoculum was tested to be safe for human i vive usage (286). A total dose of
0.6-2.1 x 10% 50% tissue eulture infective dose (TCIDy,) RV16 was administered to each subject
according to a previously described procedure (148). Briefly, the total RV16 dose was divided
over two days. On each day, equal portions of the inoculum were administered by nasal inhalation
(DeVilbiss 646 nebulizer, connecled to a face mask), nasal spraying (DeVilbiss 286 atomizer.
powered by a compressor], and finally by instilling the fluid into each nostril by pipette.

The confirmation of RV 16 infection was established by a fourfold or greater increase in RV16-
specific neutralizing antibody titer in serum and/or by recovery of the virus from the nasal washes
(148). The nasal washes were inoculated onto Human Embryonic Lung fibroblast (HEL} cultures
and incubated at 32° C for 14 days. The identity of thinovirus in a positive culture was confirmed
by neutralization assay, using RV16-specific guinea-pig immune scrum (1126AS/GP-VR:
American Type Culture Collection, Rockville, MD). In order to exclude any intercurrent
respiratory infection, all nasal washes were inoculated into thesus monkey kidney cells {LCC-
MK2), Hep-2 and HEL cell cultures and cultured at 37°C (148). In addition, the subjects scored
their cold symptoms three times daily. and recorded those on diary cards as described previously
(148).

8.3.4  Peripheral blood lenkocyte connt and differentiation

Unelotted venous whole blood samples (EDTA) were used for absoluie and differential
leukocyte counts by automated blood count analysis (Technicon H1, Technicon, Tarrytown,
NY).



Table 8.1: Subjects’ characteristics

Patients” Sex  Age Baseline Baseline Cold titer pre/post-  cullure
Budesonide

1 M 24 73.5 0.14 4 11/ 1:1 posipos
i F 21 86.4 0.17 2 A R K neg/neg
3 M 23 82.5 0.29 9 LT 1ide pos/pos
4 F 24 86.1 0.30 8 L1/ 11 posimeg
5 M 23 95.2 0.54 3 L1F LR pos/neg
6 M 24 76.4 0.54 14 1 E s e e pos/neg
7 M 2 81.7 0.65 12 1:4/ 1128 pos/pos
8* F 23 91.0 1.28 11 1:24 1.2 pos/neg
9 M 24 76.8 1.34 8 1:1/ 1:256  pos/neg
10 M 25 82.6 2.13 8 11/ 18 pos/pos
11 F 24 80.8 332 4 e e A negmeg
12 F 25 103 5.92 1 L1/ 12 pos/pos
meantSEM 84,6124 0.74+0.49 o 0

Placebo

13 M 22 80.9 0.06 g 1:1/ 1:16 pos/neg
14 F 19 80.5 0.14 8 11/ 14 pos/pos
15 F 19 84.2 (.30 3 b B pos/pos
16 E 20 95.7 0.31 17 1:1/ 1:8 pos/pos
17* M 19 101 0.46 10 sl 1l negineg
18 M 23 74.6 0.52 3 1:1/ 1:32 pos/neg
19 T 20 83.9 0.53 10 131 3 5 pos/neg
20 F 23 §4.0 0.65 - Tal 41432 pos/pos
21 F 24 94.2 1.44 2 1:1/ 1:16 neg/neg
22 F 20 96.6 1.81 3 1314 1:d pos/pos
234 M 3 103 2,18 6 12y 12 neg/neg
24 F 20 95.9 2.40 10 11/ 1:8 pos/pos
25 M 22 84.1 4.34 3 1:1/ 1:256  pos/pos
meantSEM 80.242.5"  0.65+049° 711

Asterixes indicate the subjects who were excluded from statistical analysis either because RV16 infection
could notl be confirmed (#2, 17, 23) or because a rhinovirus other than RV 16 was detected (#8). A; FEV,
between-group comparison: p = 0.21. B: Geomerric mean PCy, + SEM (doubling dosc) at day 4.
Between-group comparison: p = 0.79. C: M: male; F: female. D: Titer of neutralizing antibodies against
RV16 (serum dilution, 1: .) at day -2 / day 28. E: Tissue culture of RV16 at day 3/ day 6.

83.5 Lung function and airway hypervesponsiveness

Standardized histamine challenge tests (289) were performed using doubling concentrations of
histamine-di-phosphate in phosphate buffered saline (0.03-8 mg/ml). A DeVilbiss 646 nebulizer
(DeVilbiss Co.. Semerset, PA, output 0.13 ml/min.) was used, in connection to the central
chamber of an in- and expiratory valve box with an expiratory aerosol filter (Pall Ultipor
BBSO0T). The aerosol was inhaled by tidal breathing for 2 min, at 5 min intervals, with the nose
clipped. The lung function response was measured as FEV,, obtained by a dry rolling
spirometer (Morgan spiroflow, Rainham, United Kingdom), First, baseline FEV, was
determined as the mean of three reproducible values (within § %). Subsequently, single
measurements of FEV; were made 90 seconds after each histamine dose. The tests were
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discontinued if FEV, decreased by more than 20% from baseline. Afierwards the subjects
inhaled 200 pg salbutamol to provide immediate bronchodilation,

8.3.6  Bronchoscopy

Fiberoptic bronchoscopy was carried out by experienced investigators, using a standardized
protocol based on international guidelines, as has been used in previous studies in our department
(360}, After 6 hr of fasting, pre-medication consisting of atropine (1.5 mg subcutaneously, codeine
20 mg orally and salbutamol 400 pg by metered dose inhaler was administered to the subjects,
Local anesthesia was performed with 10% (w/v) lignocaine aerosol in the oropharynx, and with
2% (wiv) lignocaine solution in the lower airways. Throughout the procedure oxygen was
delivered through the nasal canula, while oxyhemoglobin saturation was monitored continuously
using & transcutaneous oximeter (N-180, Nellear Inc., Hayward, CA, TUSA). Bronchoscopy was
performed using a Pentax bronchoscope (outer diameter 6 mm; Pentax Optical Co., Japan), that
was introduced through the mouth, with the patient in supine position. Bronchial biopsies were
taken at (sub)segmental level from either the right lung (right lower and middle lobe) or the left
lung (lingula and left lower lobe}, using a pair of cup forceps (Olympus FB-20C, Tokyo, Japan).
Alternate biopsy sites (right or left lung) were randomized over the 2 bronchoscopy wvisits.
Afterwards, the subjects were observed for one hour for any adverse events,

8.3.7  Biopsy processing and staining

The biopsies were immediately fixed in buffered formalin 10% (v/v). Then, the biopsies were
embedded in paraffin and stored until further processing. Four micrometer thick sections were
used, If required, immunchistochemical staining was preceded by antigen retrieval (table 2).
Immunohistochemical staining was performed using the monoclonal (EG2, elastase, CD4, CDS,
AAT) and polyclonal {CD3) mouse primary antibodies, and visualized using the streptavidin-
biotin-complex (SABC). In shori, the sections were incubated with an optimal dilution of
antibodies in 1% BSA/PBS at room temperature for 60 min, Then, the sections were incubated
with biotinylated rabbit-anti-mouse antibodies (for monoclonal antibodies) or swine-anti-rahbit
antibodies (for CD3 polyclonal antibodies) for 30 min and the streptavidin-peroxidase complex
was added. Finally, the reaction was revealed by putting the slides in 5% AEC (3-amino-9-
ethylearbazol) for 7 minuies. The sections were counterstained with Mayer’s haematoxyline. For
negative controls, the primary antibody was omitted from this procedure.

8.3.8  Analysis of bronchial biopsies

All analyses were performed in a blinded fashion, on coded material. The numbers of (he
different inflammatory cells in lamina propria and epithelium were counted by fully automated
cell counting (361,362). First, images were digitized using a 3-chip color camera (43310
pixels, 660x496um®, 3x256 gray values) (KS-400 system, Kontron/Zeiss). Then, the area of
lamina propria or epithelium was determined in these images by manually delineating the
epithelial basement membrane. Lamina propria, defined by the widest possible 125 um deep
zone beneath the basement membrane of at least 86,000 pm’® (excluding BALT and airway
smooth muscle) was automatically determined and presented on the screen. Likewise, epithelial
area, defined by the area above the basement membrane enclosed by the airway lumen of at
least 25,000 pum®, was automatically determined and presented on the screen. We did not
exclude damaged epithelium from the analysis, as it is yet unknown as to whether a rhinovirus
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infection affects asthmatic bronchial epithelial intactness fn vivo, thereby potentially
introducing a bias.

The automated counting of the number of positively staining cells consisted of the following
steps: level off hackpround staining, normalize staining intensity (gray values from 25"
percentile to the modus), delete noise. fuse stained fragments, delineate stained clusters,
determine cell count by an algorithm, This method has been shown to be fully reproducible (R
=1), and to have good agreement with inieractive cell counting (R, = 0.97) (361).

Table 8.2: antibodies for immunohistochemical staining.

Antigen mAb  dilution antigen retrieval  sold by

EG2 yes 1:200 trypsine Kabi Pharmacia®
Elastase yes 1:50 = Daka®

AAL (tryptase)  yes 1:750 - Dako"”

CD3 no 1:400 citrate Dako®

CD4 yes 1:50 EDTA Thamer Diagnostics”
CDE8 ves 1:400 EDTA Novocastra”

A: Kabi Pharmacia, Woerden, The Netherlands

B: Dako. Glostrup, Denmark

C: Thamer Dizgnostics, Uithoom, The Netherlands

D: Novocastra, Newcastle upon Tyne, United Kingdom

8.3.9  Statistical analysis

Peripheral blood leukocyte differentials were expressed as percentage of total white blood cell
count or cellss10%/L. FEV,| was expressed as % predicted (288). The response (o histamine was
expressed as % fall in FEV| from baseline. PCy, being the provocative concentration causing a
20% fall in FEV . was calculated by log-linear interpolation of the last 2 adjacent data points.
PC,, was log-transformed before statistical analysis. The results for PCy are presented as
geomelric mean + SEM in doubling dose (DD), and changes in PCy are expressed in doubling
dose.

Repeated measures analysis of variance (ANOVA) was applied, analyzing the effect of
budesonide pretreatment or RV16 infection within the separate groups, while the interaction of
the 2 factors was analyzed in the whole sample. The analysis was either limited to days -17 to
-2, being the pretreatment period before RV16 inoculation for analysis of the effect of
budesonide alone, or the period from day -4 onward for analysis of the effect of RV16
infection. Significant ANOVA effects were explored using paired and unpaired Student’s -
tests.

The number of positively staining cells in lamina propria or epithelium was expressed as
cells/0.1 mm’. Statistical analysis of all cell counts was performed on log-transformed cell
count data, after addition of 1 to allow for transformation of zero values (362). Paired and
unpaired Student’s t-tests were applied to examine the data. The results were expressed as
geometric mean £ SEM in doubling cell number (DC). Changes in cell numbers were expressed
as doubling cell numbers. Relationships between outcome parameters were investigated using
Pearson’s correlation test. P values < 0.05 were considered to be significant.

TR

84 RESULTS

All 25 patients completed the study. One patient (# 3) did not undergo the bronchoscopies due to
strong subjective discomfort. All the other subjects underwent bronchoscopy twice. In few cases
the quality and size of the biopsies was inadequate for staining or analysis. RV16 infection was
confirmed in all RV16 inoculated subjects, except subjects #2, 8, 17 and 23, who were excluded
from the statistical analysis of the effect of RV16. All RV |6-treated subjects had an anti-RV 16
titer serum = 1:1 before entering the study. However, reassessment just before inoculation of
RV16 revealed slightly elevated titers in subjects # 7, 8 and 23, coinciding with symptoms of a
common cold in subjects # 8 and # 23, which was confirmed in subject # 8 by rhinovirus-positive
(RV16-negative) culture of the nasal lavage. Since low levels of neutralizing antibodies per se
have not been shown to preclude a symptomatic common cold ( 148), subject # 7 was not excluded
from the analysis.

