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INTRODUCTION

Asthma and Respiratory Infection is much more than the title of this volume; it
is an issue of major importance to the understanding of asthma, its pathogenesis,
as well as the reasons for its development. Indeed, rhinoviral infections, lower
respiratory tract infections, allergic rhinitis, and asthma are all pathologies that
are sometimes interconnected and sometimes unrelated.

Today, a large body of evidence links these pathologies in one way or
another, but seemingly contradictory questions persist. For example, do viral re-
spiratory infections actually trigger the development of asthma, or do they merely
exacerbate it? Conversely, are individuals with a history of asthma more likely
to become infected, especially with rhinovirus? Regardless of the sequence of
events that relate respiratory infection and asthma, much is to be learned about the
cellular, subcellular, and molecular mechanisms that may bind these pathologies.

The complexity of this relationship is heightened by the observation that
exposure to respiratory viral infections in very early life may protect a child from
developing asthma. This notion provokes a bit of knee-jerk skepticism . . . but
not so fast! The so-called ‘‘hygiene hypothesis’” suggests that a reduction of
respiratory infectious disease, or increased use of antibiotics in early life, has
led to increased prevalence of allergic disease, including asthma. Although the
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iv Introduction

biological mechanisms of this hypothesis are not yet fully understood, its epide-
miological basis is hard to challenge.

This volume, edited by David P. Skoner, does not address the possibility
of asthma prevention by early respiratory infection, but it does open the window
on the interplay between asthma and respiratory infection in childhood and adult
life. The Lung Biology in Health and Disease scries of monographs has intro-
duced a large number of volumes about asthma, each focusing on a specific aspect
of this disease. And here and there, the role of respiratory infection has been
touched upon; however, this volume is the first to present a comprehensive dis-
cussion of how asthma and respiratory infections relate to each other. Thus, it
is an important addition to the series.

Dr. Skoner and the expert contributors he has assembled present to the
readership—basic researcher and clinician as well—what we know today and
what we do not know. It is clear that much additional work needs to be done to
illuminate further this very important area of lung disease. In Dr. Skoner’s words
in his Preface, “‘ultimately the patients will be the beneficiaries.”

As the Executive Editor of this series of monographs, I thank the editor
and the authors for this major contribution to our understanding of a complex
and elusive topic.

Claude Lenfant, M.D.
Bethesda, Maryland



PREFACE

Healthy individuals experience many upper respiratory tract infections per year,
commonly referred to as “‘colds.”” Asthma has also become an increasingly prev-
alent and costly disorder in our society. A link between these two disorders has
been postulated for the last few decades, but has now been solidified based on
recent information.

Patients who experience acute asthma attacks often report the presence of
a cold in the days preceding the attack. Since approximately 1957, respiratory
viruses have been implicated as the cause of such colds in asthmatic patients.
However, the magnitude of the virus—asthma link and the cellular and biochemi-
cal mechanisms by which viruses could trigger asthma have only recently be-
come the subject of intense investigation in a number of laboratories across the
world. This accumulating base of evidence collected through modern technology
prompted the publication of this volume in the prestigious Lung Biology in Health
and Disease series.

The discovery and isolation of viruses were pivotal to investigating the
virus—asthma relationship. Influenza viruses were first isolated in 1933 and the
discovery of other respiratory viruses, such as parainfluenza virus and respiratory
syncytial virus, followed in the 1940s and 1950s. It was not until 1960 that David
Tyrrell and colleagues at the Common Cold Research Unit of Salisbury, England,
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vi Prefuce

discovered rhinoviruses, which are now recognized as the most common precipi-
tants of acute asthma attacks. Rhinoviruses have also been associated with exacer-
bations of chronic bronchitis and acute otitis media; however, this book focuses
exclusively upon their role in asthma.

The list of contributors to this volume is impressive. It includes both clinical
and basic scientists, which fosters a bench-to-bedside approach, an approach that
is warranted more than ever due to the rapid and unprecedented development of
new vaccines and antiviral agents with the potential to modify the development
and/or expression of asthma, and the publication of national and international
guidelines on the diagnosis and management of adult and pediatric asthma.

This comprehensive and timely review of the relationship between respira-
tory viruses and asthma is unique and should be of great interest to basic scien-
tists, virologists, clinicians and clinical investigators with an interest in asthma
(e.g., allergists/immunologists, pulmonologists, pediatricians, internists, and gen-
eral practitioners), as well as individuals in the pharmaceutical industry. In addi-
tion to incorporating a wide body of recent research, this state-of-the-art volume
should illuminate future pathways of research in this important field, with the
goal of ultimately benefiting affected patients.

I would like to acknowledge the assistance and support of a number of
individuals, including Mary Beth Wesesky; Betty Angelini, RN., B.S.N.; Wil-
liam J. Doyle, Ph.D.; and Mark Sperling, M.D. To my parents, Peter and Helen,
my wife, Janet, my children, Jessica, Alison, Jonathan, Amanda, and Julianne,
siblings Barbara, Peter, and John, and special friends Joseph Kenneth Skoner and
Rev. John T. Boyle, I express my sincere gratitude. Finally, 1 acknowledge the
contribution of the eminent editor of this series, Dr. Claude Lenfant, whose enthu-
siasm, support, and gentle, but firm, direction made the completion of this volume
possible.

David P. Skoner
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The Impact of Respiratory Virus Infections
on the World’s Children

FLOYD W. DENNY, Jr.

University of North Carolina
School of Medicine
Chapel Hill, North Carolina

I. Introduction

Acute infections of the respiratory tract are the most common affliction of the
human host. In developed or industrialized countries infections of the upper and
lower respiratory tract are important causes of disability and days lost from work
or school, but the case fatality rate is small, except in certain patients at high
risk. In developing countries respiratory infections are also a leading cause of
disability; in children under 5 years of age they are the leading cause of death.
In keeping with the topic of this book, it is the purpose of this chapter to paint
a picture of the clinical impact of the respiratory viruses of humans. All classes
of microorganisms are capable of infecting the respiratory tract, but only viruses
and bacteria are common causes; since both of these microorganisms are inextri-
cably involved in some respiratory infections, both will be addressed when appro-
priate. No effort will be made to make this a review of more unusual causes of
respiratory infections.

This chapter is adapted in large part with permission from Denny FW, Jr. The clinical
impact of human respiratory virus infections. Am J Respir Crit Care Med 1995; 152:54-
S12.
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Because of the complexity of acute respiratory infections (ARIs), an effort
will be made to simplify the presentation by presenting first a classification of
ARIs. This will be followed by a review of the common infectious agents and
the clinical diseases they cause, including the interaction of viruses and bacteria
in causing infections and the risk factors associated with severe and fatal ARIs.
The first part of this chapter will highlight studies from developed countries,
where numerous reports have elucidated many aspects of the etiology, epidemiol-
ogy. clinical features, and management of childhood respiratory infections.

ARIs present very different problems in developed and developing coun-
tries. The second part of the paper will highlight studies reported from developing
countries and compare these studies with those from developed nations.

Il. Classification of Acute Respiratory Infections

Acute respiratory infections can be classified conveniently by separating the up-
per from the lower tracts at the epiglottis, although it is recognized that infection
involves both areas in some patients (Fig. 1).

A. Upper Respiratory Tract Infections

The majority of acute upper respiratory tract infections (AURIs) are not compli-
cated by any of the listed entities. The most common complication is otitis media.
The proportion of patients with upper respiratory tract infections (URIs) in whom
otitis media develops depends on several factors, including the age of the child
and the agent causing the upper respiratory tract infection, and varies from 15
to 25% in children younger than | year of age, and 2 to 5% in those of early
school age (1). The other complications are less frequent. Our present knowledge
of the etiology of upper respiratory tract infections suggests that among uncom-
plicated cases it is usually important only to identify those patients infected with
the group A streptococcus, with the assumption that most of those remaining
are caused by respiratory viruses or rarely to other bacteria. Although the upper
respiratory clinical syndromes of herpetic gingivostomatitis, pharyngoconjuncti-
val fever, herpangina, lymphonodular pharyngitis, and hand, foot, and mouth
discase may suggest a viral etiology. the specific, infecting virus is usually not
apparent. Many terms have been used to classify acute upper respiratory tract
infections: URI, either afebrile or febrile; pharyngitis; tonsiilitis; and pharyngo-
tonsillitis. Because of the vagueness of most of these terms, it is probably best
to concentrate primarily on differentiating group A streptococcal upper respira-
tory tract infections from all others, presumably duc mostly to viruses.

B. Lower Respiratory Tract Infections

The majority of acute lower respiratory tract infections (ALRIs) are not compli-
cated and can be classified by the anatomical area of the respiratory tract primarily
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Upper Respiratory Infections

Unc«[mplimted Complicated

Adenitis
Epiglottitis

Baterial Nonbalcterial Lower respiratory infection

Mastoiditis
Otitismedia
Peritonsillar abscess

Retropharyngeal abscess

Simusitis

Lower Respiratory Infections

Urcomplicated Complicated

Croup o Atelectasis
Trachecobronchitis Bacterial tracheitis

Bronchiolitis Empyema

Preumonia Lung abscess
Mediastinitis
Pericarditis
Preumothorax

Figure 1 Classification of acute upper and lower respiratory infections.

affected (Fig. 1). Infection may involve more than one site of the lower tract,
but most infected children have a single site of major involvement. This classifi-
cation of lower respiratory tract infection syndromes has been especially useful
because there is close association between the syndrome and other associated

factors, including causative agents.

lll. Etiology of Acute Respiratory Tract Infections

The causative agents associated with acute respiratory infections are relatively
well understood and are similar everywhere in the world where studies have been
done. All classes of microorganisms, including viruses, bacteria, fungi, parasites,
and protozoa, are capable of infecting the respiratory tract. Only certain viruses
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Table 1 Viruses and Bacteria as Causes of Acute Upper
Respiratory Infections

Viruses Bacteria
Adenoviruses Group A streptococci
Coronaviruses Groups C and G streptococci
Enteroviruses Arcanobacterium hemolyticum
Herpes simplex virus Chlamydia pneumoniae
Influenza viruses Mvcoplasma pneumoniae

Parainfluenza viruses
Respiratory syncytial virus
Rhinoviruses

and bacteria are common causcs—these are listed in Tables 1 and 2 and are
representative of several reported studies (2-7). A comparison of the tables shows
that the same agents are involved generally in infections in both sites but vary
in their relative roles. The group A streptococcus is the prime bacterial cause of
upper respiratory infections. The other bacteria listed are either infrequent causes
of AURIs or, in the case of Arcanobacterium hemolyvticum, a controversial cause
(8). The listed viruses are far more common causes of AURIs. All of these viruses
can infect all parts of the respiratory tract, but the coronaviruses, the enterovir-
uses, the herpes simplex virus, and the rhinoviruses are found primarily in upper
respiratory infections. The viruses that are usually involved in ALRIs are the
adenoviruses, the influenza viruses. the parainfluenza viruses. and the respiratory
syncytial viruses. All of the listed bucteria are widely accepted as causative agents
of ALRIs. Mycoplasma pneumoniae is an important cause of tracheobronchitis
and pneumonia in older children and young adults but an infrequent cause of
illness in young children, when viruses are much more common (9). Chlamydia
prieumoniae has been recognized as a cause of similar illnesses but much less
frequently than M. pneumoniae (10).

Table 2 Viruses and Bacteria as Causes of Acute Lower
Respiratory Infections

Viruses Bacteria
Adenoviruses Chlamvdia pneumoniae
Enteroviruses Haemophilus influenzae
Influenza viruses Mycoplasma pneumoniae
Parainflucnza viruses Streptococeus pneumoniae

Respiratory syncytial virus
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The roles of Streprococcus pineumoniae and Haemophilus influenzae cannot
be dispatched so casily. Both are recognized causes of lower respiratory tract
infections but pose special problems in diagnosis. Although type b H. influenzae
is associated commonly with acute epiglottitis and S. pneumoniae with lobar
pneumonia in the older child, these two bacteria have not been associated closely
with any of the syndromes listed in Figure 1, and they are not recognized causes
of uncomplicated upper respiratory tract infections. This makes the clinical diag-
nosis of lower respiratory tract infections caused by these agents difficult. This
problem is compounded by the carriage of H. influenzae and S. pnewmoniae in
the upper respiratory tract in a high percentage (up to 20% and 50%, respectively)
of normal children at certain ages and during certain seasons (11,12). The failurc
of anticapsular polysaccharide antibodies to develop in young children has also
hampered ctiological studics. At the present time, in the absence of cpiglottitis
or lobar pneumonia in the older child. the only way to associate H. influenzae
or S. pneumoniae with lower respiratory tract infection is to isolate the bacterium
from the blood or pleural space or directly from the lung by percutaneous aspira-
tion. Because of these problems. the roles of these two bacteria as causes of lower
respiratory tract infections in patients are largely unknown. Although studies sug-
gest that the organisms are infrequent causes in the United States, especially when
compared with viruses and M. pneumoniae. there is widespread belief, and some
evidence. that they play a major role in the increased morbidity and mortality
associated with lower respiratory tract infections in developing countries (13,14).

Although it is clear that viruses are far more frequent causes of ARIs than
arc bacteria, precisc data regarding their relative roles are not available. It is a
common assumption by nonmedical and medical personne!l alike that patients
with viral infections of the respiratory tract have frequent superimposed bacterial
infections. While this is correct in some complications of ARIs, the data are far
from clear in most situations. Several scenarios of the interrelations of viruses
and bacteria can be proposed:

Scenario I: Stmultancous infections of the respiratory tract by viruses and
bacteria arc not related except by temporal circumstance.

Scenario 2: Viral infections alter the host in a manner that promotes super-
infection with a bacterium.

Scenario 3: Bacteria alter the virus in a manner that promotes increased
severity of the virus infection.

Scenario 3 has been proposed, but its clinical significance is not clear: it
will not be discussed further (15). In upper respiratory infections both scenarios
I and 2 are reasonable possibilities. Bacterial and viral AURIs are so frequent
that simultancous or closely related occurrence certainly occurs. Scenario 2 is
probably applicable to otitis media and sinusitis, but it is not clear if this is due
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Table 3 Isolation of Bacteria from Lung Aspirates
of Children with Untreated Pneumonia

Positive culture

Age (yr) (%)
Recife. Brazil 0-4 60.0
Sao Paulo, Brazil 0-7 54.1
Zaria, Nigeria 0-8 61.3
Goroka, PNG 0-5 57.8
Newark, NJ 0-15 1.1

Source: Adapted tfrom Ref. 13.

to obstruction to the drainage systems of these cavities or to virus changes in the
respiratory epithelium.

In the lower respiratory tract the situation is far more complex. With only
a few exceptions, bacteria do not appear to cause infections of the larynx, trachea,
bronchi, or bronchiole. At the level of the alveolus information is not available
that allows clarification of this matter. It has becn documented that bacterial su-
perinfections occur in patients with influenza virus infections but data are lacking
to support scenario 2 with the other respiratory viruses (16). Indeed, Hall has
reported on the infrequency of bacterial infections in small children with respira-
tory syncytial virus (RSV) infections (17). Representative studies from developed
and developing countries (Table 3) suggest that bacterial infections of the lung
are far less common in advantaged populations (13). In studies of lung aspirates
bacteria were isolated in 54.1-61.3% in children from Brazil, Nigeria, and Papua,
New Guinea, as compared to 11.1% in New Jersey. Over 80% of these isolates
were S. pneumoniae or H. influenzae (Table 4). The role of preceding virus infec-

Table 4 Bacteria Isolated from Lung Aspirates
of Untreated Children®

Percent of total
positive cultures

Streptococcus pneumoniae 45.0
Haemophilus influenzae 228
S. pneumoniae plus H. influenzae 129
Staphylococcus aureus 8.7
Other 10.6

“171 of 339 (50.5%) positive.
Source: Adapted from Ref. 13.
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tions in those children with increased occurrence of bacterial pneumonia is un-
known.

IV. Role of Respiratory Viruses and Bacteria as Causes
of Acute Respiratory Infections

Much is known of the roles of group A streptococci, M. ppeumoniae, and viruses
as causes of childhood acute respiratory infections. In most instances, the isola-
tion of these agents from the upper respiratory tract can be correlated with active
infections; with few exceptions, the most notable being the group A streptococ-
cus, they are not isolated from the throats of well children. Furthermore, specific
clinical syndromes are associated frequently with specific agents. These associa-
tions have been confirmed by accurate serological tests that demonstrate specific
antibody responses. The occurrence of acute respiratory infections is associated
with several important factors: the age of the patient, season of the year, clinical
syndrome, infecting agent. and the extent of contact (crowding).

A. Upper Respiratory Tract

One of the most comprehensive studies on the incidence of respiratory infections
was reported from Cleveland, Ohio (Fig. 2) (18). Results of these studies show

NUMBER OF CASES PER PERSON-YEAR

~ .

NN PN o

ol N \.//
FEMALES
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2t
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0 i 1 1 i i A 1 -1 i 1 1 Il L. i 1 1
0 + 2 3 4 3 6 7 B8 9 10 1 12 I3 14 5 16 7

AGE (YEARS)

Figure 2 Incidence of the common respiratory discases by age and gender. Cleveland,
OH. (From Ref. 18.)
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that acute respiratory infections, mostly AURIs, are common in children, oc-
curring at a rate of four to more than eight per year, depending on age and contact.
Close contacts increased the incidence. Adults usually have four to five respira-
tory infections per year.

Bacteria are unusual causes of uncomplicated AURIs in children less than
2-3 years of age. Group A streptococcal infections are more frequent in school-
age children, but even at this age most AURIs are not caused by bacteria.

B. Lower Respiratory Tract

Only a small proportion of acute respiratory infections involve the lower respira-
tory tract in developed countries. Results from the Chapel Hill day-care studies
(Fig. 3) show that less than 10% of infections involved the lower tract; the propor-
tion was higher in young children (11). These data can be compared with those
obtained from a study in a private pediatric practice in Chapel Hill where various
factors have been associated with the occurrence of ALRIs. The data and illustra-
tions are considered representative of similar studies reported by others (4,19,20).

Age and Gender Incidence

The age- and gender-specific attack rates for total lower respiratory tract infec-
tions and four respiratory syndromes are shown in Figure 4; several important
aspects of ALRIs are demonstrated. Lower respiratory tract infections are com-

3
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© 10.4 B Total Respiratory llinesses
E 10 0 Lower Respiratory llnesses
(5]

fg_ 8
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g 2

< 0.5
& o

g o-1/2 12-1 1-2 2-3 3-4 4-5 All Ages
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Figure 3 Frequency of respiratory illnesses by age. (Courtesy of Frank Porter Graham
Child Development Center, Chapel Hill, NC.)
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25

CASES/100 CHILDREN/YEAR

YEARS
AGE

Figure 4 Age- and gender-specific attack rates for total lower respiratory illnesses and
four respiratory syndromes, 1964—-1975. Rate for boys is represented by entire column,
that for girls by stippled portion. Overall rate not shown. (From Ref. 41.)

mon; in this study one of every four or five children younger than 1 year of age
was taken to the pediatrician each year because of a lower respiratory tract infec-
tion (4,20). This rate declined until the late elementary school ages. Lower respi-
ratory tract infections occurred more frequently in young boys than girls, and
this persisted through the lower elementary school ages, both for total lower
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respiratory tract infections and the specific syndromes. Of the syndromes, croup
is the most likely to occur in boys, with a male-to-female ratio of 1.73 in 6- to
12-month-old infants. As shown in the four lower frames of Figure 4, with the
exception of bronchiolitis, the age-specific attack rates for the clinical syndromes
were different from those of total lower respiratory tract infections and also differ-
ent from each other. All syndromes occurred less frequently during the first 6
months of life. The incidence of bronchiolitis most nearly resembled the overall
incidence of lower respiratory tract infections, peaking in 6- to 12-month-old
infants and declining sharply thereafter. Croup peaked in the second year and
pneumonia in the third year. Ot all the syndromes, tracheobronchitis was most
likely to be found in children after the first few years of life.

Association of Respiratory Agents and Syndromes

The association between respiratory syndromes and infecting agents is well estab-
lished and is demonstrated in Figure 5 (4,20). These data show associations across
all age groups; with corrections for age, these associations become more dra-
matic. Croup was caused most frequently by the parainfluenza viruses, especially
type 1. Tracheobronchitis was associated with respiratory syncytial virus, M.
pnewmoniae, and the influenza viruses. The cause of bronchiolitis was most fre-
quently respiratory syncytial virus. Respiratory syncytial virus and M. pnewmon-

50 ‘ Croup
40
30
20
w
g o . B
E% 30 Tracheobronchitis
£« zoi
»E% 5 0
»
Wl m o — - -
ouw o
z> @ 407 o
Qom W 30+ Bronchiolitis
Ea % 204
7] 10
o2 10 (11 e
80 Pneumonia
& 30
20 H
101 1 — [
0 RS Para 1 Para3 M pneu- Adeno- Influenza Other
Virus Virug Virus moniae  viruses Viruses Viruses

Figure 5 Association between principal agents and four respiratory syndromes. RS vi-
rus, tespiratory syncytial virus: para 1 virus, parainfluenza virus type I; para 3 virus,
parainfluenza virus type 3. (From Rel. 4.)
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iae were common causes of pneumonia. In our studies, the influenza viruses were
not prominent causes of pneumonia, as reported by Glezen (21,22). Influenza A
virus was not isolated as frequently by us, probably because of the relatively
insensitive isolation system used.

Age Distribution of Lower Respiratory Tract Infections Caused
by Specific Infecting Agents

As has been shown, the respiratory infecting agents are associated to some degree
with all respiratory syndromes. The age-specific incidence of lower respiratory

Respiratory Syncytial Viruses

—

o]

0 — P "
arainfluenza Virus Type 1

—
o] L

T Parainfluenza Virus Type 3

o I

Mycoplasma pneumoniae

INFECTIONS/ 1000 CHILDREN/YEAR
>

Adenoviruses

Influenza Viruses

5

ol [ 1
Ll_ss-uz -2 23 3-5 5-9 9-15
0-3 Years
Monthe AGE

Figure 6 Age-specific attack rates of lower respiratory infections caused by certain
agents. (From Ref. 41.)
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tract infections caused by specific agents differs, at times to a marked degree,
and is shown in Figure 6 (4,20). In all instances, with the exception of the adeno-
viruses, rates during the first 3 months of life were lower than in later months.
The patterns of the curves for respiratory syncytial virus and parainfluenza type
3 are similar except that respiratory syncytial virus rates were higher in the first
few years. By comparison, parainfluenza virus type 1 occurred in slightly older
children, and adenovirus infections occurred almost exclusively in the first 5 years
of life. The influenza viruses occurred commonly in all age groups. The rates for
M. pneumoniae infections show an entirely different age distribution; no isolates
were made in children younger than 3 months of age, and the peak rates occurred
in school-aged children.

Seasonal Occurrence of Syndromes and Agents

The respiratory agents, and consequently the associated syndromes, frequently
have characteristic seasonal patterns (4,20). An example of this (Fig. 7) shows
the monthly occurrence of various agents in relationship to occurrence of total
lower respiratory tract infections in Chapel Hill (1963-1971). Respiratory syncy-
tial virus infections occurred in yearly outbreaks in the winter and early spring.
Parainfluenza type 1 viruses occurred in the fall. Not shown here is that small
outbreaks of type 2 parainfluenza viruses occurred in the years when type | was
absent. Parainfluenza type 3 viruses occurred in a very different pattern. They
were the most ubiquitous of the isolates and could be isolated in all seasons.

a0

0 RESPIRATORY SYNCYTIAL VIRUS
20

[{e] .

0
20 PARAINFLUENZA VIRUS TYPE (
z
w 0
@ I—‘ B
T L S —
= 20
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w el ity .
© 20
e ° :L PARAINFLUENZA VIRUS TYPE 3
0
w ‘ ' . ‘ L
m —_— —— -
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S o
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120 TOTAL LOWER RESPIRATORY ILLNESSES
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Figure 7 Number of isolations according to month of lour major respiratory pathogens
from children with lower respiratory illnesses, Chapel Hill, NC. (From Ref. 23.)
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Mycoplasma pneumoniae also had a very different pattern of occurrence. Out-
breaks were unpredictable, usually starting in late summer or fall, and were long-
lasting. The general aspects of seasonal occurrence are as follows. There is a
close association between the seasonal incidence of bronchiolitis and the isolation
of respiratory syncytial virus, both occurring in the winter to early spring. The
occurrence of croup, which is closely associated with the isolation of the parain-
fluenza viruses, especially type 1. is predominantly in the fall and early winter.
As observed earlier, the most common causes of pneumonia are respiratory syn-
cytial virus and M. pneumoniae, but because these agents occur usually in difter-
ent seasons and in different age groups, the seasonal occurrence of pneumonia
can differ markedly. Tracheobronchitis also occurs in seasonal patterns according
to the causative agent but is most closely associated with the influenzae viruses,
which occur in winter and spring.

V. Role of Various Risk Factors in the Occurrence
of Acute Respiratory Infections

Several risk factors that cause increased incidences and/or severity of respiratory
infections have been identified and are discussed below (20,24),

A. Age of the Host

ARIs are a greater problem for the very young and the elderly. As already dis-
cussed, all respiratory infections are more frequent in small children and are
generally more severe, as indicated by more frequent involvement of the lower
respiratory tract. The severity of ARIs is also a problem in the clderly, in whom
they are a major cause of morbidity and death.

B. Crowding

Respiratory infections are, for the most part, spread by direct contact or large
droplets from the respiratory tract and are thus more likely to occur during con-
ditions that foster close contact. This has been demonstrated for all forms of
crowding—number of siblings, room occupancy, population density, and proba-
bly day-care attendance. The role of day care has not been defined as clearly as
is desirable, but presently available data suggest higher incidence figures for day-
care attendees (11,19). Most crowding would be expected to increase incidence
primarily but might play a role in increasing severity as well as in situations in
which crowding is so intense that the infecting dose of microorganisms is large.
It is speculated that this might play a role in the increase in severity of acute
respiratory infections in developing countries.
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C. Gender

The role of gender as a risk factor has reccived little attention. Data suggest only
slight and probably insignificant differences in incidences between boys and girls
for upper respiratory tract infections. There are clear-cut gender differences for
acute lower respiratory tract infections, with a preponderance of disease occurring
in boys, suggesting that the risk is to increased severity. These differences may
have pathogenic significance but are of little help to the physician in managing
children with acute respiratory infections.

D. Inhaled Pollutants

Inhaled pollutants have received much attention in the past few years (25,26).
Although studies vary somewhat in the degree of risk caused by passive tobacco
smoking, both for increased incidence and for increased severity, there is increas-
ingly strong evidence that passive smoking is an important risk factor. The impact
of passive smoking appears to be greatest in the child younger than 1 year of
age and is related most closely with maternal smoking. There is also evidence
that wood-burning stoves and possibly the use of gas for cooking are responsible
for increasing the risk of acute respiratory infections (27,28).

E. Anatomical Abnormalities, Metabolic and Genetic Disease,
and Immunological Deficiencies

It is clear that abnormalities such as tracheoesophageal fistulas, cystic fibrosis,
congenital heart disease, and immunodeficiency syndromes are associated to
varying degrees with increased risk for respiratory infections, both in incidence
and severity. It is beyond the scope of this chapter to consider these further. The
role of atopy and/or reactive airways in increasing the risk for respiratory infec-
tion is controversial (29). There seems to be a relationship between respiratory
infections and asthma, but the *‘chicken-and-egg’’ relationship is unclear. The
same is true for the relationship between atopy and bronchiolitis. It is commonly
believed that the atopic child has more frequent bouts of otitis media and sinusitis,
but prospective studies to prove this point have not been reported.

F. Nutrition, Including Breast Feeding

It seems probable that malnutrition is important in increasing the risk for acute
respiratory infections, especially in developing countries. Because malnutrition
is often associated with other risk factors such as crowding and inhaled pollutants,
it has not been possible to define clearly its role. The recent report of the role
of vitamin A deficiency in increasing risk for acute respiratory infections is of
interest but needs further study to assess its importance (30). Breast feeding ap-
pears to be important in developing countries in reducing the risk for acute respi-
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ratory infections, but the data relating to a protective effect of breast-feeding in
developed countries are contradictory (31). Results of studies show only small
or no reductions in the incidence of all respiratory infections, but do suggest that
the severity of infections might be decreased in young breast-fed infants. It is
clear that the effect of nutrition on the risk for acute respiratory infections, includ-
ing breast and other forms of feeding, needs increased attention.

G. Social and Economic Factors

It is difficult, if not impossible, to separate the various social and economic factors
that may have an impact on the occurrence of acute respiratory infections, but
low social class is linked clearly with increased risk (32). Crowding, malnutrition,
and inhaled pollutants, all found in low socioeconomic class, especially in devel-
oping countries, are contributing factors. The role of stress could be a contributing
factor, particularly the stress that is associated with being poor (33).

VIl. Role of Acute Respiratory Infections in Developing
Countries

The impact of ARIs in developing countries is much greater than that described
above for developed nations (34-38). Several aspects of nonindustrialized popu-
lations contribute to the magnitude of this problem. One of these is the increased
numbers of small children in whom ARIs are a larger problem. For example, in
1991, 89.4% of the 164 million of the world’s births were in the developing
world, but 98.2% of deaths occurred there (39). The annual causes of the deaths
of children under 5 are shown in Table 5 (40). Respiratory infections and diarrhea

Table 5 Annual Deaths of Children Under 5 Years of Age

Deaths (millions)

Causc of death No Percent

Respiratory infections

Pertussis 0.51
Measles 1.52 11
Other acute respiratory infections 22 15
Neonatal tetanus 0.79 6
Diarrhea 4.0 28
Malaria 1.0 7
Other 4.2 29
Total 14.22 100

Source: Adapted trom Ref. 39.
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Pneumonia
70%

Tuberculosis Pertussis
6% 7%

Figure 8 Percentage distribution of ARI-related deaths of children under 5. (Adapted
from Ref. 38.)

accounted for over one-half of all deaths. The percentage distribution of the ARI-
related deaths of children under 5 is shown in Figure 8 (39). Pneumonia, responsi-
ble for 70% of the ALRI-related deaths, is clearly the big problem in children
in the developing world. Further examples of the problems presented by ARIs in
these children are shown in the next three tables (13). The proportion of children
presenting with ARIs in outpatient services varied from 30 to 60% (Table 6).
The proportion of admissions into hospital due to ARIs varied from 31.5 to 35.8%
(Table 7), and the case fatality rate of children admitted to the hospital because
of ARIs was as high as 12.3% (Table 8).

The agents causing ARIs are the same all over the world, wherever studies
have been done. Thus, RSV, the parainfluenza viruses, the adenoviruses, and the
influenza viruses are the principal respiratory viruses found in children with se-

Table 6 Proportion of
Children in Outpatient Services
with Acute Respiratory

Infections

Country Percent
Brazil 41.8
Nigeria 30.1
Thailand 60.7
Iraq 39.3

Source: Adapted from Ref. 13.



Respiratory Virus Infections 17

Table 7 Proportion of
Admissions to Hospital Due

to Acute Respiratory Infections
of Children Under 15 Years

of Age

Country Percent
Bangladesh 358
Burma 31.5
Pakistan 33.6
Zambia 34.0

Source: Adapted from Ref. 13.

vere ARIs; of these RSV appears to be the most important. The rhinoviruses,
doubtless a huge problem as a cause of AURIs, do not appear to be a major cause
of ALRIs. As mentioned above, available data from developing and devcloped
countries (Table 3) suggest that bacteria infections of the lung are far more com-
mon in disadvantaged populations (13). In studies of lung aspirates, bacteria were
isolated in 54.1-61.3% in children from developing countries as compared to
11.1% in New Jersey. Over 80% of these isolates were S. pneumoniae or H.
influenzae (Table 4).

One of the most startling aspects of ARIs in developing nations is that the
incidence of total ARIs is very similar all over the world where studies have
been done (13). Examples of this are shown in Table 9; the incidence rates for
India, Costa Rica, Michigan, and Washington are remarkably similar. In sharp
contrast are the marked differences in the incidence of severe and fatal ARIs in
developing and developed countries (13). Table 10 compares the incidence for

Table 8 Casc Fatality of
Children Admitted to Hospitals
Because of Acute Respiratory

Infections

Country Percent
Bangladesh 12.3
Brazil 10.2
Burma 8.1
Malaysia 27
Pakistan 73

Source: Adapted from Ref. 13.
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Table 9 Incidence of Acute Respiratory Illnesses

Episodes per year

Infants 1-2 years 3-5 years
Costa Rica 59 7.2 42
India 5.6 53 4.8
Michigan 6.1 6.1 4.7
Washington 4.5 4.5 4.8

Source: Adapted from Ref. 13.

pneumonia in several advantaged and disadvantaged populations. The rates for
pneumnonia in Native American children in the Southwest and in children in the
Peoples Republic of China and Papua, New Guinea, were up to eightfold greater
than in children in North Carolina and Washington. The rates for deaths due to
pneumonia in developing world children are even more remarkable, being up to
several hundred times greater in Egypt and Guatemala than in France and the
Netherlands (Table 11) (13).

The epidemiology of ARIs in children in developing countries is similar
in most ways to that in children in developed countries. As mentioned above,
the incidence of total ARIs is very similar in both locations but the severity is
far greater in developing nations. The greatest impact is on small children all
over the world, and in general boys are affected slightly more frequently than
girls. The occurrence of the various clinical syndromes—croup, tracheobronchi-
tis, bronchiolitis, and pneumonia—has not been studied extensively in devel-
oping countries. It is clear, however, that pneumonia is the syndrome of greatest
importance, and it would appear that croup is relatively unusual. The seasonal
occurrence of agents and their associated clinical syndromes in developing coun-

Table 10 Annual Incidence of Pneumonia in Children

Cases per 1000 children

Total Infants 1-4 Years
North Carolina 36 — 40
Washington 30 — 36
Navajos, New Mexico, and Arizona 91.2 291.4 499
China 74.6 95.2 53.5
Tari Basin, PNG — 256 62

Source: Adapted from Ref. 13.



Respiratory Virus Infections 19

Table 11 Deaths from Pneumonia and
Influenza in Children 1-4 Years of Age

No. per
Country Year 100.000
France 1980 0.7
Netherlands 1981 1.1
Egypt 1979 173.6
Guatemala 1979 251.0

Source: Adapted from Ref. 13.

tries in temperate climates is similar to that described above in the United States.
The seasonal occurrence of outbreaks of ARIs in tropical climates, however, is
frequently variable, but outbreaks tend to occur during rainy seasons.

Risk factors, as with epidemiology, have many similarities in all countries
but are more important in developing nations. Young age is a risk factor every-
where. Crowding, inhaled pollutants, low birthweight, and malnutrition (includ-
ing breast-feeding and vitamin A and micronutrient deficiency) are probably im-
portant, but their precise roles in increased severity have not been well
documented. Since all are associated with low social and economical conditions,
it has been difficult to pinpoint the risk factor or factors that are most important.

VIl. Summary and Conclusions

Acute respiratory infections are the most frequent illnesses of the human host.
Most infections arc caused by viruses and bacteria; the proportion caused by
viruses is much greater. The viruses most frequently involved are adenoviruses,
influenza viruses, parainfluenza viruses, respiratory syncytial viruses. and rhino-
viruses. Acute respiratory infections are more common in young children and
have rather specific seasonal occurrences, and some agents are associated with
specific respiratory syndromes. Risk factors associated with increased incidence
or severity of respiratory infections are occurrence in the very young or the el-
derly; crowding; being male; inhaled pollutants; anatomical, metabolic, genetic,
or immunological disorders; and malnutrition, including vitamin or micronutrient
deficiency. Respiratory infections are a much greater problem in developing
countrics than in developed countries; they are the leading causes of death in
children under 5. The same agents cause infections, and the incidence of total
respiratory infections is the same as in the developed countries. The precise
causes of increased morbidity and mortality in the developing world are unclear,
but crowding, inhaled pollutants, and malnutrition are likely candidates. The in-
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teractive role of viruses and bacteria is not clear but may play a role in increased
severity of respiratory infections.
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Respiratory Viruses and Asthma

Epidemiological Considerations in Evaluating
Their Association

THEODORE J. WITEK, Jr.