Table 8.3A: Descriptive and statistical analysis of cell counts in lamina propria

Marker  group Pre-inoculation: Post-inoculation: paired  unpaired
day -2 day 6 test®  ttestad
mean” + SEM (DC) mean” + SEM (DC) p p

CD3 All 70.14 + 0.18 9459 + 0.20 0.03

BUD 55.18 + 0.22 7647 =+ 0.36 0.14

PLAC 8535 + 0.24 114.55 + 0.18 0.14
p 0.08 0.18 0.83
CD4 All 9493 + 0.12 100.99 + 0.13 0.66

BUD &.10 + 0.13 88.14 + 0.21 0.80

PLAC 104.82 + 0.17 11415 + 0.14 0.74
p 0.18 0.15 0.98
CD8 All 5397 + 0.18 63.85 + 0.30 0.31

BUD 47,89 £ 030 4531 £ 0.51 0.85

PLAC 295 & 021 86.94 + 031 (.04
pt 0.40 0.12 0.19
EG2 All 8.69 + 0.36 622 + 034 0.34

BUD 531 + 045 6.69 + 058 0.71

PLAC 13.00 £ 0.50 587 £ 042 0.06
pt 0.08 0.79 0.15
Elastase All 6.59 + 0.30 847 + 034 0.36

BUD 10,18 + 022 1027 + 0.6 0.91

PLAC 462 + 048 726+ 044 0.30
p 0.05 (.48 051
AAL All 65,54 0.28 8242 + 027 0.47

BUD 8765 + 0.29 103.76 + 0.23 0.63

PLAC 5310 + 043 6R56 + 045 0.59
" 0.21 0.26 0.86

BUD: budesonide group. PLAC: placebo group. All: all subjects. A:  Pevalue  unpaired  ttest  for
between-group analysis (budesonide vs. placebe group) at cach time point. B: Paired t-test for comparison
of day -2 and day 6 within each group. C: Unpaired t-test for between-group analysis (budesonide ws.
placebo group} of changes in cell numbers between days -2 and 6 (A).

D: geometric mean.
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Table 8.3B: Descriptive and statistical analysis of cell counts in epithelium.

marker  group pre-inoculation; post-inoculation; paired ‘-"'lli‘ﬂim[f_i
day -2 day 6 t-test®  TestA
mean” + SEM(DC) mean” + SEM(DC) p P

CD3 All 19.88 + 0.39 2623 + 0.29 0.71

BUD 1342 + 039 23.07 + 047 0.04

PLAC 2645 =+ 0.59 2906 + 037 0.74
pt 0.22 0.58 0.41
CD4 All 289 £ 040 252 L 032 0.71

BUD 339 + 047 273 £ 040 0.64

PLAC 253 + 063 3.24 + (049 0.42
p* (.61 0.71 0.35
CDR All 2264 + 033 26.06 £ 0.35 0.52

BUD 2496 + 030 20.86 + 0.64 0.74

PLAC 2090 + 057 385 £ 433 0.19
p* 0.71 0.40 0.26
EG2 All 1L.76 + 0.27 127 £ 0:1% 0.06

BUD LIT + 015 1.08 £ 0.11 0.51

PLAC 244 + (42 146 + (.32 0.08
p 0.04 0.22 0.18
Elastase  All 1.81 + 0.28 247 + 0.30 0.33

BUD 1.80 + 0.52 318 £ 043 0.35

PLAC 1.83 + 0.30 198 + 0.42 0.74
p* 0.97 0.27 0.59
AAl All 282 % 033 475 £ 045 0.11

BUD 428 =+ 0.51] 574 £ 0.95 0.58

PLAC 198 + 043 401 £+ 0.36 0.07
pt 0.11 0.58 0.56

A, B, C: same as in legend of table 3A.

8.4.1  Peripheral blood leukocyte counts

The effects of pretreatment and RV16 on leukocyte counts are depicted in figure 1A. In the
placebo group the cold score (table 1} correlated significantly with the increase in the numbers
of neutrophils between days 3 and 6 (r = 0.82, p = 0.003).

8.4.2  Lung function and airways hyperresponsiveness

Belore commencement of treatment FEV | (% predicted) was not significantly different between
the groups (mean + SEM BUD: 846 + 24, PLAC: 892 + 2.3, p = 0.21). During the
pretreatment period FEV, tended to increase in the budesonide group (p = 0.07), however, this
increase was not significantly different between the groups (p = 0.63). RV 16 infection had no
significant effect on FEV, (p = 0.41). and changes were not significantly different between the
groups (p = 0.09).

In the budesonide group PCy showed an increase during the pretreatment period (p = 0.005)
which was different from placebo (p = 0.02)., Thus, at day —4, PCy was higher in the
budesonide group as compared to placebo (p = 0.05). There was no significant effect of RVI16
infection on PC,; to histamine within either group (PLAC: p = 0.18, BUD: p = 0.65] and the
effect was not significantly different between the groups (p = 0.20). However, at day 4, bul not

0

atday 13, PC,, was still higher in the budesonide group as compared to placebo (p = 0,02 and p
= 0.18, respectively) (figure 1B).

8.4.3  Lamina propria

The average area of lamina propria per patient that was examined for all stainings and all visits
was 266,000 £ 11,000 wm’® (SEM). The deseriptive and statistical analysis are presented in table
3A. The data show an overall increase in the numbers of CD3+ cells (p = 0.03). which is not
significantly different between the groups (p = 0.83). The increase can be attributed in part to a
significant increase in CD8+ cells in the placebo group (p = 0.04).

In the placeho group cold scores tended to correlate significantly with the increase in the
number of CD3+ cells (r = 0.59, p = 0.07) (figure 2A). In addition, both cold scores and the rise
in the numbers of circulating neutrophils between days 3 and 6 were significantly (or borderline
-) and inversely associated with the change in AA;+ cells in either group (cold scores: PLAC: r
=-0.61, 0.06, BUD: r = -0.83, p = 0.01, neutrophils: PLAC: r=-0.62, 0.07, BUD: r=-0.71,p =
0.05).

In either group. the number of EG2+ cells at baseline (day —2) correlated significantly with
the subsequent RV 16-associated decrease in EG2+ cell numbers (PLAC: r = -0.71, p = 0.02,
BUD: r=-0.80, p = 0.02) (figure 3A). In the placebo group, the largest decrease in the number
of EGy+ cells was associated with less worsening of PCs to histamine (r = -0.70, p = 0.02)
(figure 4A) and with the largest increase in the number of eosinophils in peripheral blood
during the acute phase of the cold (r=-0.74, p = 0.04),

8.4.4  Epithelium

The average area of epithelium per patient that was examined for all stainings and all visits was
90.000 + 5,000 um’ (SEM). The descriptive and statistical analysis are presented in table 3B,
The data show a significantly lowered number of EG2+ cells before RV16 inoculation (p =
0.04), and therealler, a significant increase in the number of CD3+ cells in the budesonide
group (p = 0.04).

Similar to the relationship in lamina propria, the higher the cold score. the larger the
epithelial accumulation of CD3+ cells in the placebo group (r=0.77, p = 0.02)(figure 2B). This
may not be surprising, as the accumulation of CD3+ cells in the epithelium and lamina propria
were significantly correlated (r = 0.66, p = 0.04). Moreover, accumulation of CD8+ cells (in the
placebo group). or CD4+ cells (in the budesonide group) was associated with less worsening of
PC,; during the RV16 cold (PLAC: r = 0.71, p = 0.02, BUD: r = 0.67, p = 0.047) (figures 5A,
5B). Finally, the rise in numbers of circulating monocytes (a CD4+ cell) in the acute phase of
the cold was significantly but inversely related to infiltration of CD4+ cells (r=-0.74, p = (L.03)
in the placebo group.

Similar to the lamina propria, the larger the number of EG2+ cells present at baseline, the
larger the subsequent RV 16-associated decrease in eosinophil numbers in either group (PLAC:
r=-0.74, p=0.01, BUD: r=-0.88, p = 0.004) (figure 3B). In addition, in the placebo group, a
rise in the number of AA + cells and CD3+ cells in the epithelium correlated significantly with
a fall in EG;+ cell numbers in the lamina propria (r = -0.70, p = 0.03). Finally, accumulation of
clastase+ cells was associated with lowering of FEV, (%pred.) in the acute phase of the cold (r
=-0.71, p = 0.03, Rs = -0.76, p = 0.02) (figure 4B). This relationship still tended to be
significant after exclusion of the obvious outlier (r=-0.62, p = 0.10, Rs = -0.66. p = 0.08),
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Figure 8.1
A: Peripheral blood leukocytes
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There was no significant change in PCyq in either group (PLAC: p = 0.18, BUD: p = 0.65), and changes
were not different between the groups (p = 0.20). At day 4, but not at day 13. PCy was still higher in the
hudesonide group as compared to placebo (day 4: p = 0.02, day 13: p=0.18).
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8.4.5 ICAM-1 expression

The results of ICAM-1 staining have been reported previously (173). In short, the ICAM-1 score
increased significantly in the placebo group (Wilcoxon test: p = 0.03), with a similar trend in the
budesonide group (n = 0.07). These changes were not significantly different between the groups
(MWU test; p = 0.74). The increase in [CAM-1 expression in the placebo group appeared to be
positively associated with the change in epithelial AA+ cells numbers (r = 0.86, p = 0,003}, but
inversely correlated with the change in numbers of CD3+ (r = -0.75, p = 0.02) and CD4+ cells
(r=-0.87, p=0.003) in the lamina propria,
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Figure 8.2: Correlation of the cold score versus the change in the numbers of CD31 cells (in
doubling cell numbers -DC-) in the lamina propria (A) and epithelium (B).

legend 824 8.2B

All subjects r=040,p=009 r= 0.50,p=003
Plac (e,— ): r=0.59,p=0.07 r= 077, p=0.02
Bud (e, ----- ) r=0.20,p=0.60 r=-01l, p=0%&Il

8.5 DISCUSSION

In this study we demonstrated that an experimental RV16 infection in asthmatic subjects is
associated with accumulation of T cells, particularly CD8+ cells, and with a trend towards
lowering of eosinophil numbers in lamina propria and epithelium. In the placebo group the
increase in T cell numbers was positively associated with the cold symptoms, Large epithelial
accumulation of T cells was correlated with less worsening of airway hyperresponsiveness. In
the placebo group this relationship was significant for CD8+ cells, whereas in the budesonide
group the relationship was significant for CD4+ cells. In cither group, the decrease in
eosinophil numbers was significantly related to the degree of pre-existing cosinophilic
inflamrmation: the more eosinophils present at baseline, the more efflux after infection.
Reduced eosinophilia in the lamina propria was associated with less worsening of airways
hyperresponsiveness, whilst epithelial accumulation of neutrophils was found to be related to
worsening of airways obstruction. Although 2 weeks pretreatment with inhaled budesonide
improved airway hyperresponsiveness and lowered the numbers of eosinophils in biopsies, we
did not observe any significant effects on the RV16-associated accumulation of any of the
inflammatory cell types. Our data suggest that antiinflammatory treatment with inhaled
glucocorticosteroids in patients with asthma does not affect rhinovirus-induced airways
inflammation, as reflected by cellular infiltration. Yet, patients with asthma may profit from a
corticasteroid-imduced improvement of their baseline condition.