Boehringer Ingelheim Pharmaceuticals
Ridgefield, Connecticut

I. Introduction

Epidemiology can be defined as the differential distribution of disease and the
factors that affect this distribution. Asthma can be defined as a chronic inflamma-
tory disorder of the airway whose inflammation causes an associated increase in
airway responsiveness to a variety of stimuli (1).

Among the factors associated with precipitation of asthmatic symptoms is
upper respiratory infection (URI). The association of URIs with asthma is based
on clinical observation (e.g., a mother presents her child to the clinic with worsen-
ing asthma symptoms ‘‘that really got worse when the child’s cold started’’),
extensive epidemiological studies (e.g., clinical and virological work-ups
prompted by increased symptoms and decreased lung function in a community-
based setting), and unique retrospective accounts in a variety of clinical settings
(e.g., over 75% of children in an emergency room trial of bronchodilators note
upper respiratory infection as a precipitating cause). While such observations do
not establish causality, they do provide a working hypothesis for understanding
one aspect of the complexities of asthma, and they help suggest opportunities
and focus strategies to address a significant public health problem.

This chapter will begin with a brief review of the viruses that have been
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associated with asthma exacerbation, focusing on methods of detection, incuba-
tion period, and clinical manifestations. The value and limitations of epidemiol-
ogy will be reviewed through a discussion of basic principles, including sources
of data, establishing exposure, defining effect, and assessing temporal relation-
ships. Finally, some of the host and environmental factors that may influence our
observed associations of infection and asthma will be discussed.

ll. Respiratory Viruses Associated with Asthma

Numerous types of viral infections have been reported to be associated with asth-
matic symptoms. In an extensive review by Pattemore and colleagues (2), viruses
associated with asthmatic symptoms (wheezy episodes) were tabulated by
“‘cross-sectional’” and prospective studies. These viruses include rhinovirus
(RV), coronavirus, respiratory syncytial virus (RSV), parainfluenza virus, influ-
enza virus, adenovirus, and enterovirus (and mycoplasma). Overall viral identifi-
cation rates were calculated to be 24% in the ‘cross-sectional’’ studies and 32%
in the prospective studies. As will be discussed in greater detail later in this
chapter, there are numerous clinical and laboratory factors that affect the identifi-
cation of virus (as well as the documentation of ‘‘asthma’’).

Among the most studied viruses in the context of asthma are rhinovirus
and RSV and, to a lesser degree, influenza, parainfluenza, and adenovirus. The
methods of detection, incubation period, and clinical manifestations of these vi-
ruses will be summarized (see Table 1).

A. Rhinovirus

Rhinovirus was first discovered in 1956 (3) and is one of the best characterized
human viruses. It has many antigenic types and is responsible for the majority
of common cold illness. In 1989, intracellular adhesion molecule-1 (ICAM-1)
was identified as the cellular receptor for the majority of RV types (4.,5). Rhino-
viruses grow well in human embryonic lung fibroblasts (MRC-5 strain, WI-38
strain) and certain strains of HeLa cells. This process can take from 48 hours up
to one week (6). Therefore, the development of the polymerase chain reaction
(PCR) for RV detection (7,8) has been a welcomed tool for clinical epidemiology.

The clinical course of RV illness has been well characterized (9-11), with
symptoms emerging approximately 2 days after infection and lasting about a
week. Viral shedding peaks around the second day after infection. Upper respira-
tory symptoms of sore throat, rhinorrhea. and nasal congestion predominate (11).
The frequency of RV infection is greater in children than adults, and adults with
children get more colds than adults without children.



Table 1 Key Features of Common Respiratory Viruses

Cell
culture
isolation Detection methods
Incubation Common clinical period
Virus period Seasonality manifestations (days) EIA IF PCR CF HA} ELISA NT
Rhinovirus ~2 days Year-round ~ Common cold syn- 2-7 . (RT) N

with late drome
spring and
early fall
Respiratory syncytial virus 2-8 days Winter Bronchiolitis and viral 3-14 N
pneumonia are the most
serious manifestations
in young children
Older children and
adults
Common cold syn-
drome, bronchitis
Influenza ~2 days Winter Flu syndrome: chills, fe- 3-5 N N ¢ (RT) R N N N
ver. aches. and respira-
tory symptoms

N . (RTY . N N

Parainfluenza 2-8 days Late fall Croup syndrome and 3-8 N . (RT) N N v N
bronchiolitis

Adenovirus 5-7 days Febrile pharyngitis and 2-10 \ . N . \ R
bronchitis

EIA = Enzyme immune assay: IF = immunofiuorescence: PCR = polymerase chain reaction: CF = complement fixation: HAI = hemoglutination-inhibition:
ELISA = enzyme-linked immunosorbent assay: NT = neutralization: RT = reverse transcriptase.
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B. Respiratory Syncytial Virus

RSV was isolated in 1956 (12) and was soon recognized as a major respiratory
pathogen in infants and younger children. Virus isolation is accomplished by its
growth in several human heteroploid cell lines (HEp-2, HeLa), where it results
in the syncytial cytopathic effect (reflected in its name).

Virus can be grown within a week from clinical specimens. Good collection
technique, rapid transport to the lab, and diligent control of cell culture (to main-
tain subconfluent monolayer) is required. Nasal wash or pharyngeal aspirates
provide the best specimens. Rapid enzyme immunoassay kits for viral antigen
detection (13) have been utilized in clinical surveys. Immunofiuorescence and
enzyme immunoassays are very sensitive and specific—more so with adult speci-
mens than with pediatric specimens. A variety of tests can be utilized for serum
antibody measurement.

Surveillance data indicate widespread RSV activity beginning each fall,
peaking in the winter months, and returning to baseline in the spring. RSV can
remain infective on inanimate objects for hours, and outbreaks can result in very
high attack rates (14). Viral incubation is usually within 1 week and can involve
the entire respiratory tract.

Bronchiolitis and viral pneumonia are among the most serious manifesta-
tions of RSV infection. Hospitalization can result, particularly in younger chil-
dren. The risk for severe infection and mortality is increased in those with congen-
ital heart disease, prematurity, bronchopulmonary dysplasia, or cystic fibrosis
(15).

C. Influenza

Influenza is a primary culprit in overall respiratory morbidity. The respiratory
mucosa is the principal site of infection. Illness severity ranges from a common
cold-like illness to the typical flu syndrome to severe viral or secondary bacterial
preumonia. With an incubation period of about 2 days and a respiratory mode
of transmission, rapid spread and explosive outbreaks can be observed (16). Re-
spiratory specimens (nasal, throat, lower respiratory) are useful for viral isolation,
and several mammalian cell lines afford detection in 3--5 days. Shell vial centrifu-
gation culture techniques can afford a more rapid diagnosis (17). Immunofluo-
rescence assays and ELISA are also available and have been used in large epide-
miological surveys (18).

D. Parainfluenza

Parainfluenza, isolated in the mid-1950s, is associated with symptomatic respira-
tory illness ranging from common cold symptoms to lower respiratory illnesses
in children. The croup syndrome (laryngeo-tracheal bronchitis) is often precipi-



Respiratory Viruses and Asthma 27

tated by parainfluenza. Parainfluenza 3 is the second most prevalent cause of
bronchiolitis or pneumonia in infants after RSV. Incubation ranges from 2 to 8
days (16).

Viral isolation is possible between 3 and 8 days after cell culturc inoculation
with respiratory specimens. Again, shell vial techniques can be used (17). Rapid
diagnosis can also be afforded by documentation of parainfluenza antigen.

E. Adenovirus

Adenoviruses were recognized in 1953 (20) and have been associated with respi-
ratory illness in both children and adults. It is regarded as a minor contributor
to total common cold illness but is associated frequently with febrile pharyngitis
and bronchitis. Additionally there is some evidence that persistent or latent adeno-
viral infection may contribute to the pathogenesis of childhood asthma (21). Re-
spiratory tract infection has an incubation period of 5-7 days. A variety of respi-
ratory specimens are useful for viral isolation.

Hl. Basic Observations

Important basic observations in the association between viral illness and asthma
include (1) the higher viral identification rates during symptomatic (i.e., wheezy)
versus asymptomatic periods, and (2) the temporal association of asthma follow-
ing URI onset. Additionally, age-specific susceptibilities to certain viruses are
important to consider in studying the association.

There are typically higher rates of viral isolation during periods of wheez-
ing than during asymptomatic periods. Although across-study direct comparisons
are difficult due to variations in the techniques of virus isolation and definitions
of asthma (discussed later), general trends remain evident (22-36) (Fig. 1). Bacte-
ria, on the other hand, can be identified equally as often with and without symp-
toms. The most extensive evidence for this comes from a hospitalized cohort of
asthmatic children where no differences were detected in isolation of five bacte-
rial pathogens among cultures from those wheezing (n = 65) and not wheezing
(n = 178) 27).

The frequent occurrence of a clinic presentation of asthma exacerbation
with a history of recent URI is also demonstrated in prospective studies. This
temporal relationship has been nicely demonstrated in the extensive observations
by Johnston et al. (22), where virus isolation coincided with objective dips in
peak expiratory flow. Similar trends between virus isolation and asthma symptom
scores (28) and daily medication score (27) have been reported. The specific
interval between URI onset and asthma ‘‘events’’ has not been extensively de-
scribed. In one group of children, wheezing began within 2 days of URI symp-
toms (mean 43 hours) and lasted 4 days (29).
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Figure 1 Rates of viral identification in periods of wheezy illness and in periods free
of symptoms. Despite across-study variations in virus isolation technique and illness/
symptom definitions, the trend remains consistent. (IHustrations prepared by Leigh Ron-
dano, copyright © Bochringer Ingelheim Pharmaceuticals, Inc., 1996. All rights reserved.
Used with permission.)

As alluded to in the overview of specific respiratory viruses, there are age-
specific manifestations among the numerous viruses, and these also need to be
considered when attempting to study the association of asthma and URI. For
example, RSV can result in severe bronchiolitis during first infection in infancy
with milder illnesses later in life. Rhinovirus, on the other hand, produces a more
“‘uniform’’ milder illness throughout life. This, coupled with the fact that rhinovi-
rus, is the most common cause of URI, makes rhinovirus a useful model in evalu-
ating the association of URIs and asthma. Most of the examples used in this
chapter focus on human rhinovirus infection.
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A. Sources of Data

.

Optimal characterization of “‘exposure’” and ‘“‘effect’” (or outcome) will
strengthen the study of the association of URIs and asthma. In this case, exposure
can be regarded as the URI and effect can be viewed as the manifestation of
asthma.

There are numerous sources of data to explore the association of URI and
asthma. They range in complexity, and each has obvious advantages and disad-
vantages. These sources include (1) the individual patient; (2) a cohort involved
in an outbreak of infection or, on the other hand, an exacerbation of asthma: and
(3) surveys that prospectively characterize infectious illness and pattern of asthma
symptoms and lung function. Table 2 lists some examples (with varying degrees
of robustness) of the methods associated with different data sources.

The association of URI and asthmatic symptoms is commonly described
by individual patients among the case load of the general practitioner. Patients
who present with asthma often note a history of a cold illness or upper respiratory
symptoms some days prior to the onset of wheezing. While this patient history.
at present, does not have a direct impact on subsequent therapy, it can suggest
to the practitioner and public health specialist that typical periods of URI out-
breaks can be expected to relate to an increasc in asthma symptoms. Conse-
quently, appropriate outpatient carc may be stepped up.

Table 2 The Spectrum of Methods Utilized to Assess “"Exposure’” and **Effect™
in the Association of Respiratory Viral lllness and Asthima

Type of observation

Exposure
assessment

Outcome
assessment

Comment

Community-based
survey of children

Community-based
study of children

Controlled clinical
trial of broncho-
dilators in ER asthima

Mother’s assessment
of child’s “wheere
with cold™™

Viral infections by
PCR or conventional
cell culture™*”

Last precipitators of
asthma attack”

Mother’s assessment
of child’s wheeze
with and without
cold”

Reported exacerba-
tions of respiratory
symptoms PEFR" "~

Presentation to emer-
geney department for
acute asthma treat-
ment” "’

Increase sk of
“*wheeze with cold™
with mcreasing ETS
exposure observed
URI assoctated with
80-85% of asthma
exacerbations m
children

3/4 of exacerbations
associated with URI

ETS = Environmental tobacco smoke: PEFR = peak expiratory flow rate: URI = upper respiratory

infection.

Value of method for assessing factors is rated from low (+) to high (+++).
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Beyond the individual patient history, the association of respiratory infec-
tion with asthma can be supported by examination of particular outbreaks. This
has been highlighted in a series of camp outbreaks such as the Boy Scout Jambo-
ree in 1957, where about 4% of influenza cases had associated asthma (30), and
a similar rate was noted in a Canadian girl’s camp that same year (31). Another
approach is to utilize a cohort of known active asthmatics, such as those present-
ing to the emergency ward. For example, in a clinical trial of emergency room
(ER) bronchodilator therapy in children, more than three-quarters of the children
were noted to have had an URI within the previous 7 days (32). In a survey of
adults presenting for asthma, about 56% noted a history consistent with viral
syndrome (33).

The previously mentioned data sources establish either the infectious out-
break (e.g., flu outbreak) or clinical asthma (e.g., presentation to ER in need of
therapy), but it is difficult to provide a source of data that does both. This is, in
fact, one of the limitations of epidemiology in that such characterization is opti-
mally done in a prospective fashion that is time and resource draining. Neverthe-
less, such studies have been performed, among the most extensive being that of
Johnston and coworkers (22). In their 13-month prospective trial, diary cards and
peak expiratory flow rates were monitored to allow for early viral sampling by
both PCR and conventional methods. Figure 2 provides a time-course scenario
from this study and illustrates the association of well-documented infection with
well-documented asthma monitoring.

B. Exposure and Effect

Assessments of exposure and effect can utilize objective and subjective measures.
For example, URI can be characterized by symptom diaries, some of which have
been standardized (34), as well as documentation of the infection through a vari-
ety of clinical virological techniques. Objective measures of physiological func-
tion such as rhinomamometry to measure airflow (9,11,35), laser Doppler velo-
cimetry to measure nasal blood flow (36,37), and tympanometry to measure ear
pressures (35) have limited value in defining illness. Nasal lavage, however. is
an extremely useful tool to evaluate virology (38) as well as mediators of in-
flammation. Obviously, multiple interventions are limited in large field trials.
Likewise, asthma can be surveyed through symptom diaries or questionnaires,
(some of which have been computerized for larger field trials), as well as objec-
tively surveyed with portable peak flow meters or computerized spirometers.

The degree of rigor in these measures can impact the quality and interpreta-
tion of the observed association. Some of the methodological factors associated
with these measurements are illustrated in Figure 3 and will be briefly reviewed
here.
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Figure 2 Examples of charts drawn of peak flow recordings and respiratory symptoms
for three 9- to 1 1-year-old children with virus-induced asthma exacerbation. The horizontal
axis represents time. On the vertical axis, URTs and LRTS = upper and lower respiratory
symptom scores, respectively: PEFR = morning peak expiratory flow rate. Reported epi-
sodes are indicated by vertical arrows, and viruses detected by the following symbols:
RV = rhinovirus (+ = major group, — = minor group; others are ungrouped); FA =
influenza virus type A; Cor = coronavirus; PF = parainfluenza virus; the absence of a
symbol below an arrow indicates that no virus was detected for that reported episode. For
each child there is one episode of a fall in peak flow accompanied by respiratory symp-
toms, which was not reported to the investigators (no arrow present). (From Ref. 22.)
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Figure 3 Factors associated with the evaluation of upper respiratory illness, virus isola-
tion, and asthma. (Illustrations prepared by Leigh Rondano, copyright © Boehringer Ingel-
heim Pharmaceuticals, Inc., 1996. All rights reserved. Used with permission.)

URI Symptoms

Documentation of upper respiratory infection is primarily through assessment of
symptoms. With common cold illness, the symptom profile can change over the
course of the active acute illness; however, the spectrum of nasopharyngeal symp-
toms is usually present over a period of a week or so. The type and severity of
symptoms will also be affected if one prospectively evaluates a cohort for the
development of symptoms or attempts to recruit patients with recent onset (e.g.,
48 hours). In the latter group, early symptoms such as sore throat can be missed,
but the overall severity at presentation will be greater as patients are now at the
peak of their symptoms. This has been illustrated when symptoms were profiled
in a group of subjects presenting with a natural cold of recent onset and compared
to a group who were similarly surveyed following a controlled challenge with
rhinovirus (Fig. 4).

One limitation of prospective evaluation of cohorts is the difficulty ensuring
a true episode of URI against background symptoms such as a dry throat, sneeze,
cough, or headache. There are no formal symptomatic criteria that clearly estab-
lish infection early on; however, the presence and relative persistence of upper
airway symptoms such as sore throat and rhinorrhea can be useful. Here, rapid
methods of viral detection become particularly valuable to corroborate symptoms
and help rule out irritation from environmental pollutants and allergic symp-
tomology. Establishing infection in field trials used to evaluate antiviral therapy
becomes particularly important, as limiting the number of true nonillnesses will
strengthen the trial’s ability to demonstrate efficacy.

Retrospective recall of URI symptoms is commonly utilized in cohorts of
asthmatics or bronchitic who present with acute symptoms. Here the potential
problems are twofold. First, patients with a chronic illness may be less likely to
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Figure 4 Mean total, rhinorrhea, and nasal obstruction symptom scores reported by
study day in the natural (A) and induced (B) colds. (From Ref. 9).

be affected by symptoms that may be more bothersome (e.g., rhinorrhea) than
limiting (e.g., dyspnea); therefore, recall of the symptoms such as rhinorrhea can
be compromised. Second, recall, in general, may be less, particularly as the time
from onset of URI symptoms to presentation with lower airway symptoms is
prolonged. In one survey of adult asthmatics presenting to the emergency ward
(33), over half of the patients noted symptoms of viral illness, with an average
duration of symptoms upon presentation to the hospital of 4 days. In this cohort,
however, there was limited documentation of the presence of virus.

Whether this is more reflective of vigor of recall, the sensitivity and resolu-
tion of the questions, or the issues surrounding viral culture is difficult to deter-
mine: however, rhinovirus detection is more successful when specimens are col-
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lected during peak viral shedding early in the illness. Specimens collected late
in the illness are less likely to yield the true occurrence of virus and therefore
are less useful in determining the association between URI and asthma. These
issues will be discussed in greater detail in the following section.

Documenting Viral lliness

Documentation of respiratory viruses clearly strengthens the association between
the URI illness and asthma. For example, viral identification allows for stronger
partitioning of viral versus allergic symptoms. However, there are many technical
points that limit study to study comparisons and thus, the overall interpretation
of the association. These include (1) timing of specimen collection relative to
illness onset; (2) spectrum of viruses onc can evaluate; and (3) techniques for
both collection and analysis of virus.

Technical details associated with viral identification are beyond the scope
of this chapter; nevertheless, some basic issues are identified to alert the reader to
their potential impact on epidemiological observations. First, timing of specimen
sampling relative to common cold illness is extremely important because viral
shedding decreases after acute illness. As noted above, one cannot expect high
viral identification rates much after acute URI iliness subsides. This point is illus-
trated in a large emergency ward study of asthma and URI (39). where rhinovirus
was detected by PCR in 25 out of 131 specimens; 23 of the 25 were from those
presenting within 4 days of URI symptom onset. In those subjects who presented
after 5 days of symptom onset, only 2 of 31 specimens had virus detected.

Another methodological consideration is the comparative susceptibilities
of cell lines for virus isolation. Rhinovirus isolation, for example. is not uniform
among commonly used cell types (40). Additionally, rhinovirus was detected in
a single cell type in only 20~35% of positive samples tested in multiple cell
types, suggesting that utilization of a combination of susceptible cell lines is
necessary for optimal recovery. The practical impact of these observations relates
to the availability of the sophisticated laboratories involved in viral isolation in
large field trials and the resources associated with more extensive methods. This
is also the case when attempting to isolate numerous viruses, where a variety of
techniques can be employed.

Finally, evolving methods such as PCR have improved isolation rates. For
cxample, rhinovirus detection by PCR has resulted in isolation rates in the range
of 80% during rhinovirus season (41) and during exacerbations of asthma in
children (22) and adults (42). In employing these methods, however. it is impor-
tant to evaluate viral detection rates during symptom-free periods in order to
establish baseline rates of detection in symptom-free asthmatics. Careful evalua-
tion of the sensitivity of the entire assay system should be made in order to assess
and compare results. For instance, using nasal aspirates as their source of RNA,
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Johnston et al. (22) reported picornavirus detection in 12% of pediatric patients
evaluated while symptom-free, at a timepoint 2 weeks after onset of cold and
asthma symptoms. However, no virus was detected in samples prepared from
nose and throat swabs taken from symptom-{ree adult asthmatics by Nicholson
et al. (42). As mentioned previously, differences in detection have been shown
between adults and children, possibly due to quantity of viral shedding. Differ-
ences between sample sources may result in varying detection rates, although
PCR may be less affected by this process than conventional methods, since ampli-
fication of very small amounts of RNA by the PCR process is possible. This
extreme sensitivity necessitates that care be taken to avoid cross-contamination
of samples. Also, vehicles such as transport medium can be routinely tested for
false-positive results with each PCR procedure. These methods are described
elsewhere and are beyond the scope of this chapter.

Defining Asthma

There are a number of well-established measures of asthma symptoms (43) and
physiological function (44) that can be applied to epidemiological studies. Both
spiromeltry, which provides a useful *‘snapshot’” of degree and severity of airway
obstruction, and peak flow or portable spirometry, which are useful for serial
testing, have a role in disease characterization (43). Other tests that examine
airway responsiveness provide more information, but at the expense of time.
Bronchial challenge test procedures can be modified for large-scale application
(45).

While such objective tests can be used in epidemiological surveys to iden-
tify asthma, their application requires refinement when studying the association
of asthma with viral illness. Typically, one must define a change in objective
function that is reflective of true decompensation against the normal variability
of the measure.

For example, the approach utilized by Johnston et al. (22) involved symp-
tom variations around the median for a given child and considered PEF drops
indicative of an **episode’” when they fell to or below the 10th percentile. Similar
criteria were also considered in the duration of an episode. As illustrated in Figure
2, PEFs were stable with sudden drops associated with viral infection. The median
maximal fall in PEFR was 80 L/m for the reported episodes and 50 L/m for
unreported episodes.

In the prospective study of adults by Nicholson and coworkers (42), sub-
Jjects were given categorical clinical classifications based on upper and lower
symptoms (Table 3). To characterize the episode with objective measures, they
compared PEFs for 2 weeks after symptom onset with the corresponding period
during the previous month. Asthma was classified as present if there was a sig-
nificant difference between these periods (days 1-7) and the mean decrease rela-
tive to control period was =50 L/m.
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Table 3 Classification of Symptomatic Episodes in a Prospective Trial of Adults

Symptom rating:

Categories:

Classification:

0—Absent

1—Mild
2—Moderately severe
3-—Severe

Runny nose

Stuffy nosec
Sneezing

Sore throat
Hoarseness

Red or water eyes
Face ache or earache
Feeling unwell
Doubtful cold

Cold

Subjective exacerbation of

asthma

Cold with asthma

Doubtful cold plus asthima

Muscle aches

Chills

Cough

Painful swollen neck glands
Increase usc of tissues

Chest tightness

Wheeze

Breathless

Symptoms scoring no more than |
(mild) or in only one of categorices
nose, throat, and cough

Symptoms of two or more of the
categories nosc, throat, cough, and
systemic features, with at least onc
symptom scoring 2 (moderately
severe) or more

Increase in one or more symptoms
of wheeze, chest tightness. and
breathlessness in association with
an increase in bronchodilator use:
or subject was noted to be
wheezing on clinical examination:
or subject was admitted to hospital
for asthma

Symptoms of cold and subjective
exacerbation combined

Symptoms of doubtful cold and
subjective exacerbation of asthma
together

Source: Ref. 42,

Symptoms can be assessed through a variety of instruments, many of which
are designed to detect the presence of asthma. In evaluating the relationship be-
tween one event such as viral infection and asthma, it is useful to be able to
assess variations in established disease as they relate to intensity and frequency
of symptoms. In evaluating asthma symptomology over time, short symptom-
reporting intervals are necessary. For URI symptoms, daily recordings are opti-
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mal. Thus, the extent of questioning needs to be balanced with the requirement
for frequent assessments.

IV. Host and Environmental Factors
A. Age

Extensive surveys conducted several decades ago, such as those in the small
rural American town of Tecumseh, Michigan (46—48), provide a backdrop of the
occurrence of URI in a general population. As seen in Figure 5, more than five
episodes per year can be expected in the first years of life, with an average of
about two to three per year throughout a lifetime. The slight increase in frequency
noted in the third decade is commonly associated with increased transmission to
parents from preschool- and school-aged children. This pattern has been observed
in other adult (49) and pediatric (50) cohorts.

The decreasing frequency of upper respiratory infection with age is paral-
leled by the decreasing frequency of lower respiratory tract infection with age.
In a 1979 report (50) of a cohort of North Carolina children presenting with
symptoms and signs of respiratory illness, there was a steady decline over the

Mean Incidence, lliness per year

<1 1-2 3-4 59 10-14 15-19 20-24 25-29 30-39 40-49 50-59 >60

Age Group

Figure 5 Mean annual illness frequency for total respiratory illness as observed in the
studies by Monto and colleagues in Tecumseh. Michigan. (Illustrations prepared by Leigh
Rondano, copyright © Boehringer Ingelheim Pharmaceuticals, Inc., 1996. All rights re-
served. Used with permission.)
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first 6 years of life. The wheezing associated respiratory illness among these
infections was highest during the first year (11.4 cases per 100 children per year),
fell to about half of this (6.0 per 100) in the second year, and gradually declined
thereafter.

Numerous viruses are responsible across all age groups with some obvious
age-specific viral illnesses evident. Most notable is the higher prevalence of RSV
infection in younger children. In the North Carolina cohort (50), RSV was the
most important cause of wheezing in infants and preschool children. Here, RSV
accounted for 44% of the isolates among the cases with wheezing infections from
age 0-2 and 31% of the isolates among wheezing infections in those 2-5 years
old. In each of the | I years of this investigation, the incidence of wheezing illness
peaked simultancously with RSV-documented infections.

B. Gender

Overall. females have been observed to have higher acute upper respiratory tract
illness rates than males. The incidence of respiratory infections has been observed
to be greater in males than in females during the first 3 years of life, with a
reverse pattern noted after age 3 (46). The largest differences between males and
females in the 1976—1981 Tecumseh survey occurred in the period of ages 20—
34 (47).

There are limited data to examine the potential pattern shifts based on cur-
rent family and work practices. Data from 20 years ago, however, pointed to a
higher incidence rate in nonemployed women (47).

Family composition can also impact infection rates in the mother and father.
For example, the presence of one child sharply increases rates in both parents;
thereafter, rates gradually decline in both parents as the age of the oldest child
increases. The return to those illness rates associated with having no children
occurs slightly sooner for the father (oldest child 10-14 years) than for the mother
(oldest child 15-19 years) (48).

Gender differences impacting the association of respiratory infection and
asthma are not clear. In one of the largest pediatric surveys. ‘‘wheezing-associ-
ated respiratory illness’” (WARI) occurred more frequently in boys, with a rela-
tive risk of 1.35. Attack rates were higher throughout preschool and elementary
school years, after which time risks for WARI were equal for both sexes (50).
In older patients with respiratory discase, it has been observed that both males and
females with chronic bronchitis had more rhinovirus infections than do control
subjects, with the difference between the male groups being statistically signifi-
cant (51).

C. Environmental Tobacco Smoke

Observation studics have associated environmental tobacco smoke (ETS) expo-
sure with “‘wheeze with colds,”” which serves to highlight environment as a po-
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tentially important variable in the association of URI and asthma. For example,
in a cohort of over 11,000 school-aged children, Cunningham and colleagues
(52) reported that approximately 8% had wheezing without a cold. These data
were provided in an interview with the child’s biological mother, and there were
no differences in wheezing without a cold between those currently exposed to
ETS and those not. The prevalence of wheezing with colds was higher, affecting
16.5% of the cohort. When evaluated with respect to ETS exposure, significantly
more children were reported to wheeze with colds (19.7%) if exposed to ETS than
if not (13.4%). The relative odds for wheezing with colds (1.65) demonstrated
significant upward trends for the number of smokers at home as well as the num-
ber of cigareties smoked per day in the home.

D. Exercise

Beyond the well-described bronchoprovocation of exercise, there may be an inter-
action among asthma, URI, and excrcisc. The working hypothesis to describe
this potential interaction can be derived from the immune alterations obscrved
with acute and chronic exercise (53).

The risk of URI appears to be lessened in those engaged in moderate types
of cxercise and increased with heavy exertion (54). Several components of im-
mune function can be suppressed for several hours following prolonged heavy
exercise. These include increased neutrophil/lymphocyte ratio, decreased T-cell
function, and decreased natural killer cell activity. While this does not offer suc-
cinct reasons for increased risk of infection, it may be related to these observa-
tions.

While the increased risk of infection associated with exercise observed in
athletes has not concentrated on a relationship of exercise-related URI to asthima
risk, one cannot rule out the possibility that certain immune modulations associ-
ated with exercise could influence the association of URI and asthma.

V. Summary

Asthma exacerbations are associated with upper respiratory viral infections. Viral
identification is higher during symptomatic periods of asthma than during asymp-
tomatic periods, and a close temporal relationship between colds and increased
asthma symptoms can be observed.

In studying the association of URI with asthma in population studies, symp-
toms, virology. and physiological alterations can all be utilized to characterize
both the URT and asthma. Studies that prospectively monitor symptoms and lung
function are best but are resource draining. Furthermore, it is necessary to con-
sider several methodological aspects to optimize interpretation of results. For
example, time of study must be sufficiently long (to capture seasonal trends in
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viral illness), a true iliness episode must be considered against background symp-
toms (to ensure a true illness has emerged), and timing and methods of specimen
collection for viral documentation must be optimized (to capture viral shedding
when it is likely to occur and to ensure results are not influenced by variations
in specimen collection). In addition to optimizing such detail in a particular study,
these aspects also need consideration when comparing the observed association
across studies.

Numerous host and environmental factors influence the susceptibility to
and manifestation of URI and asthma, and these need to be considered in studying
their association. One practical point is the higher prevalence of URIs in children;
thercfore, utilizing children will increase the likelihood of observing URI-related
asthma exacerbations in field studies. Less evident factors such as environmental
exposures and activity levels might also impact the evaluation of the association
of these two illnesses.
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In his monograph *‘A Treatise of the Asthma’” (1), published in 1698, Sir John
Floyer wrote, ‘‘cannot remember the first Occasion of my Asthma; but have been
told that it was a cold when I first went to school.”” Despite his experience and
that of many asthmatics subsequently, the role of viral respiratory tract infection
(VRTI) as precipitant of exacerbations of asthma has remained a subject of much
debate. Indeed early investigators noted that viral infections lead to periods of
anergy, as demonstrated by a reduction in delayed-type hypersensitivity re-
sponses, and concluded that viral infection, if anything, had a protective eftect
and would reduce the chances of an asthma exacerbation developing. In this
chapter we will describe some of the carly case reports that suggested that viral
respiratory tract infections could lead to the development of exacerbations of
asthma and then look at epidemiological and cohort studies that have investigated
more fully their role. We will consider children and adults separately since the
importance of VRTI in these two groups may differ.

I. Early Case Reports

The first reports of VRTI leading to exacerbations of asthma were published by
Podosin in 1958 (2). He described an outbreak of Far East influenza (influenza
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A/Japan/305/57) occurring at a boy scout jamboree. Of 52,580 boy scouts aged
11-19 years present, 616 developed influenza. and the nature of the encampment
allowed the natural history of their disease to be followed closely. The most
consistent findings were fever, cough, sore throat, and symptoms of rhinitis and
conjunctivitis. Of particular interest, however, is the fact that 27 children, all of
whom had a history of asthma, developed acute asthma attacks as a complication
of infection. Nineteen of the patients had no associated clinical or chest x-ray
signs of parenchymal lung involvement, suggesting that they had developed an
exacerbation of their asthma without any demonstrable pulmonary involvement
of the influenza virus. Podosin also notes that 35 normal children (5.6%) devel-
oped wheezing following infection. These are not described in detail but may
represent the development of increased bronchial hyperresponsiveness in some
patients not previously diagnosed as having asthma.

A similar outbreak of influenza was described in the same year by Rebhan
(3). This outbreak occurred at a centenary world guide camp held in Ontario at
which 1600 people were present. Patterns of illness were similar to that described
by Podosin and, again, seven girls with a previous history of asthma developed
an exacerbation of their asthma as a complication of their infection.

Since these carly observations a large number of studies have demonstrated
the ability of viruses and other nonbacterial infective agents to causc episodes
of wheezing. Roldaan and Masural (4). studying 32 mainly atopic children in a
mountain resort, demonstrated that 29% of serologically proven VRTI and 67%
of symptomatic VRTI infections led to cxacerbations of asthma. Carlsen et al.
(5) identified 979 children admitted to the hospital with diagnosed VRTI and
showed that 13% of these infections were associated with exacerbations of
asthma, with 47% of rhinovirus-type infections causing asthma exacerbations.

Although these studies suggest that VRTI can cause exacerbations of
asthma, they do not define the proportion of exacerbations that are caused by
viral infection, a figure that is important to know if we are to further our under-
standing of their role in exacerbations of asthma. A number of studies have ad-
dressed this question. These can be divided into indirect (time-series) studies,
cross-sectional studies, and cohort studies involving both children and adults.
As will become apparent, exacerbations of asthma have been studied far more
extensively in children than in adults.

Il. Indirect Evidence—Time-Series Studies

It has long been recognized that exacerbations of asthma have a marked seasonal
variation, with a peak occurring during autumn (6). Various explanations of this
have been advanced. including seasonal exposure to VRT infections, increases
in acroallergens (7), changes in weather systems (8), and changes in indoor air
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quality due to increased domestic heating (9). The possible role of VRTI was
originally proposed following a study (10) of pediatric asthma admissions to a
U K. hospital in which the peak of admissions was noted to occur within the
season in which the greatest number of respiratory tract viruses was isolated.
Storr and Lenney (11) examined the admission rates for asthma at a children’s
hospital in Brighton over an 11-year period. They showed that admission rates
showed a repeating yearly pattern with falling admission rates during the school
holidays and two peaks of admissions during the school term, the first of which
coincided with the return to school at the beginning of the term (the largest of
which occurred at the beginning of the autumn term) and the second of which
coincided with return following the half-term break. The authors concluded that
this suggested a link between exacerbations of asthma and VRTL. It was proposed
that the fall in admission rates during the school holidays occurred because there
is less opportunity for spread of viruses when the children are away from school,
and the peak immediately after the holidays was explained by new strains of
virus being brought into the school community and spreading rapidly. A possible
relationship between VRTI and episodes of asthma or bronchitis was sought by
Ayres et al. (12). They examined general practitioner (GP) weekly returns for
England and Wales over an | 1-year period to determine the temporal association
of cpisodes of acute asthma and bronchitis with viral isolation rates obtained
from the Communicable Discase Surveillance Centre of the U.K. Public Health
Laboratory Service. In children aged 0-4 years, peak consultation rates for
wheezing illnesses (acute bronchiolitis and acute bronchitis) coincided with the
peak for laboratory identifications of respiratory synoytial virus (RSV), sug-
gesting a possible link. There were also positive correlations between GP-re-
ported episodes of the common cold in children and acute asthma in children,
although these did not reach statistical significance. A similar study has recently
been reported from Singapore (13). Childhood emergency room attendances for
asthma were compared over a 5-year period to virus isolation results from two
large community hospitals. Although a significant positive correlation was found
between daily frequency of RSV infection (lagged for 2 days) and asthma, this
significance was lost when the data were analyzed using multiple regression and
time-series analysis including confounding factors such as temperature and hu-
midity.

In a later study, Dales et al. (14) examined seasonal patterns of emergency
room visits and hospital admissions for asthma among children under 5 years of
age in a reference population of 400,000 preschool children in Toronto, Canada.
Admission rates and emergency presentation rates were examined over a 9-year
period and were compared to those for nonrespiratory illnesses to allow for con-
founding factors such as bed closures and holiday periods. They showed a large
peak in asthma admissions during the autumn period and were unable to demon-
strate any significant correlation between this peak and levels of aeroallergens
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or levels of outdoor air pollutants measured during this period. In contrast, there
was a significant correlation between rates of respiratory infections and both sca-
sonal and week-to-week changes in admissions with asthma. They concluded that
admissions for respiratory infections explained 20% of the variance in asthma
admissions and 14% of the variance in asthma admissions after adjusting for
climate, ambient air pollution, and aeroallergens.

A detailed analysis of seasonal changes in asthma exacerbations has becn
undertaken by Johnston et al. (15), who examined seasonal variations in hospital
admissions for asthma over a 12-month period. The pattern of hospital admissions
in the Wessex Regional Health Authority (previously one of 14 English Health
Regions) and the Southampton District Health Authority (previously one of 9
districts within the Wessex region) were compared to viral infection rates re-
corded in a cohort of children aged 9—11 years with a history of wheeze or recur-
rent cough that had been investigated as part of another study (16) set within the
Southampton District of the Wessex Regional Health Authority (Fig. 1). They
confirmed the findings of Storr und Lenney showing that peaks of hospital admis-
sions occurred within 2—4 weeks of the start of each school term. More signifi-
cantly, however, they showed strong correlations between half-monthly rates of
paediatric asthma admissions and viral detection rates from the Southampton
cohort (r = 0.67, p < 0.001).

. Studies in Adults

Fewer epidemiological studies have examined the link between URT viral infec-
tion and exacerbations of asthma in adults. In their study Ayres et al. (12) noticed
a positive, though not statistically significant, correlation between rates of acute
bronchitis and acute asthma, Since acute bronchitis is known to have an infective
actiology. it was suggested that, since there was a similar pattern of incidence,
the etiology of acute asthma was also infective. Both showed a peak in autumn
leading the authors to speculate that the infection was viral in nature.

Johnston et al. (15) extended their observations to demonstrate a correlation
between virus-detection rates in their cohort of children and asthma admission
rates among adults in the Wessex Regional Health Authority (Fig. 1). This corre-
lation was less strong than for children (r = 0.5, p = 0.013) but nevertheless
indicates that VRTI may be an important precipitant of asthma exacerbations in
adults.

IV. Cross-Sectional Studies in Children

Studies based on time-series analysis have often relied on indirect or no virologi-
cal data since virus isolations, if analyzed. apply to the population as a whole
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Figure 1 A comparison of hospital admission rates for asthma and viral infection. (A)
Number of upper respiratory tract infections identified in a cohort of 114 children aged
9-11 years with a history of wheeze or persistent cough and living in the city of Southamp-
ton in the Wessex Regional Health Authority (WRHA). These children were followed for
13 months and had nasal aspirates and venous blood taken every time they developed
upper or lower respiratory tract symptoms. Upper respiratory tract viruses were identified
by serology and rt-PCR. (B—D) Asthma admissions to the WRHA during the same period,
showing total, pediatric, and adult admussions, respectively. (E-F) Asthma admissions in
the city of Southampton showing total, pediatric, and adult admissions, respectively. The
seasonal pattern of asthma admissions is similar to that of virus identification rates, sug-
gesting that admissions to hospital with asthma may be precipitated by upper respiratory
tract virus infection.
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and are not specific to the patients presenting with exacerbations of asthma. Fur-
thermore, viral identification rates are taken from a population of ill patients
and so do not necessarily reflect the true prevalence of these viruses within the
community. More exact information can be obtained by the direct investigation
of patients presenting with acute exacerbations of asthma. This can take the form
of prospective studies of cohorts or incidental studies in which patients presenting
with a defined symptom complex and not previously recruited are examined to
determine the frequency of infection.

A number of incidental studies have been reported that sought to identify
infective agents in children presenting with episodes of asthma. Careful interpre-
tation of these studies is necessary since they have varied considerably in the
definition of an episode of asthma with some including any wheezing illness,
some sampling children only with diagnosed asthma exacerbations, and some
sampling children with wheezy bronchitis. We will categorize these studies ac-
cording to the given definition of the episode since the denominator is important
in comparing the results of different studies.

In order to overcome problems inherent in the definition of lower respira-
tory tract disease in children, a number of investigators have classified all types
of lower respiratory symptoms together. Gregg (17) studied children who pre-
sented to his general practice with recurrent episodes of lower respiratory tract
disease, which was defined as three or more episodes of cough accompanied by
any generalized lower respiratory tract sign. No attempt was made to define fur-
ther the nature of these episodes, but a number of factors including family history
and atopic status suggested that a significant proportion of these children would
be considered asthmatic. All children in the study were seen within 3 days of
the onset of lower respiratory tract infection and isolation of viruses attempted
from nose and throat swabs. Gregg demonstrated that VRTI was capable of caus-
ing lower respiratory tract disease, for example, rhinoviruses caused lower respi-
ratory tract disease in 96% of the cases in which it was identified. This incidental
study demonstrates the importance of VRTI as potential causes of exacerbations
of asthma, but unfortunately the data were presented in a way that does not allow
one to calculate the proportion of exacerbations caused by VRTL

In another incidental study, Glezen et al. (18) surveyed children attending
a pediatric group practice with episodes of lower respiratory tract disease and
collected pharyngeal swabs on presentation to determine the rate of viral and
Mycoplasma infection. Out of 3115 lower respiratory tract illnesses studied, evi-
dence of VRTI or Mycoplasma infection was found in 28%. The authors extended
their analysis by categorizing the episodes into croup, tracheobronchitis, bronchi-
olitis, and pneumonia. Of the episodes of bronchiolitis, defined as episodes of
expiratory wheezing, VRTI or Mycoplasma infection was associated with 25.1%
of episodes. In another community-based study, Horn et al. (19) examined URT
virus infection rates in children presenting with *‘wheezing bronchitis’” in a Lon-
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don general practice. Wheezy bronchitis was defined as an illness involving
cough and the presence of wheeze and/or crackles. Five hundred and fifty-four
such episodes were reported and nasal and throat swabs were taken within 5 days
of the onset of symptoms for each of these. RT viruses were identificd in 26.3%
of reported episodes, the most common isolate being rhinoviruses (46.1% of viral
isolations).

V. Hospital-Based Incidental Studies in Children

A large number of incidental studies have been performed in the hospital setting.
These have focused on children admitted to the hospital with episodes variously
defined as wheezing, wheezy bronchitis, or asthma, and in a number of studies
the children have been followed to form a cohort.

In one early study Disney et al. (10) investigated 51 children admitted to
hospital with acute attacks of asthma. In only 3 children (6%) were viruses iso-
lated. and in only 2 out of the 26 tested (7.6%) was there serological evidence
of recent viral infection, the conclusion being that viral infections were not impor-
tant precipitants of acute asthma. Mitchell et al. (20) studied 267 children admit-
ted to an Edinburgh hospital with wheezy bronchitis or exacerbations of asthma
by taking throat and nasal swabs and nasopharyngeal aspirates on the day after
admission. Viruses were isolated in 38 cases, giving an infection rate of only
14.2% although serological evidence suggested that a further 8 cases may have
experienced recent infection, giving a total infection rate of 17.2%. As in other
incidental studies in which they were sought, the most common virus identified
was rhinovirus type. accounting for 34% of all possible infections.

In a combined inpatient and outpatient study, Carlsen et al. (21) studied a
total of 256 attacks of asthma occurring in 169 children from 2 to 15 years of
age. Nasopharyngcal secretions were collected together with sera either the morn-
ing after the patient was admitted or during their outpatient consultation. Viruses
were identified in 73 cases, giving an identification rate of 29%, slightly higher
than in previously published studies.

A much higher infection rate was found in a study by Jennings et al. (22),
who investigated all children aged 0.5-12 years admitted to a New Zealand hospi-
tal with an acute respiratory illness. A virus or Myvcoplasma pneumoniae was
detected in 50% of all children and in 71% of children with a clinical diagnosis
of bronchiolitis. No definition of bronchiolitis is given by the authors, but presum-
ing it refers to children with a lower respiratory tract illness with wheeze, this
is a very high viral isolation rate and one that is far higher than in other papers.
The same authors, however, in another study (23) report on the association of
VRTI infection with acute asthma in 204 children, of similar age profile, admitted
to hospital over a one-year period. In this study viral infection was associated
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with 19% of acute asthma admissions. This suggests that the authors may have
used a definition of bronchiolitis that was more specific than in other studies and
led to a particularly high virus-identification rate in the bronchiolitis group. This
explanation is also supported by the nature of the viruses identified, with 69%
of viruses in the bronchiolitis group being RSV. Interestingly RSV was also the
most common virus identified among the patients. with acute asthma accounting
for 34.2% of viral infection and rhinoviruses accounting for 7.9%. As will be
explained later, this may be due to methodological problems inherent in the iden-
tification of viruses such as rhinoviruses.

VI. Hospital-Based Incidental Studies in Adults

Only two published studies have attempted to determine the incidence of VRTI
infection in adults admitted to hospital with exacerbations of asthma. In the first
study of 63 asthmatics aged 15-77 years (24), blood was taken on admission
and evidence of VRTI sought by serology. Evidence of recent viral infection
was found in association with 19% of admissions for asthma, though the authors
accepted that since only a small number of viruses were examined the actual
incidence was probably higher.

In the second study Rossi et al. (25) studied all adult patients admitted to
a university hospital with an acute attack of asthma, and virus identification was
attempted by tissue culture and serology. Out of 142 episodes for which speci-
mens were collected, VRTI or Mycoplasma infection was diagnosed in 41 (29%).
This is a particularly high figure since the authors did not attempt to identity
cither rhinoviruses or coronavirus, which have been shown in most studices to far
outnumber infection by other RT viruses. This high detection rate may reflect
the use of enzyme immunoassay methods for virus detection or simply reflect
severity of illness or speed of sampling.

VII. Cohort Studies in Children

A large number of cohort studics have been undertaken in children to determine
the role of VRTI in exacerbations of asthma (Table ). Thesc studies have a
number of advantages over the incidental studies outlined so far. First, such stud-
ies are, by their nature, prospective and allow for close monitoring of the partici-
pants so that samples can be taken as soon as symptoms develop. This avoids a
delay between onset of symptoms and sampling of the patient, a problem that
often occurs in incidental studies. Such a delay is likely to reduce the likelihood
of isolating viruses, especially with conventional virological methods. Second,
the population studied can be rigorously defined at the outset, allowing for much
easier interpretation of results.



Table 1 Summary of Cohort and Cross-Sectional Studies Investigating the Role of Viruses in Exacerbating Asthma in Children

No. of Viral

episodes  detection
First author Year  Ref. Type Setting Entry criteria Episode type studied rate (%)
Berkovich 1970 26  Cohort Comm. Asthma Wheezing 108 222
Disney 1971 10 X Sect Hosp. Asthma Asthma attacks 51 9.8
Glezen 1971 18 X Sect  Comm. Lower RTI Bronchiolitis with wheeze 855 25.1
Mclintosh 1973 27 Cohort  Comm.  Asthma RTI with wheezing 139 41.7
Minor 1976 31 X Sect  Comm.  Asthma Asthma attacks 71 239
Mitchell 1976 X Sect Asthma/Wheezy Asthma/Wheezy bronchitis 267 17.2

20 bronchitis

Mitchell 1978 28 Cohort  Comm.  Asthma Wheezing 91 14.3
Horn 1979 27 X Sect Comm.  Wheezy bronchitis  Wheezy bronchitis 72 48.6
Roldaan 1982 4 Cohort Comm.  Asthma Exac. of asthma 45 48.9
Carlsen 1984 21 X Sect Hosp. Asthma Acute bronchitis/Asthma 256 29
Jennings 1985 2 X Sect Hosp. Acute resp. illness  Acute resp. illness 344 50
Jennings 1987 23 X Sect Hosp. Asthma Asthma atiack 204 18.6
Mertsola 1991 30 Cohort Comm.  Wheezy illness Wheezing episode 76 394
Johnston™® 1995 16 Cohort  Comm.  Wheeze or cough LRT symptoms or fall in peak flow 292 80
*Used PCR.

X Sect = cross-sectional study: Hosp = hospital-based study: Comm = community-based study: RT] = respiratory tract infection: LRT = lower respiratory

tract: and resp = respiratory.
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One of the first cohort studies was reported by Berkovich et al. (26). The
cohort followed was part of a larger group of asthmatic children, aged 6 months
to 16 years, who were participants in a study examining the effect of continuous
treatment with antibiotics and were described as known asthmatics with recurrent
disease. Throat and rectal swabs were taken for virus identification and blood
taken for serology as soon as was possible after the development of a wheezy
episode. Viral isolation rates from throat and rectal swabs were very low, with
viruses identified in only 4 out of the 272 specimens detected (1.5%). However,
out of the 84 volunteers from whom both acute and convalescent sera could be
taken, there was evidence of recent viral infection in 27 of a total of 108 episodes
of wheezing (25%), the most common virus being influenza type A followed by
parainfluenza type 2.

Mclintosh et al. (27) studied two cohorts of children hospitalized with
asthma. Both cohorts consisted of severe asthmatics since they required pro-
longed hospital admission for intensive diagnostic study and assessment of treat-
ment. In total, 32 children were studied, and nasopharyngeal and throat swabs
and venous blood samples for serology were taken within 1-2 days of the devel-
opment of a respiratory illness. There were 139 recorded episodes of wheezing,
and RT viruses were associated with 58 of these (42%). The association between
viral infection and wheezing was found to be stronger for certain respiratory
viruses. Thus, RSV caused wheezing in all episodes of infection, whereas influ-
enza A failed to cause wheezing despite being the cause of 11 incidents of infec-
tion. This latter observation is particularly interesting in view of the original case
reports describing wheezing as a consequence of influenza A and may demon-
strate important differences between strains of influenza virus.

Mitchell et al. (28) recruited 16 children attending a hospital respiratory
clinic who were selected if they gave a history of three or more episodes of
wheezing during the previous year. All volunteers kept diary cards of upper and
lower respiratory symptoms as well as use of medication and werc seen within
48 hours of the onset of respiratory illness. Nasal and throat swabs were taken
for virological analysis. Of 127 reported episodes of wheezing, 91 samples
were taken. Of these RT viruses were identified in 13 cases (14%), of which
the most common were rhinoviruses (5.5% of episodes) and coxsackie (3.3%
of episodes). Clinically, 56 episodes (61.5%) were thought to be associated
with VRTI, which was interpreted as showing that clinical history was an unre-
liable guide to the presence of VRTI. However, a number of features suggest
that it is more likely that the study methods resulted in an underestimate of the
viral infection rate. These will be discussed in detail later, but it should be
noted that only culture was used to detect the presence of virus and no addi-
tional serology was performed. Also, although the protocol required patients to
be seen within 48 hours of the onset of illness, this was not always the case.
Only 60 of the 91 episodes were reported as being seen within 48 hours, and
in these the viral identification rate was higher (17%) than reported for the
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study as a whole. These figures are, however, consistent with the authors™ pre-
vious identification rate of 17% in the hospital-based study described previously
(20).

Horn et al. (29) collected a cohort of 22 children from those attending an
asthma and bronchitis clinic held in a London general practice. Children were
followed up for a period of up to 2 years, and nasal swabs, throat swabs, and
sputum samples were collected within 5 days of the onset of respiratory symp-
toms. Seventy-two episodes of wheezy bronchitis were studied in which one or
more viruses were identified in 35 (49%). Rhinovirus was the most common virus
identified accounting for 20 of the 72 episodes (27.8%). Virus-isolation rates
were higher in the more severe episodes, with viruses being identified in 17%
of episodes classed as mild, 54% of episodes classed as moderate, and 63% of
episodes classed as severe. The high isolation of viruses may partly be due to
the addition of sputum samples since in 15% of episodes RT viruses were only
found in the sputum and not in the nasal or throat swabs. Mertsola et al. (30)
studied a cohort of 56 children who could be considered to suffer from severe
wheezy illness in that they all had a history of two or more attacks of wheezy
bronchitis involving one or more admissions to hospital. These children were
followed up in the community and sampled during subsequent wheezing epi-
sodes. They found evidence of viral infection in 30 out of 76 (39.5%) episodes
of wheezing, with the most commonly found virus type being coronavirus fol-
lowed by rhinoviruses.

VIIl. Cohort Studies in Adults

A number of cohort studies have been undertaken in adults to determine the role
of VRTI in the etiology of exacerbations of asthma (Table 2). In an early study

Table 2 Summary of Cohort and Cross-Sectional Studies Investigating the Role of
Viruses in Exacerbating Asthma in Adults

No. of Virus

Entry eptsodes  detect
First author - Year Ref.  Type  Seuing  criteria Episode type studied  rate (%)
Huhti 1974 24 X Sect  Hosp. Asthma  Asthma admission 142 19
Clark 1979 32 Cohort Comm. Asthma Wheeze 27 14.8
Hudgel 1979 33 Cohost Comm. Asthma Asthma exacerbation 76 10.5
Beasley 1988 34  Cohort Comm. Asthma Asthma exacerbation 178 10.0
Rossi 1994 25 X Sect  Hosp. Asthma  Asthma adnussion 142 29
Nicholson 1993 36 Cohort Comm. Asthma Drop in peak flow 84 44

X Sect = cross-sectional study: Hosp = hospital-based study: Comm = community-based study.
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Minor et al. (31) investigated a cohort consisting of both children and adults.
They noted that recovery of viruses was far more common during exacerbations
of asthma in children than in adults, but unfortunately it is not possible to deter-
mine from the paper exact figures as to the relative rates of infection. Clarke (32)
followed a cohort of 51 adult asthmatics. recruited from a hospital outpatient
clinic, for 18 months. Volunteers were seen as soon as possible following the
development of wheeze, and sputum was taken for bacteriology and blood for
serology. A total of 111 exacerbations were studied. Nasopharyngeal swabs were
taken during 27 of these exacerbations and RT viruses isolated in 4 of these
(14.8%). Paired serological samples were taken during and following 102 exacer-
bations, and a rise in viral antibody titer found in 4 cases (3.6%). giving an overall
viral infection rate of 10.8%. A similar identification rate was found by Hudgel
et al. (33) in a study of 19 patients from a hospital clinic. Viral identification
was undertaken by culture of nasopharyngeal washings and by serology. Viruses
were identified in 8 out of the 76 episodes of wheezing in which a full analysis
was undertaken giving a viral infection rate of 1% compared to an infection
rate in remission of 3.3%. Although this is a low rate of infection, there was a
statistically significant difference between the infection rate during exacerbations
and when the volunteers were well, suggesting that an association. even if minor,
did exist. In another cohort study Beasley et al. (34) recruited 31 patients aged
15-56 years with atopic asthma. Volunteers kept a diary card of symptoms and
reported when they developed symptoms of respiratory tract infection or worsen-
ing of asthma. Nasopharyngeal aspiration for viral culture and venesection for
serology was performed at each visit. Viruses were identified during 18 of the
178 reported episodes of asthma (10.1%). Viral identification was considerably
higher during exacerbations classed as severe (35.7%) than in those classed as
mild and moderate (5.3%).

1IX. Studies Utilizing PCR—Children

Application of the polymerase chain reaction (PCR) has lead to an increase in
the sensitivity of detection of RT viruses (35). This is because the most common
RT viruses, rhinoviruses and coronavirus, which together account for more than
50% of episodes of the common cold. are very difficult to detect using the conven-
tional virological techniques of tissue culture and serology. PCR relies on the
exponential amplification of areas of the viral genome that are specific to that
virus. The reaction is designed to incorporate enough cycles to allow amplifica-
tion to such an extent that products can be detected by standard gel electrophore-
sis or by probing with specific nucleotide probes.

One study has so far been published that has used this technology to give
an accurate determination of the role of VRTI in exacerbations of asthma in
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children (16). This important study probably gives the most accurate determina-
tion yet of the importance of VRTI in childhood asthma. One hundred and four-
teen children, aged 9—11 years, with a history of wheeze or persistent cough were
recruited and followed for 13 months. All children kept diary card records of
upper and lower respiratory tract symptoms as well as twice-daily peak flow
recordings. Parents contacted the investigators as soon as the child developed
upper or lower respiratory tract symptoms, or if they felt the child was about to
develop a cold, or if the child had an exacerbation of asthma. They also contacted
the investigators should the child’s peak flow fall by 50 liters/min. Within 48
hours of each report nasal aspiration was performed and blood taken. Rhino-
viruses and coronavirus were identified using PCR and the other viruses by serol-
ogy, tissue culture, and immunofluorescence. RT viruses were detected in 80%
of reported falls in peak flow, 80% of episodes of wheeze, and 81% of all episodes
of lower respiratory tract symptoms. Rhinovirus was the predominant organism
identified and was responsible for 60.7% of all virus isolations (Fig. 2). This
compared with a rhinovirus type isolation rate of 12% when the children were
asymptomatic, giving a statistically significant difference (p = 0.001).

This study gives a far higher association rate of exacerbations of asthma
and VRTI than any previously published study. Much of this is due to the ability
of PCR technology to detect rhinoviruses, and the high pick of rate for rhino-
viruses confirms this. Also important, however, are other methodological factors.
The study was cohort in nature, its design ensured that children were sampled
early on in the development of symptoms, and specimens were handled in a
manner that maximized the chances of viral identification.

5% 1%

M Coronavirus
Binfluenza virus
[Parainfluenza virus

Figure 2 Upper respiratory tract viruses identified in a cohort of 114 children aged 9
to 11 years with a history of wheeze or persistent cough. The children were followed for
13 months and nasal aspirates were taken when they developed upper or lower respiratory

tract symptoms. The figures refer to the percentage of the total number of viruses identi-
fied.
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X. Studies Utilizing PCR—Adults

One study has so far been published that has used PCR to determine the impor-
tance of RT viruses as precipitants of asthma in adults (36). In this study 138
adult asthmatics were followed for a period of up to 2 years. Volunteers reported
as soon as they developed upper or lower respiratory tract symptoms, at which
point they were asked to keep diary card records of symptoms and to continue
with twice-daily peak flow recordings. Nasal swabs were taken for identification
of rhinoviruses by PCR and paired sera sample taken for serology for the other
upper respiratory tract viruses. Of 315 symptomatic episodes, 84 were associated
with a drop in mean peak flow of > 50 liters/min for the first 7 days after the
episode. RT viruses were identified in 27 of these episodes (44%), though in 60
episodes (71%) volunteers had symptoms of the common cold preceding the
asthma attack. Rhinovirus type was again the most common pathogen identified.

Xl. Summary of Studies

In this chapter we have critically reviewed some of the most important published
studies that have examined the association of VRTI and exacerbations of asthma.
Most studies have used conventional methods for virus detection. In summarizing
these we can first compare incidental and cohort studies. Cohort studies have
demonstrated a much greater association between the VRTI and exacerbations
of asthma. This is probably because use of a cohort allows participants to be
followed closely and be sampled early in their illness, therefore increasing the
chances of sampling during a period of virus shedding. This may also be a reason
why hospital studies have generally given lower rates for virus identification.
Although patients are more severely ill and therefore may be expected to have
a higher virus load, by the time they are admitted they have often had the illness
for a few days.

Another important comparison is between studies in adults and children.
It is interesting in itself that far fewer studies have been undertaken in adults—
a fact that may reflect the perception of clinicians that RT viruses are less impor-
tant as precipitants of asthma in adults. To a certain extent this is justitied by the
studies so far described. The indirect studies have shown a far weaker correlation
between peaks of viral infection and peaks of adult hospital admissions. However,
this could partly be explained by the fact that the comparison was with virus
detection rates in children, which may differ from those in adults. Cohort and
incidental studies have also suggested that RT viruses are less important as pre-
cipitants of asthma attacks in adults. A weighted average of both incidental and
cohort studies in children (37) carried out before the advent of PCR suggested
that viruses were associated with 25% of wheezy episodes, whereas cohort studies
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alone suggested an association of RT viruses with 31.9% of wheezy episodes. In
contrast, in adults the weighted average of the three incidental studies performed
suggested that 13.3% of exacerbations of asthma can be associated with VRTL
Of particular interest is the study of Minor et al. (38), which investigated a cohort
consisting of both adults and children and noted that viruses were isolated more
frequently from children than from adults. This would suggest that the differences
may not due to methodological problems. It may reflect differences in the nature
of populations studied or the diagnostic category used. Many children without
the features of asthma in between exacerbations wheeze in response to viral infec-
tion, and it is debatable whether these children are getting truc exacerbations of
asthma. Their inclusion in a cohort will result in a higher virus-detection rate
since, by definition, these subjects will all have a viral infection. Adult asthma
appears distinct from the syndrome of **virus-induced wheeze’” observed in chil-
dren, in that almost all subjects do have features of asthma in between exacerba-
tions. The lower virus detection rates observed in adults may reflect the absence
of a group with virus-induced wheeze. Virus infections become less frequent
with increasing age, and it is therefore likely that the proportion of exacerbations
induced by factors other than viruses (e.g., allergens) will also increase with age.
The relative roles of allergen exposure and viral infection in inducing asthma
exacerbations in various age groups have not so far been adequately studied.

Although limited in number, studies utilizing PCR have given much higher
rates of virus identification than studies using conventional virological methods.
This is largely due to improved detection of rhinoviruses, a virus type difficult
to identity with conventional techniques but which is the major virus type associ-
ated with exacerbations of asthma. Indeed. previous studies showing higher rates
of virus infection have generally been those that have been more successful in
identifying rhinoviruses.

Studies using PCR give a more accurate reflection of the importance of
RT viruses as causes of exacerbations of asthma than those using conventional
virology. However, the sensitivity of this technique means that care must be taken
in the design of these studies. In our experience PCR is so sensitive that by
increasing the number of cycles minute amounts of viral genome can be detected
in many asymptomatic samples of nasal aspirate. Thus, studies must be ade-
quately controlled with either an asymptomatic control group or volunteers being
sampled during asymptomatic periods and the rate of virus detection in these
control groups being assessed critically when interpreting results.

XIl. Future Studies

PCR techniques have now been developed for most of the RT viruses, and appli-
cation of these should allow more accurate identification of their role in exacerba-
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tions of asthma. Studies of the importance of RT viruses in wheezy infants and
a comparison of the characteristics of those with confirmed virus induced wheeze
in infancy. childhood. and adulthood may throw some light on possible differ-
ences in the etiology of wheeze in these age groups. Such technology can also
be used to determine the importance of RT viruses in other respiratory discases.
The role of RT viruses in cystic fibrosis has already been investigated, and other
areas in which such research would be beneficial inciude the role of RT viruses
in exacerbations of chronic obstructive pulmonary disease and interstitial lung
disease such as pulmonary fibrosis.

XHll. Conclusions

Early case reports suggested a role for RT viruses as causes of asthma exacerba-
tions, and this was supported by a number of epidemiological investigations.
Limitations in virological techniques precluded definitive demonstration of such
a link in either cohort or cross-sectional studies. The development of a PCR for
rhinoviruses has allowed more accurate documentation of the role of rhinoviruses
and suggested that these viruses are responsible for more than 80% of asthma
exacerbations in children and around 50% in adults. The development of PCR
for the other RT viruses will allow more accurate documentation of the role of
RT viruses in exacerbations of asthma and also cxacerbations of other respiratory
discases.
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Respiratory Tract Infections in Children

MICHAEL KABESCH and ERIKA VON MUTIUS

University Children’s Hospital
Munich, Germany

1. Introduction

Approximately one-half of all consultations in pediatric practice for children un-
der the age of 5 years is due to respiratory illnesses, and about 20% of childhood
hospital admissions are attributable to respiratory diseases. Infections of the respi-
ratory tract, largely observed as common colds, are the most frequent cause of
illness in humans. Children in particular go through a series of these viral infec-
tions within their first few years of life. Respiratory syncytial virus (RSV), human
rhinovirus, coronavirus, parainfluenza virus types 1-3, adenovirus, and influenza
virus types A and B have all been associated with infections of the respiratory
tract in children (1-11). In general, any respiratory virus can cause any picture
of acute respiratory infection, but certain viruses tend to associate with a particu-
lar group of diseases (12). This tendency probably reflects the fact that viruses
seem to have a particular affinity to certain types of cells and certain anatomic
levels of the airways, although they affect quite a wide area of the airway epithe-
lium. For example, clinical colds are more strongly associated with rhinoviruses
and coronaviruses, which particularly affect the nasal epithelium, whereas croup
is more often related to parainfluenza virus, which also attacks the larynx and
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trached. In turn. adenovirus is often involved in eliciting sore throat, but it can
also cause severe pncumonia and bronchiolitis in some subjects.

Wheeze is a very common respiratory symptom in early childhood. About
half of a random sample of children enrolled as newborns in a prospective, longi-
tudinal. population-based survey-—the Tucson Children’s Respiratory Study in
the United States—wheezed at some time from birth up to the age of 6 years
(13). Similar figures have becen reported from a smaller Australian birth cohort
study in which 42% of infants developed wheezing in the first 2 years of life
(14). In European population studics estimates have been slightly lower, ranging
from 15 to 32% of children who wheezed at some time during the first 5 years
of life (15).

A number of studies have shown that childhood wheeze is often associated
with viral respiratory tract infections (16—19). Subjects on their first visit to a
clinic because of wheezing often present with rhinorrhea, nasal congestion, mild
fever, cough, and other features of viral upper respiratory tract infection. A sig-
nificant proportion of these children will develop recurrent episodes of wheeze,
and some will become atopic and develop airway hyperresponsiveness and
asthma following the initial viral illness. The factors that determine the prognosis
and further progression or remission of the disease relate to both intrinsic and
extrinsic characteristics. Intrinsic host factors will determine a subject’s ability
to Hmit the clinical response to a viral infection to no symptoms or only local
signs of infection, such as rhinorrhea and sneezing, or to extend the response (o
the lower respiratory tract and other organ systems. Extrinsic factors, which may
be attributable to dilferent virus species or to environmental conditions. will fur-
ther determine a subject’s outcome.

Section 11 of this chapter will discuss the different phenotypes of wheezing
illness in infancy and childhood, and the second part the incidence and type of
viral infections detected in wheezing lower respiratory tract illnesses (LRIs) in
children. Finally. several risk factors for these wheezing conditions will be dis-
cussed.

Il. Wheezing in Infancy and Childhood

In a large prospective birth cohort study in the United States, the Tucson Chil-
dren’s Respiratory Study. Martinez and coworkers investigated pulmonary func-
tion in a subgroup of infants shortly after birth before any wheezing LRI had
occurred (20). The risk for developing a wheezing illness in the first year of life
was 3.7 times higher among infants whose premorbid total respiratory conduc-
tance ranged in the lowest tertile as compared to the rest of the group. Decrements
in lung function were seen in both, boys and girls. However, gender differences
were found for the respective indices of pulmonary function: in boys Tme/TE
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was significantly reduced, whereas {unctional residual capacity was significantly
diminished in girls. These children were further followed up to their third and
sixth birthdays (13,21). Those infants who started to wheeze during the first 3
years of life had lower initial levels of Tung function than children with no LRI
or with nonwheezing LRIs.

The shape of the tidal-breathing expiratory-flow-lime curve as assessed by
calculating the percentage of expiratory time to reach peak tidal expiratory flow
(T,./TE) has been shown to correlate well with specific airway conductance,
FEV, and the FEV,/FVC ratio (22). The conductance, in turn, is a lunction of
the fourth power of the airway radius and depends on the conductance of the
lower and upper airways and on characteristics of the lung tissue and the chest
wall. Theretore, not only differences in the size and length of airways but also
differences in the elastic recoil properties of the lung and the chest wall may
exist between infants who subscquently develop wheezing with a viral lower
respiratory tract illness and those who do not wheeze with a similar illness. In
the Tucson study. airway conductance seemed to be the critical factor in boys,
whereas a significantly smaller lung size may predispose girls to wheezing lower
respiratory tract illnesses. These discrepancies between genders may confirm pre-
vious observations that boys have smaller airways relative to lung size than girls
(23).

A recent study from western Australia by Young and colleagues (14) con-
firmed these findings. Two hundred and fifty-three infants underwent lung func-
tion testing at a mean age of 5 weeks and were followed during the first 2 years
of life with lung function measurements at | month of age. Maximum flow at
functional residual capacity (V,,,FRC) and resistance were measured. In addi-
tion, airway hyperresponsiveness was assessed by histamine challenge. Seven
percent of these children developed bronchiolitis in the first 2 years of life. No
difference was found for family history of atopy. the number of older siblings,
the number breast fed. the duration of breast feeding, or sociocconomic status
of the tamilies betwcen groups. However, V,,,.FRC values in the lowest tertile
at the age of one month were related to the subsequent development of bronchio-
litis in the first year of life. No significant difference in histamine responsiveness
between groups was seen. The results of both the American and the Australian
studies thus indicate that diminished lung function is a predisposing factor for
the development of recurrent wheezing illnesses in infancy. whereas airway
hyperresponsiveness is not, as results of other studies have confirmed (24).

Interestingly, in the Tucson Children’s Study many children with postna-
tally diminished lung function grew out of their wheezing symptoms around the
age of 3 years. while reductions in pulmonary function were still documented at
the age of 6 years (13). This benign course of wheezing illness was not associated
with any feature known to be associated with childhood asthma such as atopy
or parental history of atopy. In turn. at the age of 6 years a second group of
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wheezing children was identified, who also started wheezing early in life but
went on with recurrent wheezing episodes up to the age of 6 years. These children,
whose lung function had been within normal limits at birth, showed decrements
in pulmonary function at school age, suggesting a more severe form of the dis-
ease. This condition was furthermore related to increased total 1gE levels, skin
test reactivity to a panel of aeroallergens. the presence of eczema in the child,
bronchial hyperresponsiveness to methacholine, and a family history of atopic
diseases. This subgroup might be comparable to subjects with a doctor diagnosis
of asthma in other studies. Finally, a third subgroup of children who started
wheezing late after their third birthday but continued to wheeze at school age was
identified. This subgroup was associated with atopy, parental history of atopy,
and peak flow variability, but not bronchial hyperresponsiveness to methacholine
(25).

These findings are of particular interest because they suggest that different
phenotypes of wheezing illnesses develop during childhood, which are related
to different intrinsic characteristics and possibly to different external risk factors.
However, few longitudinal studies have been performed, which may have al-
lowed the identification of these subgroups and their respective risk factors in
more detail. Most studies have used cross-sectional study designs in which the
correct classification of subjects is limited because of potential severe recall bias.
Nevertheless, all of these wheezing conditions are known to be triggered by viral
infections of the upper respiratory tract.

lli. Incidence and Type of Viral Infections in Wheezing Lower
Respiratory Tract llinesses

Up to 70% of wheezing episodes in the first year of life have been found to be
associated with evidence of viral respiratory infections (26). These epidemiologi-
cal observations have been confirmed by studies detecting viruses in nasal washes
of infants under the age of 2 years (27). Duff and coworkers (27) demonstrated
that in wheezing patients (n = 20) 70% of the cultures were positive for virus
as compared to 20% of a nonwheezing control group (1 = 13). The majority of
these cultures were positive for RSV, followed by rhinovirus and influenza B.
In carlier studies enrolling older wheezing children. virus-isolation rates
were relatively low and varied significantly between studies (9.8-48.6%) de-
pending on different approaches in sampling and processing different materials
(1-10). These rates were, however, higher in cases than in controls. Furthermore,
identification rates of viruses during exacerbations of asthma were similar to
those generally found during respiratory infections without wheeze. Morcover,
the rate of virus identification decreased substantially after the acute stage of
respiratory illness, suggesting that virus infections are indeed causally involved
in the triggering or development of wheezing LRIs. The wheezing and other
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observed changes during viral infections such as increases in asthma medication
and symptom scores {16,18) and decreases in daily FEV, (28) start early, in mean
43 hours after the first symptoms of respiratory infection, and last from several
days up to 2 weeks (29). Several studies (3,18,28) have also shown that more
severe exacerbations of asthma correlate with a higher viral detection rate.