This is the first study to describe the effects of placebo-controlled pretreatment with inhaled
glucocorticoids on lower airways inflammation, as induced by experimental RV16 colds in
asthmatic subjects. The observed RV16-associated infiltration of T cells into the lamina propria
confirms the results of a previous study on RV16-induced airway inflammation by Fraenkel et
al. {164). The absence of an increase in eosinophil numbers is in keeping with findings in
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normal and atopic subjects after natural rhinovirus infection (363), but is in apparent contrast to
the observed increase in EG2+ cells in the epithelium in the before mentioned study (164).
Methedological differences such as patient selection (atopic asthmatics only versus a mixed
sample of normal and asthmatic subjects) and study design (biopsies taken 6 days versus 4 days
after inoculation) may have contributed in part to the different outcomes in these two studies.
The lack of any significant effect of budesonide on rhinovirus-associated changes in lung
function, airway hyperresponsiveness, or cellular infiltration into the bronchial mucosa seems
to be in keeping with clinical studies, showing a lack of protection against virus-induced
exacerbations of asthma (355,356). Fortunately, neither did we observe any detrimental effects
of inhaled steroids on any of the parameters, in terms of severity of response and recovery time,
which a priosi could not be excluded, based on potentially impaired viral clearence (119,359).
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Figure 8.3: Correlation of the number of EG2+ cells present at day -2 (log-transformed) versus the
subsequent change in the numbers of G2+ cells (DC) in the lamina propria (A) and the epithelium

(B).

legend 8.3A 8.3B

All subjects r=-0.77, p <0.001 r=-0.78, p = 0.00]

Plac (e, — ) r=-0.71,p=0.02 r=-0.74, p=0.01
Bud (o, -=e-): r=-0.80, p = 0.02 r=-0.88, p = 0.004

The results of this study were obtained after carefully considering study design and subjects
selection, while using validated methods for administering RV16 (162,163) and recording lung
function and airway responsiveness (289). By using an automated system to perform biopsy cell
counting we were able to analyze relatively large amounts of tissue for each staining (362). in a
standardized and highly reproducible way (361). We included only steroid-nai ve patients who
had mild persistent asthma, who were eligible for regular treatment with inhaled steroids,
according 1o treatment guidelines (1). However, the dosage used (800 g bi.d.) was higher than
the recommended dose (1), in order to ensure an optimal effect during a relatively short
pretreatment period (364). The decrease in airway hyperresponsivencss and the reduced
eosinophil counts in the bronchial mucosa of the budesonide-treated subjects after the 2 weeks
pretreatment period fit in with the results of previous studies on the effects of inhaled
corticosteroids (336,365}, and indicate that the pretreatment with inhaled corticosteroids was
adequate to produce anti-inflammatory effects (364).

34

The present data do not seem to be affected by lack of statistical power, as the power was
adequate to deteet a two-fold difference in cosinophil numbers between the groups after 2
weeks budesonide treatment, and also to detect rhinovirus-associated within-group changes in
cell numbers of similar or smaller magnitude (362). The various correlations between biopsy
cell counts and clinical/physiological outcome parameters indicate that even variation around
the zero-value, resulting in statistically non-significant changes, may not just be random noise,
but can indeed have biological relevance. As the present sample size has previously been shown
to allow detection of the effect of placebo-controlled treatment with inhaled steroids on
bronchial inflammatory cell counts (336), we speculate that any effects of budesonide treatment
an rhinovirus-induced airways inflammation are likely to be smaller than those observed during
treatment with inhaled steroids alone.
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Figure 8.4: A: Correlation ol the change in PCsy between days —4 and 4 (doubling dose -DD-)
versuy the change in the number of EG2+ cells in the lamina propria (DC),

B: Correlation of the change in FEV (% predicted) between days —4 and 4 versus the change mn the
number of elastaset cells in the epithelium (DC).

legend 8.4A W 84
All subjects r=-038 p=0.12 r=-0.05,p=10386

Plac (8,— ): =-0.70, p=0.02 r=-0.71. p=0.03

Bud (o, -----): r=-0.20, p=0.64 r=0.02, p=0.95

In the present study, RV16 inoculation resulted in successful infection in 21 out of 23
patients. Yet, in contrast to previous studies by others (162) and ourselves (148), the RV16
colds in the present study were not associated with a significant increase in airway hyper-
responsiveness to histamine, The severity of infection, as reflected by cold scores and rise in
numbers of circulating neutrophils, has been shown to be linked to the rhinovirus-associated
enhancement of airway hyperresponsiveness {148), such that only the severest colds lead to a
significant decrease in PC,y As the cold scores were generally lower than those described in a
previous study (148), we speculate that this might explain the observed lack of increase in
airway hyperresponsiveness. The present data extend previous findings by showing that the
severity of cold symptoms and rise in numbers of circulating neutrophils correlate positively
and significantly with the accumulation of T cells and inversely with mast cells in the bronchial
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mucosa. This indicates that mild rhinovirus infections exacerbate airway inflammation, even in
the absence of marked clinical worsening of asthma.
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Figure 8.5: Correlation of the change in PCy, between days —4 and 4 (DD) versues the change (DC)
in CD8+ cell numbers (A) or CD4+ cell numbers (B] in the epithelium.

legend 8.5A 8.5B
All subjects r=0.25 p=0.30 r=049, p=0.03
Plac (s, — )z r=0.71,p=0.02 r=0.39,p=027
Bud (o, ----- Y =-0.11,p=0.78 r=0.67, p=0.047

We have previously shown that rhinovirus infection in asthmatics induced an mcrease of
ECP in sputum 2 days after RV16 inoculation, associated with worsening of airway hyper-
responsiveness (35). Furthermore, a small increase in the eosinophil numbers in the bronchial
epithelium was demonstrated 4 days after RV16 inoculation in a sample of both normal and
asthmatic subjects (366). At 6 days after infection we now find a trend towards a decrease in
cosinophil numbers in both the epithelium and lamina propria, the latter being associated with
an increase in numbers of circulating eosinophils, and with the absence of enhancement of
airways hyperresponsiveness. Taken together, one could postulate that a rhinovirus cold causes
casinophils to migrate towards the airway lumen, thereby tempararily depleting the tissue from
activated eosinophils just after the acute phase of infection, which might be beneficial during
the recovery from an initial enhancement of airways hyperresponsiveness. Yet, the decrease in
EG2+ cells in the lamina propria was associated with an increase in numbers epithelial CD3+
and AAl+ cells, the latter also being correlated with the increase in ICAM-1 expression, as
assessed in a previous study (173). These associations suggest that such eosinophil migration
indicate in fact an active and ongoing inflammatory process. Based on the consistent
association between eosinophil numbers present at baseline and the subsequent infection-
related decrease in eosinophil mumbers within the same tissue compartment, one might consider
the possibility that eosinophils migrate or degranulate as result of a bystander effect rather than
a specific eosinophil-mediated immune response.

There is ample evidence that rhinovirus infections induce neutrophil migration towards the
nasal mucosal surface (248.256), along with the release of neutrophil chemoattractants such as
1L-8 into the airway secretions (35,148,251). The observed association between worsening of
Iung function and RV16-associated changes in epithelial neutrophil numbers, in the absence of
significant neutrophil accumulation within the epithelium, is in keeping with the above.
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Moreover, it raises the suggestion that neutrophil products not only provide a defense
mechanism, but may also be invelved in virus-induced lung injury (367,368). thersby
potentially causing airway wall swelling with excessive airways obstruction (177.285).

We also observed the RV 16-associated accumulation of CD3+ cells, and particularly CD8+
cells in the lamina propria. These findings are in keeping with a MHC class 1 restricted
eytotoxic T cell response. Such an immune response is considered to be most efficient for viral
clearence and recovery (215,369,370). and adds to previous suggestions of rhinoviral infection
of the bronchial tissues themselves (169,276). Indeed, the increase in epithelial CD8+ cell
infiltration was associated with improvement of airway hyperresponsiveness in the placebo
group. In the budesonide-treated subjects, however, it was the migration of CD4+ cells that
appeared to be associated with changes in airway hyperresponsiveness. Based on the
observations that the average numbers of CD4+ cells exceed CD3+ cell numbers in the lamina
propria, and that accumulation of CD4+ cells correlates significantly with the shift in numbers
of circulating monocytes, it scems likely that CD4+ cell infiltrate represent both T helper cells
and monocytes. Therefore, additional studies are required in order to assess the relative
coniribution of monocytes and T helper cells in a MHC class Il restricted response to
rhinovirus-induced airway pathology. particularly in relation to ICAM-1 expression and to
corticosteroid therapy.

We did not observe an effect of budesonide pretreatment on rhinovirus-induced cellular
infiltration of the bronchial mucosa. The interaction of glucocorticosteroids, rhinovirus
infection and underlying allergic airway inflammation is likely to be complex. For example,
glucocorticosteroids down-regulate cytokine expression (371). However, some cytokines (IL-4,
IFN=y) counteract the glucocorticoids-induced inhibition of the effects of IL-1p (357.358),
which 1s a pivotal eytokine in the rhinovirus-induced immune response (182,248). Moreover,
all three factors may affect monocyte responsiveness in various ways (190,191,357). Based on
the present results one could argue that ghicocorticoids reduce allergic airway inflammation,
possibly even during a rhinovirus infection, whereas they do not seem to have a detrimental
effect on the anti-viral immune response.

Regular treatment with inhaled corticosteroids may not prevent colds (355) or reverse the
asthma exacerbations associated with them (356). However, our data implicate that, when the
improved baseline condition with less eosinophilic airway inflammation is taken into account,
asthmatics do benefit from prophylaxis with inhaled steroids during rhinovirus-induced
exacerbations of their disease. Thus, we postulate that asthma therapy that aims to achieve
improvement of allergic airways inflammation (360) provides a better bascline condition to
sustain the consequences of a rhinovirus cold,

In summary. our data demeonstrate that thinovirus colds induce accumulation of T cells,
particularly cytotoxic T cells, in the bronchial mucosa. Physiological worsening of asthma after
RV16 infection is inversely associated with this accumulation of T cells and migration of
eosinophils, while being positively associated with accumulation of neutrophils. Pretreatment
with inhaled steroids improves cosinophilic airway inflammation, but does not appear to
prevent RV16-induced inflammatory cell migration. Our data suggest that the merits of
prophylaxis with inhaled steroids lie in improvement of the baseline condition of patients with
asthma.
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9 CONCLUSIONS, SUMMARY AND GENERAL
DISCUSSION

9.1 INTRODUCTION

Rhinovirus infections are the most commeon cause of colds, for which no specific prevention or
therapy is available to date. [n patients with asthma rhinovirus infections appear to have a more
severe impact than in otherwise healthy humans, in that it induces temporary worsening of their
disease. Rhinovirus infections appear to be a major risk factor for exacerbations of asthma,
even during regular asthma treatment with inhaled corticosteroids. Treatment of exacerbations
of asthma according to the current guidelines does not take the cause of the acute worsening
into account. This is understandable, as evidence on the effectiveness of various existing
treatment modalities for (rhino)virus-associated exacerbations of asthma is scarce. Yet, severe,
and potentially fatal exacerbations still oceur, indicating that there is room for improvement of
therapy or prevention.

The pathogenic mechanisms for rhinovirus-associated exacerbations of asthma were largely
unclear. The studies in this thesis deseribe the effects of experimental rhinovirus infections in
asthmatic patients with respect to the pathophysiologic and inflammatory eftects of rhinovirus
infections in asthmatic patients. In addition, we investigated the effect of antiinflammatory
pretreatment in the experimental setup in patients with asthma. The general aim of the studies
in this thesis was lo gain insight in the pathogenic mechanisms of rhinovirus-associated
exacerbations of asthma. Such insight might provide clues as to how (o tailor existing or new
treatment modalities to the cause of the exacerbation for more effective asthima control.

9.2 CONCLUSIONS OF THIS THESIS

Given the objectives of this thesis, the present data lead to the following eonclusions.

1. Experimentally induced RV16 colds in atopic asthmatic humans increase asthma symptoms
in conjunction with enhancement of variable airways obstruction (chaprer 3).

)

Experimentally induced RV16 colds in atopic asthmatic humans induce an increase in
airway hyperresponsiveness to histamine during the acute phase of the cold (chaprers 4, 5).

3. The degree of worsening of variable airways obstruction and airway hyperresponsiveness
after RV16 infection is positively associated with the severity of the cold symptoms and the
inflammatory response, as reflected by an increase in [L-8 in nasal lavage, drop in numbers
of circulating lymphoeytes, and rise in numbers of circulating neutrophils (chapter 3, 4).

4. Unmyelinated airway sensory nerves are likely to be involved in rhinovirus infections in
asthma, as indicated by rhinovirus-associated abrogation of the tolerance to repeated
bradykinin challenges (chapter 5). However, their exact role in the development of
rhinovirus-induced exacerbations of asthma remains uncertain.

5. Rhinovirus 16 infections in atopic asthmatic subjects induce the release of pro-
inflammatory and chemotactic mediators (IL-8, IL-6, ECP), both in the upper and lower
airway secretions (chaprers 4, 6).
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6. The early rise in sputum ECP levels after rhinovirus infection (chaprer 6) is associated with
enhancement of airway hyperresponsiveness. while depletion of bronchial tissue
eosinophils later on is associated with lack of enhancement of airway hyperresponsiveness
fchapter &). This suggests that eosinophils and their products mediate the initial
deterioration, while tissue depletion of eosinophils is beneficial for the recovery of airway
hyperresponsiveness.

7. The number of sputum neutrophils that contain [L-8 increases afier RV16 infection in
alopic asthmatic subjects {chapter 6). This is indicative of a role of neutrophils in the
response to a rhinovirus infection. Moreover, bronchial epithelial neutrophil accumulation
was found to correlate significantly with worsening of airway obstruction (chapter §).

8, Rhinovirus 16 colds increase the expression of [CAM-1 in the bronchial epithelium of
atopic asthmalic subjects fchapter 7), which is positively correlated with a rise in epithelial
mast cell numbers and a rise in the number of CD3+ and CD4+ cells in the lamina propria
(chapter §), indicating its association with worsening of airway inflammation after RV16
infection.

9, RV16 infection induces a rise in the numbers of T cells in the bronchial mucosa in steroid-
naive patients and corticosteroid-pretreated patients alike. Epithelial accumulation of T
cells correlates with less worsening of airway hyperresponsivenass (chapter &). This
observation suggests that the anliviral immune response interferes with the allergic
inflammation. such that the effect outweighs the potential detrimental consequences of a
cold,

10. As anticipated, two weeks pretreatment with inhaled corticosteroids resulls in reduction of
the numbers of activated eosinophils in the bronchial mucosal biopsies, and improvement
of airway hyperresponsiveness, However, such anti-inflammatory treatment does not alter
the rhinovirus-associated effects on ICAM-1 expression (chapter 7) or T cell accumulation
(chapter 8). This indicates that corticosteroids have limited value in preventing the airway
inflammation associated with a rhinovirus infection.

Briefly, we have demonsirated that rhinovirus infections in patients with asthma induce a mild
exacerbation of asthma. The pathofysiological characteristics of such an exacerbation are a
temporary increase in variable airways obstruction and airways hyperresponsiveness. The
pathogenic mechanisms associated with such worsening involve airway sensory nerves and
airway inflammation. The immune response to a rhinovirus infection appears to be mediated by
T cells, which accumulate in the bronchial mucosa during the cold. In addition, the evidence
suggests that eosinophils, neutrophils, and their products coniribute to deterioration of airway
hyperresponsiveness. The expression of ICAM-1 (the rhinovirus receptor) in the bronchial
epithelium increases in conjunction with the enhanced airway inflammation. Anti-inflammatory
pretreatment with inhaled corticosteroids does not seem {o prevent either the accumulation of T
cells or increased ICAM-1 expression, suggesting that its value during rhinovirus-induced
worsening of asthma is limited,

9.3 SUMMARY AND GENERAL DISCUSSION

9.3.1 Hast susceptibility to infection and asthma exacerbation

The susceptibility to “catch the cold” varies among and within hosts (80), which may be related
to personality, stress, and recent life events (102-104), or factors associated with atopy or
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asthma (147,161), Experimental rhinovirus infections apparently (partly) overcome low
susceptibility 1o infection, as we were able to obtain an infection rale as high as 89 % (46/52
subjects), and even succeeded in inducing several secondary infections in subjects with low
titers against RV16 (chapter 3). Yet, experimental RV16 infections did not consistently cause
exacerbations of asthma. and the effects were generally mild. This might be ascribed to the
mildness of the colds that were induced (chapters 4, §). Altemnatively, it could be postulated
that in addition to a shared pathogenetic background of both colds and rhinovirus-associated
exacerbations of asthma, additional factors might increase the susceptibility to exacerbations of
asthma. Such factors might include host characteristics associated with age (73,84.86,87,89),
co-morbidity (85,88,101.372), smoking habits, medication usage, and the severity of asthma
and allergic rhinitis (147.161), which is possibly associated (with the timing of) recent or
chronic allergen exposure (162,169,179) or ICAM-1 expression (280). For obvious safety
concerns, patients with characteristics that were assumed to increase the risk of a severe
exacerbation were initially excluded from the studies. On the other hand, in view of the
mildness of the observed clinical effects of experimental RV16 infections thus far, is seems
feasible to study the contribution of various host factors, For example, the interaction of viral
infection and prolonged low dose allergen exposure, using experimental RV 16 infections in the
mild, stable asthmatic patients. Such studies and others will hopefully provide more insight in
host- and virus-related factors that influence the response to infection, and the severity of
asthma exacerbations in particular. In view of the above, it is likely that exacerbations of
asthma associated with natural rhinovirus infections. as opposed o experimentally induced
infections in relatively stable, mild asthmatics, show larger variability in their time course and
severity, This may not only be a consequence of variation in host characteristics and
environmental exposure, but also of variation in rhinovirus serotype, virulence and the
infectious dose (80).

9.3.2  Pathophysivlogical changes during vhinovirus infections in asthma

As previously stated, both empirical evidence and population-based studies point towards a role
for virus infections in exacerbations of asthma (77,78,142-144). There is no doubt that
exacerbations of asthma associated with (thino)viral infections can be severe enough to require
hospitalization (73-76). However, the pathophysiological changes that underlie these
exacerbations were largely unclear. Therefore, we studied the effects of experimental rhinovirus
L6 infection on asthma symptoms, usage of PBy-agonist rescue medication, variable airways
obstruction and airways hyperresponsiveness to histamine in a placebo-controlled study (chapters
3, 4, and chapters 5 and 8, in pari).

Our data show an increase in asthma symptoms, without significantly increased usage of
rescue medication after experimental rhinovirus 16 infections in asthmatic patients, fitting m with
previous findings (163). In addition, we were able to demonstrate that experimental RV16
infection increases variable airways obstruction during the first week after infection (chapter 3),
which was found to be associated with asthma symptoms in every day life. Such an observarion
has not been made by using lab recordings of FEV, (chapter 4)(160,163), suggesting that home
recordings may be more sensitive in picking up changes in airways obstruclion. Alternatively, one
could speculate that airways obstruction may improve spontaneously during the day, or secondary
to frequently repeated deep-breath mancuvers as are being performed in the lung function
laboratory. Moreover, it could be postulated that perception of dyspnea associated with airways
obstruction reminds participants to record their FEV), thereby shifting the timing of measurements
towards moments of more severe obstruction. The increase in variable airways obstruction points
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towards either increased sensitivity to  bronchoconstrictive stimuli  andfor a reduced
bronchedilating effect of a deep breath (57).

RV 16 infection was shown to temporarily increase airway hyperresponsiveness to histamine
(chapters 4, 5). This abservation fits in with the previously described increase in the maximal
bronchoconstrictive response to methacholine after RV16 infection in asthmatics (163). The
increased airway hyperresponsiveness in asthma suggests an interactive effect of virus-induced
airways inflammation with features of the underlying disease, such as altered arrway geometry
(54,180}, airway smooth muscle phenotype (208,244) or airways inflammation (24,181).

The degres of physiological worsening, as reflected by the degree of spontancous airways
obstruction and the change in airway hyperresponsiveness after infection, appeared to be
positively associated with the severity of the cold symptoms and the inflammatoery response to the
cold, as reflected by an increase in IL-8 in nasal lavage, drop in numbers of circulating
lymphacytes and rise in numbers of circulating neutrophils (chapters 3, 4). This indicales that the
severity of the cold and the subsequent inflammatory response are major determinants for the
degree of worsening of asthma subsequent to infection,

Taken together. the data presented in these chapters confirm and extend empirical and
epidemiological evidence that symptomatic thinovirus colds in asthmatic patients may induce
exacerbations of asthma (142-144), by describing the pathophysiological changes underlying
such an exacerbation (77,78).

9.3.3  Role of neurogenic mechanisms in rhinovirus-associated exacerbations of asthina
Experimental infections in animals have provided ample evidence of the involvement of small,
unmyelnated airway sensory nerves (C-fibers) in the development of virus-induced airway
hyperresponsiveness (242,311). In order to investigate whether a rhinovirus cold would
increase the sensitivity of airway sensory nerves, we examined the effect of rhinovirus colds on
airway responsiveness to bradykinin, a sensory nerve stimulus, in patients with asthma (chaprer
5). We observed marked tolerance to a repeated bradykinin challenge, which was abrogated by
experimental RV16 infection. This indicates that neurogenic mechanisms are somehow
involved in the response to rhinovirus infections in patients with asthma. However, this marked
tolerance 1o inhaled bradvkinin over such a long period of time (L0 days) has not been
described before, and we are uncertain as to its mechanisms. Therefore. any neurogenic
explanation for the pathogenesis of rhinovirus-associated exacerbations of asthma remains
speculative. Specific receptor antagonists for sensory nerve stimuli such as bradykinin and
capsaicin or for the various neuropeptides will be required in order to further investigate the
rale of neurogenic mechanisms in airway narrowing and airway hyperresponsiveness in humans
in vive, and during virus-induced exacerbations of asthma in particular.

9.3.4 Rhinovirus-induced airways inflammation

The observed pathophysiological changes are suggestive of an RV16-induced increase in
airway inflammation. How can the rhinovirus-associated airway inflammalion be
characterized? The studies in this thesis address this question by investigating the effects of
rhinovirus colds on soluble inflammatory mediators in sputum and nasal lavages (chapters 4,
6), as well as the inflammatory cells infof sputum and the bronchial mucosa (chaprers 6, §). In
addition, we addressed the bronchial cpithelial expression of the intercellular adhesion
molecule ICAM-1, which is also the major thinovirus receptor (chapter 7). By relating the
observed inflammatory changes to physiological changes, we aimed to pinpoint inflammatory
mechanisms that are particularly relevant for clinical worsening of disease,

9.3.4.1 Eosinophils

With respect to eosinaphilic inflammation we observed an increase in the levels of eosinophil
cationic protein (ECP) in the lower airway secretions at day 2 of a rhinovirus 16 infection, that
was not paralleled by a significant increase in ECP levels in the nasal lavage in atopic asthmatic
subjects (chapter 6). Previously, a small increase in the numbers of eosinophils (EG2+ cells) has
been observed in the bronchial epithelium at 4 days after RV16 inoculation in a sample of normal
and asthmatic subjects (164). However, at day 6 after RV16 inoculation, we observed a trend
towards a decrease in the numbers of eosinophils in the bronchial mucosa (chapier 8),
suggesting either migration, degranulation or degradation of eosinophils in response to
infection. The initial rise in sputum ECP was associated with enhancement of airway
hyperresponsiveness (chapier 6), while tissue depletion of EG2-positive-staining cells at day 6
after rhinovirus infection was associated with improvement of airway hyperresponsiveness
fchapter &),

The observations are not casy to interpret. They suggest that eosinophils and their products
mediate the deterioration of airway hyperresponsiveness in the early phase of a rhinovirus
infection (between days 0 and 2), while subsequent bronchial mucosal depletion of eosinophils
may be associated with recovery ol airway hyperresponsiveness after rhinovirus infection.