There are considerable difficulties involved in isolating respiratory viruses
(11). The detection rate depends on the prevalence of certain viruses, which varies
from year to year and season to season, the age of the enrolled subjects, and the
time clapsed between notification and investigation of a symptomatic cpisode.
Further technical problems arise with obtaining satisfactory specimen, with trans-
port, storage, and eventually the culture of the material. These difficulties result
in very low false-positive rates for identification of respiratory viruses but in
significant false-negative rates, particularly for rhinoviruses.

Altogether RSV, rhinovirus, and parainfluenza virus were the most frequent
isolates in studies investigating viral respiratory tract infections in wheezy chil-
dren (1,3-6.8). All studies found RSV and parainfluenza viruses. and all but
one identified rhinoviruses and adenoviruses. As might be expected from the
difficulties in isolating rhinoviruses, these organisms showed the most variable
detection rates. In studies closely following children either in the hospital (16)
or in an Alpine asthma resort (28), where children were followed over months,
coronaviruses and influenza viruses were also found in a significant proportion
of wheezing cpisodes. Mycoplasma pneumoniae was only identified in studics
using appropriate methods (11). In contrast, several studies failed to demonstrate
an association between episodes of wheeze, symptoms of respiratory tract infec-
tions, and the isolation of bacteria (3,16,19).

A recent study using PCR techniques in addition to conventional methods
and assuring prompt sampling of specimens yielded much higher virus identifica-
tion rates. Johnston and collcagues (30) studied the relation between exacerba-
tions of asthma and upper and lower respiratory viral infections in 108 asthmatic
children aged 9-11 years. Over a 13-month period viruses were detected in 80%
of nasal aspirates taken within 4 days after parents reported episodes of wheezing.
Picornaviruses and among these rhinoviruses were found in most (about 50%)
of the episodes. In turn, the identification rate of rhinoviruses in samples taken
during asymptomatic control periods amounted to 12%. It thus seems very un-
likely that these high virus-isolation rates reflect only a continuing colonization
of the airways that is not related to the exacerbation of the disease.

IV. Risk Factors for Wheeze with Vira! Respiratory Tract
Infections

Viral infections result in increased mucus secretion, submucosal edema. and air-
way inflammation (31), all obstructing the airway lumen and increasing airway
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resistance. Although knowledge about virus structure, replication, and host re-
sponses is increasing rapidly, the mechanisms by which wheezing occurs remain
to be elucidated. Two major hypotheses have been proposed to explain the rela-
tionship between respiratory tract infections and subsequent respiratory abnor-
malities (32). One hypothesis states that viral infections early in life damage the
growing lung or alter host immune regulation. The second hypothesis holds that
respiratory infections are more severe in infants and children with some underly-
ing predisposition. In this case, the symptomatic viral infection is merely an indi-
cator of an otherwise silent condition, whereas viral infections were causal risk
factors if the first hypothesis holds true. These two arguments are not mutually
exclusive. It is conceivable that severe viral lower respiratory infections occur
primarily in infants and children with an inherent predisposition and that both
the infection and the predisposition contribute to the development of wheczing
illness or other long-term respiratory abnormality.

There is still an ongoing debate about a potential causal role of virus infec-
tions, mainly RSV, for the subsequent development of childhood wheezing ill-
ness, asthma, and atopy. RSV infection is very common in the first year of life.
According to Long and colleagues (32), 80% or more of all infants are infected
with RSV in the first year of life. Lower respiratory tract disease is evident in
about 40% of these children. One percent of all infants are hospitalized for RSV
disease, and 0.1% require intensive care. Thus, a significant proportion of chil-
dren undergo inapparent RSV infections in the first years of life, suggesting that
there is at least one host factor for the development of bronchiolitis.

Several researchers have followed children with proven RSV bronchiolitis
to study their outcome after several years. Most authors (33-35) reported decre-
ments in pulmonary function and increcased prevalences of airway hyperrespon-
siveness in cases as compared to controls. These findings are, however, also con-
sistent with the notion of an underlying respiratory abnormality rather than a
subsequent damage of the airways through the RSV infection. In a study by Pullen
and Hey (34), who followed 130 infants admitted to hospital at a mean age of
14 weeks with proven RSV bronchiolitis and compared them with matched con-
trols, 6.2% of the RSV group werc wheezing at the age of 10 years as compared
to 4.5% of the control group. A slightly increased prevalence of repeated mild
episodes of wheeze was found during the first 4 years of age (38% vs. 15%), but
no increased rate of atopic sensitization was seen in the cases as compared to
the controls. Others confirmed these findings (33,35). In a predisposed host an
infection by RSV may, however. not only unmask latent asthma but also elicit
a TH, response (36,37), transiently enhance IgE production (38,39). and thereby
significantly add to the manifestation of the discase at an carly age.

When considering the second hypothesis, several risk factors associated
with an underlying predisposition to whecze may be relevant. If wheeze is a
nonspecific symptom of airway narrowing, then either underlying abnormalities
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of lung and airway structure, which result in smaller airway diameters, or a pro-
pensity to obstruct the airway lumen by mechanisms such as airway hyperrespon-
siveness to a variety of stimuli may be important. Risk factors for the occurrence
of wheezing LRIs may thus relate to a multitude of underlying intrinsic and envi-
ronmental conditions such as risks associated with airway damage and resulting
reduction of airway size, risks for the development of childhood asthma, risks
1o acquire viral infections at different ages and stages of lung maturation, and
finally a combination of all the above.

A. Gender

Boys are more often affected by asthma than girls. and they also have a higher
incidence of viral respiratory infections than females once they are asthmatic
(4,9,40,41). Young boys may be predisposed to wheeze because of smaller air-
ways relative to their lung size (24.42). In addition, a variety of other gender-
related differences in the mechanical properties of the lung in children has been
described. These include greater respiratory resistances for boys than girls, larger
lung volumes for boys than girls of comparable height, and greater resting airway
tone in boys (43). Thus, viral infections of the respiratory tract may more often
become symptomatic in boys because of gender-related characteristics of airway
size and lung structure. This male *‘disadvantage’ regarding asthma disappears
during puberty. After the age of 20 years, the asthma incidence is greater in
females than in males (44), and morbidity rates in women are higher than in men
after the age of 40 years (45).

B. Prematurity and Birthweight

In 1967, the term bronchopulmonary dysplasia (BPD) was introduced to describe
the chronic lung disease that occurs in some infants who require increased levels
of oxygen and mechanical ventilation after birth. BPD is a leading cause of mor-
bidity and mortality in infants surviving respiratory distress syndrome and report-
cdly develops in 15-38% of all infants weighing less than 1500 g who require
mechanical ventilation (46.47). Airway reactivity has been implicated as a causal
mechanism for the development of this obstructive airway disease (48).
Several studies have shown that infants who survive neonatal respiratory
distress syndrome are at higher risk for reduced lung function and the develop-
ment of wheezing lower respiratory tract illnesses in the first year of life (49—
53). Elder and collcagues (54) prospectively followed a cohort of 525 very pre-
term infants with a gestational age of less than 33 weeks up to their first birthday.
When compared to a control group of 657 term-born infants, the preterm-born
children showed a significantly higher incidence of recurrent wheezing (14.5%
vs. 3%). An even stronger effect was seen when the children had required me-
chanical ventilation after birth. These findings were confirmed by the results of
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a study by Lucas and coworkers (55), who followed 777 preterm born infants
weighing less than 1850 g up to the age of 18 months. The crude prevalence of
wheezing was found to be 18% in children who did not require respiratory sup-
port, whereas among infants who had been ventilated for at least 10 days 38%
developed wheezing during this time period.

Most of these children improve rapidly over the first years of life (50,56).
However, in a significant proportion recurrent wheezing persists into childhood
and adolescence and decrements in pulmonary function are still seen (57.58).
Northway and colleagues (47) reported that wheezing occurred more frequently
in young adults (age 18 years) with BPD in infancy than in age-matched controls
of similar birthweight but no BPD or age-matched normal controls. Furthermore,
airway obstruction present in 68% of the subjects in the bronchopulmonary dys-
plasia group was manifest by significant decreases of several indices of pulmo-
nary function such as FEV,, PEFR, FEF: 15, and Vs as compared to both
control groups. Similarly, Bader and colleagues (§9) reported that long-term sur-
vivors of BPD have cvidence of airway obstruction and airway hyperresponsive-
ness to an exercise challenge test at a mean age of 10 years as compared to an
age-matched normal control group. In a cross-sectional survey of 5573 British
children (60), the relationship between birthweight and gestational age as recalled
by parents and the occurrence of respiratory symptoms and pulmonary function
at the age of 5—11 years was studied. Differing cffects for birthweight and gesta-
tional age were found. Length of gestation, but not birthweight, was associated
with the development of respiratory symptoms, whereas birthweight but not ges-
tational age was related to decrements in FEV and FEV, at school age.

Other studies (61,62) also found that low birthweight is associated with
impairment of lung function at school age regardless of respiratory illness during
the neonatal period. These findings thus suggest that low birthweight is an indica-
tor of intrauterine growth retardation, which may relate to impaired lung growth
and decrements in lung function throughout childhood. In turn. gestational age
may be a surrogate for the maturity of the respiratory system at birth and may
be conceived as a significant independent risk factor for the development of
wheezing respiratory illness in childhood.

We have previously shown that prematurely born girls had significantly
more often been diagnosed as asthmatics and had significantly more respiratory
symptoms such as recurrent wheezing or shortness of breath and frequent cough
with exercise than term girls, especially if they had required mechanical ventila-
tion after birth (63). Significant decrements could also be demonstrated for dif-
ferent parameters of lung function in thesc children. No difference, however,
was found for atopic sensitization between groups. Thus, wheeze and cough of
prematurely born children may rather be attributable to decrements in lung func-
tion present at birth reflecting impaired lung development in utero with subse-
quent abnormalities of the airways or the lung parenchyma. Alternatively, an
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increased thickness of the bronchial smooth muscle and increasing numbers of
goblet cells in premature airways (64) may explain the reduced flows. Neonatal
respiratory therapy can further affect the alveolar development. as Hislop and
colleagues (65) have convincingly shown in morphometric and biochemical
studies of infant autopsies. Finally, the increased risk of developing lower respira-
tory tract illnesses in infancy and later in childhood may further add to the lung
function decrements. There is. however. no evidence that atopy is causally related
to these conditions.

As with transient early wheezing the main triggers of obstructive cpisodes
in preterm-born children are viral infections of the upper respiratory tract. It is
unknown whether prematurely born children have a higher likelihood of acquir-
ing these viral infections or whether their lung abnormalities predispose to earlier
manifestation of symptoms of the lower respiratory tract.

C. Environmental Tobacco Smoke Exposure

The effects of exposure to environmental tobacco smoke (ETS) on the respiratory
tract of children have been extensively investigated. Tobacco smoke is a complex
mixture of gascs and particles. Levels of respirable particulates, nicotine, polycy-
clic aromatic hydrocarbons, CO, NO,, and many other substances in indoor envi-
ronments increase with the number of smokers and the intensity of their smoking
and decrease with air-exchange rate (66). Among other constituents of sidestrcam
tobacco smoke, concentrations of respirable particulates have been shown to ex-
ceed the 24-hour National Ambient Air Quality Standard of 260 pg/m? for total
suspended particulates in homes with two or more heavy smokers (67).

Environmental tobacco smoke exposurc has repeatedly and consistently
been shown to increase the risk ol developing lower respiratory tract illnesses
in infancy and childhood (68). A review on adverse health effects of ETS expo-
sure has been provided to the U.S. Environmental Protection Agency (69). The
report concludes that passive smoke exposure is causally associated with an in-
creased risk of lower respiratory tract infections such as bronchitis and pneumo-
nia mainly in infants and young children; a small but significant and dose-depen-
dent reduction in pulmonary function; and additional episodes and increased
severity of symptoms in children with asthma. Furthermore, ETS exposure was
considered to be a risk factor for the development of new cases of asthma in
children not previously displaying symptoms.

Most studies documented a dose-response relationship between the number
of cigarettes smoked and the risk of developing lower respiratory tract illnesses.
This finding is consistent with a stronger effect of maternal than paternal smoking
found in most studies, suggesting a higher exposure through the mother than the
father or alternatively persisting effects of passive smoke exposure through the
mother in utero. Since most mothers who smoked during pregnancy continue to
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smoke thereafter, adverse health effects from intrauterine exposure are difficult
to disentangle from environmental exposure after birth.

The consequences of maternal cigarette smoking during pregnancy on in-
fants” pulmonary function was studied in 80 infants shortly after birth (mean 4.2
weeks) in Boston (70). Maternal smoking habits were assessed prior to birth via
questionnaires that had been validated by measuring urine cotinine concentra-
tions. In infants of smoking mothers. forced expiratory flow levels were signifi-
cantly reduced as compared to nonexposed children. Since lung function testing
had been performed shortly after birth and passive smoke cxposure during this
short time interval had been controlled in multivariate analysis. the results of this
study indicate that maternal smoking impairs airway development in utero, caus-
ing smaller airway calibers at birth. In further studies by the same group (71). the
detrimental cffects of maternal smoking during pregnancy on infant respiratory
function have been shown to persist at least over the first 18 months of life. The
reductions were greater for measures of flow than for volume and for female
than for male infants and were related to the development of wheezing lower
respiratory tract illnesses during the first year of life (71.72).

The relationship between maternal smoking and lower respiratory tract ill-
ness was further studied in a large birth cohort study in Tucson, Arizona (73).
ETS exposure was assessed via questionnaires and umbilical cord cotinine mea-
surements: wheezing and nonwheezing LRIs were confirmed by physicians. The
odds of developing an LRI in the first year of life were significantly higher in
children whose mothers smoked heavily, i.c.. more than 20 cigarettes a day
(OR = 1.82: 95% CI 1.13-2.94) than in those infants whose mothers smoked
lightly or not at all. The proportion of symptomatic children was higher if the
mother had smoked heavily during pregnancy and thereafter as compared to
heavy maternal smoking after birth only (46.2% vs. 36.4%: p < 0.03). Interest-
ingly. the odds for having wheezing L.RIs in the first year of life further increased
if the child stayed at home rather than attending day care (OR = 2.8: 95% ClI
1.43-5.5). pointing toward the importance of moditying factors affecting the ef-
tective level of passive smoke exposure in a given child. However. smoking
carcgivers in day-care centers have also been shown to increase the risk of LRIs
in the first 3 years of life (74). Maternal smoking was related not only to the
development of wheezing and nonwheezing LRIs. but also to an earlier manifes-
tation of these illnesses (73).

The strong link between maternal smoking during pregnancy and decre-
ments in infant pulmonary function with subsequent occurrence of wheezing
LRIs in the first years of life may indicate that mainly the risk of developing
benign transient wheeze in early infancy and not the risk of acquiring childhood
asthma is increased by ETS exposure. However, in the large prospective birth
cohort study in Tucson, Arizona, the occurrence of both transient early wheezing
and persistent wheezing up to the age of 6 ycars was related to passive smoke
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exposure. Children of mothers with 12 or fewer years of education and who
smoked 10 or more cigarettes per day were 2.5 times more likely to develop
asthma (OR = 2.5:95% CI 1.42-4.59; p = 0.002) than children of mothers with
the same educational level who did not smoke or smoked fewer than 10 cigarettes
a day (75). No relationship was found in children of mothers with a higher educa-
tion. In a British birth cohort study following 9670 children up to the age of 10
years, a 14% increase in childhood wheezy bronchitis was noted when mothers
smoked more than 4 cigarettes per day (76). This rate increased to 49% when
maternal smoking exceeded 14 cigarettes daily. No association was found with
asthma, but no clear distinction between wheezy bronchitis and asthma was made
in this study. Interestingly, in a rccent case-control study performed in South
Africa in 7- to 9-year-old children (77), maternal smoking during pregnancy was
found to increase the child’s risk of developing asthma and wheeze almost two-
fold (OR = 1.9,95% CI 1.2-2.8). Yet, each additional smoking household mem-
ber added significantly to this risk (OR = [.15; 95% CI 1.0-1.3), suggesting
that the odds for asthma do not only increase with ETS exposure in utero (though
the effect is stronger). but also after birth by passive inhalation of sidestream
cigarette smoke.

Studies including objective measures of features closely associated with
asthma may help in further understanding the effects of ETS exposure. Forastierc
and associates studied the effect of passive smoking on the degree of bronchial
responsiveness 1o a methacholine challenge in a cross-sectional survey of 1215
children aged 7-11 years in Italy (78). Higher odds ratios were found among
girls in whom a dose-response relationship with the number of cigarettes smoked
by the mother could be established. No increased risk was scen in boys. An
cffect modification was detected for father’s education and household crowding:
maternal and paternal smoking were strong predictors of bronchial hyperrespon-
siveness (BHR) in families in which the head was less educated and in over-
crowded houses. Likewise, a strong association between parental smoking and
BHR to carbachol was found in another Halian survey (79). Yet. in this survey
boys were more strongly affected than girls, and the association was strongest
for children with asthma. In Frischer’s studies. diurnal variability of peak flow
ratcs was associated with maternal smoking in nonasthmatic and asthmatic non-
atopic Austrian children (80). In the atopic group, there was cvidence that mothers
changed their smoking habits subsequent to the development of disease in their
children, thus biasing the study results towards null. Several other studies, how-
ever, were unable to reproduce these findings: maternal smoking was not found
to be associated with BHR to methacholine challenge (81.82) or to hyperventita-
tion of cold. dry air (83).

Conflicting results have furthermore been reported from studies investigat-
ing the effects of passive smoke exposure on the development of atopic sensitiza-
tion in children. Whereas two investigators found enhanced allergic sensitization
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(83.84), increased serum IgE levels (85), and an increased prevalence of eosino-
philia (85) in 9-year-old children of smoking parents, others failed to show any
correlation between allergic sensitization and ETS exposure (86-88).

In contrast several reports conclude that ETS exposure is significantly asso-
ciated with increased prevalence of otitis media in infants and schoolchildren.
Ey and colleagues studied more than 1000 newborns, who were followed from
birth up to their first birthday as part of the Tucson Children’s Study (89). Their
medical records were reviewed for a diagnosis of otitis and recurrent otitis media.
Heavy maternal smoking of more than 20 cigarettes a day was significantly asso-
ciated with the development of recurrent otitis media in the first year of life. If the
infant weighted less than the mean at birth (3.5 kg), the risk increased threefold. In
a British study including almost 900 schoolchildren aged 6-7 years, middle ear
pressure and compliance were measured in both ears by impedance tympanome-
try. ETS exposure was assessed by salivary cotininc measurements. About one-
third of the cases with middle ear effusion were statistically attributable to expo-
sure to tobacco smoke.

In summary, most studies reporting an association between ETS exposure
and the acquisition of asthma or BHR were found for heavy ETS exposure, which
may particularly occur in families of lower socioeconomic status. Some studies
found stronger effects on wheezy bronchitis than asthma possibly reflecting un-
derdiagnosis of asthma, reporting bias or smoking cessation by parents whose
child was labeled asthmatic. Alternatively, effects of passive smoke exposure
may be stronger for viral-induced asthmatic symptoms. This notion is supported
by the finding of an increased prevalence of infectious dieseases of the upper
and lower respiratory tract such as recurrent otitis media, middle ear eftusion,
bronchitis, and pneumonia in infants, toddlers, and schoolchildren exposed to
environmental tobacco smoke.

D. Childhood Asthma and Bronchial Hyperresponsiveness

There is some evidence that asthmatics may be more susceptible to viral infec-
tions than healthy children. Minor and colleagues (90) observed that asthmatic
children experienced significantly more viral respiratory tract infections than did
their nonasthmatic siblings. Similarly, Bardin and coworkers (91) reported that
atopic subjects who were experimentally infected with rhinovirus experienced
more severe symptoms than nonatopic controls. Rhinoviruses use receptors on the
cell surface for cellular attachment. The best known and most common receptor is
ICAM-1 (92). Epithelial cells of asthmatics have been found to express more
ICAM-1 as compared to normal subjects or subjects with chronic bronchitis (93).
Thus, rhinoviruses may attack epithelial cells more casily and more effectively
in these subjects, resulting in an enhanced clinical manifestation of’ symptoms
or more scvere complaints.
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Unlike in infants and preschool children, (BHR) is strongly associated with
asthma and active wheezing in school-age children. In clinical studies the pres-
ence and degree of BHR correlated well with the physician’s diagnosis and the
severity of the disease. In population-based surveys, however, only partial over-
lap between the lifctime prevalence of asthma, the period prevalence of respira-
tory symptoms, and the point prevalence of BHR to histamine (94), methacholine
(95), or cold, dry air (96) was found. Pattemore and colleagues showed that even
of those children who wheezed within the previous month, more than 40% had
normal bronchial responsiveness to methacholine (93). Conversely, bronchial re-
sponsiveness to pharmacological and physical stimuli was found in a significant
proportion of asymptomatic, normal children (94-96).

One possible explanation for this discrepancy is that BHR is probably as
cpisodic and variable over time as are clinical symptoms of asthma (97.98). BHR
can transiently be enhanced by many different factors such as exposure to aller-
gens and viral respiratory tract infections (99,100) and may thus reflect the activ-
ity and severity of the disease at a given point in time. Different methods of
assessing bronchial responsiveness are furthermore likely to reflect only a limited
aspect of the disease. Responses to a physical provocation are mediated by factors
other than those inducing the bronchial muscular contraction by pharmacological
agents. Moreover, BHR may persist independently from asthma. In a longitudinal
follow-up of an asymptomatic, bronchial hyperresponsive population, no signifi-
cant loss of BHR over time was lound (101). The finding of increased nonspecific
BHR in asymptomatic relatives of subjects with asthma (102,103) supports this
hypothesis.

It has long been recognized that airway hyperresponsiveness and asthma
are associated with immunological processes that induce an increased production
of total serum IgE. Burrows and coworkers (104) showed that the prevalence of
physician-diagnosed asthma after the age of 6 years was closely related to serum
IgE levels in the population and that no asthma was present in the subjects with
the lowest IgE levels. Sears and colleagues (105) reported that airway respon-
siveness was closely linked to serum IgE even in children who have been asymp-
tomatic throughout their lives. Many studies have furthermore consistently shown
that atopy. i.e.. the production of specific IgE antibodies to environmental aller-
gens, is strongly associated with airway hyperresponsiveness and childhood
asthma. In cross-sectional and clinical studies atopic sensitization was related to
an increased prevalence of asthma, airway hyperresponsiveness, and a greater
severity ol respiratory symptoms as compared with the absence of atopy (106-
108). Morcover, the strength of atopic sensitization as assessed by increasing
numbers of positive skin prick test results (109) or increasing wheal sizes (110)
was linearly related to the severity of childhood asthma and airway hyperrespon-
siveness. Thus, factors enhancing the production of specific IgE antibodies or
the lack of protective mechanisms to induce tolerance toward environmental al-
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lergens early in life may also increase the risk for airway hyperresponsiveness
and asthma.

In many studies an inverse relation between asthma and the overall inci-
dence of respiratory infections has been reported. Anderson observed in his stud-
ies in Papua New Guinea that respiratory infections were more common among
young children in the highlands, where asthma was exceedingly low, than in the
coastal regions of the country, where asthma occurred more frequently (111).
Flynn studied two groups of children of the Fiji Islands: the indigenous Fijians,
who showed a high hospital admission rate for pneumonia, and the Fiji Indians,
whose asthma admission rate was three times higher than in the Fijians (112,113).
Consistent with the hospitalization rates, Indian children had a threefold higher
prevalence of asthma and airway hyperresponsiveness than Fijians, whereas re-
spiratory infection was more than twice as common in Fijian than in Indian chil-
dren. In the East European countries a higher prevalence of respiratory infections
was found, whereas atopic sensitization, hay fever, asthma, and BHR were all
significantly lower as compared to Sweden or West Germany (114.115).

The results of three recent studies further substantiate the potential protec-
tive effect of infections early in life on the development of atopy. Shaheen and
coworkers studied young adults who were first surveyed at the age of 0-6 years
in Guinea-Bissau, West Africa (116). Among the participants who had had mea-
sles during childhood, the prevalence of atopic sensitization defined as skin prick
test positivity to aeroallergens was about half the rate of those who had been
vaccinated and did not have measles (12.8% vs. 25.6%). A recent report from
Southern Italy demonstrated that military students who were seropositive for
hepatitis A also had a significantly lower prevalence of atopic sensitization to
common aeroallergens and atopic diseases as compared to their peers who had
no antibodies to hepatitis A (117). In the prospective Tucson Cohort Study, chil-
dren who had nonwheezing LRIs in the first 3 years of life had subsequently
reduced skin test reactivity and depressed levels of IgE at the age of 6 years
(118).

Recent immunological findings show biological plausibility for those
hypotheses inferred from epidemiological studies. They indicate that two mutu-
ally exclusive T-helper-cell phenotypes develop from a common ancestor cell.
Different patterns of cytokine release are produced by these different T-helper
cells. TH.-like T cells produce interleukin 4 (IL-4) and 5 (IL-5) and may particu-
larly be implicated in allergic disease, whereas TH-like T cells produce interleu-
kin 2 (IL-2) and interferon gamma (119). IL-4 is one of the necessary signals
that induce B-cell clones to switch from the production of IgM to IgE. Interferon
gamma, on the other hand, is produced in the course of viral infectious diseascs
and inhibits the proliferation of TH, clones and the production of IgE by B cells
(120,121). Thus, a predominant activation of TH,-like T-helper cells in the course
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of recurrent viral or bacterial infections may prevent the proliferation of TH,
clones and the development of allergic disease (119).

Therefore, a subject’s overall burden of continuing infections early in lifc
and throughout childhood may direct the immune response toward a predominant
TH,-like response suppressing the TH, pathway. A suppressed TH; response may
then reduce the risk to develop atopy and asthma. In contrast, infections by some
respiratory viruses such as RSV at certain stages of lung maturation and in predis-
posed hosts may transiently induce a TH, response (36,37) with increased IgE
production (38.39), thereby unmasking the manifestation of asthma.

E. Day-Care Attendance

Several studies have shown that a child’s risk of acquiring infectious illnesses
is increased if the child is looked after in day-care centers or to a lesser extent
in family day care as compared to children reared at home (122). The strongest
relation has been found for otitis media and recurrent otitis media. Two Scandina-
vian studies (123.124) used tympanometry to examine middle ear problems in
1-2 and 3-year-old children, respectively. Both groups found approximately
twice as many abnormal tympanograms in those children attending day-care cen-
ters than in children reared at home. Interestingly, in one of these studies (123)
the findings for children in family day care were similar to those of children in
home care in the summer or fall. whereas in the winter months both children in
day-care centers and in family day care had more abnormal findings than children
reared at home.

The association between day-care attendance and respiratory infections
seems weaker, although most studies found evidence of increased rates of respira-
tory illness in children attending day-care centers (122). Rasmussen and Sundelin
(125) reported that the rates of physician visits for acute respiratory infections
were 1.4-1.8 times higher in children attending day-care centers or family day
care than in children raised at home. In a prospective birth cohort study in Pitts-
burgh, 153 children were enrolled at birth and observed for 12—18 months (126).
Children in group care and day care were more likely than children reared at home
to experience at least six respiratory infections, more than 60 days of illness, and
morc than four severe illnesses (p < 0.01). Furthermore, hospitalization for lower
respiratory tract illness has been found to be related to regular attendance of a
day-care center (127).

F. Lack of Breast Feeding

The occurrence of infectious diseases of the respiratory and gastrointestinal tracts
may be prevented by nursing the babies. Several studies have shown a beneficial
effect of breast feeding on the incidence of infectious respiratory illnesses
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(26,128-131). This protective effect was, however, mainly present in the first
weeks or months of life and most pronounced when other risk factors were also
apparent. Wright and colleagues (26) reported that in a prospective birth cohort
study in Tucson, breast feeding was associated with a decreased incidence of
wheezing illnesses in the first 4 months of age. The risk associated with lack of
breast feeding increased if other people were sharing the child’s bedroom (OR =
3.3:95% CI 1.8-6.0). Similarly, Nafstad and coworkers (132) reported a protec-
tive eftect of long-term breast feeding on the risk of developing lower respiratory
tract infections during the first year of life. The effect was strongest in children
exposed to environmental tobacco smoke.

G. Air Pollution

Few studies have investigated the effects of air pollution on the development of
infectious respiratory diseases in children. Braun-Fahrlinder and colleagues (133)
reported a correlation of total suspended particulates (TSP) and NO, with the
incidence and duration of upper respiratory symptom episodes among preschool
children in Switzerland. Others found a correlation between these two pollutants
and croup among German children of the same age (134). Furthermore. a signifi-
cant association between the prevalence of upper respiratory infections and the
residence in a Finnish community that was moderately polluted by SO, has been
reported (135). Results from studies in East Germany where air pollution levels
had been high suggest that high concentrations of SO, and moderate levels of
particulate matters and NO, are associated with an increased risk of developing
upper respiratory symptoms in childhood (136). The highest risk was found when
the concentrations of all three pollutants ranged in their upper quartiles. Similarly,
an adverse cffect on the prevalence of symptoms of colds was found when chil-
dren were exposed to heavy car traffic in Munich. West Germany (137).

V. Summary

Wheezing with upper respiratory tract infections is a very common childhood
condition. A multitude of viral agents have been associated with thesc episodes,
although the methods to detect viral infections were cumbersome until recent
advances introducing PCR techniques were achieved. These new methods may
in the future allow us to better understand the role of viruses in triggering and
eliciting wheezing episodes in children predisposed cither by anatomical abnor-
malities of airway size and lung parenchyma or by reactive airway disease. Partic-
ularly, the reasons why in some subjects a viral infection remains inapparent,
whereas others react with upper or even lower respiratory symptoms such as a
runny nose, cough, and wheeze, needs further attention. It still remains a matter
of debate whether asthmatic subjects are more susceptible to viral infections than
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their healthy siblings (90) and peers, and how this susceptibility may be mediated.
However, several distinct risk factors that increase the risk of wheezing with
viral infections: have been identified: prematurity and maternal smoking. Both
are amenable to preventive measures and may be endorsed by encouraging a
mother to nurse her baby for the first 6 months of life.
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Mechanisms of Virus-Induced Asthma

RICHARD G. HEGELE and JAMES C. HOGG

University of British Columbia
Vancouver, British Columbia, Canada

I. Introduction

Acute viral respiratory tract infections result in increases in airway respon-
siveness in both normal subjects (1) and asthmatic patients (2,3) and have been
implicated in triggering the initial onset of asthma in a subpopulation of predis-
posed children (4). Persistent (i.e., low-level viral replication) and latent (cxpres-
sion of viral genes without replication of a complete virus) infections have also
been postulated to contribute to the pathogenesis of chronic airway inflammation
and tissue remodeling in the repair phase of this response that causes the observed
structural changes in the airways of asthmatics (5). This chapter will review the
respiratory viruses that are commonly implicated in asthma (Table 1) and discuss
the various mechanisms by which viral infections are postulated to contribute to
the pathogenesis of asthma.

Il. Overview of Viral Infections

Viruses are obligate intracellular parasites, and the steps required to cstablish an
infection in a susceptible host are outlined in Figure 1. The pathology that they
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Table 1 Viruses Commonly
Implicated in Asthma

Single-stranded RNA viruses:
Rhinoviruses
Coronaviruses
Influenza viruses
Parainfluenza viruses
Respiratory syncytial virus (RSV)
Double-stranded DNA viruses:
Adenovirus
Cytomegalovirus

Adsorption

Release of
Penetration progeny
Uncoating

Replication ———————» Viral NA —— % Assembly
of viral NA

Viral mRNA

l

Enzymes «————————— Viral proteins ——» Structural
(e.g., NA polymerases) proteins

Effects on
host cell

Figure 1 Overview of steps involved in the life cycle of viruses. After the initial interac-
tion of a virion with the host cell membrane, the virus is translocated into the cytosol
and/or nucleus, where free nucleic acid is used as a template for mRNA transcription.
Depending on the interactions between virus and host cell, possible outcomes include
assembly of new, complete particles or production of individual viral proteins without
assembly of new virions. These viral proteins can have profound effects on the host cell,
without the necessity for either viral shedding or cell lysis. (From Ref. 44.)
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cause results from both the direct effects of the replicating virus on the cell and
the response of the host to this infection. This response has both an innate compo-
nent, which is fully functional before the viral organisms enter the cell. and an
adaptive component, which has memory. specificity, and diversity. The virus first
interacts with a cell by binding to specific receptors located on the cell membrane.
Unfortunately, the receptors for many of the common respiratory viruses are ei-
ther unknown or poorly characterized. Exceptions to this include the major group
rhinoviruses, which bind to intercellular adhesion molecule-1 (ICAM-1) (6) and
the influenza virus. which binds to residues rich in sialic acid. After binding to
specific cell surface receptors, viruses penetrate the cell membrane and become
uncoated. such that frec viral nucleic acid enters the cytoplasm (for most RNA
viruses) or nucleus (for most DNA viruses) and undergo transcription into mRNA
by viral polymerase enzymes and translation into viral proteins. For many single-
stranded RNA viruses, the kinetics of viral replication involve production of com-
plementary mRNA of opposite polarity of the entire viral genome, which can
then be used as a template to make new full-length, viral genomic RNA (7).
Transcription of individual mRNA species allows for translation into new viral
proteins, and the newly synthesized viral genome and proteins assemble into
complete particles called virions. The virions can then be released by budding
from the cell surface or lysis of the cell to propagate the infection. For RSV,
the control over whether the viral polymerase transcribes the entire genome or
individual mRNAs for protein synthesis is tightly regulated by the cytoplasmic
concentration of the viral nucleocapsid protein, such that a comparatively high
concentration of this protein favors the transcription of full-length mRNA. and
vice versa. For adenoviruses, a double-stranded DNA virus, the kinetics of viral
replication involve the expression of *‘early " genes, which use host cell mecha-
nisms to synthesize viral mRNA and proteins that are important to the subsequent
replication of viral DNA. The *‘late’” genes are responsible for producing struc-
tural proteins, which are transported from the cytoplasm to the nucleus for assem-
bly of virions and the complete virus returns to the cytoplasm to be shed or
released by cell lysis.

Acute respiratory tract infections such as the common cold, croup, acute
bronchiolitis, and pneumonia are primarily produced by this cycle of viral replica-
tion (8). The outcome of acute infections ranges from complete resolution to
fulminant infections causing death. After the acute infection has passed, the virus
is capable of persisting either by low-level replication in the case of RNA viruses
(9) or by persistence of circular DNA with or without integration of viral DNA
into the host genome (10). In this latter case, viral proteins may be expressed,
but a complete virion need not be produced. There is growing evidence that these
latent and persistent infections contribute to the production of the chronic in-
flammation in the airways that may be responsible for diseases such as asthma
and COPD. Later in this chapter, we will review evidence that persistent infec-
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tions can also occur in the lung and will discuss the potential role of these infec-
tions in the pathogenesis of asthma.

ll. The Effects of Acute Viral Infections on the Airways

Epidemiological studies have established that acute viral respiratory tract infec-
tions can precipitate cxacerbations of asthma in both children and adults (for
review, sce Ref. 11). The mechanisms by which these infections contribute to
enhanced airway narrowing must be considered in terms of an inflammatory re-
sponse of a mucosal surface (12) to an invading virus. Table 2 shows key aspects
of the inflammatory response, which we will consider with reference to their
potential physical and biochemical effects on the airways.

Plasma- and cell-derived inflammatory mediators relcased by interaction
between the virus and epithelial cell directly affect the airway caliber by increas-
ing smooth muscle shortening. Because the peripheral airways are normally lined
by surfactant (13), accumulation of edema fluid on the surface of the airway
lumen will substantially increase surface tension and create forces through the
Laplace relationship that result in airway narrowing.

These two changes are rapid and act in concert with other inflammatory
cvents in the airway wall. The bronchovasculature consists of two capillary net-

Table 2 General Overview of the
Mucosal Inflammatory Response

Innate inflammatory response
Plasma-derived mediators
Kinins
Complement
Coagulation products
Fibrinolytic system
Membrane-derived mediators
Prostaglandins
Leukotricnes
Exposure of submucosal nerves
Neuropeptides
Systemic response
Leukocytosis
Acute phase reactions
Adaptive immune response
Humoral immunity
Celi-mediated immunity
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works (Fig. 2): one located beneath the epithelium internal to the airway smooth
(submucosal plexus) and a second located external to the smooth muscle (adventi-
tial plexus)(14). The swelling of the submucosal and adventitial extracellular
spaces as a result of fluid exudation from the capillaries has only a small effect
on the caliber of the airway lumen. However, when the smooth muscle contracts,
it acts in series with the swollen mucosa to markedly reduce airway caliber (15).
For example, a 50% increase in submucosal volume due to accumulation of
edema fluid acting with a modest degree of smooth muscle contraction (30%)
can be shown to result in a 10-fold increase in airway resistance, compared to
a normal submucosa with a similar amount of smooth muscle shortening. The
expansion of the adventitial interstitial space by edema has an additional negative
effect because it uncouples the airway smooth muscle from the afterload exerted
by the surrounding lung parenchyma (16). This reduction in afterload allows
greater smooth muscle shortening and profoundly affects the reduction in airway
caliber.

Airway epithelial cells and type II pneumocytes are major targets for acute
viral lower respiratory tract infections (Figs. 3 and 4). Necrosis and sloughing
of infected epithelial cells into the lumen change the viscosity of the exudate in
the lumen and interfere with the clearance of airway secretions. This combination

Figure 2 Photomicrograph of a bronchiole from an asthmatic patient showing conges-
tion of blood vessels within the submucosal plexus (arrows) and the adventitial plexus
external to the airway smooth muscle (arrowheads). (From Ref. 45.)
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Figure 3 Photomicrographs of an airway from a child who died of acute adenoviral
bronchiolitis. Note the extensive epithelial cell necrosis and sloughing of inflammatory
exudate into the lumen at center (A). In situ hybridization of a serial section with a noniso-
topic probe (B) reveals large amounts of adenoviral genome (dark dots) within the nuclei
of infected epithelial cells. (From Ref. 46.)

of biochemical and biomechanical events involving cell membranes stimulate
the production of membrane-derived mediators, including the prostaglandins and
leukotrienes. Many of these mediators modulate smooth muscle activity and in-
fluence airways caliber by the mechanisms described above. A further conse-
quence of viral-induced epithelial cell injury is decreased production of neutral
endopeptidase (17), an enzyme important for the metabolism of a wide variety
of bronchoconstricting neuropeptides, which increase mucus secretion from both
the goblet cells and submucosal glands. Moreover, the loss of an intact epithelial
barrier from acute viral infection results in exposure of submucosal afferent nerve
endings to physical, chemical, biological, and environmental agents that stimulate
neurogenic inflammation mediated by peptides such as neurokinin A and sub-
stance P.

Alveolar macrophages are also a cellular target for acute viral infections
(18,19). In contrast to epithelial cells, viruses infecting alveolar macrophages
rarely cause cell lysis. Alveolar macrophages restrict viral replication and act
as an effective host-defense mechanism. However, these infected cells secrete
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Figure 4 Photomicrographs of peripheral lung from a child who died of acute RSV
bronchiolitis, stained with anti-RSV antibody. Note the positive cytoplasmic immunostain-
ing of sloughed cells within the alveolar lumen (A, arrows) and intact alveolar epithethial
lining cells (B, arrowheads). (Courtesy of Dr. James Dimmick, British Columbia’s Chil-
dren’s Hospital of British Columbia, Vancouver, British Columbia, Canada.)

inflammatory mediators such as tumor necrosis factor (TNF), various interleu-
kins, colony-stimulating factors, oxygen free radicals, interferons, prostaglandins,
and platelet-activating factor. These potent molecules influence airway caliber
by acting directly on smooth muscle and by modulating the exudative and cellular
components of the inflammatory process. Further information about the effects
of respiratory viruses on alveolar macrophage function is available in a recent
review article by Lantz et al. (20).

The local generation of plasma- and cell-derived inflammatory mediators
results in recruitment and activation of inflammatory cells. For example, interleu-
kin (IL)-4 causes B lymphocytes to express IgE; IL-5 is an important regulator
of eosinophils, and IL-8 regulates the migration of neutrophils. Furthermore, acti-
vated cells can release preformed and newly synthesized mediators that can stim-
ulate airway narrowing, such as histamine from mast cells and IL-11 (21) from
virus-infected lung epithelial and stromal cells.

The specific adaptive humoral and cell-mediated immune responses to viral
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infection and genetically determined differences in this response have been postu-
lated to be important determinants of clinical outcome. For example, RSV and
parainfluenza viruses are reported to induce the production of virus-specific IgE
antibodies (22,23) in a subpopulation of children who have recurrent wheezing.
In these children, reinfections by these viruses might result in the generation of
an allergic response that could modulate airway narrowing via binding of the Fc
fragment of 1gE to receptors on mast cells, with resultant mediator release and
airway smooth muscle contraction. Cell-mediated immunity has also been impli-
cated in the production of **fibrogenic™’ cytokines, such as transforming growth
factor-B (TGF-B). platelet-derived growth factor, and IL-11, which are involved
in the repair phase of the inflammatory process responsible for the structural
changes observed in the airways in chronic asthma.

Although the general pattern of inflammatory response is becoming much
better understood, the details of how any individual virus produces the changes
in airway structure responsible for reversible airway narrowing and hyperrespon-
siveness remain to be worked out. For example, epidemiological studies have
implicated pathogens that characteristically cause self-limited upper respiratory
tract infections (c.g., rhinoviruses and coronaviruses) as being frequent triggers
of acute exacerbations of asthma. To account for these observations, investigators
have postulated mechanisms whereby these local infections act from a distance
to stimulate the intrapulmonary airways via nerves and trafficking of viral pro-
teins and host etfector cells through lymphatic vessels. These mechanisms will
probably remain hypothetical until better experimental methods become available
to rigorously test them. Gern et al. have recently reported that rhinoviral genome
can be identified by the polymerase chain reaction (PCR) testing of bronchoal-
veolar lavage fluid specimens of experimentally inoculated subjects (24). Should
these observations be confirmed, the assumption that rhinoviruses and corona-
viruses remain confined to the upper respiratory tract during asthma exacerbations
will have 1o be reconsidered. The detection of viruses in specimens obtained from
the lower respiratory tract by using PCR-based methods is a rapidly advancing
arca in which valuable new information is emerging quickly.

IV. Latent Viral Infections

The ability of a virus to remain latent for the lifetime of its human host is best
itlustrated by the herpes simplex virus (HSV). During an acute infection, this
virus enters sensory nerves enervating cells of mucosal membranes and acquires
the characteristics of linear or circular DNA. In a fraction of the neurons harbor-
ing latent HSV, the virus is periodically reactivated and carried back to the muco-
sal surface by active transport. The resulting lesions vary considerably in severity
depending on the host immune response and can be manifested as barely visible
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vesicles through severe debilitating lesions in immunosuppressed individuals.
The adenovirus provides the best example of latent infection involving respiratory
viruses (25.26). This double-stranded DNA virus can infect and replicate at vari-
ous sites in the respiratory tract as well as the gastrointestinal tract, urinary, blad-
der, liver, and eye. The adenovirus can produce severe bronchopneumonia and
is responsible for approximately 5% of the acute respiratory disease in children
under the age of 5. Although there are 49 serotypes, the common ones producing
respiratory disease are types 1. 2. 3, 5, and 6. Sporadic cases arc usually indistin-
guishable from other viral infections produced by influenza, parainfluenza. and
RSV. A study by Macek and colleagues (27) raised concern that cases of persis-
tent childhood asthma might follow acute adenoviral infection. They described
a group of 34 children referred for persistent asthma preceded by an acute illness.
This acute illness was attributed to adenoviral bronchiolitis, primarily on clinical
grounds, but supported by laboratory evidence of infection in a proportion of the
cases. They tested the hypothesis that the asthmatic syndrome that followed this
illness was due to adenoviral infection by performing immunohistochemical cx-
amination of ¢ytospin preparations of BAL fluid. They demonstrated the adenovi-
ral capsid protein in these preparations in 94% of these children. They concluded
that thesc findings implicated the adenovirus in the pathogenesis of the childhood
asthma.

The human adenovirus has a highly ordered structure with an icosohedral
shape and its 20 triangular-shaped sides arranged to provide 12 apices (25.26).
The surface of each of the 20 sides is covered with a well-organized capsid protein
shell made up of hexon macromolecules. The penton molecule is located at cach
of the 12 apices, and a fiber extending from the penton serves as an attachment
1o the host cell. Contact is followed by transport into the host by a receptor-
mediated endocytosis involving receptors on both the penton molecule and the
hexon base. The virus disrupts the endocytic vesicle membrane to gain entry into
the cytosol and sheds its external coat to relcase the DNA. The DNA is trans-
ported to the nucleus, where it begins a direct takeover of the transcription and
translation capability of the host cclls to replicate itself. The host provides the
molecular machinery required for transcription. mRNA processing, and transla-
tion, but the viral genome produces carly proteins that control the rate at which
this takes place. One of these carly proteins (E1A) can increase host cell replica-
tion by atlowing the cell to enter its replicative cycle. Another in the E3 region
subverts the destruction of the infected cell by cytotoxic T cells by preventing
MHC class I molecule expression. When the complete viral genome is replicated
and the structural proteins produced, new viruses are assembled in the nucleus
and cither shed from the cell surface or released in large numbers by cell lysis.
Clearance of the virus by the host is not complete, and residual viral DNA can
be expressed in this latent infection without replication of the complete virus.

There are several possible mechanisms for the pathogenesis of childhood
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asthma following an adenoviral infection. One is that the continued stimulation
of the immune system by viral proteins results in a chronic inflammatory discase
of the airways. The second is that the adenoviral proteins might amplify and
prolong the inflammatory response induced by the original infection. Portions of
the E1A region of the adenoviral DNA have been commonly demonstrated in
human lungs by PCR (28). Immunohistochemistry has revealed that the adenovi-
ral protein is also frequently present (29). An experimental mode! of latent adeno-
viral infection in the guinea pig has shown that the persistence of the adenoviral
DNA in protein is associated with a choronic bronchiolitis, but the mechanism
responsible for this bronchiolitis is incompletely understood (30).

The presence of E1A in cultured epithelial cells increases their susceptibil-
ity to lysis by cytokines such as TNF. and proteins included in the E3 region are
capable of reversing this effect (31). This means that the virus has the ability to
render cells susceptible to cell lysis early in the infection to assist spread and to
terminate this lytic process when a more stable symbiotic arrangement between
the host and virus occurs. Recent studies with A549 cells transformed by E1A
have shown that it upregulates the expression of IL-8 and ICAM-1 (33) follow-
ing challenge and that this upregulation involves the transcription factor NF-
KB (34). These findings suggest several mechanisms whereby latent adenoviral
infections might upregulate an inflammatory process and produce the chronic
airway changes associated with asthma, but much work remains to be done to
fully establish this hypothesis.

V. Persistent Viral Infections

Persistent viral infections, where therc is continuous replication of the virus at
a lower level than during an acute infection, are well-described tissue culture
phenomena in studics of RNA viruses such as RSV (35). Human (36) and animal
studies (37) have also documented persistent viral shedding from the respiratory
tract following acute infections. Studies from our laboratory (38) and others
(39), where normal juvenile guinea pigs were inoculated with human RSV to
follow the natural history of this experimental infection, have shown that RSV
continues (o replicate in the guinea pig lung for at least 2 months and that the
viral genome is present without definite evidence of replication at 4 months after
inoculation. Interestingly, persistence of RSV in the guinea pig lung is associated
with mild bronchiolitis and long-term increases in airway responsiveness.
Other investigators have developed a rat model of parainfluenza virus infec-
tion (40). in which virus-infected. neonatal animals develop sequelae of chronic
airway hyperresponsiveness. mast cell hyperplasia of the airway wall, and in-
creased airway wall thickness (41). In contrast to RSV-inoculated guinea pigs.
these investigators have not documented persistent parainfluenza virus replication
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in the lungs. which suggests that the virus could be acting as a **hit-and-run’
driver. The subpopulation of children who develop recurrent wheezing and
asthma as sequelae of viral respiratory infection in infancy frequently show al-
lergy to one or more environmental antigens (4). Taken together, these obser-
vations suggest that asthma may result from complex interactions between the
virus, the host. and other antigens in the environment. For example. viral respira-
tory tract infections during early postnatal life may trigger allergic sensitization
to common environmental antigens in a susceptible population (42.43). Much
remains to be learned about the role of persistent viral lung infections and/or the
interplay between viruses and environmental antigens in the onset of recurrent
wheezing and asthma, particularly in children who have a genetic predisposition
to developing allergy.

VI. Summary

In summary, we have provided an overview of the potential mechanisms by
which viral respiratory tract infections might contribute to the pathogenesis of
increased airway responsiveness in asthma. The distinction between acute, latent,
and persistent infection provides an approach for investigators to examine virus-
host interactions. An improved understanding of these interactions may lead 10
innovative strategies for the treatment and prevention of viral-induced airway
hyperresponsiveness.
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The Use of Experimentally Infected Volunteers
in Research on the Common Cold

JACK M. GWALTNEY, Jr.

University of Virginia Health Sciences Center
Charlottesville, Virginia

. Introduction

The common cold is one of relatively few human illnesses that can be artificially
induced in volunteers for research purposes. A human model for studying human
disease has the obvious advantage ol creating disease in the species of interest,
the human. Thus, scientific observations made with the human model require no
extrapolations across species with their attendant dangers from differences in
anatomy, physiology, and molecular biology. Using the human model. a consider-
able body of important information about colds has been obtained in this century.
Much of the work has focused on rhinovirus, the most important common cold
virus, Rhinovirus challenge in humans was initially used to confirm the pathoge-
nicity of the virus and subsequently has been employed to investigate routes
of transmission, mechanisms of pathogenesis, and responses to traditional and
experimental treatments.

il. History

Walter Kruse is credited with first using experimental challenge to investigate
the common cold (Fig. 1). As his challenge inoculum, he used nasal discharge
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Figure 1 Professor Walter Kruse, Director of the Hygienic Institute, Leipzig, who re-
ported the first common cold challenge studies in 1914.

from persons with colds. The material was diluted in saline and filtered to remove
bacteria before instillation in the nose. In two experiments reported in 1914, 19
of 48 staff and students of the Hygienic Institute in Leipzig developed colds after
experimental challenge (1) (Fig. 2). This provided the first direct evidence of the
infectious nature of colds. This challenge method was adopted by A. R. Dochez
and associates in New York and used for a series of experiments in chimpanzees
and humans in the 1920s (2). In addition to inocula prepared from nasal discharge,
these investigators used material passed in chick embryo, which was thought to
contain an infectious agent, and also control broths. Consistent rates of illness
were not produced in their volunteers.

Common cold challenge studies in volunteers came into prominence when
Christopher Andrewes established the Common Cold Research Unit in Salisbury,
England, in 1946 (3) (Fig. 3). Dr. Andrewes was later knighted for his work on
the common cold, most of it done with experimental challenge in volunteers. He
conducted a number of innovative studies during the 1940s and 1950s on the
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Figure2 Hygienic Institute, Leipzig, which was the site of the first common cold experi-
ments using artificial virus challenge.

etiology, transmission, and pathogenesis of common colds. During this period,
none of the common cold viruses had been discovered, and he still had to work
with challenge inocula of unknown potency and with subjects with unknown
immune status to the challenge material. In an admirable admission of his frustra-
tion, he states that the results of work from 1946 to 1960 were ‘‘difficult to
interpret’” because of these problems. Some of Andrewes’s inocula were later
shown to contain strains of rhinovirus, which was first isolated in cell culture by
Pelon and Mogabgab at the Great Lakes Naval Research Station (4) and Price
at Johns Hopkins (5) in 1956. In 1958, Andrewes was joined at the Common
Cold Research Unit by David Tyrrell, who later became director of the unit and
continued the research until 1990, when the unit was closed (6). The availability
of inoculum pools prepared with known respiratory viruses greatly facilitated
progress in the field.

In the United States, challenge studies using volunteers have been con-
ducted during the past 50 years by George Jackson at the University of Illinois;
Vernon Knight, Robert Couch, Gordon Douglas, and their colleagues at the Na-
tional Institute of Allergy and Infectious Diseases and later at Baylor University;
Jack Gwaltney, Owen Hendley, Frederick Hayden, and Birgit Winther at the
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Figure 3 Aerial view of the Common Cold Research Unit, Salisbury, England, founded
by Sir Christopher Andrewes in 1946.

University of Virginia; Elliot Dick and his colleagues at the University of Wis-
consin; and Ronald Turner at the University of Charleston. These investigators
have used experimental challenge with rhinovirus and other respiratory viruses
to investigate transmission, pathogenesis, treatment, and prevention of colds and
related illnesses.

lll. Methodology
A. Inoculum Preparation

The first challenge inocula were prepared from collections of nasal discharge,
which were unmodified except for dilution in saline and passage through filters
to exclude bacteria and other large microorganisms (1-3). After discovery of the
rhinovirus and other respiratory viruses in the late 1950s, it was possible to har-
vest cold viruses from cell culture, providing a more certain and specific infec-
tious source for making challenge inocula.
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Using methods of cultivation developed at the Common Cold Research
Unit (7), rhinovirus has been grown in human embryonic lung cells (8) and other
cell cultures of diploid karyotype to prepare challenge inocula. Virus is harvested
at low passage to avoid possible attenuation of the pathogenicity of the virus.
The number of serial passages required to attenuate a rhinovirus is not well estab-
lished. In one instance, only a single passage appeared to result in attenuation
of pathogenicity (9). while with other strains 10-25 cell culture passages did
not lead to significant attenuation (R.B. Conch and J.M. Gwaltney, Jr., personal
communication). Rhinovirus challenge inocula retain virulence after storage at
—70°C for months or years, although infectivity titers may decline by a log or
more after prolonged storage.

In 1964, Knight et al. published a suggested methodology to cnsure that
cxtraneous agents were not present in viral challenge pools to be used for com-
mon cold studies (10). Safety testing procedures were updated in 1992 by Gwalt-
ney ct al. to deal with new infectious agents that had been discovered (11). Rhino-
virus challenge pools have been given safely to thousands of subjects in England
and the United States over the past five decades without reports of serious compli-
cations. While a small percentage of subjects may develop clinically recognized
sinusitis and otitis media, more serious respiratory illness such as pneumonia has
not occurred, nor has illness been recognized from possible extraneous infectious
agents in the challenge inocula.

B. Challenge Procedures

The standard method of inoculation is to give a small amount of coarsc drops
containing the virus into the nose. In a standard technique, 0.25 ml of inoculum
is given per nostril, sometimes repeated once, using a 1-ml pipette with the sub-
ject in the supine position (12). A variant on this method has been (o give 50 ul
of the inoculum per nostril, using a calibrated pipette (13).

In studying sites of initiation of infection, rhinovirus has been given by
drops into the eye (14,15) or mouth (14) and into the upper airway by artificially
generated small particle aerosols (16,17). In other novel transmission experi-
ments, rhinovirus has been deposited into the nose or onto the conjunctival mem-
brane from the finger (18.19) and into the mouth by prolonged kissing (20). Also,
transmission has been reported by means of exposure to natural aerosols presum-
ably created by the coughs of experimentally infected subjects (21).

It was originally believed that the illness produced after artificial aerosol
inoculation was different from that after intranasal inoculation, with aerosol lead-
ing to more coughing and a tracheobronchitis (16). Further work with strains of
other rhinovirus types did not produce tracheobronchitis after small particle aero-

sol exposure, but illness was confined predominately to the upper respiratory
tract (17).
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C. Measurement of Infection

The traditional criteria used for the diagnosis of experimental rhinovirus infection
are viral recovery from respiratory secretions in cell culture and a =fourfold rise
in serum-neutralizing antibody titer to the challenge virus. Virus recovery is a
very sensitive indicator of experimental rhinovirus infection, with =90% of chal-
lenged subjects shedding virus on one or more of the first 5 days after intranasal
inoculation (22).

The seroconversion rate is a less sensitive measure of infection and varies
among the different rhinovirus serotypes. For example, with type 39, the rate
averaged 50% in 56 antibody-free subjects who shed virus (23) compared to 82%
in 50 antibody-free subjects who shed Hank’s strain, a rhinovirus not identified
by antisera to the known types (24). The reasons for the ditferences in seroconver-
sion rates among the different rhinovirus serotypes is unknown. Most challenged
subjects are diagnosed by viral shedding with or without antibody response, but
a small percentage from whom virus is not recovered have a diagnostic antibody
rise.

Methods for detecting viral nucleic acid are now also available for diagnos-
ing infection. A PCR assay was found to be of equal or greater sensitivity than
viral isolation in cell culture for detecting rhinovirus in nasal washings of experi-
mentally infected volunteers (25). Also. in situ hybridization has been used to
identify rhinovirus replication in cells from the upper respiratory tract of subjects
with experimental colds (26).

D. Measurement of lliness
Subjective Measurements

The iliness associated with common cold viruses is largely subjective in nature.
A method developed by Jackson et al. (27) has been used frequently to measure
the presence of cold symptoms and to provide criteria to make the diagnosis of
a cold. In this method, a series of respiratory and general symptoms are recorded
daily by an investigator after the virus challenge has been administered. The
symptoms are sneezing, rhinorrhea, nasal obstruction, sore throat, cough, malaise,
and chilliness. The original criteria for diagnosing the occurrence of a cold were
a total symptom score of 14 or greater summed over 6 days and the subject’s
impression of having had a cold, and/or rhinorrhea reported for =3 days. The
original work was done with inocula prepared from nasal discharge specimens.
which may have contained a variety of agents. For rhinovirus work, the criteria
have been modified to require a total symptom score of =five or =six summed
over 5 or 6 days with the other criteria staying the same (12,28). Other refinements
of the Jackson symptom-recording method by more frequent recording of symp-
toms or by use of visual analogs have been tricd and have not substantially im-
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proved on the Jackson method. Such refinements tend to attempt more precision
than the nature of the data sets warrant.

Objective Measurement

Measurement of Nasal Discharge Weights

Recording of nasal discharge weight has been a useful objective measure of the
severity of experimental cold illness (29.30). In this method, used nasal tissues
are collected in airtight containers over 24-hour periods. The weight of nasal
discharge is determined by subtracting the weight of an equal number of unused
tissues from the weight of those used by the subject. Nasal discharge weights
have correlated with rhinorrhea severity scores in the rhinovirus challenge model
(31). Other objective measurements of nasal function used with the model have
been nasal air-flow resistance and mucus transport times (30).

Imaging of the Paranasal Sinuses

Rhinovirus infection has recently been shown to routinely involve the paranasal
sinuses as well as the nasal cavity. This was first demonstrated by sinus MRI in
volunteers with experimental rhinovirus colds (32). Thus, sinus imaging provides
another objective measurement of rhinovirus disease, which can be used with the
challenge model. The sinus abnormalities most frequently observed are occlusion
of the infundibulum and opacities in the sinus cavities (33). The abnormality in
the sinus cavity is thought to represent thick secretions adherent to the sinus
wall because of the irregular distribution along the wall and because the material
sometimes contains bubbles that would not be present if due to mucosal swelling.

Eustachian Tube Function and Middle Ear Pressure

Rhinovirus infection is also frequently associated with abnormalities in eusta-
chian tube function and middle ear pressure (34). In one study of volunteers with
experimental rhinovirus colds. tubal function was present in only 50% of ears
(35). Middle ear underpressures of less than —50 mmH,O occurred in 50% of
infected volunteers. More recently, middle ear effusions were observed to de-
velop in volunteers who presented with negative pressures before virus challenge
and had worsening underpressures after infection (36). Measurements of middle
car dysfunction have been used to evaluate the effectiveness of antiviral treatment
in subjects with experimental rhinovirus colds (37).

Pulmonary Function and Lower Airway Responsiveness

Pulmonary function and lower airway response to inhaled histamine and immedi-
ate and late reactions to inhaled allergen are other objective measures that have
been used with the rhinovirus challenge model (38—41). An increase in airway
responsiveness to histamine has been noted during the time of the acute infection
in patients with allergic rhinitis (42). Also, rhinovirus infection increased the
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immediate response to inhaled allergen and the probability of late asthmatic reac-
tions. The amounts of reduction in the allergen concentrations required to drop
the FEV, by 20% for immediate response and by 15% for the late reaction were
the standards used.

Airway response to inhaled allergen was also measured by a method called
segmental bronchoprovocation (40). With this technique, specific segments of
the lung are lavaged after allergen challenge. Longitudinal sampling by this
method has provided specimens for measuring mast cell mediator release prod-
ucts and cellular influxes.

IV. Applications of the Rhinovirus Challenge Model
A. Studies of Etiology and Pathogenesis
Infection, Incubation Period, and Immunity

In 1958, Tyrrell and Byone reported giving a cell culture harvest of JH rhinovirus
to volunteers but only observed colds in 6 of 58 challenged subjects (43). The
following year, Jackson et al. presented data showing development of colds in 48
(30%) of 159 rhinovirus challenged volunteers versus 17 (18%) of 96 volunteers
challenged with a control inoculum (p = (.05) (44). These findings. which com-
pleted Koch's criteria, confirmed rhinovirus as a human pathogen that causes
colds. In these studies, the immune status of the volunteers to the challenge virus
was not determined before inoculation.

In following years, British investigators continued to use volunteers with
undetermined antibody status before challenge, later stratifying the subjects into
groups based on antibody levels determined retrospectively on serum specimens
collected prior to virus challenge. American investigators have tended to pre-
screen volunteers for antibody and work only with those having known prechal-
lenge antibody levels of =1:2 or =1:4 to the challenge virus.

Experimental challenge has subsequently been used to determine the hu-
man infectious doses, for rhinovirus. This was found to be as low as 0.1 TCIDsy,
for one serotype (45) and for others ranged from 0.4 to 5.7 TCIDs, (12). In the
latter study, artificial challenge was used to determine the levels of serum-neu-
tralizing antibody that are protective for varying challenge doses of rhinovirus.
With a low virus challenge (0.05-50 TCIDs,). an antibody titer of =1:64 was
associated with resistance to infection. In another similar study, large viral chal-
lenges (10,000 TCIDs,) resulted in infection of volunteers with prechallenged
antibody levels of up to 1:512 (46). Under natural conditions, serum antibody
levels of 1:8 are usually protective, suggesting that natural rhinovirus infection
results from exposure to relatively low amounts of virus (0.5-80 TCIDs) (12).

The original challenge studics showed that the usual incubation period for
rhinovirus colds was quite brief, less than 24 hours (44). Subsequent monitoring
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of the time to onset of viral shedding and symptoms has revealed that the cycle
of viral replication in nasal cells is similar in duration to that in cell culture and
that symptoms appear shortly after virus is recovered in nasal secretions. Follow-
ing intranasal challenge with rhinovirus type 39, the median period to first virus
recovery was 10 hours, and mean total symptom scores for virus-challenged sub-
jects became significantly higher than those for sham-challenged controls at 16
hours (47). Nasal obstruction and rhinorrhea appeared within 2 hours of virus
challenge. suggesting nonspecific nasal irritation from the prechallenge nasal
wash and viral inoculum. Sore or scratchy throat developed between 10 and 12
hours after virus challenge.

Awareness of perhaps the most basic feature of rhinovirus pathogenesis—
the inability of the normal nose in the nonimmune individual to withstand rhino-
virus challenge—became apparent as a result of experience with the challenge
model. In contrast to intranasal challenge with pathogenic respiratory bacteria,
which are routinely cleared by the defense mechanisms in the upper airway. chal-
lenge of susceptible volunteers with rhinovirus almost always leads to infection.
In 14 studies done over a [0-year period in different seasons of the year and with
different rhinovirus serotypes, 321 of 343 (94%) nonimmune subjects became
infected after intranasal challenge (22). Of 277 of these volunteers for whom
clinical information was available, 205 (74%) met the modified Jackson criteria
(12,27,28) for having a cold.

Portal of Entry, Sites of Infection, and Histopathology

Volunteer studies were used to determine that the nose and eye. but not the mouth,
were efficient portals of entry for rhinovirus infection (14,15.18). Another volun-
teer study suggested that rhinovirus infection usually begins in the nasopharynx
and spreads anteriorly, resulting in a patchy distribution of infection in the nasal
passages (15). Rhinovirus antigen and ribonucleic acid were shown to be present
in a small proportion of the ciliated celis present in the nasal secretions of experi-
mentally infected volunteers (26.48,49). The sparse distribution of virus probably
explains why cytopathic changes of the nasal epithelium are not identifiable in
nasal mucosal biopsies from volunteers with rhinovirus colds (15). A more recent
study with specimens from experimentally infected volunteers using in situ hy-
bridization confirmed the presence of virus in nasal ciliated epithelial cells and
also in nonciliated cells from the nasopharynx (26). Also with this technique,
only a very small proportion of cells was seen to be infected.

Role of Inflammatory Mediators

Because of the finding that rhinovirus did not produce discernible damage to the
nasal epithelium. it was proposed that rhinovirus illness may largely result from
the release of inflammatory mediators and activation of neurological reflexes
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(49,50). This idea has been investigated by measuring mediator concentrations
in the nasal secretions of volunteers with experimental colds and by using drugs
with known mechanisms of action as pharmacological probes to block cold symp-
toms in subjects with experimental infection.

Nasal secretions have been shown to contain bradykinin (51), histamine
(52). interleukin-1 (53), and interleukin-6 (54). Treatment with first-generation
antihistamines (28,30) has reduced sneezing and rhinorrhea in experimentally
infected volunteers, implicating parasympathetic reflexes and possibly histamine
in rhinovirus pathogenesis. Similar reductions in nasal secretions volumes have
occurred during treatment with anticholinergic compounds like atropine methoni-
trate (55) and ipratropium bromide (56). Naproxen treatment of volunteers with
experimental rhinovirus colds has also reduced symptoms, suggesting a patho-
genic role for prostaglandins (57).

Relationship to Stress and Other Psychosocial Factors

The rhinovirus challenge model has also been used to examine the possible effects
of stress and other psychosocial factors on susceptibility to infection and illness
(58-60). Because of the uniformly high infection rate (~95%) after experimental
challenge of antibody-free volunteers (22), stress appears to exert an effect pri-
marily on development of illness rather than initiation of infection.

B. Transmission

Experimentally infected volunteers have been used to investigate routes of respi-
ratory virus transmission since Andrewes's early work at the Common Cold Re-
search Unit. Early attempts to transmit colds by exposing potential recipients to
artificially infected donors by aerosol or close contact were not successful (61—
63). Reliable transmission of experimental rhinovirus infection was first achicved
between married couples by D’ Alessio ct al. (64), by Holmes et al. in an antarctic
hut environment (65), and by Gwaliney et al. using a hand-contamination self-
inoculation method (18.19) (Fig. 4). Dick also developed an aerosol transmission
model, which used experimentally infected subjects with severc cough as the
viral donors (66).

The challenge models, while extremely useful in investigating transmission
under highly controlled conditions, do not provide the ultimate answer to the
question of how colds are transmitted under natural conditions (63). The latter
question must be answered by intervention studies in the natural setting involving
persons with natural colds.

C. Clinical Trials of Cold Treatments
Traditional Treatments

The rhinovirus challenge model has been used to test traditional cold remedies
including decongestants (13,67). antihistamines (28,30), anticholinergics (55,56),
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Figure 4 Volunteers transferring rhinovirus by hand contact in an experiment conducted
in 1975 by Drs. Jack Gwaltney and Owen Hendley in Charlottesville, Virginia.

and nonsteroidal anti-inflammatory drugs (NSAIDs) (57). These studies have ei-
ther confirmed earlier natural cold studies or established for the first time the
usefulness of these drugs for treating certain cold symptoms. Pseudoephedrine
was shown to improve nasal patency and relieve the symptom of nasal obstruc-
tion. First-generation antihistamines reduced nasal mucus weights and the sever-
ity of rhinorrhea and sneezing (28). Anticholinergics also were effective in reduc-
ing nasal mucus weights and rhinorrhea (56). Naproxen reduced headache,
malaise, and myalgia severity scores and appeared to also reduce coughing (57).

Experimental Treatments

A variety of intranasally and orally administered experimental treatments have
been tested using the challenge model. The list includes compounds having classi-
cal antiviral activity, interferons, capsid binders, and antibody to rhinovirus recep-
tor ICAM-1) (68-70). Also tested have been home remedies and unconventional
treatments and preventatives such as vitamin C (71,72), zinc lozenges (73), inha-
lation of warm air (74), and nasal tissues treated with virucidal chemicals (75).
More recently, a clinical trial was conducted with a combination treatment, which
contained interferon and two anti-inflammatory compounds (76).

Of the items tested, topical interferon (77) and some of the capsid binders
(70) reduced viral concentrations in nasal secretions but did not substantially
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reduce illness severity scores. Antireceptor antibody showed promise in reducing
symptom scores (69) as did the combined antiviral-anti-inflammatory treatment,
which also reduced viral shedding (76). Large doses of vitamin C had a modest
therapeutic effect, presumably due to a weak anticholinergic action (71,72). The
other treatments tested in the model were not effective.

V. Performance of the Rhinovirus Challenge Model
A. Standardization and Consistency

Large clinical data sets have become available for evaluating the performance
of the model. The mean (=SD) total symptom score, using modified Jackson
criteria of scoring (12,27,28), was 16.4 (£12.7) in 151 subjects in 14 experiments
conducted over a S-year period (31). The mean (*xSD) total nasal discharge
weight of a 4-day collection was 23 (£22) grams for the group. In these studies,
rhinovirus type 39 or Hank’s strain, a previously characterized but unnumbered
rhinovirus, were used.

Two other large data sets are composed of results with Hank’s strain and
type 16 rhinoviruses (J. M. Gwaltney Jr., unpublished data). The mean (*SE)
total symptom score was 16.4 (*=1.5) for Hank’s strain and 19.3 (£1.1) for type
16. The mean (=SE) total nasal discharge weight of a four-day collection was
18.1 (*2.8) grams and 23.7 (£2.3) grams for Hank’s strain and type 16, respec-
tively. The mean total symptom score of type 16 colds was significantly greater
than that for Hank’s strain colds on day 3 (Fig. 5). This was due to higher severity
scores for sore throat, cough, headache, and malaise with the type 16 colds. The
scores for sneezing, rhinorrhea, and nasal obstruction were remarkably similar
for the two viruses. In these experiments, the viral inoculum given was less (10—
30 TCIDy,) for Hank’s strain virus than for type 16 (300-10,000 TCIDs). There-
fore, it is not possible to know if the greater virulence of type 16 virus is an
inherent characteristic of the virus or due to the larger inoculum.

B. Variance

Although the mean symptom scores and mucus weights obtained with the rhino-
virus challenge model are very consistent, the interindividual variation in these
parameters is considerable. The total symptom severity scores of 58 volunteers
with experimental rthinovirus infection calculated by the modified Jackson
method (12,27,28) ranged from | to 44 (78). The mode that was 7 represented
only 12% of the group. Nasal discharge weights showed similar wide individual
variations.

The interaction of variance and effect size and their influence on statistical
significance has been examined with a data set from the challenge model (78)
(Fig. 6). When an effect size of 40% was held constant, the variance could be
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Figure 5 Daily symptom severity scores and nasal discharge weights in volunteers with
colds due to type 16 or Hank’s strain rhinovirus.

increased by approximately 250% and still yield a probability of p < 0.05. In
contrast, reducing the magnitude of the effect size by 50% (to 20%) while holding
the variance constant resulted in a probability of p = 0.1. Thus, simultaneous
increases in variance and decreases in effect size attenuate the significance levels
of statistical tests in a nonlinear fashion. This indicates that reducing factors that
adversely influence effect size such as noncompliance in dosing and inaccurate
reporting of symptoms is more important than attempting to restrict variance by
restricting enrollment to subjects with a predetermined level of severity of illness.
Also, as discussed below, both natural and experimental colds most often are
perceived as a mild illness. Restricting enrollment to only those illnesses per-
ceived as moderate or severe markedly restricts sample size and compromises
the external validity of study results. Also, it is often not possible to determine
a cold’s ultimate severity in its early stages, thus delaying start of treatment and
missing the crucial period when evaluation should be performed.