Our findings in asthmaties differ from previous observations in normal non-atopic subjects,
in whom few eosinophils were present at baseline (24,177), and in whom rhinovirus infection
did not cause changes in eosinophil numbers in the bronchial tissue (164.177.262). Therefore,
our data suggest that rhinovirus colds interact with underlying pre-existing airway inflammation
in asthma. The nature of such interaction is largely unclear, and deserves atiention in further
studies (179).

9.34.2  Neuwophils

Neutrophils may contribute to airway inflammation in asthma by means of the release of
cytotoxic components (373). Accumulation of neutrophils is not commonly observed in asthma,
but has been described in the airways of patients who suddenly died from asthma (285,374),
suggesting a role for neutrophils in exacerbations of asthma, possibly in those of infectious
arigin (255,375.376). In our studies we observed that rhinovirus 16 infections in atopic
asthmatic subjects induces the release of the chemokine IL-8 both in the upper and lower
aitway secretions (chapier 4, 6). 1L-8 may be produced by various inflammatory cells and
tissues. including neutrophils and epithelium. Indeed, increased numbers of sputum neutrophils
were shown fo contain IL-8 afier RV16 infection, suggesting that these cells contribute lo (he
increased amount of [L-8 in airway secretions, Such IL-8 production is indicative of a role for
neutrophils in the response to a rhinovirus infection {chaprer 6). The correlation between
neutrophil accumulation in the airway epithelium and worsening of airways obstruction
suggests that cellular damage, smooth muscle contraction, and/or airway wall swelling may be
consequences of such a response (chapter §).

Apparently, both subtypes of granulocytes, neutrophils and cosinophils are involved in
rhinovirus induced airways inflammation. This may not be surprising, as they share many
functional and cytotoxic characteristics, Yet, obvious differences exist, and there is evidence to
suggest that effects of both types of granulocytes might add up or even potentiate each other’s
effects (377). Therefore, the mutual interaction of the two cell types during rhinovirus infection
in asthma deserves attention in future studies.

9343 Tcells
Experimental rhinovirus 16 infection induced a fall in the numbers of circulating lymphoeytes
fchapters 4, §) and a concomitant mise 1n the numbers of T cells in the bronchial mucosa in our
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patients with asthma (chaprer 8). The more epithelial accumulation of T cells (notably, CDE+
cells in the corticosteroid-nai ve subjects and CD4+ cells in the corticosteroid pre-treated
subjects), the less worsening of airway hyperresponsiveness was observed. These findings are
in keeping with the observed rise in T cell numbers (CD3+ cells) in the bronchial mucosa after
RV16 infection in normal non-atopic subjects (164), and suggest that rhinovirus colds induce
an immune response that is likely to be orchestrated by T cells, In asthmatic patients. this
response appears (o involve both CD8+ cells and CD4+ cells (chapter §).

It is presently unclear whether such an immune response in the lower airways is anfigen-
dependent, or whether it occurs independently, as a bystander effect (183,189). This issue
deserves further study in view of the potentially protective effects of prolonged corticosteroids
treatment against antigen-independent T cell-mediated inflammation (371). Whatever the
mechanisms, the T cell-mediated response is likely to promote abnormal airway function, as
was demonstrated by others in normals (164,261.262). Yet, the presently observed inverse
relationship between T cell accumulation and worsening of airway hyperresponsiveness after
RV 16 infection in asthmatic patients (chaprer 8) suggests that such an immune response might
interfere with pre-existing allergic airways inflammation in asthma, potentially outweighing the
pathophysiological consequences that were seen in normals (261). It would be interesting to
study these phenomena in more detail, addressing the RV-16-induced T cell cytokine profiles,
their antigen specificity, the role of antigen presenting cells, and possible differences herein
between normals (non-atopic, non-asthmatic) and asthmatics,

9344 ICAM-1

The adhesion molecule ICAM-1 promotes infiltration and migration of inflammatory cells and
provides a costimulatory signal for T cell activation. It is also the major receptor for 90% of the
rhinovirus serotypes (including RV16). In vitre studies show that its expression may be
enhanced by various inflammatory conditions, including rhinovirus infection itsell
(197,209,215,216,218).

Our in vivo studies have demonstrated that [CAM-1 is expressed in the basal and parabasal
bronchial epithelial cells of atopic asthmatic subjects, and that subsequent rhinovirus 16 colds
further increase the epithelial expression of ICAM-1 (chapter 7). These findings are in keeping
with the observed enhanced epithelial expression of ICAM-1 in asthma (213,214), and the
effect of rhinovirus infections on ICAM-1 expression in normal. non-asthmatic subjects
(262,378). The enhanced [CAM-1 expression was positively correlated with a rise in epithelial
mast cell numbers and with a rise in the number of CD3+ and CD4+ cells in the lamina propria
(chaprer 8), indicating its association with worsening ol airways inflammation during a
rhinovirus infection. Whether upregulation of ICAM-1 expression occurs as a consequence of
direct exposure to rhinovirus particles or as a consequence of secondary inflammatory changes
or both, is unclear. However, there is evidence that upregulated ICAM-1 expression may
promote both spreading of and repeated infection with airways inflammation, thereby
functioning as an amplifying mechanism of disease. Therefore, the role of ICAM-1 in the lower
airways should be taken into account when candidate therapies for the commen cold, for
example soluble ICAM-1 (125,137) are investigated.

9.3.5 Corticosteroids as prophylaxis against vhinovirus-induced exacerbations of asthma

As stated previously, evidence on the effectiveness of regular asthma treatment in preventing or
treating virus-induced exacerbations is rather scarce. The final study of this thesis addresses the
issue of corticosteroid prophylaxis of virus-induced exacerbations in asthma. We investigated
the effect of placebo-controlled pretreatment with the inhaled corticosteroid budesonide on
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rhinovirus-associated elfects on lung function, airway hyperresponsiveness, bronchial epithelial
ICAM-1 expression (chapter 7), and infiltration and accumulation of inflammatory cells in the
bronchial mucosa (chapier 8).

As anticipated, our data confirm the anti-inflammatory potential of inhaled corticosteroids,
as subjects who had received two weeks pretreatment with inhaled budesonide had lower
numbers of activated cosinophils in their bronchial mucosal biopsies, whilst airway
hyperresponsiveness had improved as compared with the placebo group. However, we did not
observe significant effects of such anti-inflammatory treatment on rhinovirus-associated airways
obstruction or airway respansiveness, although it allowed asthmatic patients to maintain their
initial improvement of airway hyperresponsiveness (chapier 8). The lack of effectiveness of
inhaled corticosteroids against RV16-induced worsening is difficult to interpret. This is due Lo
the fact that in this particular study RV 16 infection failed to cause significant detericration of
airways obstruction and airway responsiveness. Yel, we did observe an increase in epithelial
ICAM-1 expression (chapter 7) and a small increase in CD8+ cell numbers in the bronchial
mucosa (chapter 8) alter RV16 infection. Again, corticosteroid pretreatment did not alter the
rhinovirus-associated effects on these parameters (chapiers 7, 8).

Recent evidence from im vifro studies using bronchial epithelial cell lines suggests that
corticosteroids reduce rhinoviral replication, in conjunction with inhibition of enhancement of
ICAM-1 expression and cytokine production (379,380), which strongly supports the rationale
for testing the effectiveness of corticosteroid prophylaxis in vivo. The apparent discrepancy
between data from cell culture models and the data in this thesis underlines the complexity of
the im vive situation, which precludes simple extrapolation of data obtained in in vitro models
using epithelial cell cultures. Indeed, the in vivo usage ol corticosteroids (either nasal or
systemically) have not been shown to be effective against rhinovirus infection and its symptoms
in non-asthmatic subjects (119,134). The lower airways response to a rhinovirus infection in
humans may involve both a systemic antiviral cell-mediated immune response generated in
responsc to the upper airways infection (chapter 4), as well as a direct effect of rhinovirus
particles in the lower airways (reviewed in chapter 2). For these reasons, (topical) treatment of
the lower airways with corticosteroids might not parallel the observations in in viire studies,

It can be speculated that more aggressive and prolonged corticosteroid pretreatment, by
minimizing airway inflammation (including reduction of T cell numbers/activation) and
consequently, optimizing the airway mechanical characteristics, would have been more effective
(381). However, even in non-asthmatics RVI16 infections increase in the maximal
bronchoconstrictive response (382), associated with the infiltration of T cells (164,261,262), It
should be considered that such a response might be the side effect of an appropriate anti-viral
immune response. Aggressive corticosteroid pretreatment (either inhaled or oral) might even be
detrimental to such an antiviral immune response, thereby potentially worsening or prolonging the
infection (119,359).

Taken together, pretreatment with inhaled corticosteroids reduces  cosmophilic
inflammation, possibly even during infection, but does not seem to interfere with the
inflammatory response to a rhinovirus infection, as reflected by increased ICAM-1 expression
or accumnulation of T cells. Thus, inhaled corticosteroids may have limited value in preventing
the airway inflammation associated with a rhinovirus infection im vive. Therefore, in the
ongoing debate on how (o determine the appropriate level of corticosteroid treatment for
optimal control of asthma (1,25) our conclusions favor optimization of anti-inflammatory
maintenance treatment in order to allow the patient to sustain subsequent worsening during an
exacerbation. Tt should be considered that corticosteroids might well have beneficial effects on
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other aspects of virus-associated airway inflammation that were beyond the scope of the study
in this thesis (383). Nevertheless, the addition of existing treatment modalities or newly
developed drugs (see below) during virus-induced exacerbations deserves consideration and
study, as they might have additional value for asthma control.

9.3.6  Methodological considerations

Thanks to the close collaboration with Dr. Elliot Dick and Rebecca Dick from Madison,
Wisconsin, USA our lab has been able to perform experimental rhinovirus infections in
humans. The investigational model of experimental rhinovirus in asthmatic patients has enabled
us to make numerous observations that would have been very difficult to obtain using natural
rhinovirus infections in asthmatics. However, any experimental model has its limitations in
extrapolating the findings to every day life. These limitations are inherent to the advantage of
simplifying the complexity of real life conditions. In addition. studies in humans come with
limitations for ethical reasons that preclude too extensive, too invasive or too frequent testing in
human volunteers. Some issues regarding experimental thinovirus infections in patients with
asthma are the following:

0.3.6.1 s the inoculation method for experimental infection realistic?

Natural rhinovirus infections are probably mainly transmitted by aerosol (generated by
coughing and sneezing), although transmission by infectious fresh mucous may also take place
(80). Dr. David Cheung first started out in Leiden by applying the method for rhinovirus
inoculation that had been shown to effectively cause symptomatic colds in the Madison
experiments (162,169). This method resembled the “fresh mucous method” and involved nasal
spraying and instilling droplets into the nose (80). As the first experimental infections in asthma
in our lab did not result in any worsening of asthma, the method was modified. Nasal inhalation
of nebulized small particles was added in order to mimic aerosol transmission and to facilitate
the deposition of virus particles in the lower airways. This resulted in a significant increase in
the degree of maximal airway narrowing in response o inhaled methacholine (163). and from
then on this “Leiden variant”™ was used in patients with asthma and healthy subjects.

What makes the Leiden variant effective? One possible explanation may be that much of the
nasal spray and droplets often simply end up being swallowed, which surely inactivates the
virus (81), The additional acrosol inhalation takes several minutes of tidal breathing, and may
therefore be more effective for mucosal deposition of the viral particles, thus, in effect,
resulting in administration of a higher viral dose on the nasal mucosa. In addition, the
deposition of rhinovirus particles in the lower airways might be crucial for induction of a lower
airway immune response. However, this remains speculative. As imhalation of infectious
aerosol is an effective way of transmission (80), it is well possible that lower airway deposition
of rthinovirus particles also occurs during natural rhinovirus infections, and the “Leiden variant”
therefore seems to be realistic.