C. Similarity of Experimental and Natural Rhinovirus Colds

A frequently raised question is whether experimental rhinovirus colds are similar
to natural rhinovirus colds. The concern has been raised that experimental colds
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Figure 6 Interaction of variance and effect size and their influence on statistical signifi-
cance in a data set from volunteers with experimental rhinovirus infection.

may be milder than their natural counterpart. That the latter question is raised is
not surprising, since most experimental colds arc diagnosed by the modified Jack-
son method (12,27,28). which employs predetermined criteria set to detect illness
of very mild severity. The usual self-diagnosed natural cold experienced by the
naive observer is more severc than the average cold diagnosed by the Jackson
method. Thus, an unconscious selection bias occurs in the naive observer, who
judges the severity of colds by his or her own personal experience with self-
diagnosed natural colds in themselves and others.

The fact is that natural rhinovirus colds can be quite mild. Epidemiological
studies have shown that 25% of natural rhinovirus infections are not associated
with any reported illness and others are very mild (79). Mild natural colds may
not be recognized as such and, thus. escape attention, although they would be
counted by the modified Jackson criteria. So far. there have been no comparisons
of the severity of natural and experimental rhinovirus colds in similar populations
using the same method of symptom recording and identical criteria for diagnosis.
However, when similar diagnostic criteria were applied to one data set from pa-
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tients with natural rhinovirus colds and to another from volunteers with experi-
mental rhinovirus colds, the frequency of occurrence by day of the individual
symptoms was similar (80) (Fig. 7). Where differences were observed, the experi-
mental colds most often had a greater prevalence of symptoms, especially nasal
obstruction, presumably due to nasal manipulation in the experimental setting.
The severity of symptoms was not reported in the natural cold data set, and,
therefore, severity could not be directly compared in this evaluation although
severity would be expected to have a relationship with frequency of occurrence.
The comparison suggested that when similar diagnostic criteria are used, natural
and experimental rhinovirus colds are more similar than different.

Data sets from subjects with experimental rhinovirus colds and from pa-
tients with self-diagnosed natural colds of undetermined etiology show that in
both instances most persons perceive cold symptoms as mild, although the criteria
used to diagnose a cold were ditferent (S. Johnson, unpublished data). For exam-
ple, on the day on which sneezing was most prevalent and severe, only 4% of
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Figure 7 Comparison of symptom prevalence in volunteers with experimental rhino-
virus colds (O—O) and patients with natural rhinovirus colds (@—@®). Colds were
diagnosed by the same criterta 1 both groups. *p < 0.05; **p < 0.01; Tp < 0.005;
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patients with experimental colds and 9% of patients with natural colds judged
sneezing as either ‘‘severe’” or ‘‘very severe’’ (Fig. 8). On the same day, only
16% of patients with experimental colds and 27% of patients with natural colds
judged rhinorrhea as ‘‘severe’” or ‘‘very severe.”” The ‘‘very severe’’ category
was rarely reported. The difference in the proportion of symptoms judged as
severe in the two groups was probably due to the different methods of diagnosis
used and also to the probability that the natural cold data set included cases of
influenza and adenovirus illness, which are more severe on average than a rhino-
virus cold.

In these data sets, 39% of patients with experimental colds reported no
rhinorrhea compared to only 10% of patients with natural colds. This indicates
that when self-diagnosing, persons usually do not consider a natural illness to be
a cold unless it includes the symptoms of rhinorrhea. In reality, both natural and
experimental ‘‘colds’” of proven rhinovirus etiology may not include the symp-
tom of rhinorrhea. In the two large data sets described above, only 61% of persons
with experimental rhinovirus infection and 44% of those with natural rhinovirus
colds reported the symptom of rhinorrhea on the day on which this symptom
was most prevalent (Fig. 7) (80). In both data sets, the diagnosis of a “‘cold”’
was based on predetermined criteria, which were designed to capture mild illness,
and not on self-diagnosis by the patients. Thus, some illnesses had primarily
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Figure 8 Symptom severity in persons with experimental rhinovirus colds and with
natural colds of undetermined etiology. Comparisons were made on the day on which
maximum prevalence and severity of symptoms were reported. The experimental colds
were diagnosed by modified Jackson criteria (12,27,28), and the natural colds were self-
diagnosed. (Data kindly supplied by Dr. Susan Johnson.)
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sore or scratchy throat and others had sneezing and/or nasal obstruction without
rhinorrhea or with rhinorrhea of brief duration. The importance of recognizing
that the method of diagnosis determines the characteristics of the illness recorded
cannot be overcmphasized, especially when making comparisons between differ-
ent data sets.

D. Correlation of Results from Clinical Trials in Patients
with Experimental and Natural Colds

Several opportunities are available for comparing the results of clinical trials
using the rhinovirus challenge model and studies employing the natural cold
method. In seven instances involving antihistamines (28,30,81,82), interferons
(83-88), a decongestant (13,89), an anticholinergic (50,90), and a capsid binder
(91,92), there was concordance in the results. This indicates that the model is a
good predictor of what will happen on testing under natural conditions (Table
1). These findings suggest that if an experimental treatment or prophylactic does
not give positive results with the challenge model, it may not be worth the time
and expense to subsequently test it in patients with natural colds. However, spe-
cial circumstances may sometimes alter this principle.

Since experimental colds diagnosed by modified Jackson criteria (12,27,28)
are on average milder than self-diagnosed natural colds, the question has been
raised whether the therapeutic effects observed in volunteers with mild colds
will also be seen in those with colds of greater severity. Results of testing an
antihistamine in the rhinovirus challenge model showed equal or greater thera-
peutic effect sizes in a subset of volunteers with moderate or severe illness com-
pared to those with illness of lesser severity (28).

Table 1 Correlation of Clinical Trials Results Using the Rhinovirus Challenge
Model and the Natural Cold Method

Positive effect observed

Agent tested RV model (Ref.) Natural cold (Ref.)
Chlorpheniramine therapy Yes (30) Yes (81)
Clemastine therapy Yes (28) Yes (82)
Pseudocphedrine therapy Yes (13) Yes (89)
Ipratropium therapy Yes (56) Yes (90)
IFN-ot prophylaxis Yes (84,84) Yes (85,86)
IFN-a therapy No* (87) No (88)
Pirodavir therapy No (91) No (92)

* May have had modest effect on some nasal symptoms.
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VI. Advantage and Disadvantage of Experimental Colds
in Research

Experimental colds have several advantages over natural colds in their usefulness
in research. Foremost is that experimental challenge provides a known cause of
infection and a known time of exposure to the infectious agent. Knowing the
specific viral etiology of the infection allows information to be collected on clini-
cal expression, pathophysiological responses, therapeutic effects, and other ex-
perimental parameters for a specific infectious agent of interest. While the etiol-
ogy of a substantial proportion of natural colds can be determined, this requires
considerable effort in the laboratory. Also. the etiology of up to a third of natural
colds cannot be diagnosed (93). Recruiting natural cold patients is an inefficient
way of acquiring virus-specific cases for study. It is only practical with rhinovirus
because of the low prevalence of the other cold viruses and/or the lack of readily
available methods for their identification. Also, diagnosis of natural colds is pos-
sible only in retrospect after cell culture is positive or serology completed. Nu-
cleic acid probe techniques may help with this problem in the future. but these
methods still require considerable time and effort.

Knowing the precise time at which infection occurs is extremely important
in clinical trials of cold treatments where early treatment is essential to achieve
meaningful results. Rhinovirus cold symptoms peak in intensity on average on
the first through the third day after virus challenge (Fig. 5). It is during this
period that maximum therapeutic benefit can be expected to be observed when
an effective treatment is being tested. If treatment is started too late in the illness,
potentially beneficial treatment etfects may be missed or underestimated. Thera-
peutic trials done in patients with natural colds have the problem of subjects
entering the study late in the course of iliness (80). Recruiting subjects early in
their illness is not easy for logistical reasons. Falling symptom scores in placebo
groups in published natural cold treatment trials indicate that patients were often
enrolled in the advanced stages of the illness and were, thus, not optimal for
study (78,81,94-97). Even when free-living volunteers were asked to keep a
prospective record of cold symptoms, up to a third delayed in reporting the onset
of iliness and thus did not enter the study in the first or second day of illness as
requested (78).

Challenge studies have other advantages since subjects are often (but not
always) cloistered during the experiment. These advantages include supervised
compliance with medication and complete and accurate recording of clinical data
and collection of specimens.

A major disadvantage of the challenge model is that it does not reflect the
diverse viral etiology of natural colds. Extrapolations of observations to viruses
other than the ones studied may not be valid. Also, while it is possible to study
the efficacy of cold treatments under optimum conditions in the challenge model,
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the effectiveness of the test treatment in the clinic setting cannot be predicted
with certainty due to the variables associated with patient behavior.

VIl. Conclusion

Experimentally infected volunteers have been used to study the common cold
for over 80 years. The early challenge studies provided the first valid scientific
evidence of the infectious nature of colds. Subsequent studies have provided in-
valuable information on incubation periods, routes of transmission, clinical mani-
festations, pathogenesis, and methods of treatment. As new scientific discoveries
led to the development of new technologies such as viral growth in cell culture,
antibody assessment, antiviral development, CT and MRI examinations, cytokine
measurements, and nucleic acid probes, the challenge model has provided a
means for their fruitful application, and the discovery of important new knowl-
edge has been the result. With medicine now entering the era of molecular biol-
ogy. the common cold challenge model offers an unusual opportunity to study
an important human pathogen in its natural host, the human. For this purpose,
the model, when used with large sample sizes, produces consistent parameters
of illness and allows sampling of tissues and secretions from the sites of disease.
With available technology, it should now be possible to relate individual cold
symptoms to specific mediators and to improve prospects for better cold treat-
ments.

References

[. Kruse W. Die Erregung von Husten und Schnupfen (the etiology of cough and nasal

catarrh). Munch Med Wochenschr 1914; 61:1574.

Dochez AR, Shibley GS., Mills KC. Studies in the common cold. 1V. Experimental

transmission of the common cold to anthropoid apes and human beings by means

of a filtrable agent. J Exp Med 1930; 52:701-716.

3. Andrewes C. The Common Cold. New York: WW Norton, 1965.

4. Pelon W, Mogabgab W], Phillips WI, Picrce WE. A cytopathogenic agent isolated
from naval recruits with mild respiratory illness. Proc Soc Exp Biol Med 1957: 94:
262-267.

5. Pricc WH. The isolation of a new virus associated with respiratory clinical disease
in humans. Proc Natl Acad Sci USA 1956: 42:892-896.

6. Tyrrell DAI. Common Colds and Related Diseases. Baltimore: The Williams & Wil-
kins Co., 1965.

7. Tyrrell DAJ, Parsons R. Some virus isolations from common colds. II1. Cytopathic
effects in tissue cultures. Lancet 1960; 1:239-242,

8. Hayflick L, Moorehead PS. The serial cultivation of human diploid cell strains. Exp
Cell Res 1961: 25:585-621.

o



122

9.

10.

24.

25.

26.

Gwalmey

Douglas RG Jr. Couch RB. Attenuation of rhinovirus type 15 for humans. Nature
1969, 223(202):213-214.

Knight V. The use of volunteers in medical virology. In: Melnick JL, ed. Progress
in Medical Virology. Vol. 6. Basel: Karger, 1964:1-26.

Gwaltney JM Jr, Hendley O, Hayden FG, McIntosh K, Hollinger FB, Melnick JL,
Turner RB. Updated recommendations for safety-testing of viral inocula used in
volunteer experiments on rhinovirus colds. In: Melnick JL, ed. Progress in Medical
Virology. Vol. 39. Basel: Karger, 1992:256-263.

Hendley JO, Edmondson WP Jr, Gwaltney JM Jr. Relations between naturally ac-
quired immunity and infectivity of two rhinoviruses in volunteers. J Infect Dis 1972;
125:243-248.

Sperber SJ, Sorrentino JV, Riker DK, Hayden FG. Evaluation of an alpha agonist
alone and in combination with a nonsteroidal anti-inflammatory agent in the treat-
ment of experimental rhinovirus colds. Bull NY Acad Med 1989; 65:145-160.
Bynoe ML, Hobson D. Horner J, Kipps A, Schild GC. Tyrrell DA. Inoculation of
human volunteers with a strain of virus from a common cold. Lancet 1961; 1:1194—
1196.

Winther B, Gwaltney JM Jr, Mygind N, Turner RB, Hendley JO. Sites of rhinovirus
recovery after point inoculation of the upper airway. JAMA 1986: 256:1763—
1767.

Cate TR, Couch RB, Fleet WF, Griftith WR. Gerone PJ, Knight V. Production of
tracheobronchitis m volunteers with rhinovirus m a small-particle acrosol. Am J
Epidemiol 1965; §1:95-105.

Couch RB, Cate TR, Douglas RG Ir, Gerone PJ, Knight V. Effect of route of inocula-
tion on experimental respiratory viral disease in volunteers and evidence for airborne
transmission. Bacteriol Rev 1966; 80:517-529.

Hendley JO, Wenzel RP, Gwaltney JM Jr. Transmission of rhinovirus colds by self-
inoculation. N Engl J Med 1973; 288:1361-1364.

Gwaltney JM Jr. Moskalski PB, Hendley JO. Hand-to-hand transmission of rhino-
virus colds. Ann Intern Med 1978: 88:463-467.

D’Alessio DJ, Meschievitz CK, Peterson JA, Dick CR. Dick EC. Short-duration
expostre and the transmission of rhinoviral colds. J Infect Dis 1984; 150:189-194.
Dick EC, Jennings LC, Mink KA, Wartgow CD, Inhorn SL. Aerosol transmission
of rhinovirus colds. J Infect Dis 1987; 156:442-4438.

Gwaltney JM Jr, Hayden FG. Letter. Response to psychological stress and suscepti-
bility to the common cold. NEJM 1992: 326:644-645.

Alper CM, Doyle WJ, Skoner DP. Buchman CA, Seroky JT, Gwaltney JM, Cohen
SA. Prechallenge antibodies: Moderators of infection rate, signs, and symptoms in
adults experimentally challenged with rhinovirus type 39. Laryngoscope 1996; 106:
1298-1305.

Alper CM, Doyle WIJ, Skoner DP, Buchman CA, Cohen S, Gwaltney JM Ir. Pre-
challenge antibodies moderate disease expression in adults experimentally exposed
to Hank’s strain rhinovirus. Laryngoscope 1996: 106:1298—1305.

Arruda E, Hayden FG. Detection of human rhinovirus RNA in nasal washings by
PCR. Mol Cell Probes 1993: 7:373-379.

Arruda E, Boyle TR, Winther B, Pevear DC, Gwaltney JM Jr, Hayden FG. Localiza-



Common Cold Challenge Studies in Humans 123

30.

31.

33.

34,

36.

37.

38.

39.

40.

41.

42.

tion of human rhinovirus replication in the upper respiratory tract by in situ hybrid-
ization. J Infect Dis 1995; 171:1329-1333.

Jackson GG, Dowling HF, Spiesman IG. Boand AV. Transmission of the common
cold to volunteers under controlled conditions. I. The common cold as a clinical
entity. Arch Intern Med 1958; 101:267-273.

Gwaltney JM Jr, Park J, Paul RA, Edelman DA, O"Connor RR. Turncr RB. Random-
ized controlled trial of clemastine fumarate for treatment of experimental rhinovirus
colds. Clin Infect Dis 1996; 22:656-662.

Samo TC. Greenberg SB. Couch RB Jr, Quarles J, Johnson PE. Hook S. Harmon
MW. Efficacy and tolerance of intranasally applicd recombinant leukocyte A inter-
feron in normal volunteers. J Infect Dis 1983: 148:535-542.

Doyle WI. McBride TP, Skoner DP. Maddren BR. Gwaltney JM Jr. Uhrin M. A
double-blind. placebo-controlled clinical trial of the effect of chlorpheniramine on
the response of the nasal airway, middle ear and eustachian tube to provocative
rhinovirus challenge. Pediatr Infect Dis J 1988; 7:229-238.

Parekh HH, Cragun KT, Hayden FG, Hendley JO, Gwaltney JM Jr. Nasal mucus
weights in experimental rhinovirus infection. Am J Rhinol 1992; 6, 3:107-110.
Turner BW, Cail WS, Hendley JO, Hayden FG, Doyle WI. Sorrentino JV. Gwaltney
JM Ir. Physiologic abnormalitics in the paranasal sinuses during experimental rhino-
virus colds. J Allergy Clin Immunol 1992; 90:474-478.

Gwaltney JM Jr.. Phillips CD, Miller RD, Riker DK. Computed tomographic study
of the common cold. N Engl J Med 1994; 330:25-30.

Doyle WJ. McBride TP, Hayden FG, Gwaltney JM Jr. The response of the nasal
airway, middle car and custachian tube to experimental rhinovirus infection. Am J
Rhinol 1988; 2:149-154.

McBride TP, Doyle WJ, Hayden FG, Gwaltney JM Jr. Alterations of custachian
tube, middle ear, and nose in rhinovirus infections. Arch Otolaryngol Head Neck
Surg 1989; 115:1054-1059.

Buchman CA., Doyle WJ. Skoner D, Fireman P, Gwaltney JM. Otologic manifesta-
tions of experimental rhinovirus infection. Laryngoscope 1994 104:1295-1299.
Sperber SJ. Doyle WJ, McBride TP, Sorrentino JV, Riker DK, Hayden FG. Otologic
cffects of interferon beta serine in experimental rhinovirus colds. Arch Otolaryngol
Head Neck Surg 1992; 118:933-936.

Blair HT, Greenberg SB, Stevens PM, Bilunos PA, Couch. RB. Effccts of rhinovirus
infection on pulmonary function of healthy human volunteers. Am Rev Respir Dis
1976: 114:95-102.

Halperin SA, Eggleston PA, Hendley JO, Suratt PM. Groschel DHM. Gwaltney
M, Jr. Pathogenesis of lower respiratory tract symptoms in experimental rhinovirus
infection. Am Rev Respir Dis 1983: 128:806-810.

Calhoun WJ, Dick EC, Schwartz LB, Busse WW. A common cold virus, rhinovirus
16, potentiates airway inflammation after segmental antigen bronchoprovocation in
allergic subjects. J Clin Invest 1994: 94:2200-2208.

Fraenkel DJ, Bardin PG, Sanderson G, Lampe F, Johnston SL., Holgate ST. Lower
airway inflammation during rhinovirus colds m normal and in asthmatic subjects.
Am J Respir Crit Care Med 1995; 151:879-886.

Lemanske RF Jr, Dick EC. Swanson CA, Vrtis RF, Busse WW. Rhinovirus upper



124

43.

44,

46.

47.

48.

49,

50.

S

n
15}

53.

54.

55.

56.

57.

Gwaltney

respiratory infection increases airway hyperactivity and late asthmatic reactions. J
Clin Invest 1989; 83:1-10.

Tyrrell DAJ. Bynoe ML. Inoculation of volunteers with JH strain of new respiratory
virus. Lancet 1958; 2:931-933.

Jackson GG, Dowling HF, Mogabgab WJ. Infectivity and interrelationships of 2060
and JH viruses 1n volunteers. J Lab Clin Med 1960 55:331-34].

Douglas RG Jr. Pathogenesis of rhinovirus common colds in human volunteers. Ann
Otol Rhinol Laryngol 1970; 79:563~571.

Mufson MA, Ludwig WM, James HD, Gauld LW, Rourke JA. Hopler JC, Chanock
RM. Eftect of neutralizing antibody on experimental rhinovirus infection. JAMA
1963; 186:578-584.

Harris JM II. Gwaltney JM Jr. The incubation periods of experimental rhinovirus
infection and illness. Clin Infect Dis 1996; 23:1286-1290.

Bardin PG, Johnston SL, Sanderson G, Robinson BS, Pickett MA, Fraenkel DI,
Holgate ST. Detection of rhinovirus mnfection of the nasal mucosa by oligonucleotide
in situ hybridization. Am J Respir Cell Mol Biol 1994; 10:207-213.

Turner RB, Hendley JO, Gwaltney JM Jr. Shedding of infected ciliated epithelial
cells in rhinovirus colds. J Infect Dis 1982; 145:849-853.

Gwaltney JM Jr, Hendley JO, Mygind N. Symposium on Rhinovirus Pathogenesis:
summary. Acta Oto-Laryngol (Stockh) 1984; 413(suppl):43-45.

Naclerio RM. Proud D, Kagey-Sobotka A, Lichtenstein LM, Hendley JO, Gwaltney
IJM Jr. Kinms are generated during experimental rhinovirus colds. J Infect Dis 1988;
157:133-142.

Igarashi Y, Skoner DP, Doyle W, White MV, Fireman P, Kaliner MA. Analysis
of nasal secretions during experimental rhinovirus upper respiratory infections. J
Allergy Clin Immunol 1993; 92:722-731.

Proud D, Gwaltney JM Jr, Hendley JO, Diarello CA, Gillis S, Schleimer RP. In-
creased levels of interleukin-1 are detected in nasal secretions of volunteers during
experimental rhinovirus colds. J Infect Dis 1994; 169:1007-1013.

Zhu Z, Tang W. Ray A, Wu Y, Einarsson O, Landry M. Gwaltney ] Jr, Elias JA.
Rhinovirus stmulation of interleukin-6 in vivo and in vitro: evidence for NF-kB-
dependent transcriptional activation. J Clin Invest 1966: 97:421-430.

Gaffey MJ. Gwaltney JM Jr, Dressler WE, Sorrentino JV. Hayden FG. Intranasally
administered atropine methonitrate treatment of experimental rhinovirus colds. Am
Rev Respir Dis 1987; 135:241-244.

Gaftey MJ, Hayden FG. Boyd JC, Gwaltney JM Jr. Ipratropium bromide treatment
of experimental rhinovirus infection. Antimicrob Agents Chemother 1988: 32:1644—
1647.

Sperber SJ. Hendley JO. Hayden FG. Riker DK. Sorrentino JV, Gwaltney IM Jr.
Effects of naproxen on experimental rhinovirus colds. A randomized. double-blind,
controtled trial. Ann Intern Med 1992; 117:37-41.

Cohen S, Tyrrell DAJ. Smith AP. Psychological stress and susceptibility to the com-
mon cold. N Engl J Med 1991, 325:606-612.

Stone AA. Bovbjerg DH. Neale JM, Napoli A, Valdimarsdottir H, Cox D. Hayden
FG, Gwaltney JM Jr. Development of common cold symptoms following experimen-



Common Cold Challenge Studies in Humans 125

60).

63.

64.

65.

60.

67.

68.

69.

70.

71.

73.

74.

75.

76.

77.

tal rhinovirus infection is related to prior stressful life events. Behav Med 1992; 18:
115-120.

Cohen S, Gwaltney JM Jr, Doyle WJ, Skoner DP, Fireman P, Newsom JT. State
and trait negative affect as predictors of objective and subjective symptoms of a
common cold. J Personality Soc Psychol 1995; 68:159-169.

Gwaltney JM Jr. Epidemiology of the common colds. Ann NY Acad Sci 1980; 353:
54-60.

D Alessio DJ, Meschievitz CK, Peterson JA, Dick CR. Dick EC. Short-duration
exposure and the transmission of rhinoviral colds. J Infeet Dis 1984: 150:189-194.
Hendley JO. Gwaltney JM Jr. Mechanisms of transmission of rhinovirus infections.
Epidemiol Rev 1988: 10:242-258.

D’ Alessio DJ, Peterson JA, Dick CR, Dick EC. Transmission of experimental rhino-
virus colds in volunteer married couples. J Infect Dis 1976; 133:26-36.

Holmes M, Reed SE, Stott EJ. Tyrrell DAJ. Studies of experimental rhinovirus
type 2 infections in polar isolation and in England. J Hyg (Camb) 1976: 76:379—
393.

Dick EC, Jennings LC. Mink KA, Wartgow CD, Inhorn SL. Acrosol transmission
of rhinovirus colds. J Infect Dis 1987; 156:442-448.

Doyle WJ, Riker DK, McBride TP, Hayden FG. Hendley JO. Swarts 1D, Gwaltney
JM. Therapeutic effects of an anticholinergic-sympathomimetic combination in
induced rhinovirus colds. Annl Otol Rhinol Laryngol 1993; 102:521-527.
Sperber S, Hayden FG. Chemotherapy of rhinovirus colds. Antimicrob Agents Che-
mother 1988; 32:409-419.

Hayden FG, Gwaltney JM Jr, Colonno RJ. Modification of experimental rhinovirus
colds by receptor blockade. Antiviral Res 1988; 9:233-247.

Arruda E, Hayden FG. Clinical studies of antiviral agents for picornaviral infections.
In: Jeffries DJ. De Clereq E, eds. Antiviral Chemotherapy. New York: John Wiley &
Sons Ltd, 1995:321-355.

Walker GH, Bynoe ML, Tyrrell DAJ. Trial of ascorbic acid m prevention of colds.
Br Med J 1967: 1:603-606.

Schwartz AR, Togo Y, Hornick RB. Tominaga S. Gleckman RA. Evaluation of the
efficacy of ascorbic acid n prophylaxis of induced rhinovirus 44 infection in man.
J Infect Dis 1973: 128:500-505.

Farr BM, Conner EM, Betts FR. Oleske J. Minnefor A, Gwaltney JM Jr. Two ran-
domized controlled trals of zinc gluconate lozenge therapy of experimentally in-
duced rhinovirus colds. Antimicrob Agents Chemother 1987; 31:1183-1187.
Hendley JO. Abbott RD. Beasley PB. Gwaltney IM Ir. Effect of inhaltion of hot
humidified air on experimental rhinovirus (RV) infections. JAMA 1994; 271:1112-
1113.

Hayden GF, Hendley JO, Gwaltney JM Jr. The effect of placebo and virucidal paper
handkerchiefs on viral contamination of the hand and transmission of experimental
thinoviral infection. J Infect Dis 1985; 152:403-407.

Gwaltney JM Jr. Combined antiviral and antimediator treatment of rhinovirus colds.
J Infect Dis 1992; 166:776-782.

Hayden FG. Use of interferons for prevention and treatment of respiratory viral



126

78.

79.

80.

81.

33.

84.

85.

86.

87.

88.

39.

90.

91.

93.

Gwaltney

infections. In: Mills J, Corey L, eds. Antiviral Chemotherapy: New Directions for
Clinical Application and Research. New York: Elscvier 1986:28—-40.

Gwaltney JM Jr, Buier RM, Rogers JL. The influence of signal variation, bias, noise,
and effect size on statistical significance in treatment studies of the common cold.
Antiviral Res 1996; 29:287-295.

Gwaltney JM Jr. Rhinoviruses. In: Evans AS, Kaslow RA, eds. Viral Infection of
Humans: Epidemiology and Control. 4th ed. New York: Plenum Press, 1997:815-
838.

Rao SR, Hendley JO. Hayden FG, Gwaltney JM Jr. Symptom expression in natural
and experimental rhinovirus colds. Am J Rhinol 1995; 9:49-52.

Howard JC Jr, Kantner TR, Lilienfield LS. Princiotto JV, Krum RE. Crutcher JE,
Belman MA, Danzig MR. Effectiveness of antihistamines in the symptomatic man-
agement of the common cold. JAMA 1979; 242:2414-2417.

Turner RB, Sperber SJ. Sorrentino JV, O'Connor RR, Rogers J, Batouli AM, Gwalt-
ney JM Jr. Effectivencss of clemastine fumarate for treatment of rhinorrhea and
sneezing associated with the common cold. Clin Inf Dis 1997; 25:574-583.

Scott GM, Phillpotts RJ, Wallace 1. Gauci CL, Greiner J, Tyrrell DAJ. Prevention
of rhinovirus colds by human interferon alpha-2 from Escherichia coli. Lancet 1982;
2:186-188.

Hayden FG, Gwaltney JM Ir. Intranasal interferon-a, for prevention of rhinovirus
infection and illness. J Infect Dis 1983:; 148:543-550.

Hayden FG, Albrecht JK, Kaiser DL, Gwaltney JM Jr. Prevention of natural colds by
contact prophylaxis with intranasal alphas-interferon. N Engl ] Med 1986: 314:71-75.
Douglas RM, Moore BW, Miles HB. Davies LM, Graham NMH, Ryan P, Worswick
DA, Albrecht JK. Prophylactic efficacy of intranasal alpha,-interferon against rhino-
virus infections in the family setting. N Engl J Med 1986; 814:65-70.

Hayden FG, Gwaltney JM Jr. Intranasal interferon-o, treatment of experimental rhi-
noviral colds. J Infect Dis 1984 150:174-180.

Hayden FG, Kaiser DL, Albrecht JK. Intranasal recombinant alfa-2b interferon treat-
ment of naturally occurring common colds. Antimicrob Agents Chemother 1938;
32:224-230.

Bye CE, Cooper 1, Empey DW, Fowle ASE. Hughes DTD, Letlcy E, O'Grady J.
Effects of pseudoephedrine and triprolidine. alone and in combination, on symptoms
of the common cold. Br Med J 1980: 281:189-190.

Hayden FG, Diamond L. Wood, PB, Korts DC, Wecker MT. Effectiveness and
safety of intranasal ipratropium bromide in common colds. Ann Intern Med 1996:
125:89-97.

Hayden FG, Andries K, Janssen PAJ. Safety and efficacy of intranasal pirodavir
(R77975) in experimental rhinovirus infection. Antimicrob Agents Chemother 1992;
36:727-732.

Hayden FG, Hipskind GJ, Woerner DH, Eisen GF, Janssens M, Janssen PAJ, An-
dries K. Intranasal pirodavir (R77;975) treatment of rhinovirus colds. Antimicrob
Agents Chemother 1995: 39:290-294.

Gwaltney JM Jr. The Common Cold. In: Mandell GL, Bennett JE, Dolin R, eds.
Principles and Practice of Infectious Diseases. 4th ed. New York: Churchill Living-
stone, 1995:581-566.



Common Cold Challenge Studies in Humans 127

94,

96.

97.

Crutcher JE, Kantner TR. The effectiveness of antihistamines in the common cold.
J Clin Pharmacol 1981; 21:9-15.

Virtanen A. Slow release combined preparation (dexchlorpheniramine + pseudo-
ephedrine) for symptomatic treatment of the common cold. J Laryngol Otol 1983:
97:159-163.

Gaffey MJ, Kaiser DL, Hayden FG. Ineffectiveness of oral terfenadine in natural
colds: evidence against histamine as a mediator of common cold symptoms. Pediatr
Infect Dis J 1988; 7:223-228.

Berkowitz RB, Connell JT, Dietz AJ, Greenstein SM, Tinkelman DG. The effective-
ness of the nonsedating antihistamine loratadine plus pseudoephedrine in the symp-
tomatic management of the common cold. Ann Allergy 1989: 63:336-339.



This Page Intentionally Left Blank



7

Overview of Experimental Animal Respiratory Viral
Provocation Models

GERT FOLKERTS, HENK J. VAN DER LINDE, and FRANS P. NIJKAMP

Utrecht University
Utrecht, The Netherlands

l. Introduction

The major clinical symptoms of asthma are paroxysms of dyspnea, wheezing,
and cough. These symptoms vary from mild to severe and may even be unremit-
ting (status asthmaticus). A characteristic feature of most asthmatic patients is
that their airways have an increased tendency to narrow on exposure to a varicty
of chemical, pharmacological, or physical stimuli, a phenomenon called **airway
hyperresponsivencss.”” Although its etiology is still unclear, it is well known that
viral respiratory infections can induce or aggravate airway hyperresponsiveness.
A number of excellent reviews have been written on virus-induced airway hyper-
responsiveness from a clinical point of view (1-6). However, most of the basic
research concerning this issue has been performed in animals. Airway dysfunc-
tion after a viral infection has been measured in a variety of animal species.
including the mouse (7), rat (8,9), guinea pig (10-17), ferret (18), feline (19),
dog (20,21), lamb (22,23), and calf (24). In most of the studies human-relevant
viruses were used, like parainfluenza (PI) virus (8,10-15,17,25), influenza virus
(7.21.26), adenoviruses (27), and respiratory syncytial virus (RSV) (9,22-24.28).
The onset of airway dysfunction is observed as soon as 2-3 days after infection
in the mouse, feline, and dog (19,25,29), and airway hyperresponsivencss was
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detected up to 13—-16 weeks after virus inoculation in rats (30). The pathogenesis
of virus-induced airway hyperresponsiveness can be investigated more thor-
oughly in animals, since a number of experimental setups can easily be performed
in animals and are either impossible or not ethical to perform in humans. The
goal of this chapter is to bring together the fundamental observations in animal
models with respiratory tract infections to unravel the pathogenesis of virus-in-
duced airway hyperresponsiveness in humans. This may finally lead to an im-
provement in the management of airway diseases like asthma.

Il. Airway Hyperresponsiveness to Histamine
and Histamine Release

Isolated trachea. bronchi, and lung parenchyme strips from virus-infected guinea
pigs responded with an increased contraction in response to histamine (17.31-
33). Hyperresponsiveness to histamine was also observed in vivo in guinea pigs
(15.17,34-39), dogs (25,27,40), lambs (23), and calves (24). Nakazawa ct al.
(15) suggested that this hyperresponsiveness could simply be explained by a virus-
induced diminished activity of histamine N-methyltransferase. an cnzyme that
breaks down histamine (Fig. 1). In virus-treated guinea pigs histamine N-methyl-
transferase activity was decreased by more than 50% in isolated trachea, bronchi,
and lungs. Although this might offer an explanation for an increased histamine
sensitivity, it is not likely to be the cause of an increased maximal response after
a histamine dose-response curve. since an excess of histamine is likely under
these experimental conditions. Instead, histamine itself might be indirectly re-
sponsible for the airway hyperresponsiveness, since antihistamines can prevent
virus-induced inflammatory reactions (37). In addition, clinical studies indicated
that the concentration of histamine in bronchoalveolar lavage fluid is related to
the level of methacholine responsiveness (41), and airway obstruction (42).
Histamine can be released from basophils and mast cells, and there is now
abundant evidence that these cells are activated during a viral infection. 1da et
al. (43) found that isolated human basophils released more histamine after 1gE
stimulation when these cells were incubated with respiratory viruses and sug-
gested a role for interferon. Furthermore, interferon, a cytokine produced in the
lungs after viral infections (44-47), augments the in vitro chemotactic response
of basophils to complement factor C5 (48). Complement is activated in vitro (49)
and in vivo (50) by viruses. In T-lymphocyte—depleted fractions of leukocyte
suspensions, virus incubation did not enhance histamine release (51). This sug-
gests that T lymphocytes and their cytokine products play an integral role in the
process by which viruses enhance basophil histamine release. Since interferon
did not alter the calcium ionophore A23187—-induced histamine release from leu-
kocyte suspension (52), other mechanisms probably also play a significant role
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Figure 1 Schematic overview of possible targets of viruses to modulate airway respon-
siveness.

in virus-induced hypersensitivity reactions (52,53). Moreover, inactivated respi-
ratory viruses could augment in vitro IgE-mediated histamine release in both the
presence and the absence of interferon (53).

Clementsen et al. (54) found that neuraminidase, an enzyme expressed on
the surface of influenza A, was responsible for the potentiating effect on basophil
histamine release. Monoclonal antibodies directed against the viral neuramini-
dase, carbohydrates, or hemagglutinin prevented the potentiating effect of viruses
on basophil histamine release (55-57). Therefore, sugar groups and binding of
virus to the basophil cell surface by hemagglutinin seems to be necessary for
neuraminidase to cause its effect (Fig. 1). It is likely that similar mechanisms
also occur in vivo, since peripheral blood basophils isolated from guinea pigs
infected with P1-3 virus showed an increased histamine release upon immunologi-
cal stimulation (58).