Assuming that a direct effect of virus particles on lower airway tissues is indeed required to
cause lower airways inflammation, and considering the unlikelihood of a florid infection of the
lower airways (chapter 2J, it can be speculated that just the 2 experimental exposures to
rhinovirus particles might be insufficient to cause lower airways inflammation that lasts for up
to 2 weeks, As an alternative idea I postulate that lower airways inflammation might be boosted
continuously by ongoing rthinovirus deposition in the lower airways, possibly by frequent
inhalations of an infectious acrosol, generated in the nose by intermittent sniffing. However, (o
my knowledge no cvidence is available to date to support or reject this postulate.
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9.3.6.2  Safety aspects, risk of severe exacerbations

Obviously, severe and potentially dangerous virus-associated exacerbations are a great concern
to patients and doctors. As stated before, experimental RV16 infection in mildly asthmatic
patients generally causes a mild exacerbation of asthma, without signs of severe and/or
prolonged worsening or need for additional medication. However, one of our asthmatic
volunteers developed a moderately severe exacerbation of asthma that required prednisone
treatment (chapter 4). This patient did not differ from other participants, as she fulfilled the
inclusion criteria for the study. However, the patient had severe airways hyperresponsiveness
(PCy to histamine: 0.12 mg/ml) and FEV, (% predicted) at the lower end of the normal range
(70 %predicted), and had already at baseline a higher consumption of a short acting P;-agonist
relative to the other volunteers. This suggests that in this patient the asthma was less stable
relative to the other participants” asthma. The observed fall in PCy and FEV, after infection
was of the same magnitude as that observed in the other participants. Even though this single
observation cannot be generalized, it underlines that even small changes in airways obstruction
and responsiveness can be enough to cause intolerable clinical deterioration in those who have
moderate or severe asthma, and are therefore clinically relevant. An additiondl complicating
factor may be found in the high consumption of a Pr-agonist, that might have rendered this
patient less responsive fo extra B,-agonists when needed during further worsening (384). The
safety of the experimental model would benefit from insight in the host factors and virus factors
that contribute to the susceptibility to infection and rhinovirus-induced asthma exacerbations.

9.4 OPEN QUESTIONS, FUTURE RESEARCH

Some unanswered questions and ideas for future research have been mentioned above. Some
additional questions are summarized below:

Is the response to a rhinovirus infection disease-specific?

The issue of discase-specificity of the consequences of a rhinovirus infection in asthma is
essential for the interpretation of the observed effects in asthma. and needs to be addressed in
further detail, with respect to both immunological mechanisms (does the anfiviral immune
response in  asthmatics differ from normal subjects?). neurogenic and inflammatory
mechanisms (what is the contribution of pre-existing airways inflammation to the inflammatory
response to a rhinovirus infection?) and pathophysiological mechanisms (to what extent do pre-
existing structural changes contribute to the pathophysiological effect of a rhinovirus
infection?). Such insight may require adjusting the scope of research on either asthma (either
with or without allergic rhinitis), other airway diseases like COPD, cystic fibrosis, broncho-
pulmonary dysplasia, or healthy normals. It could also help to identify patients at risk for
developing severe virus-associated exacerbations of their lung disease.

Rhinovirus infections coinciding with other respiratory virus infections: mere coincidence?
Rhinovirus infection in combination with and one or more other respiratory viruses is not an
uncommon finding. Even repeated infections with the same rhinovirus serotype have heen
described (chaprier 4). 1t is presently unclear whether this is coincidence, or whether specific
characteristics of either (rhino)viruses or hosts predispose to contracting multiple, repeated or
more frequent infections, What is the impact of such multiple infections on pre-existing
respiratory discases? In this respect, our observation that sccondary rhinovirus infection leads
to worsening of airway hyperresponsiveness is interesting, but requires confirmation. If
interaction between rhinoviruses and other respiratory infections exists, the benefit of a
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(pharmacological) therapy for rthinovirus infections may stretch even further than curing half of
all the common colds.

Rhinoviruses infection of the lower airways?

Only recently, direct evidence of rhinovirus infections of the lower airways has been published
(277,278). This finding suggests that viral infection, or at least the presence of viral particles in
the lungs accounts for the observed pro-inflammatory response to a common cold. The next
question is about the involvement of other tissues beside the epithelivm (antigen presenting
cells, smooth muscle, others). Do these tissues become infected or do they participate in the
immune response through indirect mechanisms? Finally, it would be of great interest to know
which factors promote susceptibility and spreading of the infection (ICAM-1, other factors)?
Such factors may potentially be accessible to therapy.

Examining bronchial tissue after rhinovivus infeciion: what to focus on?

So far, when examining bronchial biopsies and sputum others and we have focused mainly on
inflammatory cells. However, it is clear that alse resident tissues and - cells are involved in
allergic airway inflammation and are very likely to be involved in rhinovirus-associated
pathology (see review chapier 2). Therefore, as a next step. lung tissues such as the epithelium
(which may be the primary target for rhinovirus infection) anligen presenting cells,
{myo)fibroblasts and airway smooth muscle (in view of the involvement in airway
hyperresponsiveness) deserve further study with respect to integrity/permeability (epithelium).
production of inflammatory mediator and growth factors, expression of adhesion — and co-
stimulatory molecules, proliferation and contractility (myofibroblast, smooth muscle), and the
interaction with inflammatory cells,

What to do in case of an exacerbation of asthma associated with a rhinovirus infection?

The wish to improve the sometimes failing treatment regimens is obviously what has driven the
investigations on the pathogenetic mechanisms of rhinovirus-induced exacerbations of asthma. At
this point, one still has to base the choice of therapy on general guidelines, as few
pharmacological studies have been conducted in asthmatics during rhinovirus-associated
exacerbations, The development of compounds against the common cold is promising (138,208),
and might solve the problem of rhinovirus-induced exacerbations of asthma. In the meantime, the
accumulating insight in the effects of rhinoviruses on human airways provides a rationale for re-
investigating the usefulness of some existing drugs against asthma, such as anticholinergics
(43,208), cromoglycales (385-387) and antioxidants {80,235,388) or NK-antagonists (389,390)
particularly during virus-associated exacerbations of the disease.
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Th 1 T-helper cell

TLC . Total lung capacity

TNF-¢:  Tumor necrosis factor-0

Vi : Flow at 40% of FVC on the partial expiratory flow-volume curve
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13 SAMENVATTING

13.1 INLEIDING

13.1.1 Waiis astma?

Astma 18 een aandoening van de longen die gekenmerkt wordt door wisselende klachten van
benauwdheid. kortademigheid en drukkend gevoel op de borst. De klachten gaan gepaard met
piepende ademhaling en vernauwing van de luchtwegen, als gevolg van overprikkelbaarheid
voor diverse prikkels zoals inspanning, hyperventilatie, hypertone of hypotone stimuli, inhalatie
van koude lucht of prikkelende stoffen zoals rook en zwaveldioxide, en soms ook aspirine.
Deze wverschijnselen zijn meetbaar als variabele luchiwegobstructie en bronchiale
hyperreactiviteil. Tekenen van ontsteking van de luchtwegen zijn in alle stadia van de ziekte te
vinden. Inhalatie van luchtwegverwijdende medicatie, met name P.-adrenerge stoffen geven
meestal onmiddellijke verlichting van de klachten. De ernst van de klachten, de functionele
afwijkingen en onderliggende ontsieking van de luchtwegen varieert gedurende de dag
(ernstiger in de nacht en vroege ochtend) en kan toenemen door blootstelling aan allergenen,
bepaalde chemicalién, ozon (0.a. in zomersmog) en virale luchiweg infecties, Inhalatie van
ontstekingsremmende corticosteroi den is meestal een effectieve manier om het optreden van
klachten te voorkdmen,

13.1.2 Viorkowmen van astma

Momenteel lijdt 10-20% van de westerse bevolking aan astma. In de laatste tientallen jaren
wordt er een duidelijke toename in het voorkomen van allergische aandoeningen en astma
waargenomen. Zowel genetische factoren als omgevingsfactoren dragen bij aan het ontstaan
van de aandoening. Het toenemend optreden van astma lijkt echter vooral samen te hangen met
factoren die geassocieerd zijn met westerse levenstijl en toegenomen welvaart, mogelijk
geassocieerd met voedingsgewoontes en hygienische omstandigheden op de kinderleefiijd.
Enkele risicofactoren voor het krijgen van de aandoening zijn: het hebben van een ouder met
astma, allergie, blootstelling aan allergenen, aantal broers en zussen en rangnummer in de
kinderrij (afnemen risico voor hoger rangnummer). en passief roken (vooral bij kinderen van
ouders met astma).

13.1.3 Astma-aanvallen en luchiweginfecties

De toename in ziekenhuisopnames en overlijden door astma houdt gelijke tred of overtreft zelfs
de toename in het voérkomen van astma. Astma behandeling volgens de geldende richtlijnen,
0.a. met inhalatiesteroi den geeft bij de meeste astma patiénten een duidelijke vermindering van
de klachten, verbetering van de functionele afwijkingen en van de onderliggende ontsteking van
de Tuchtwegen. Echter, ernstige, en potenticel fatale exacerbaties (episodes van verslechtering)
komen nog steeds voor, ook bij pati€nten met een lichte vorm van astma, en ook ondanks veelal
agressieve behandeling van het astma. Het is mogelijk dat dergelijke ongecontroleerde
aanvallen verlopen via andere ziektemechanismen, bijvoorbeeld samenhangend met virale
respiratoire infecties, Het is gebleken dat er vaak virale luchtweg infecties in het spel zijn als
opname wegens astma nodig is. Er zijn aanwijzingen dat behandeling met inhalatie steroi den
geen bescherming biedt tegen het optreden van verkoudheden en evenmin tegen de
verslechtering van het astma als gevolg van dergelijke virale infecties. Populatiestudies laten

123



zien dat ongeveer 44% (volwassenen) tot 85% (kinderen) van de exacerbatics van astma
geassocieerd is met een virale luchtweg infectie door diverse veel voorkomende verwekkers
zoals influenzavirus, para-influenzavirus, respiratory syncytial virus (RSV), coronavirus of
thinovirus. Rhinovirus infecties maken ongeveer de helft uit van alle gedetecteerde virussen bij
astma, en leveren dus een belangrijke bijdrage aan de last die het hebben van astma met zich
meebrengt.

13.1.4 De rol van rhinovirussen

Rhinovirussen zijn de meest voorkomende verwekkers van verkoudheden. Binnen deze
virusfamilie zijn er ongeveer 100 wverschillende serotypes bekend. Daarvan circuleren er
meestal enkele, wisselende serolypes binnen een populatie, zodat mensen gemiddeld 0,25 tot 2
maal per jaar een rhinovirus infectie doormaken, waarbij de frequentie afneemt met de leeftijd.
Een specifiek en effectief geneesmiddel of vacemn is er niet. Een rhinovirus infectie leidt bij
anderszing gezonden meestal “slechts™ tot cen bovenste luchtweg infectic ofwel verkoudheid
die binnen enkele dagen geneest. Daarentegen kan een dergelijke verkoudheid bij mensen met
astma ernstiger gevolgen hebben, en met name een astma-exacerbatie teweez brengen. De
ziektemechanismen die leiden tol een dergelijke verslechtering zijn nog grotendeels
onduidelijk. Beter nzicht in deze ziektemechanismen zou kunnen leiden tot (ontwikkeling van)
meer gerichte en specificke behandeling voor dergelijke exacerbaties.

13.1.5 Experimentele rhinoviras infecties

Experimentele rhinovirus infecties, dat wil zeggen opzettelijke besmetting van vrijwilligers in
het kader van wetenschappelijk onderzoek maakt het mogelijk om de effecten van een
rhinovirus infectie intensief te bestuderen bij zorgvuldiz geselecteerde patiénten, onder
gecontroleerde (laboratorium-)omstandigheden, en op welomschreven tijdstippen te bestuderen.
Ook is het mogelijk gebleken om de effecten van dubbelblinde placebo-gecontroleerde
interventie met medicijnen tegen verkoudheid of astma exacerbaties in een dergelijke opzet te
testen. De toepassing van experimentele rhinovirus infecties blijkt veilig te zijn, ook bij
allergische patiénten en astma patiénten. Dankzij de samenwerking met Dr. Elliot Dick en
Rebecca Dick uit Madison, Wisconsin, in de Verenigde Staten, konden wij beschikleen over een
rhinovirus dat geschikt en veilig was voor gebruik bij mensen. Het rhinovirus type dat in onze
studies gebruikt werd, wordt aangeduid als RV16.

13.2 DIT PROEFSCHRIFT

Zoals eerder beschreven, zijn er duidelijke aanwijzingen dat acute verslechtering van astma
(exacerbaties), ook de emstige exacerbaties, vaak samengaan met virale luchtweginfecties, en
met name rhinovirus infecties. Echter, er was (en is) nog veel onduidelijkheid omtrent de
zicktemechanismen die leiden tot zulke tijdelijke verslechtering bij astma. De studies die we
verricht hebben hadden als algemeen doel het inzicht in de effecten van rhinovirus infecties bij
astma te vergroten.

Het proefschrift beschrijft de effecten van experimentele rhinovirus infecties bij mensen met
astma. op het gebied van astmasymptomen en medicatiegebruik, verandering van longfunctie,
bronchiale hyperreactiviteit voor diverse stimuli, en facetten van de immuunrespons en
ontstekingsreactie op de infectie, gemeten in neusspoelsel, bloed, opgehoest slijm uit de longen,
en biopten van het longslijmvlies. Verder hebben we onderzocht wat het effect is van
voorbehandeling met inhalatiesteroi den op zulke rhinovirus-gei nduceerde veranderingen.

In hoofdstuk 1 wordt een algemene inleiding gepeven “en worden de doelstellingen per
deelstudie geformuleerd. Hoofdstuk 2 bevat een overzicht van de literatuour over rhinovirus
infectics 1n relatie tot allergie en astma. De hoofdstukken 3 tot en met 8 bevatten artikelen met
daarin de resultaten van de studies. waarvan hieronder een korte beschrijving. In hoofdstuk 9
worden de beschreven studies samengevat. Tevens wordt besproken hoe onze bevindingen
passen in het denken over het ontstaan van virus-geassocieerde exacerbaties van astma, en hoe
die bevindingen kunnen bijdragen aan het inzicht in de ontstaanswijze van zulke exacerbaties.
Verder worden er suggesties gedaan voor mogelijk verder onderzoek op dit gebied,

13.2.1 Luchtwegobstructie

Variabele luchtwegobstructie is kenmerkend voor astma. Blootstelling aan bepaalde priklkels,
waaronder allergenen, leidt vaak tot toename van Iuchtwegobstructic en benauwdheid.
Luchtwegobstructie is het gevolg van diverse factoren die samenhangen met ontsteking van de
luchtwegen, waaronder structurele veranderingen van de luchtwegen, slijmvlieszwelling,
slijmophoping, en het samentreldken van spiertjes in de luchtwegwand. Bij gezonden wordi
luchtwegobstructie voorkomen door geregeld diep in te ademen, waardoor de longen als het
ware weer even opgerekt worden. Bij astmapatiénten lijkt een diepe inademing minder effectief
te zijn, het is moeilijker om luchtwegobstructie e voorkomen of om te keren. Toename van
luchtwegobstructic is te meten als een afname van de FEV, ofwel de hoeveelheid lucht die
iemand in 1 seconde maximaal kan uitblazen na een maximale inademing. Hoofdstuk 3
beschrijft het effect van een RV16 infectie op FEV,, die met behulp van een draagbare
spirometer 3 maal daags gemeten werd door de patiénten zelf, Het blijkt dat RV16 infecties een
toename van variabele luchtwegobstructic teweeghrengt. die samen gaat met verergering van de
astmasymptomen. Hoe erger de verkoudheid, hoe meer toename van luchtwegobstructie. Deze
bevinding wijst enerzijds op een mogelijk toegenomen bronchiale hyperreactiviteit
(prikkelbaarheid van de luchtwegen). Anderzijds is het mogelijk dat het luchtwegverwijdend
effect van een diepe inademing nog verder is verminderd.

13.2.2 Bronchiale hyperreactiviteit

Luchtwegobstructie (bronchoconstrictie) ontstaat doordat de luchtwegen zich vernauwen als
reactic op blootstelling aan bepaalde prikkels, zoals inademen van koude of droge lucht
(vergelijkbaar met het effect van inspanning), allergenen, prikkelende stoffen (ozon,
zwaveldioxide, diverse farmacologische stoffen). De luchtwegen van mensen met astma zijn
overprilkelbaar, ofwel hyperreactief. Inhalatic van bepaalde prikkelende stoffen leidt al bij lage
concentratics tot vernauwing van de luchtwegen, Die vernauwing kan bovendien sterker zijn
dan hij gezonden. De prikkeldrempel kan bepaald worden in het longfunctielaboratorium door
het inhaleren van oplopende concentraties van bijvoorbeeld histamine (een lichaamseigen stof),
en wordt vaak uitgedrukt als PCyy. De PCy is de provocerende eoncentratie die leidt tot 20%
daling van de FEV . In fioofdstuk 4 wordt beschreven dat RV16 infectie leidt tot een foename
van de bronchiale hyperreactiviteit, ofwel een daling van de PCyp. Deze daling van de PCy is
het meest uitgesproken bij de pati#nten met ernstige verkoudheidsymptomen. Deze toegenomen
bronchiale hyperreactiviteit vormt een verklaring voor de variabele luchtwegobstructie die na
infectie gezien wordt. Verder wijst deze bevinding in de richting van de betrokkenheid van
bijvoorbeeld fijne zenuwvezels, en/of toegenomen ontsteking van de luchtwegen.
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13.2.3 Zenunwvezels en bronchiale hyperreactiviteit

Het onderzoek beschreven in hoofdstuk 5 is gebaseerd op het idee dat de fijne gevoelszenuwen
(C-vezels) in de long betrokken zijn bij de toename van bronchiale hyperreactiviteit als gevolg
van virale luchtweginfecties, zoals dit ook bij diermodellen is aangetoond. Het is mogelijk dat
de stoffen die door de C-vezels worden uitgescheiden (neurckininen) een wversterkt
samentrekkend effect hebben op het spierweefsel van de luchtwegen doordat de prikkeldrempel
voor uitstool van deze stoffen lager wordt, of omdat er meer uitstoot ¢.q. minder afbraak van
neurokininen is. Bradykinine is een stof die wvia prikkeling van de C-vezels tot
luchtwegvernauwing leidt, althans bij mensen met astma. Bradykinine wordt evenals de
neurckininen afgebroken door het enzym NEP. We hebben onderzocht of de bronchiale
hyperreactivileit voor bradykimine verandert onder invloed van een RV 16 infectie. Dat blijkt
wel het geval, maar anders dan we verwacht hadden. Herhaalde provocaties met bradykinine
bleken te leiden tot verminderde gevoeligheid voor die stof (tolerantie), Na RV16 infectie trad
echter nauwelijks tolerantie op. Er was dus geen absolute maar wel een relatieve toename van
de bronchiale hyperreactiviteit na RV 16 infectie. Hoewel moeilijk te verklaren is dit toch een
aanwijzing dat C-vezels een rol spelen bij de toegenomen bronchiale hyperreactiviteit na een
RV 16 infectie. Het Lijkt er echter op dat er ook andere mechanismen in het spel zijn.

13.2.4 Tekenen van ontsteking: sputimonderioek

Onderzoek van sputum (slijm uit de longen) wordt al van oudsher toegepast in de genceskunde.
De hoeveelheid, kleur, geur, consistentie van sputum. en de aanwezigheid van bepaalde
ontstekingscellen of microorganismen in sputum kunnen soms veelzeggend zijn over de ziekte
waaraan een patiént lijdt. De groene kleur van het sputum van sommige astmapatiénten wordt
bijvoorbeeld verklaard door het grote aantal “witte™ bloedcellen in het sputum. De toepassing
van moderne immunologische technieken heefl aangetoond dat het sputum van astmapatiénten
tevens verhoogde concentraties van onstekingsmediatoren (o.a. signaalstoffen) bevat. De
samenstelling het sputum met betrekking tot deze mediatoren kan een indicatie geven over de
aard van de ontsteking. De eerder beschreven veranderingen van de functie en prikkelbaarheid
van de longen na RY16 infectie wezen al in de richling van cen toename van ontsieking. In
hoofdstuk 6 wordt heschreven dat een RV16 infectie inderdaad gepaard gaat met een toename
van concentraties van ontstekingsmediatoren in het sputum, hoewel er geen duidelijke
verschuivingen waren in de percentages van de verschillende typen witte bloedeellen. Deze
stoffen zijn mogelijk deels afkomstig van eosinofiele granulocyten (zoals ECP), deels van
andere witte bloedeellen waaronder de neutroficle granulocyten (IL-R), en deels uit de
slijmvliesbekleding van de long (IL-8). Het is opvallend dat de sterkste verhoging van ECP
gevonden werd bij de patiénten met de grootste toename van bronchiale hyperreactiviteit.

13.2.5 Tekenen van ontsteking: onderzoek van het longslijmviies

Gezien de toegenomen luchtwegobstructie en hyperreactiviteil die samengaat met tekenen van
verergerde ontsteking in de luchtwegen, lijkt het aannemelijk dat de afweer en ontsteking zich
ook in het longweefsel zelf manifesteren. Witie bloedeellen bereiken de luchtwegen door uit de
bloedvaten te treden en door het weefsel te migreren. Een afweerrcactie van witte bloedeellen
in het weefsel zou diverse veranderingen tot gevolg kumnen hebben die de bronchiale
hyperreactiviteit doen toenemen, Ook het longweefsel zelf zou een actieve rol kunnen spelen in
de ontsteking, onder andere door de migratie van witte bloedeellen te bevorderen. Een volgende
stap was daarom het onderzoeken van het longweefsel zelf (hoofdstukken 7 en 8). Dit weefsel
werd verkregen door tijdens een bronchoscopie kleine hapjes van het longslijmvlies te nemen.
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Deze weefselstukjes werden zodanig bewerkl dal microscopisch onderzoek mogelijk was.
Daarna werden de microscoopbeelden gedigitaliseerd. Met behulp van de computer hebben we
vervolgens de verschillende types witte bloedcellen geteld. Dit werd gedaan in welomschreven
gebieden, namelijk de cellaag die de luchtwegen bekleed (epitheel) en de laag die daar direct
onder ligt (lamina propria). Het bleck dat er na infectie een toegenomen aantal was van het type
witte bloedcel dat lymfocyt genoemd wordt. Lymfocyten zijn cellen die onder meer
gespecialiseerd zijn in het regiseren van de afweer tegen virale infecties, maar ook de
allergische ontsteking zoals die bij astma gezien wordt. Hoe groter de toename van
lymfocytenaantallen in het epitheel, hoe geringer de toename van bronchiale hyperreactiviteit.
Dit zou er op kunnen wijzen dat de functie van lymfocyten mede bepalend is voor het al of niet
verslechteren van astma tijdens infectie.