Moreover, data pointing to mast cell activation have been obtained. Basal
and stimulated histamine release from mast cells isolated from airways of calves
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7 days after inoculation with PI-3 virus were significantly increased (59). Besides
the enhanced activation of metachromatic cells, their numbers are increased as
well. Sorden and Castleman (60) demonstrated in different rat strains that mast
cell numbers increased after viral infection, and this effect was associated with
both local mast cell proliferation and increases in blood mast cell precursors (61).
Increases in bronchiolar mast cell numbers at times from 30 to 90 days after virus
inoculation of neonatal rats were associated with airway hyperresponsiveness to
methacholine and airway inflammation (30,62). In virally infected guinea pigs,
airway hyperresponsiveness also coincided with mast cell activation as demon-
strated by more surface microvilli, relatively more high electron-dense granules,
and increased histamine concentrations in bronchoalveolar lavage fluid (38). In
humans a positive correlation exists between airway responsiveness and the rela-
tive numbers of mast cells recovered by bronchoalveolar lavage (63). An in-
creased spontaneous histamine release by bronchoalveolar lavage mast cells is
seen only in those subjects with enhanced bronchial responsiveness (63). Gaddy
and Busse (64) have demonstrated that the amount of histamine release from
basophils is directly associated with the degree of airway responsiveness in indi-
viduals with asthma. Infants with acute bronchiolitis have higher tryptase and
IgE concentration (65). Plasma histamine levels were increased and correlated
with the disease severity (66). In infants with an RSV infection, histamine in
nasopharyngeal secretions was detected significantly more often and in higher
concentrations in patients with wheezing. Peak titers of RSV-IgE and concentra-
tions of histamine correlated significantly with the degree of hypoxia (67,68).

Antihistamines were commonly administered for upper respiratory tract
infections, but their efficacy could not be casily demonstrated (69). Three pla-
cebo-controlled, double-blind studies identified either a slight or no beneficial
effect after oral and nasal antihistamines on mild and moderately ill patients with
upper respiratory tract infections (70-72). However, in these studies antihista-
mines were administered after the infection. At this time, histamine has already
exerted its effect. Histamine receptor antagonists might be effective when admin-
istered prophylactically. Indeed, guinea pigs pretreated with the antiallergic drug
nedocromil or with the H;-receptor antagonists oxatomide or levocabastine one
day before viral inoculation not only inhibited the development of airway hyper-
responsiveness but also airway inflammation (37). This might be of importance,
since inflammatory cells can release a range of mediators that may interfere with
airway responsiveness.

lll. Parasympathetic Nerves

Efferent parasympathetic nerves arise in the brain stem and pass down the vagus
nerves to synapse in the ganglia situated in the airway wall. Short postganglionic
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cholinergic nerves supply bronchial or vascular muscle, mucus glands, and proba-
bly mast cells. Nerves staining positive for acetylcholinesterase are abundant in
the submucosa and the smooth muscle of the trachea, bronchi, and bronchioles.
Acetylcholine release from preganglionic fibers in airway parasympathetic gan-
glia activates nicotinic (N;) cholinergic receptors on ganglion cells (73). Acetyl-
choline subsequently activates muscarinic (M;) receptors on airway smooth mus-
cle, which results in contraction (Fig. 1). Drugs that block cholinergic receptors
were effective in a group of asthmatic patients. Therefore, cholinoceptors may
play a role in airway hyperresponsiveness (74). A number of receptors (M,, Hi,
B,) located presynaptically inhibit acetylcholine release (75-78) (Fig. 1). Evi-
dence has been found that presynaptic M, receptors in asthmatics are deficient,
since selective M, receptor agonists could inhibit reflex bronchoconstriction in
healthy persons but were ineffective in asthmatics (79).

Airway hyperresponsiveness after a viral respiratory tract infection is ob-
served after cholinoceptor stimulation. Guinea pig tracheal contractions were en-
hanced in vitro (33,80,81), and an increased airway responsiveness in vivo was
observed in rats (8,62), guinea pigs (14,34,36,39), and dogs (21). Similar results
were obtained when the vagal nerve was stimulated of rats (8) and guinea pigs
(34.,82) in vivo and of the isolated trachea of cats in vitro (19). Reflex bronchocon-
striction was also enhanced in guinea pigs (39) and lambs (22).

A role for the parasympathetic nerve in virus-induced airway hyperrespon-
siveness was published in 1985 by Buckner et al. (34). They infected guinea pigs
with parainfluenza 3 virus and stimulated the vagus nerve. The airway obstruction
due to vagal nerve stimulation was significantly enhanced in virus-treated animals
and could be prevented by the muscarinic receptor antagonist atropine and the
ganglion blocker hexamethonium. Moreover, airway hyperresponsiveness was
observed after stimulation with nicotine (a drug that can stimulate parasympa-
thetic ganglia). Isolated lung parenchymal strips from infected animals did not
respond with an enhanced contraction after nicotine- or electrical field stimula-
tion, which points to a defect in the central airways. A simple explanation for
this cholinergic hyperresponsiveness is a diminished activity of cholinesterase.
However, there are no data that support this suggestion. Another hypothesis was
put forward in 1990, when Killingsworth et al. (19) found that respiratory viral
infections in cats resulted in an enhanced tracheal contraction after stimulation of
the vagus nerve. In contrast, exogenously applied acetylcholine did not enhance
tracheal reactivity, and therefore it was concluded that the defect was probably
presynaptically located. In parainfluenza virus—infected guinea pigs a selective
dysfunction of inhibitory muscarinic receptors on pulmonary parasympathetic
nerves was found (82). These receptors (muscarinic M, subtype) normally pro-
vide a negative feedback whereby acetylcholine released from the vagus nerve
turns off further release of acetylcholine (83). Similar results were obtained by
Sorkness et al. (8); the parasympathetic hyperresponsiveness after a viral infec-
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tion in rats was sustained up to 8 weeks after the inoculation and was associated
both with M. autoreceptor malfunction and with muscarinic M,-independent
mechanisms. Among others, two mechanisms may contribute to the muscarinic
M-receptor dysfunction. First, the enzyme neuraminidase, expressed in large
quantities on the viral coat of both influenza and parainfluenza viruses, may di-
rectly act on the muscarinic Ms-receptor (Fig. 1). Using ['H]QNB-binding studies
(which binds to all muscarinic receptors). it was demonstrated that parainfluenza
virus and neuraminidase reduces the atfinity of carbachol for muscarinic receptors
in guinca pig lung and heart (84). A neuraminidase inhibitor completely blocked
virus-induced changes in carbachol affinity in these tissues. In an elegant set of
experiments. Haddad and Gies (85) showed that neuraminidase reduced the num-
ber of super-high-affinity [*H]oxotremorine muscarinic M,-receptor binding sites
in guinea pig lungs. The dystunction of inhibitory muscarinic M, receptors may
be an eifect of viral neuraminidase, which cleaves sialic acid residues from the
muscarinic M, receptors, thereby decreasing agonist affinity for the receptors.
Alternatively., inflammatory cells and their products may be important partici-
pants in loss of muscarinic My-receptor function. In ozone-exposed or antigen-
challenged guinea pigs. depletion of inflammatory cells with cyclophosphamide
protects the function of the neural M, muscarinic receptors (86.87). Furthermore,
administration of heparin to the antigen-challenged guinea pigs acutely restores
neuronal muscarinic M-receptor function, probably by binding to and neutraliz-
ing positively charged inflammatory cell proteins such as cosinophil major basic
protein (86). Since eosinophils and cosinophil-product could be involved in the
virus-induced airway hyperresponsiveness (see epithelial damage and dysfunc-
tion), it was investigated whether inflammatory cells are essential to virus-
induced loss of neuronal M, muscarinic receptors. Fryer et al. (12) tested the
cffect of leukocyte depletion on My, muscarinic-receptor function in parainfluenza
virus—infected guinea pigs. They concluded that heparin did not reverse virus-
induced loss of muscarinic M,-receptor function, even in those guinea pigs with
a lower viral titer. Leukocyte depletion protected M, receptor function only in
animals with mild viral infection. It appears that viruses have both an indirect,
leukocyte-dependent effect on muscarinic M, receptors and in animals with a
more severe infections a leukocyte-independent cffect on muscarinic M, recep-
tors. The failure of heparin to restore muscarinic M,-receptor function in the
airways indicates that the leukocyte-dependent loss of muscarinic M-receptor
function is not mediated by positively charged inflammatory proteins (Fig. 1).
Although the virus-induced dysfunction of the M, receptor is obvious. an en-
hanced release of acetylcholine after nicotine or electrical field stimulation has
not yet been demonstrated in airways of infected animals.

The parasympathetic nerve may also be involved in reflex bronchoconstric-
tion. Empey ct al. (88) showed during a viral respiratory infection in healthy
young subjects that bronchial hyperresponsiveness to histamine could be inhib-
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ited by prior administration of an atropine aerosol, implying a vagus reflex—
mediated effect. Further, the airway hyperresponsiveness after histamine in virus-
infected and artificially ventilated guinea pigs was inhibited by vagotomy (cutting
the nevus vagus), by hexamethonium. and by 5 mg/kg atropine, but not by |
mg/kg atropine (34). In spontancously breathing anesthetized guinea pigs. atro-
pine could only block the virus-induced airway hyperresponsiveness at low doses
of histamine, but not at high doses of this agent (89). These results suggest that
the airway hyperresponsiveness to histamine after a viral infection is partly medi-
ated by the parasympathetic nerves.

IV. Nonadrenergic Noncholinergic Nerves

Inhibitory nonadrencrgic noncholinergic (iNANC) nerves relax airway smooth
muscle. These nerves have been demonstrated in vitro by clectrical ficld stimula-
tion afier adrenergic and cholinergic receptor blockade (90). In human airways
smooth muscle. the NANC inhibitory system is the only ncural bronchodilator
pathway, since there is no sympathetic innervation. Current evidence suggests
that nitric oxide (NO) and/or the neuropeptide vasoactive intestinal peptide (VIP)
may mediate INANC effects (Fig. ). VIP immunoreactivity is localized to nerves
and ganglia in airways and pulmonary vessels (91.92). VIP immunoreactivity is
present in ganglion cells in the posterior trachea and around intrapulmonary bron-
chi, diminishing in frequency as the airways become smaller. The patiern of dis-
tribution largely follows that of cholinergic nerves. A striking depletion of VIP-
immunoreactivity nerves has been reported in patients with severe asthma (93).
VIP receptors are located in high density in pulmonary vascular smooth muscle
and in airway smooth muscle of large, but not small, airways. VIP receptors are
also present in high density in airway epithelium and submucosal glands (94).
Binding of VIP to its receptor activates adenylyl cyclase, and VIP stimulates
cyclic AMP formation in lung fragments (95). VIP is more potent than isoprotere-
nol in relaxing human bronchi, making it onc of the most potent endogenous
bronchodilators (96). Interestingly, mast cell tryptase is particularly active in de-
grading VIP (97,98). and tryptasc concentrations were elevated in asthmatic air-
ways and in infants with an acute bronchiolitis (42,65,99) (Fig. 1). Indeed, inhibi-
tory NANC responses were dramatically decreased in rats infected with human
RSV (9). Beside the inactivation of VIP by tryptase, NO may be inactivated by
oxidants, such as the superoxide anion released from activated inflammatory cells
(Fig. 1). Inflammatory cell numbers are increased in the airways after a viral
infection (33.36), and viruses arc potent stimulators to release reactive oxygen
species from inflammatory cells (37) and isolated granulocytes (100). It was dem-
onstrated in an isolated tracheal tube preparation of guinea pigs that the hyperres-
ponsiveness after a viral infection was associated with decreased NO production
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(16,17). Interestingly, incubation of naive tracheas in vitro with bronchoalveolar
cells obtained from guinea pigs 4 days after a viral infection caused an increased
reactivity to histamine. It cannot be excluded that the release of reactive oxygen
species, and consequently the inactivation of NO, are responsible for the de-
creased NO concentration and, hence, airway hyperresponsiveness (101).

Besides efferent nerves there also exists an afferent mechanism in the air-
ways that responds to inhaled irritants, chemical particles, and stretch. C-fiber
endings are nonmyelinated and localized between and beneath the airway epithe-
Hal cells (102). When C-fiber endings are stimulated, peptides are released via
axon reflexes. These mediators, such as substance P, neurokinin A and B, and
calcitonin gene—related peptide have the potential to constrict airway smooth
muscle, dilate bronchial arteries, cause leakiness of postcapillary venules, in-
crease mucus secretion, release mediators from mast cells, and may recruit in-
flammatory cells into the airway mucosa. Therefore, neuropeptides may contrib-
ute to the deterioration of airway function (90). Substance P is localized to
sensory nerves in the airways of several species, including humans (90,103,104).
Substance P is predominantly synthesized in the nodose ganglion of the vagus
nerve and then transported down the vagus nerve to peripheral branches in the
airways. Treatment of animals with capsaicin (present in red peppers), bradyki-
nin, histamine, nicotine receptor agonist, and eclectric nerve stimulation causes
acute release of substance P, neurokinin (NK) A/B, and calcitonin gene—related
peptide from sensory nerves in the airways (105,106). These tachykinins mediate
their effects via specific receptors, and each tachykinin appears to selectively
activate a distinct receptor: NK, receptors arc activated preferentially by sub-
stance P, NK, receptors by NKA, and NK; receptors by NKB (107). Substance
P receptors are present in high density in airway smooth muscle from trachea
down to small bronchioles and vascular endothelium. Submucosal glands in hu-
man airways are also labeled. Tachykinins are subject to degradation by at least
two enzymes: angiotensin-converting enzyme (ACE, EC 3.4.15.1, kininase I) and
neutral endopeptidase (NEP, EC 3.4.24.11, enkephalinase). NEP has been shown
by enzymological methods to be present in the airway epithelium (104). Immuno-
logical methods have confirmed the presence of NEP in the epithelial layer (108).
Inhibitors of NEP by phosphoramidon or thiorphan markedly potentiate the bron-
choconstrictor effect of tachykinins in vitro (104,109} and in vivo after inhalation
(109,110). NEP inhibition also potentiates mucus secretion in response to tachy-
kinins (90). NEP inhibition enhances excitory NANC- and capsaicin-induced
bronchoconstriction caused by the release of tachykinins from airway sensory
nerves. Tachykinins cause contraction of airway smooth muscle by stimulating
phosphoinositide hydrolysis and increase the formation of inositol (1.4,5) triphos-
phate, which releases calcium ions from intracellular stores in airway smooth
muscle (111).
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Airway hyperresponsiveness to capsaicin and substance P after a viral res-
piratory infection was described for the first time by Saban et al. (112). Bronchi
obtained from virus-infected animals responded with an enhanced contraction to
substance P in the presence and absence of indomethacin. The contractile re-
sponses to leukotriene C; or D, were not changed by the infection. Jacoby et al.
(18.26) incubated ferret tracheal segments with human influenza virus and mea-
sured tracheal responsiveness 4 days later. Although an increased contraction to
substance P was observed in infected tissues, there was no effect of cyclooxygen-
ase and lipoxygenase inhibition. In contrast, evidence was obtained that the hy-
perresponsiveness to substance P was due to a 50% decrease in the activity of
NEP. Similar results were obtained by Dusser et al. (113). A 40% decrease in
NEP activity and a greater bronchoconstriction to substance P was observed in
infected animals compared to controls. Further, phosphoramidon, a neutral endo-
peptidase inhibitor, did not further increase pulmonary resistance in infected ani-
mals but did increase resistance in uninfected controls. It was reported that guinea
pigs infected with Sendai virus showed airway hyperresponsiveness not only
when substance P was administered intravenously or by inhalation, but also after
stimulation of the vagus nerve in the presence of atropine and propranolol (14). In
the above-mentioned studies, the observed effects were associated with epithelial
destruction (Fig. 1). Moreover, epithelial damage exposes sensory nerve endings
and cause excessive release of sensory neuropeptides (90). Trachea from PI-3-
infected animals were characterized by reductions in substance P-like immuno-
reactivity compared to controls. Substance P release occurred during critical pe-
riods of respiratory viral infection and was temporally correlated with airway
hyperresponsiveness (13). Guinea pigs pretreated in vivo with the antitussive
drug levodropropizine. a drug that interferes with the sensory neuropeptide sys-
tem. prevented the development of virus-induced airway inflammation and hyper-
responsiveness 1o histamine (Fig. 2A and B) and methacholine in vivo (Fig. 2C
and 2D) (80). The role of sensory neuropeptides was further investigated by
Ladenius et al. (81) in guinea pigs in which the sensory nerves were depleted
by pretreatment with capsaicin. The virus-induced tracheal hyperresponsiveness
to both histamine and cholinoreceptor stimulation was completely prevented
when the sensory nerves were depleted of their peptides. Interestingly, the in-
creased tracheal contraction in response to substance P was only partly reduced.
The hyperresponsiveness to substance P is caused by two phenomena. First, NEP
activity is disturbed in virus-treated animals, and this explains one part of the
increased tracheal contraction to substance P. Sccond, the induction of nonspe-
cific airway hyperresponsiveness (also to substance P) might be due to a continu-
ous release of tachykinins by the exposed sensory nerves after virus-induced epi-
thelial damage. There are data supporting this suggestion. Capsaicin aerosols that
cause endogenous relcase of neuropeptides acutely increase in vivo guinea pig
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Figure2 Changes in pulmonary lung resistance to intravenously administered histamine
(A and B} or methacholine (C and D) in guinea pigs 4 days after inoculation with control
solution (open bars) or PI-3 virus (solid bars). Animals were pretreated with (A and C)
saline (1 ml/kg) or (B and D) the antitussive drug levodropropizine (10 mg/kg). *p <
0.05: #¥p < 0.01: #%p < 0.005. (From Ref. 80.)

airway responsiveness (o histamine (114), acetylcholine, and neurokinin A (115).
The intravenous administration of substance P also resulted in potentiation of
histamine responses in the airways (114). Exogenously administered substance
P increased acetylcholinc-induced bronchospasm in the guinea pig (114,116).
Tamura et al. (117) reported that neurokinin A augmented methacholine re-
sponses for as long as 4 weeks in Japancse monkeys.

Besides the effect of tachykinins on airway reactivity. viral infections inten-
sify neurogenic plasma extravasation in airway mucosa (118.119) and potentiate
the increase in airway blood flow produced by substance P (120).
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V. pB.Receptors

Szentivanyi proposed that an imbalance between the parasympathetic and sympa-
thetic system was the fundamental abnormality in asthma (121). The abnormal
B-adrenergic function could be a feature of all varieties of asthma: allergic, nonal-
lergic. and during respiratory infections (122). Indeed. blocking of the B-adrener-
gic receptors increases the responsiveness of the bronchi of humans (123) and
animals (124). Motojima et al. (125) reported that there was a correlation between
B-adrenergic receptor density and the threshold response to acetylcholine in pa-
tients with asthma. This effect was probably due to an enhanced mediator release.

It is nearly impossible to obtain airway tissue from patients with an upper
respiratory tract infection. Therefore, investigators used isolated human granulo-
cytes and animal models to study the effect of viral infections on B-receptors.

Granulocytes from patients with asthma responded less well to B-adreno-
ceptor stimulation than granulocytes from control subjects, and furthermore, -
adrenoceptor response diminished during a flare of asthma with a clinical viral
upper respiratory tract infection (126.127). B-Adrenoceptor function on human
granulocytes has compromised in a similar fashion after incubation ol these cells
in vitro with respiratory viruses (100,126). Moreover. a loss of -receptor ago-
nist—induced inhibition of bronchial contraction to antigen in vitro was found in
guinea pigs infected with parainfluenza in vivo (10). A change in B-receptor
number or function on basophils and mast cells could be the cause of this finding.
A loss of B-adrenoceptor binding sites was obtained in pulmonary parenchyma
of guinea pigs infected with Sendai virus (Fig. 1) (11). The change in B-receptor
binding sites or function after a viral respiratory infection may be caused by
various T-lymphocyte—derived cytokines (128). In contrast, an increasc in -
receptor number was demonstrated in the murine trachea at several time points
after a respiratory infection with influenza A/PR-8/34 (7). Interestingly, infected
mouse tracheal segments were approximately two times less sensitive to B-adre-
noceptor stimulation and to the adenylyl cyclase activator forskolin. Similar data
were obtained by Scarpace and Bender (129).

These results indicate that besides changes in the B-adrenoceptor numbers,
a decreased function of the second messenger system could also contribute to
the defect of B-receptor function after a viral respiratory infection.

VI. Epithelial Damage and Dysfunction
Guinea pigs infected with PI-3 virus demonstrated depleted goblet cells 4 days

after inoculation (38). This seems to be an active process since mucin mRNA is
not detectable in pathogen-free rats but is present in rats with acquired Sendai
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virus (130). Moreover, the mucociliary system is impaired after a viral infection
(131). In humans and guinea pigs with a respiratory infection, the cilia on the
airways were absent (38,132,133), and this resulted in mucus plugging in the
deeper airways (28,33).

From the data discussed above it is likely that viral infections can cause
airway epithelial inflammation and damage. The epithelial damage, and thus loss
of the barrier function, observed after the viral infection may contribute to the
development of airway hyperresponsiveness (Fig. 1). The epithelial damage may
be induced by mediators released by inflammatory cells, like oxygen species and
cationic proteins. Indeed, bronchoalveolar cells obtained from guinea pigs release
oxygen radicals upon stimulation with PI-3 virus (33). It is likely that cellular
antioxidant enzymes may protect airway epithelial cells against damage. Indeed,
Jacoby and Choi (134), showed in primary cultures of human epithelial cells that
influenza virus and IFN-y increases mRNA for the antioxidant enzymes manga-
nese superoxide dismutase and indoleamine 2,3-dioxygenase. These enzymes are
likely to be important protective mechanisms in viral airway infections. Cationic
proteins released by eosinophils can also induce epithelial damage and airway
hyperresponsiveness (135-137). After experimentally induced infection with rhi-
novirus in the nose of humans, an airway hyperresponsiveness was associated
with an increase in epithelial eosinophils (138). In guinea pigs, the increase in
airway responsiveness paralleled the increase in numbers of eosinophils in bron-
choalveolar lavage fluid 4, 8, and 16 days after the viral respiratory infection
(36). A similar association was found in infected animals pretreated with anti-
inflammatory agents (37). Interleukin (IL)-5 was first described as a factor that
induces differentiation and proliferation of bone marrow eosinophils (139-141).
Subsequently, IL-5 has been shown to have several other properties, including the
ability to activate or prime eosinophils (142-144) and to prolong their survival in
vitro (145). Interestingly, pretreatment of guinea pigs with antibodies to 1L-5
partly reduced the number of eosinophils in blood and bronchoalveolar lavage
and prevented the development of airway hyperresponsiveness after the viral re-
spiratory tract infection (146). Further, the total number of eosinophils from lung
homogenates was increased in rats that had neonatal infections and demonstrated
airway hyperresponsiveness. These changes persist at least into young adults
(30.61,62). Virus-specific CD8* cells contributed to the airway eosinophilia
(147). Concentrations of eosinophilic cationic protein are significantly increased
in infants with bronchiolitis (148). RSV, directly added to eosinophils, activates
and primes these cells to release various inflammatory mediators (149). Eosino-
phil activation was also characterized by piecemeal degranulation and extrusion
of granule contents in the environment (150). Guinea pigs with a viral respiratory
tract infection have more eosinophils in their lumen. Eosinophils that have mi-
grated into the fumen of the airways showed piecemeal degranulation (146). It
is therefore likely that cationic proteins released by eosinophils after a viral infec-
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tion may contribute to epithelial damage. Last, but not least, the replication of
respiratory viruses in the epithelial layer may contribute to the cytopathological
effects (151-154).

Beside the loss of neutral endopeptidase(s), an enzyme that degrades ta-
chykinines, after virus-induced epithelial damage, the release of epithelium-
derived relaxing factors, like prostaglandin E, and NO, may be decreased (35,
155). Prostaglandin E, does not seem to play a critical role, since isolated tracheas
obtained from guinea pigs 4 days after a PI-3 virus infection produce similar
amounts of this lipid mediator after histamine stimulation as control preparations
did (38). Moreover, pretreatment of guinea pigs with a cyclooxygenase inhibitor
in vivo does not modulate the virus-induced airway inflammation or airway hy-
perresponsiveness (37). In contrast. the relcase of nitric oxide in tracheal tubes
of virus-infected animals was diminished by 75% compared o controls (16,17)
(Fig. 3). Interestingly, incubation of healthy tracheal tubes with a nitric oxide
synthesis inhibitor also enhanced the reactivity for histamine in intact, but not
epithelium-denuded preparations, indicating that NO is derived from the epithe-
lial layer (156). Further, potassium and bradykinin added to the inside of tracheal
tubes induces an NO- and epithelium-dependent relaxation (16,157), whereas
potassium added to the ouside induces a contraction (16). These results further
suggest that NO can be produced by the epithelial layer. Inhalation of low doses
of L-arginine prevented the virus-induced airway hyperresponsiveness (17). From
the results described above, it is likely that after a viral infection a deficiency in
endogenous nitric oxide is due to a dysfunction of the constitutive nitric oxide
synthase. Among others, four possible mechanisms may account for the NO de-
ficiency in virally infected airways. First, the decreased NO production can be
explained by substrate limitation, e.g.. a decreased concentration of L-arginine
in virus-treated animals. However, intracellular levels of arginine are already
high, and the supply of arginine is normally not rate-limiting for the constitutive
enzyme (158). On the other hand. we cannot exclude the possibility that the
activity of arginase, the enzyme that breaks down arginine, is increased. Arginasc
is widely distributed in the body including the lungs (159} and is elevated during
growth of tissues and tumors (160). Whether arginase activity is increased in the
lungs during viral respiratory infections needs to be investigated. Second, a likely
cxplanation for the lack in NO in virus-treated animals is a diminished activity
or availability of the constitutive nitric oxide synthase due to epithelial damage.
The constitutive nitric oxide synthase is present in rat airway epithelial cells but
not in human airway epithelium (161). A cause of this discrepancy might be that
the specimens of the human airways were taken from diseascd lungs versus the
healthy airways of the rat. Indeed, in biopsies of human airways, immunoreactiv-
ity to inducible nitric oxide synthase was seen in the epithelium in 22 of 23
asthmatic cases but only in 2 of 14 nonasthmatic controls (162). Although in
diseased airways the inducible nitric oxide synthase is present and under basal
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Figure 3 Individual tracings of the histamine (10 * M)—induced contraction (A) and
nitric oxide releasc (B) of perfused isolated tracheal tubes obtained from control and virus-
infected guinea pigs. In a preparation obtained from a virus-infected animal, the histamine-
induced contraction was enhanced and NO production was markedly suppressed compared
to the control tissue. Arrow indicates addition of histamine. (From Ref. 17.)

conditions the NO concentration in exhaled air is higher in asthmatic patients
and in persons suffering a viral respiratory infection (163.164). it cannot be ex-
cluded that the NO released by the activity of the constitutive enzyme is dimin-
ished during bronchoconstriction. In healthy humans nitric oxide concentrations
in exhaled air arc increased after breath-holding or exercise (165). Further, inhala-
tion of nitric oxide diminishes the airways contractions induced by cholinoceptor
agonists in guinea pigs, rabbits, and humans (166—168). A third mechanism by
which the concentration of NO can be decreased is inactivation of NO by products
released from inflammatory cells, i.e., superoxide anions (169.170). Indeed,
agents that generate superoxide. induce an enhanced reactivity of tracheal tubes
(171). Besides decreasing the NO concentration, the rcactive peroxynitrite
(ONOO—) is produced by the interaction of superoxide anions with NO, which
accordingly may lead to **additional’” epithelial damage and airway hyperrespon-
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siveness (172). Moreover, isolated guinea pig epithelial cells themselves can re-
lease reactive oxygen species (173). Fourth, during viral infections interferon is
produced (174-176). This might stimulate inducible nitric oxide synthase. and
the high amount of nitric oxide production could inactivate the constitutive nitric
oxide synthase and, hence, the NO production after histamine stimulation
(177,178).

In conclusion, it is clear that a number of interesting results have been
obtained in animal models with a viral respiratory infection. These results can
form a basis for more specific clinical investigations to elucidate the pathophysi-
ology and mechanisms behind virus-induced airway obstruction and hyperres-
ponsiveness in humans. This may finally lead to an improvement in the manage-
ment of airway diseases like asthma.
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Role of Allergy and Airway Hyperresponsiveness
in Virus-Induced Asthma

JAMES E. GERN, ROBERT F. LEMANSKE, Jr., and WILLIAM W. BUSSE

University of Wisconsin Medical School
Madison, Wisconsin

. Epidemiology of Viral Infections and Asthma

A. Infants

Viral respiratory infections can profoundly influence airway function and asthma
through two distinct pathways (Fig. 1). First, in infancy, infections with respira-
tory viruses, particularly respiratory syncytial virus (RSV), can provoke episodes
of wheezing. which can be recurrent (Fig. 1A). Infants with reduced lung function
arc at greatest risk for developing wheezing with RSV infection (1), yet only a
subset of wheezing infants will go on to develop persistent asthma. Risk factors
for the development of persistent asthma after wheezing in infancy include an
elevated serum IgE level at the age of 9 months and the development of allergen-
specific IgE (2), suggesting that atopy may influence pulmonary physiology after
wheezing induced by viral infection.

There are also data to suggest that RSV infections that cause wheezing may
increase the risk of allergen sensitization. For example, Sigurs and colleagues
prospectively identified infants with wheezing RSV infections requiring hospital-
ization and a control group of normal infants (3). Upon reevaluation at the age
of 3 years, infants who had wheezing illnesses duc to RSV were more likely to
have allergen-specific IgE (32% vs. 9%) and asthma (23% vs. 1%), defined as
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Figure 1 The relationship between viral infections and asthma (sec text).

three or more cpisodes of wheezing, even though the groups had similar family
histories of atopy and asthma. Although not all studies have found that RSV
increases the risk of allergy (4.5), these findings. if confirmed, suggest that severe
RSV infections in infancy can modify the immune response induced by subse-
quent exposure to allergens. Given the close relationship between allergen sensiti-
zation and the development of asthma, early exposure to respiratory viruses could
also be an important factor in determining whether asthma develops.

B. Children and Adults

In children or adults with existing asthma (Fig. [B), respiratory viruses frequently
causc exacerbations of asthma (6-9). Initial studies designed to establish this
relationship identified respiratory pathogens in association with wheezing epi-
sodes by serology or culture (7,10). However, many of the respiratory viruses,
particularly rhinovirus (RV). are difficult to culture. The use of reverse transcrip-
tion—polymerase chain reaction (RT-PCR) assays, which are much more sensitive
for detecting RV than standard cell culture techniques (11,12). has underscored
the importance of RV in causing exacerbations of asthma. For example, Johnston
and colleagues determined that 80-85% of school-aged children with wheezing
episodes tested positive for a virus, and the virus most commonly detected was
rhinovirus (8). In adults with asthma, Nicholson and colleagues used similar tech-
niques to demonstrate that 44% of severe and 54% of less severe cpisodes of
wheezing were associated with RV infection (9). Moreover, virus-induced asthma
may be severe: seasonal patterns of upper respiratory virus prevalence correlate
closely with hospital admissions for asthma, especially in children (13). Further-
more, RV and other respiratory viruses are frequently detected in children hospi-
talized for asthma (12). Together, these studies indicate that RV infections are
the most common cause of asthma exacerbations in children and also contribute
substantially to the morbidity of asthma in adults.

In addition to epidemiological studies linking respiratory viral infections to
exacerbations of asthma, there is clinical evidence that implicates that respiratory



Allergy in Virus-Induced Asthma 157

allergies are a risk factor for developing lower airway effects during infections
with common cold viruses. For example, Duft and colleagues evaluated risk fac-
tors for wheezing in infants and children that presented to a hospital emergency
department (14). Wheezing children older than 2 years of age were more likely
10 have respiratory allergies (odds ratio |OR] = 4.5) or have a confirmed viral
infection (OR = 3.7) compared to children without wheezing. Children with the
greatest risk (OR = 10.8) for wheezing were those who had both respiratory
allergics and a viral infection. These findings indicated that viral infections and
respiratory allergies may have synergistic inflammatory effects on lower airway
physiology that greatly increase the likelihood of” wheezing.

Together. these studies indicate that respiratory viral infections frequently
trigger bronchospasm in patients with asthma and suggest that there may be spe-
cific interactions between respiratory allergy and viral infections to either initiate
or propagate this process. Since bronchospasm in asthma is a result of airway
inflammation and hyperresponsiveness, the effects of viral infections on these
conditions are of special interest. In this chapter, we will explore potential mecha-
nisms by which respiratory viruses, and particularly RV, enhance airway respon-
siveness and/or inflammation in the context of asthma.

Il. Interactions Between Viruses and Allergy
A. Studies of the Upper Airway

Allergic inflammation in the upper airway shares many features with bronchial
inflammation in asthma and provides a convenient model to study interactions
between respiratory viruses and allergy. Two groups of investigators have experi-
mentally infected adult volunteers with RV to test the hypothesis that individuals
with respiratory allergies develop more severe symptoms during viral upper respi-
ratory infection (URI). Bardin and colleagues inoculated 22 subjects (11 non-
atopic, 5 atopic, and 6 both atopic and asthmatic) with type 16 RV (RV16), and
17 individuals developed clinical colds (15). There were no differences between
atopic and nonatopic subjects in terms of viral shedding or symptom scores, and
IgE levels did not correlate with the severity of the cold. One ditference between
the groups was their susceptibility to RV infection. Although the study was in-
tended to include only subjects who lacked RV 16-neutralizing antibody, 10 sub-
jects unexpectedly developed virus-specific antibody between the screening visit
and time of viral inoculation. In contrast to the normal control subjects, those
with atopy developed severe colds despite the presence of neutralizing antibody.
These data suggest that atopic individuals may be more susceptible to RV infec-
tion.

Doyle and colleagues experimentally infected atopic and nonatopic volun-
teers with a different RV serotype, RV39 (16). In 38 subjects studied outside of
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the pollen season, all were successfully infected as indicated by viral shedding
after inoculation, and all but 6 developed typical cold symptoms. Although aller-
gic individuals developed cold symptoms slightly earlier, there were no differ-
ences in the severity of symptoms between the two groups. The effect of RV
infection on nasal responsiveness was studied in these same subjects by per-
forming paired histamine provocation tests 2 months beforc and then again
8—13 days after RV inoculation. RV infection increased sneezing, weight of
secretions, and rhinorrhea after nasal histamine challenge in both allergic and
nonallergic subjects, and there were no differences between the two groups (17).
Although the clinical symptoms were similar, there werc some allergy-related
differences in the systemic immune response to RV infection. For example, total
IgE levels rose significantly in atopic subjects, but not in controls (18). In addi-
tion, peripheral blood mononuclear ceils from allergic subjects had a lower base-
line proliferative response to RV39, but both groups had vigorous responses 3
weeks after viral inoculation (19).

The upper airway provides a readily accessible model that can be used to
study interactions between atopy and viral infections, and together these studies
of experimentally infected volunteers have provided clues regarding lower airway
pathology in virus-induced exacerbations of asthma. In the absence of allergen
exposure, RV39 infection produced similar intensity of cold symptoms in allergic
and nonallergic individuals. Several features of RV infection, however, were dis-
tinct in allergic individuals. First, allergy may increase susceptibility to RV infec-
tion and is possibly related to increased expression of [CAM-1, the cellular recep-
tor for 90% of RV serotypes, by nasal epithelial cells in allergic rhinitis. Second,
acute RV infection in allergic subjects increased scrum levels of total IgE, and
there is convincing evidence to link total IgE to both asthma prevalence and
severity (20,21). A key question yet to be addressed by studies of the upper
airway is whether RV infection alters the airway response to allergen exposure.
If RV infection does amplify allergen-induced responses, this interaction could
contribute to increased airway inflammation and respiratory symptoms.

B. Studies of the Lower Airway

To study the effect of RV infection on lower airway physiology, we conducted
a study involving 10 patients with allergic rhinitis (22). None of the subjects had
detectable levels of neutralizing antibody specific for RV16, which was the virus
used for inoculation. Baseline measures of pulmonary function were measured
along with assessments of airway responses to inhaled histamine and the immedi-
ate and late reactions to inhaled allergen. Four weeks after initial evaluations,
the subjects were inoculated with RV16. Airway physiology was retested 48
hours later, near the peak of the subjects’” cold symptoms.