Nadere bestudering van het epitheel toonde een toename van een molecuul aan dat de
migratie van witte bloedcellen bevordert, namelijk ICAM-1 (hoofdstulk 7). Het is niet toevallig
dat we dit molecuul onderzochten, aangezien het de specificke receptor (hechtingstructuur) is
voor de meeste rhinovirussen, inclusief RV16. Hechting aan ICAM-1 katalyseert de infectie
van de cel. Er zijn aanwijzingen dat een infectie de expressie van ICAM-1 doet toenemen. maar
het 1s ook mogelijk dat TCAM-1 expressie toeneemt als gevolg van de afweerreactie. Hoe dan
ook, de toegenomen expressie zou in potentie de verspreiding van de infectie kunnen
bevorderen. Of infectie van de longen daadwerkelijk op uitgebreide schaal plaatsvindt. moet
nog worden vastgesteld.

13.2.6 Behandeling van virusgeassocieerde exacerbaties van astma

Wal te doen tegen een astma-aanval door een rhinovirus infectie? Het tekort schieten van de
therapeutische mogehjkheden waren (en zijn) de drijfveren voor onderzoek naar de
zicktemechanismen van virusgeassocieerde exacerbaties van astma. Op dit moment baseert men
de keuze van therapic op de geldende algemene richtlijnen voor behandeling van astma in het
algemeen  con  cxacerbaties  in het  bijzonder.  Corticosterol den, hormoonachtige
ontstekingremmende stoffen die per inhalatie (inhalatiesterof den) of soms per tablet genomen
worden, vormen de basis van astmatherapie. In de laatste studie van dit proefschrift hebben we
onderzocht of onderhoudsbehandeling met inhalatiesterol den al of niet een gunstig effect heeft
op het astma gedurende een rhinovirus infectic (hoofdstik &), We vonden dat
onderhoudsbehandeling op zich een resulteerde in een verbetering van de bronchiale
hyperreactiviteit en verlaging van de aantallen cosinaficle granulocyten in longweefsel, Dit zijn
bekende effecten van inhalatiesterol den. Nieuw was dat deze verbelering behouden bleef
gedurende en na de infectie. Echter, er waren geen significante verschillen met de patiénten die
geen voorbehandeling met inhalatiesteroi den gehad hadden, 60k niet met betrekking tot virus-
gei nduceerde de toename in ICAM-1 expressic en de aantallen lymfoeyten in longweefsel.
Hoewel een duidelijk gunstige (of ongunstige) werking van inhalatiesterof den op de
rhinovirus-geassocieerde effecten in deze studie niet kon worden aangetoond, zouden
astmapatiénten wel kunnen profiteren van een betere uitgangspositie door gebruik van deze
medicatie.

13.3 CONCLUSIES IN DIT PROEFSCHRIFT

1. Vetkoudheden door experimentele rhinovirus 16 infectie leiden tot een loename van astma
symptomen en variabele luchtweg obstructie in de eerste week na infectie (hoafdsiuk 3).
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2. Experimeniele thinovirus 16 infecties leiden tot een toename van bronchiale
hyperreactiviteit voor histamine in de acute fase van de verkoudheid (hoofdstui 4,5).

3. De mate van verslechtering van de variabele luchtweg obstructie en bronchiale
hyperreactiviteil is positief gerelateerd aan de verkoudheidsymptamen en de afweerreactie,
weerspiegeld door toename van interleukine-8 in het neusspoelsel, en de daling van het
aantal lymfocyten en stijging van het aantal neutroficle granulocyten in het bloed
(hoafdsiuk 3 en 4).

4. Het is aannemelijk dat ongemyeliniseerde sensibele zenuwen (C vezels) betrokken zijn bij
de respons of rhinovirus infecties bij mensen met astma, gezien de verdwijning van
tolerantie voor herhaalde bradykinine provocaties (hoofdsuk 3). Echter, hun rol bij de
ontwilckeling van rhinovirusgeassocicerde exacerbatics van astma is  vooralsnog
onduidelijk.

5. Rhinovirus 16 infecties induceren de vrijmaking van pro-inflammatoire en chematactische
mediatoren (IL-8, ZL-6, ECP), zowel in het secreet van de neus als in de lagere luchtwegen
(hoofdstuk 4 en 6).

6. De vroege toename van de hoeveelheid ECP in sputum is geassocieerd met een toename
van de bronchiale hyperreactiviteit (hoofdstuk 6), terwijl de latere depletie van eosinofiele
granulocyten in de bronchiale mucosa geassocicerd is met een verminderde toename van
bronchiale hyperreactiviteit (hoojdstul 8).

7. Narhinovirus 16 infectie bij astmapatiénten bevatten de neutrofiele granulocyten in sputum
een toegenomen hoeveelheid IL-8, hetgeen laat zien dat neutrofielen betrokken zijn bij de
ontstekingsreactie op een rhinovirus infectie (hoofdsiuk 6). Verder bleek de accumulatic
van neutrofielen in het bronchiale epitheel te correleren met de verslechtering van
Tuchtwegobstructie (hoofdstuk &),

8. Verkoudheden door een rhinovirus 16 infectie gaan gepaard met een toename van ICAM-1
expressie in bronchiaal epitheel, hetgeen positiel gecorreleerd 1s met ecn toename van het
aantal mestcellen in het epitheel, en een toename in de aantallen CD3+ en CD4+ cellen in
de bronchiale lamina propria (hoofdstrk 7 en 8).

9. Rhinovirus 16 infectie induccert een toename in het aantal CD3+ cellen in de hronchiale
mucosa, zowel bij steroid-nai ve patiénten. als bij astmapatiénten die voorbehandeld zijn
met inhalatiesterol den. Accumulatie van T cellen in het epitheel, met name CD8+ cellen
bij voorbehandelde patiénten, en CD4+ cellen bij steroid-naf ve patiénten, is gecorreleerd
met een verminderde toename van bronchiale hyperreactivileit (hoofdsiuk 8).

10. Voorbehandeling met inhalatiesteroi den gedurende 2 weken resulteert in reductie van het
aantal geactiveerde eosinofiele granulocyten in de bronchiale mucosa, en geringere
verbetering van de bronchiale hyperreactiviteit. Deze anti-inflammatoire therapie blijkt
evenwel geen effect op de rthinovirus 16-geinduceerde toename van 1CAM-1 expressie
(hoofddstuk 7) of T cel accumulatie (hoofdstuk &) te hebben,

134 TorsLor

13.4.1 Perspectief

Het doel van het onderzoeken in dit proefschrifl was het verkrijgen van inzicht in de klinische
en pathofysiologische effecten van een rhinovirus infectie, en de onderliggende mechanismen
van virus-geassocieerde verslechtering van astma, Wat is er bereikt? Ten eerste is het duidelijk
geworden dat experimentele rhinovirus infecties een milde exacerbatie van astma kunnen
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induceren, die in tijdsverloop, maar niet in de aard van de fysiologische effecten verschilt van
verslechtering zoals we die bijvoorbeeld kennen na blootstelling aan allergenen, en meer lijkt
op exacerbaties zoals die in de dagelijkse praktijk gezien worden. De aandacht is gevestigd op
frequente metingen van luchtwegobstructie door de patignt zelf als “vinger aan de pals” voor
het tijdig detecteren en behandelen van verslechtering ven het astma na ecen virale
luchtweginfectie.

Bij het ontstaan van rhinovirus-geinduceerde exacerbaties spelen de antivirale
immuunrespons en een ontstekingsreactie in het slijmvlies van zowel de neus als de longen een
rol. Naast zenuwvezels zijn er diverse types ontstekingscellen betrokken bij deze processen, en
deze reageren met een toegenomen productie van ontstekingsmediatoren in de luchtwegen.
Voorbehandeling met ontstekingremmende inhalatiesteroiden had geen duidelijk effect op de
gemeten  verandering gedurende de rhinovirusinfectie,. Deze gegevens bieden
aanknopingspunten om het nut van zowel bekende als nieuw te ontwikkelen geneesmiddelen
Juist in deze specifieke situatie te onderzoeken, Zodoende kan de behandeling van aanvallen
van astma wellicht verbeteren door deze (anders dan nu het geval is) aan te passen aan de
oorzaak van de verslechtering. Met name de toegenomen expressic van ICAM-1 in de lagere
luchtwegen is interessant in het licht van de ontwikkeling van de soluble ICAM-1, bedoeld als
antiviraal middel. Tuist bij astma zou toepassing van dit middel in de long wellicht van nut zijn.

13.4.2 Verder onderzoek

Het is nu duidelijk dat een rhinovirus infectie bij astmapatiénten tot verslechtering van hun
aandoening kan leiden, waarom gebeurt dit juist bij mensen met astma? Mogelijk zin er
verschillen in de antivirale afweerreactie, of in de (funktie van) celtypes en weefsels die bij de
ontstekingsreactie betrokken zijn. Vormen de structurele afwijkingen aan de longen een reden
waarcm een virale luchtweginfectie harder toeslaat bij mensen met astma? Het ontrafelen van
deze aspecten zal ons in staat stellen om mensen met een verhoogd risico voor het krijgen van
een ernstige exacerbatie te identificeren. Verder zou de kennis die hierover opgedaan wordt bij
astma mogelijk ook betrekking kunnen hebben op andere longziekten zoals COPD, cystic
fibrosis, en bronchopulmonale dysplasie. Experimentele rhinovirusinfecties bij mensen met
astma en gezonden zouden een nuttige methode zijn om in de bovenstaande zaken meer
duidelijkheid te brengen,
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10.

Stellingen behorend bij het proefschrift

RHINOVIRUSES IN ASTHMA
AN EXPERIMENTAL APPROACH

Experimenlele rhinovirus 16 infecties bij astmapatiénten induceren een milde exacerbatie
die pathofysiologisch gekenmerkt wordt door tocgenomen varigbele luchtwegobstructie
en toegenomen bronchiale hyperreactiviteit. (dit proefschrift)

De relatieve toename van de bronchiale hyperreactiviteit voor bradykinine duidt op de
betrokkenheid van ongemyeliniseerde sensibele zenuwen in de luchtwegen bij thinovirus
16-geinduceerde exacerbaties van astma, (dit proefschrift)

Experimentele rhinovirus 16 infecties bij astmapatienten leiden tot het vrijmaken van
ontstekingsmediatoren, zowel in de neus als in de lagere luchtwegen. (dit proefschrift)

Rhinovirus 16 infectie bij astmapatienten gaat gepaard met accumulatie van T-cellen en
versterkte expressie van ICAM-1, de specificke rhinovirus receptor, in de bronchiale
mucosa van astmapatiénten. Dit gebeurt onpgeacht een 2-weekse voorbehandeling met
inhalatiesteroiden. (dit proefschrift)

De ernst van de verkoudheid zoals die door de patiént ervaren wordt is een goede
afspiegeling van objectief meethare ernst van de ontsteking en de pathofysiologische
consequenties in de luchtwegen. (dit proefschrift)

Vooral bij ernstig acuut astma kan het nagenceg afwezig zijn ven systemische effecten
van moderne inhalatiesteroiden een nadeel zijn. (S. Schuh et al., N Engl J Med
2000:343:689-94)

De volkswijsheid dat men verkouden wordt door het dragen van natte sokken kan door
gebrek aan wetenschappelijk verkregen observaties onderbouwd noch verworpen
worder.

The recognition that most atopic disorders have their origin in childhoed, are increasing
in incidence in developed and developing countries, and have strong links to the
environment suggests that solutions to stop the epidemic are more likely to come from
public health than pharmacological interventions. (8.T. Holgate, Nature 1999;402:B2-B4)

Hoewel de uildrukking: “Wer die Wahl hat, hat die Qual” in het licht van de toegenomen
technische mogelijkheden voor (presymptomatische) DNA diagnostiek voor emstige
erfelijke aandoeningen ook omgedraaid zou kunnen worden tot: “Wer (méglicherweise)
die Qual hat, hat die Wahl", is het goed te bedenken dat de eerste versie onverminderd
van toepassing blijft.

De glimiach van een kind doet je beseffen dat je leeft. (J. Kluger, I. Brousolle, G.
Thibault, L. Post)

Katrien Griinberg
Sassenheim, 31 oktober 2000