In subjects inoculated with RV 16, there was an increase in airway respon-
siveness to histamine at the time of the acute viral respiratory infection. An in-
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crease in lower airway responsiveness during viral respiratory infections has also
been noted with other viruses (23-25) and in some (26—28) but not all (29,30)
other studies with RV. In addition, RV infection increased the immediate re-
sponse to allergen, as indicated by the decrease in the concentration of allergen
required to drop the FEV, by 20%. In addition to enhancing the early response to
allergen, RV infection increased the probability of late asthmatic reaction (LAR).
Before virus inoculation, only one subject had a LAR to inhaled antigen as indi-
cated by a drop in FEV, of greater than 15% approximately 4-6 hours post-
allergen challenge. However. at the time of the viral respiratory infection. 8 of
the 10 subjects developed a LAR after allergen challenge. Furthermore, when 7
of these individuals were evaluated 4 weeks later, 5 continued to manifest the LAR.

To determine the effects of RV infection on mast cell and basophil mediator
release, we performed a second study of similar design involving cight additional
subjects (31). Airway responsiveness to histamine, methacholine, and allergen
were again increased during RV infection, and this effect was most pronounced
in the subset of patients that developed a LAR after allergen inhalation. Further-
more. those patients that developed a LAR to allergen after RV infection also
had an enhanced increase in plasma histamine levels after the inhaled allergen
challenge.

Thus, our observations showed that RV infection not only increased airway
responsiveness, but also changed the pattern of the allergic airway response. Dur-
ing RV infection. patients exhibited an increase in airway reactivity and had a
greater likelihood of developing a late asthmatic reaction after exposure to aller-
gen. These findings raise the possibility that RV infections increase the intensity
of those factors provoked by allergen inhalation that determine and regulate the
lower airway responsiveness and inflammation.

Cheung and colleagues have extended these results by inoculating 14 sub-
Jjects with mild asthma with either RV16 or placebo and then measuring effects
on pulmonary function and methacholine responsiveness (32). Airway hyperres-
ponsiveness (AHR) increased during the acute infection in the seven subjects
who were given RV16, and returned to baseline levels by one week after the
inoculation. The maximal response to inhaled methacholine was significantly
greater during the acute RV 16 infection but, in contrast to AHR, remained ele-
vated 7 and 15 days after inoculation (Fig. 2). These results indicate that RV
infections can enhance both the sensitivity of the lower airway and the magnitude
of bronchoconstriction in response to inhaled irritants in asthma and that these
effects can persist for weeks after the acute infection.

C. The Use of Animal Models to Determine the Mechanisms
of Virus-Induced Airway Hyperresponsiveness

To study the effects of virus infection on airway physiology, @ number of mam-
malian species have been studied including the guinea pig (33-37), ferret (38),
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Figure 2 The maximal response to inhaled methacholine (MFEV |, mean = SEM) in
subjects inoculated with RV 16 (closed circles) or placebo (open circles). The arrow indi-
cates placebo or virus inoculation. In the virus-treated group, there was a significant in-
crease in MFEV | on days 2. 7, and 15 after inoculation as compared with the values at
entry (p = 0.009). (From Ref. 32,)

dog (39), mouse (40-44) and rat (45-52). Although the precise mechanism by
which viruses can enhance airway hyperresponsiveness is unknown, a number
of factors have been observed that may be relevant to these changes. First, airway
tone could be enhanced due to effects on sympathetic (40), parasympathetic
(47.53), or noncholinergic/nonadrenergic (NANC) (35,38) pathways. The para-
sympathetic pathway could be upregulated through inhibitory effects of the virus
on M, receptor feedback inhibition of acetylcholine release from postganglionic
neurons (37). The NANC system could contribute through the downregulation
of neutral endopeptidase activity, which would leave neurokinin (substance P)
procontractile activity of bronchial smooth muscle unopposed (35.37).

Second. tissuc inflammation may also play a role. Virus-induced airway
hyperresponsiveness can be passively transferred in vitro using bronchial alveolar
lavage cells from infected guinea pigs (36). Depletion of leukocytes with cyclo-
phosphamide partially reverses viral effects on blockade of M muscarinic recep-
tors. suggesting that both the virus and the inflammatory response to the virus
contribute to parasympathetic dystunction (53). In addition, treatment of guinea
pigs with anti-IL-5 monoclonal antibody before inoculation with parainfluenza
virus prevents the development of hyperresponsiveness. These effects may be
related to the production of cytokines, such as IL-5, IL-11, and TGF-B, which
may influence airway tone. responsiveness. or remodeling (48.54.,55). Nitric ox-
ide (NO) may be an important mediator in virus-induced hyperresponsiveness,
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as administering the NO precursor L-arginine to parainfluenza virus—infected
guinea pigs prevented AHR (56). Alternately, it has been suggested that viral
infection could increase histamine-induced airway responsiveness by reducing
the activity of histamine methyltransferase, an enzyme in respiratory epithelial
cells that modulates contractile responses (o histamine (57). Finally, respiratory
infections may enhance neurogenic inflammation, which may secondarily affect
airway responses by alterations in airway geometry (51,52). Together, these ani-
mal models of viral infections suggest a number of mechanisms that could lead
to increased AHR. Additional studies are needed to determine which of these
potential mechanisms contribute to AHR and/or exacerbations of asthma in hu-
mans.

D. The Use of Bronchoscopy to Study Airway Responses
to Allergen

Determining the biology of the airway response to inhaled allergen is very diffi-
cult without the direct sampling of airway secretions and tissues. Based on previ-
ous observations, we hypothesized that RV infections promote the development
of the allergic reaction by increasing those factors involved in producing both
the immediate and late-phase reactions to allergen. To evaluate this possibility.
both normal and allergic rhinitis patients without serological evidence of RV16
infection were identified, and lower airway responses to allergen werc measured
one month before, during, and one month after an experimental RV infection
(27). Bronchoscopy was performed on two occasions separated by 48 hours dur-
ing ecach phase of the study (Fig. 3). At the first occasion, segmental allergen
challenge was performed and lavage fluid analyzed for mast cell mediator relcase
products. Forty-cight hours later, the same segments were lavaged and their con-
tents analyzed for mediators and cellular components. Four to six weeks later,
the subjects were experimentally infected with RV16. and the bronchoscopic pro-
cedures were repeated. The duration of RV-induced changes was determined by
performing one last set of studies 4-6 wecks after the RV infection.

Infection with RV 16 enhanced both the early and late response to segmental
antigen challenge. During the acute RV infection, subjects with allergic rhinitis
had an increased release of histamine after allergen challenge (Fig. 4). Interest-
ingly, this increased secretion of histamine was still noted 4-6 weeks after the
RV infection. In addition, RV infection produced changes in the recruitment of
inflammatory cells into the airway 48 hours after allergen challenge. In allergic
individuals infected with RV, there was an increase in airway leukocytes, and
these cells were predominantly cosinophils (Fig. 5). Furthermore, in preliminary
evaluations, we also detected increased lower airway levels of tumor necrosis
factor-a. (TNF-o0) in association with the RV infection. Thus, these data show
that RV infection may intensify both the immediate and late responses to allergen
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Figure 3 Experimental design: the pulmonary response to antigen challenge was exam-
ined during three study periods—1 month before (preinfection), during (acute nfection),
and 1 month after (postinfection) experimental infection with RV16. On the first 2 days
in each period, a bronchoscopy was performed and segmental challenge with saline was
accomplished, followed by bronchoalveolar lavage (BAL) 5 minutes later. Segmental chal-
lenge with antigen and subscquent BAL were then performed similarly in a separate bron-
chopulmonary segment. Forty-cight hours later, the two scgments were lavaged again.
(From Ref. 27.)

challenge. and this is accompanied by increasing mast cell or basophil mediator
relcase and the recruitment of cosinophils to the lower airway.

E. Does RV Infection Cause Increased Lower Airway Responses
in Allergic Individuals?

Since AHR is a key feature of asthma, several studics have addressed the possibil-
ity that RV infections may enhance AHR to a greater degree in the presence of
allergy or asthma. The effect of naturally occurring colds on AHR in atopic versus
nonatopic subjects was evaluated by Trigg and associates, who evaluated 15 vol-
unteers with allergic rhinitis and 15 matched controls over a 9-month period of
time {58). Twenty clinical “*colds™ were reported, but viruses were detected on
only eight occasions, and only three of these episodes were associated with RV
infection, precluding subgroup analysis.

Experimental infection provides an opportunity to perform detailed mea-
surements of airway physiology under controlled conditions and evaluate separate
effects of allergy and viral infection. We experimentally infected (RV16) 18 vol-
unteers with allergic rhinitis and 13 normal controls and measured effects on the
lower airway response to histamine (59). All subjects were successfully infected,
as indicated by increased upper respiratory symptoms and culture of RV16 from
nasal secretions. The change in histamine PD,, (APD+,) caused by RV infection
was significantly different in allergic subjects compared to nonallergic controls
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Figure 4 BAL histamine concentrations 48 hours after segmental antigen challenge in
subjects experimentally infected with RV16. Data for normal subjects (n = 5) and those
with allergic rhinitis (n = 7) are shown scparately. and whisker bars represent the 5th
and 95th percentiles. For subjects with allergic rhimitis, there was a significant potentiating
effect of RV16 infection (¥p < 0.001. ANOVA), with higher histamine concentrations
observed during the acute infection and postinfection periods compared with preinfection,
(From Ref. 27.)

(APD,, = —0.40 vs. —0.03 log units: p = 0.04) (Fig. 6). This relationship was
strengthened after adjusting for initial PD», and FEV, (mcan APD,, = —0.43 vs.
0.01 log units: p < 0.01). The virus-induced APD», was also influenced by base-
line lung function: there was a positive correlation between initial FEV, and
APD,,. indicating that RV 16 tended to increase the sensitivity to methacholine
in subjects with lower bascline FEV,.

Fracnkel and colleagues experimentally infected 17 volunteers. including
6 with atopic asthma and 11 normal controls, with RV16, and then measured
effects on bronchial responses to histamine 5 days after inoculation (28). Al-
though RV infection increascd histamine responsiveness in the group as a whole,
subgroup analyses suggested that the response of the allergic/asthmatic and nor-
mal control subgroups may have been different. When analyzed separately, sub-
jects with allergic asthma had a significant increase in histamine responsivencss,
but this was not the case with the normal controls. In a second study by the same
group, experimental infection with RV16 increased AHR in a group of 25 sub-
jects (60). Subgroup analysis, however, revealed that AHR was sclectively en-
hanced in the 17 atopic subjects, and not in the 8 nonatopic subjects. Together,
these studies suggest that host factors such as allergy and baseline FEV | influence
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Figure 5 BAL cosinophils 48 hours after segmental antigen challenge in subjects exper-
imentally infected with RV16. Data for normal subjects (1 = 5) and those with allergic
rhinitis (n = 7) are shown separately, and whisker bars represent the 5th and 95th percen-
tiles. Eosinophil recruitment was low in normal subjects during all periods, and median
values arc shown in parenthescs. For the subjects with allergic rhinitis, cosinophil recruit-
ment was potentiated by RV 16 during the acute infection and postinfection periods when
compared with preinfection (*p < 0.005, ANOVA). (From Ref. 27.)

the changes in lower airway physiology caused by RV infection and raise the
possibility that these factors contribute to the increased lower airway effects of
RV infection in subjects with asthma.

Not all studies utilizing experimental RV infection have found consistent
effects on AHR. For example, Halperin et al. infected 19 asthmatic volunteers
with one of two RV scrotypes (RV39 and Hanks serotype) and found changes
in airway responsiveness to histamine in only four of these subjects (61). Interest-
ingly, the four subjects who developed increased bronchial responsiveness during
RV infection also had significant drops (>10%) in FEV,. indicating that in-
creased histamine responsiveness during viral infection may be related to clini-
cally significant changes in airway obstruction. Skoner and colleagues examined
effects of allergy on methacholine responsiveness in 31 subjects with allergic
rhinitis and 27 normal controls experimentally infected with the same RV sero-
types used by Halperin and found no eftect of RV infection on airway respon-
siveness in cither group 4 and 7 days after inoculation (62). In a third study
utilizing RV2, Summers and colleagues likewise found no changes in AHR re-
gardless of allergy status (63).
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Figure 6 Eifect of allergy on RV16-induced changes in lower airway histamine respon-
siveness. Subjects were grouped according to the presence or absence of allergy. and
histamine PD,, was plotted precold (pre) and 2 days following RV 16 inoculation (cold).
Heavy horizontal lines represent group mean data. (From Ref. 59.)

The reasons for the relative lack of lower airway effects in these latter
studies are unknown but may be related to differences in host factors, the inocula-
tion technique. the timing of the histamine challenge, the viral inocula, or the
severity of the induced colds. The selection criteria for study subjects are likely to
greatly influence the outcome of experimental RV infections. For ethical reasons,
children with a history of virus-induced exacerbations of asthma, who are the
group most likely to develop lower airway changes with experimentally induced
infections, are specifically excluded from such studies. It is also possible that
there are differences in the pathogenicity of different RV serotypes, because
lower airway changes have generally been observed with RV16 but less often
with RV39 or RV2. It should be noted, however, that a large number of RV
serotypes can affect the lower airway during natural infections: more than 30
serotypes have been cultured from patients with concurrent acute asthma symp-
toms and upper respiratory infection (10). This indicates that although some sero-
types may indeed be more likely to induce wheezing in asthma, this property is
not confined to a small subset of highly pathogenic serotypes.

One major difference between natural and experimental RV infection is in
the usc of laboratory-adapted RV isolates. Rhinoviruses have a high spontancous
mutation rate (64) and are particularly likely to become adapted to tissue culture
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conditions, leading to attenuation of pathogenicity. Indeed, this effect has long
been recognized in other picornaviruses. For example. the trivalent oral polio
vaccine contains a naturally attenuated strain of a type 2 poliovirus, but other
isolates of this same virus are extremely virulent (65). Some of the RV isolates
used to experimentally induce infection produce relatively mild colds and may
have become attenuated by passage in cell lines. Since subclinical or very mild
infections generally do not cause lower airway effects (66,67), this makes it diffi-
cult to induce lower airway effects using experimental infection.

Given these observations, it is evident that there are fundamental ditfer-
ences between artificially induced and naturally occurring RV infections and that
thesc differences can influence viral effects on lower airway physiology. Under
conditions that produce increased airway hyperresponsiveness, however, studies
from our group and others suggest that the baseline FEV | value and the presence
of atopy may be important determinants of the lower airway response to RV
infection. Given the positive correlation between PD,, and symptom scores in
asthma (68). sclective increases in bronchial responsiveness in allergic individu-
als with baseline airway obstruction could provide a mechanism for the increased
lower airway symptoms experienced by asthmatic individuals during community-
acquired RV infection.

lll. Possible Mechanisms for Interaction of Viral Infection
and Allergy

A. Is RV a Lower Airway Pathogen?

Why RV infections produce only upper airway symptoms in most people but
{requently cause scvere lower airway symptoms in patients with asthma has not
yel been established. Other respiratory viruses that arc associated with wheezing
ilinesses, such as influenza and parainfluenza infections, replicate in the lower
airway and through this mechanism may cause changes in lung function. It re-
mains to be established. however. whether or not RV infections extend into the
lower airway during exacerbations of asthma and whether this is a mechanism
of increased asthma severity. If RV infection does involve the lower airway. this
suggests that viral replication in the lower airway could trigger a local inflamma-
tory response and directly enhance preexisting airway inflammation. Alterna-
tively, RV infection could be confined to the upper airway in asthma and symp-
toms could be increased through remote mechanisms (69).

The former scenario seems more likely, however, and this is based on sev-
cral studies that support the concept that RV is a lower airway pathogen. For
example, some (70-72), but not all (73,74). cpidemiological studies have linked
RV with lower airway syndromes such as bronchitis, bronchiolitis, and pneumo-
nia. There are also well-documented reports of fatal RV pneumonia in children,
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including a case in which RV was recovered from lung tissuc at autopsy (75).
In addition, RV is frequently detected in the nasal secretions of elderly individuals
with lower respiratory symptoms (76). Finally. although RV has proven difficult
to culture from lower airway secretions obtained via bronchoalveolar lavage
(BAL), we detected RV16 RNA in BAL cells from eight experimentally infected
volunteers 48-96 hours after inoculation (77). These data indicate that. at least
under some conditions, RV infections extend into the lower airway and suggest
that replication of RV in bronchial epithelial cells and the induction of local
inflammation contributes to the pathogenesis of virus-induced cxacerbations of
asthma.

B. How Does RV Cause Respiratory Symptoms?

Although the precise mechanisms by which RV causes respiratory symptoms are
unknown, there is an increasing body of evidence suggesting that the immune
response induced by the virus plays a major role in symptom pathogenesis. First.
unlike influenza or RSV infections, RV infections are not associated with exten-
sive epithelial cell destruction (78). Second. several investigators have found that
levels of mediators (kinins) or cytokines [interleukin (IL)-1, IL-8, IL-11] correlate
with the scverity of respiratory symptoms (79-82). Whether thesc factors are
participating in symptom pathogenesis or are markers of inflammatory cell activa-
tion has not yet been established. Since cytokines are major regulators of in-
flammation associated with respiratory allergies and asthma, it seems likely that
virus-induced cytokines secreted by lower airway cells could have profound ef-
fects on existing airway inflammation and consequently lung physiotogy.

C. Potential Interactions Between Immune Responses
to Allergens and Viruses

Contributions of Airway Cells

It is attractive to hypothesize that there are specific interactions between the im-
mune responses induced by allergens and viruses, leading to amplification of
preexisting airway inflammation and thus increased respiratory symptoms. The
immune responses to viruses and allergens are complex. and both involve multi-
ple airway cells and mediators. Several cells are of particular interest in the con-
text of virus-induced cxacerbations.

Epithelial Cells

The respiratory epithelial cell is the host cell for RV replication, and the degree of
RV replication in the epithelial cell strongly influences the severity of respiratory
symptoms associated with RV colds. Viral titers in nasal secretions correlate
with the severity of cold symptoms (59), and during asthma exacerbations lower
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respiratory symptoms are worse in patients with severe URI symptoms (66,67).
Moreover, the epithelial cell. once regarded as a passive host for respiratory virus
infection. is now recognized as playing an active and important role in airway
immune responses through secretion of a broad array of cytokines and mediators
with chemotactic and inflammatory effects. Studies of epithelial cells or cell lines
indicate that in vitro inoculation with RV induces secretion of IL-1, IL-6, IL-
8, IL-11. RANTES, and GM-CSF (80,83-86). Several of these cytokines have
profound effects on inflammatory cells that can potentiate asthma. For example,
RANTES is a chemoattractant for eosinophils and memory T cells, both of which
are important effector cells in asthmatic airway inflammation (87,88). Further-
more, GM-CSF is a potent activator of eosinophil survival and adhesion molecule
expression and is a cofactor for eosinophil superoxide production and degranula-
tion (89-91). IL-11 is secreted in very large amounts after epithelial cells are
infected with RV or RSV in vitro and may have direct effects on bronchial hyper-
responsiveness (55,80).

T Lymphocytes
T-cell responses may be of particular importance because of their central role in
orchestrating immune responses to both allergens and viruses through the regula-
tion of eftector cells that are virucidal and/or cause airway inflammation. Aller-
gens and viral infections generally induce distinct types of T-cell immune re-
sponses. Allergy is associated with a Th2-like response with secretion of
cytokines such as IL.-4 and IL-5. These cytokines enhance IgE production and
eosinophil activation, respectively. In contrast, viral infections typically induce
IFN-o. production by mononuclear cells and a Thl-like response characterized
by secretion of IFN-y by activated T cells. These cytokines play an important
role in the clearance of respiratory viruses: IFN-a inhibits viral replication in
epithelial cells, which are the principal host cells for respiratory viruses, and IFN-
v enhances the antiviral activities of a wide variety of other effector cells includ-
ing the macrophage, neutrophil, and cytolytic T cell.

These two types of T-cell responses tend to be mutually antagonistic, and
this increases the probability of significant interactions between allergen and vi-
rus-induced T-cell responses. For example. 1L.-4, which may be induced by expo-
sure to allergen, inhibits the generation of Thl-like immunity and secretion of
IFN-y. The ability of IL-4 to modulate antiviral immunity has been demonstrated
in a mouse model of RSV infection: administration of an IL.-4—specific mono-
clonal antibody to RSV-infected mice produced greater cytotoxic T-cell activity
and reduced viral replication and severity of illness (92). Experiments performed
by Coyle and colleagucs provide additional evidence that IL-4 and allergic re-
sponses can modify the response to viral infection (93). This group developed
transgenic mice in which a large percentage of CD8" T cells expressed an MHC
molecule specific for a viral [lymphocytic choriomeningitis virus (LCMV}] pep-
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tide. The mice were either sham-immunized or sensitized to ovalbumin, and then
the LCMV glycoprotein peptide was administered intranasally. Lung T cells ob-
tained 72 hours later were restimulated with LCMV peptide in vitro, and cytokine
secretion was analyzed. Ovalbumin-sensitized mice had a very different pattern
of cytokine secretion, with increased IL-5 and decreased IFN-y compared to con-
trol mice. Furthermore, these changes in the virus-specific immune responses
were reproduced in vitro by incubating virus-specific CD8" T cells with viral
peptide in the presence of IL-4. These data suggest that the immune response to
viral infections can be modulated by environmental influences such as allergen
sensitization and that these effects may be caused by alterations in the cytokine
milieu at the time of viral infection.

Granulocytes

Data are beginning to accumulate to suggest that the granulocyte response to
viral infection in the airways of allergic or asthmatic individuals may have some
distinct features. For example, neutrophil counts in peripheral blood increase dur-
ing the acute phase of RV infections, and they are the first cells recruited to the
airways during RV infection (94,95). Furthermore, there is evidence that quantita-
tive changes in peripheral blood neutrophil counts parallel changes in airway
biology in subjects with asthma. Grunberg and colleagues experimentally inocu-
lated 35 subjects with atopic asthma with either RV16 or placebo and measured
effects on AHR, peripheral blood leukocyte counts, and IL-8 levels in nasal secre-
tions (82). Neutrophil counts in the peripheral blood correlated with cold and
asthma symptom scores and cold-induced changes in airway hyperresponsive-
ness.

Although the neutrophil is the primary cell recruited to the upper airway
carly during the course of rhinovirus infection in normal individuals, eosinophil
granular proteins have been detected in the nasal secretions of children with
wheezing illnesses caused by RV or respiratory syncytial virus (RSV) (96,97).
In addition, experimental RV infection induces increased eosinophils in the bron-
chial epithelium, and this eosinophilia persists into convalescence in subjects
with asthma, but not in normal control subjects (28). Furthermore, there is evi-
dence that the eosinophil may disturb airway physiology in an animal model of
respiratory virus infection. Van Qosterhout and colleagues found that in the
guinea pig, parainfluenza virus—induced airway hyperresponsiveness was
blocked by an antibody specific for IL-5, a potent activator of eosinophil inflam-
matory functions (98). Together. these studies provide evidence that viral infec-
tions can trigger increased recruitment and activation of eosinophils and ncu-
trophils and suggest that granulocytes contribute to virus-induced airway
hyperresponsiveness and/or airway dysfunction. Additional studies will be
needed to more precisely define the role of granulocytes in the pathogenesis of
RV-induced respiratory symptoms.
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Macrophages

Airway macrophages are likely to be involved in antiviral immune responses
becausc they express ICAM-1, the receptor for major group RV, have been shown
to bind RV in vitro, and secrete cytokines that have antiviral (IFN-a) and/or
proinflammatory (IL-1, TNF-a) effects (99,100). Nasal secretions of RV-infected
volunteers or children with naturally acquired upper respiratory infections contain
IL-1 (81.101), which can cause systemic symptoms such as fever and malaise
that are commonly associated with RV colds in children. In addition, airway
macrophages incubated with RV in vitro secrete TNF-a (99), this cytokine can
increase the expression of ICAM-1 and other adhesion molecule expression on
anumber of different cell types (102), and its presence has been closely associated
with wheezing illnesses in infancy (103) and the development of the late-phase
allergic reaction and asthma (104,105). TNF-at also increases the susceptibility
of an epithelial cell line (BEAS2B) to become infected with major group RV,
and probably accomplishes this action by increasing the cxpression of ICAM-1
receptors (85). Thus, macrophages have the capacity to contribute to early anti-
viral immune responses but also could increase airway inflammation, leading to
increased respiratory symptoms.

Contribution of Virus-Induced Cytokines to Enhanced Airway Inflammation

Although in vitro investigations and studies of nasal secretions in patients with
upper respiratory infections and/or asthma have provided a list of factors that
may be involved in the pathogenests of respiratory symptoms, there arc limited
data comparing the immunc response to naturally acquired respiratory viral infec-
tions in normal individuals versus those with asthma. There are at least three
mechanisms through which virus-induced cytokines might enhance airway in-
flammation and respiratory symptoms in asthma (Fig. 7). First, it is possible that
viral infections induce different cytokines, with greater inflammatory effects, in
patients with asthma. Second, viral infections may produce the same inflamma-
tory cytokines in both groups, but in greater quantities in patients with asthma.
Finally. the cytokine response to viral infection could be the same in patients
with or without asthma, but the cytokines could have greater inflammatory effects
in asthima due to existing differences in the types of cells present in the airway
(i.e.. more cosinophils) or differences in the activation state of airway cells.

In the first potential mechanism (Fig. 7A). T cells of allergic and nonaller-
gic individuals secrete different cytokines in response to respiratory virus pro-
teins. paralleling the differences in T-cell responses to allergen in allergic versus
normal individuals. Viral infections are generally regarded as potent inducers
of “Thl-type’” cytokines such as IFN-y and IL-2, which enhance cell-mediated
responses that clear virus from the respiratory tract. It has been proposed that
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Figure 7 Potential mechanisms for increased lower airway manifestations of viral infec-
tions in asthma (see text).

some viruses may have evolved means of stimulating ‘‘Th2-type’’ responses,
characterized by the secretion of IL-4, IL-5, and other cytokines that inhibit anti-
viral responses and potentiate allergic responses. In support of this theory, Open-
shaw and colleagues have found that the RSV attachment protein (protein G)
induces a Th2-like immune response (106). Furthermore, mice that are sequen-
tially given protein G—specific T cells followed by an RSV infection develop
pulmonary eosinophilia and more severe lung disease (107). Virus-specific Th2
cells have not yet been detected in humans, but there is indirect evidence of their
existence. For example, Welliver and colleagues detected virus-specific IgE in
infants with RSV and parainfluenza infections, especially in cases associated with
wheezing (108,109). Although it has not been established whether virus-specific
IgE contributes to airway pathology, the presence of RSV-specific IgE suggests
that the viral infection induced the production of IL-4 or IL-13, since one of
these cytokines must be present for IgE synthesis to occur (110,111). Further-
more, Anderson and colleagues have used RT-PCR to measure cytokine mRNA
in the RSV-inoculated peripheral blood of adults and children with evidence of
previous RSV infection (112). Although IFN-y was the predominant cytokine
detected, IL-5 mRNA was found in 6 of the 22 samples analyzed.

Jackson and Scott (113) expanded on these findings by developing T-cell
lines from the peripheral blood cells of adults with serological evidence of previ-
ous RSV infection. Although T-cell lines specific for either live RSV or protein
F had Thl-like cytokine secretion, those lines specific for either fixed RSV or
protein G secreted mainly Th2 cytokines (IL-4 and IL-10). Although these results
are intriguing and have obvious implications regarding the development of anti-
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viral vaccines, it has yet to be determined whether there are situations in vivo
in which the immune system is exposed to viral proteins in the absence of live
virus.

There is less information regarding the cytokine-secretion patterns of RV-
specific T cells. Our group isolated T-cell clones specific for one of two RV
serotypes (RV 16 or RV49) from the peripheral blood of a normal individual and
a subject with asthma (114). Each of the 29 clones secreted high levels of IFN-y,
although a subset of clones also secreted relatively small amounts of IL-4 and/
or IL-S. Although the cytokine responses of these clones in vitro may not be
representative of the global T-cell response to RV in vivo, these results suggest
that the T-cell response to RV is Thl-like.

There are recent data suggesting that there may be quantitative differences
in virus-induced cytokine secretion related to asthma (Fig. 7B). Einarsson and
colleagues analyzed nasal secretions from patients with either upper respiratory
symptoms or wheezing associated with a viral respiratory infection (80), and IL-
11 levels in nasal secretions were significantly increased in the patients with
wheezing (Fig. 8). IL-11 is of particular interest in light of two recent murine
studies in which IL-11 administration to normal mice caused airway hyperrespon-
siveness (80), and targeted airway expression of IL-11 in transgenic mice caused
airway inflammation and hyperresponsiveness (55).

In addition, Grunberg and colleagues analyzed IL-8 levels in the nasal se-
cretions of volunteers with allergic asthma after experimental inoculation with
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Figure 8 1IL-11 levels in the nasal aspirates from children with cold symptoms with
and without clinical bronchospasm [reactive airways discase (RAD)]. The lower limit of
sensitivity of the assay is illustrated with the dashed line. The means and 95% confidence
intervals for each group are illustrated to the right of each colunm. (From Ref. 80.)
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either RV 16 or a placebo (82). IL-8 levels were increased in the nasal secretions
of subjects that were inoculated with RV 16 but not placebo. Furthermore, the
quality of 1L.-8 detected 2 days after inoculation significantly correlated with cold
and asthma symptom scores and with increases in airway hyperresponsiveness.
Together with the Einarsson study, these data suggest that greater amounts of
cytokines generated in respiratory viral infections are associated with adverse
effects of the lower airway.

A third hypothesis to explain the association between viral infection and
enhanced allergic responses is that viral infections induce similar types of cyto-
kines in both normal and allergic or asthmatic airways, but differences in either
the type of cells in the airway or the activation state of airway cells lead to
enhanced airway inflammation in asthma (Fig. 7C). Although the cellular biology
of asthma suggests several potential interactions, there are limited data to evaluate
this hypothesis. Douglass and colleagues tested the effect of allergy on upper
airway responses to topical application of recombinant IL-8 (115). IL-8 caused
increased neutrophil influx and nasal symptoms in both groups, but although there
were no statistically significant differences related to allergy, the data need to be
interpreted with the following caveats. First, preliminary experiments revealed
that IL-8 had little effect on airway physiology unless the airways were pretreated
with histamine, and this was incorporated into the study design. This suggests
that histamine in nasal secretions induced by mast cell or basophil degranulation
in vivo may potentiate the effects of virus-induced IL-8 in the presence of acute
or late-phase allergic inflammation. Second, IL-8 administration induced marked
eosinophil influx in a few individuals in the atopic group, but not in the normal
controls. Although the small sample size limited the interpretation of this phe-
nomenon, this finding lends further support to the concept that inflammatory re-
sponses to virus-induced cytokines may be accentuated in the presence of allergy.

There is also in vitro evidence that the effects of cytokines may be enhanced
in asthma. Although IL-8 was first reported to be a potent chemoattractant for
neutrophils, 1L-8 also attracts eosinophils under some conditions. For example,
eosinophils from patients with asthma or those activated by preincubation with
1L-5 have enhanced IL-8—induced chemotaxis (116-118). In addition, GM-CSF
is also induced by respiratory viral infection (85) and has profound effects on
eosinophil physiology, including enhanced mediator release and adhesion mole-
cule expression and prolonged in vitro survival (90). It is thus reasonable to
assume that virus-induced increases in GM-CSF secretion would have greater
inflammatory effects in allergic or asthmatic airways that alrcady contain cosino-
phils, either constitutively or following allergen-induced eosinophil recruitment.
Finaily, macrophages and lymphocytes from allergic and asthmatic airways are
primed compared to the same cell types in nonallergic airways (119,120), thus, it
is conceivable that these ““activated’” cells may also have enhanced inflammatory
responses to virus-induced cytokines such as IL-1, IFN-o, and IFN-y.
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IV. Summary

Epidemiological data demonstrate that viral infections are the most important
trigger for acute asthma symptoms in children, and this association persists in
many adults with asthma. Studies of volunteers experimentally infected with RV
suggest that atopy alone does not always predispose to unusually severe symp-
toms. In contrast, experimental models that combine viral infection and allergen
exposure have identified potential links between virus- and allergen-induced in-
flammation and suggest several possible mechanisms by which virus-induced
cytokines could enhance preexisting airway inflammation in asthma. While there
is an increasing amount of information suggesting that cytokines may be an im-
portant part of this association, their role must be verified with additional studies
comparing the upper and lower airway immune responscs to viral infections in
people with asthma versus normal controls.
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. Background

Results from recent epidemiological studies suggest that respiratory viruses play
a role in the development and/or expression of asthma in genetically susceptible
individuals (1-3). Due to a lack of ready extrapolation of results from animal
models to humans and the inherent difficulties in studying naturally acquired
colds in humans, several investigators have used human experimental provoca-
tion models to explore this relationship (4—19). The methodologies used in these
models and results are summarized in Table I. Interestingly, but not surprisingly,
different investigators have reported conflicting results (4-13). For example, in
a number of studies, bronchial reactivity and the late-phase asthmatic responses
were increased in subjects experimentally infected with either rhinovirus or in-
fluenza virus (4.5,8—14). In contrast, a few other studies failed to detect an effect
of experimental infection with either of these viruses on the lower airways
(6,7.15-19). Moreover, few, if any, of the viruses delivered in experimental set-
tings has been reported to trigger acute asthma or alter routine spirometric param-
eters, even when the study population included subjects with allergic rhinitis and/
or asthma, and virus was cultured from the lower airways (4-19).
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Table 1

Studies Using Human Experimental Provocation Models to Investigate the Virus-Asthma Link

Investigator

Inoculation methods

Infected subjects

(Ref.) Date  Virus TCIDs, Drops? Atomizer? Nebulizer? #Days Cloistered? N Allergic? Asthmatic? FEV,?  TAHR?
Laitinen (4) 1980 FLU A Not Yes No No 1 Not 6 Not Yes No Yes (H)
reported reported reported
10 Not No No No (H)
reported
Laitinen (5) 1991 FLU A+*B 10°° Yes Yes No I Not 6 No No No Yes (H)
reported 21 Yes No No No (M)
Skoner (6) 1996 FLU A 107 Yes No No | Yes 25 No No No No (M)
Bush (7) 1978 RV 16 5.6 X 107 Yes No No 1 Not 7 No No No No (M)
reported
Lemanske (8) 1989 RV 16 3.2 X 10 Yes Yes No 2 Not 10 Yes No No Yes (H.A)
reported
Calhoun (9) 1991 RV 16 3.2 X 10" Yes Yes No 2 Not 8  Yes No No  Yes (HMA)
reported
Cheung (10) 1994 RV 16 3 X 10" Yes Yes Yes 2 Not 7 Yes Yes No Yes (M)

reported
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Fraenkel (11) 1995 RV 16 5-10 x 10* Yes Yes No 2 Yes 7 Yes Yes No Yes (H)
11 No No No No (H)
Grunberg (12) 1996 RV 16  0.5-29 X 10* Yes Yes Yes 2 Not 19 Yes Yes No Yes (H)
reported 17 Yes Not No Yes (H)
reported
Bardin (13) 1996 RV 16 1.5 X 10™°  Yes Yes No 2 Yes 8 No Not No No (H)
reported
Gern (14) 1997 RV 16 32 X 10 Yes Yes No 2 Not 18 Yes No No Yes (H)
reported 13 No No No No (H)
Halperin (15) 1983 RV Hanks 3 Yes No No 2 Yes 14 Yes No No No (H)
Halperin (16) 1985 RV Hanks 3-10 Yes No No 2 Yes 10 Yes No No No (H)
Angelini (17) 1996 RV Hanks 1-3 X 10° Yes No No 1 Yes 40 Yes No No No (M)
34 No No No No (M)
Halperin (18) 1985 RV 39 3-10 Yes No No 2 Yes 9 Yes Yes No No (H)
Skoner (19) 1996 RV 39 1 X 10° Yes No No 1 Yes 50 Yes No No No (M)
46 No No No No (M)
Summers (20) 1992 RV 2 1 X 10° Yes No No 1 Yes 11 Yes No No No (H.B)
16 No No No No (H.B)

H = histamine: M = methacholine: A = antigen: B = bradykinin.
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Table 2 Limitations of Experimental Provocation Models

Mild severity of infection

Varying doses and methods for administration of inoculum

Differences in viral strains and types

Viral attenuation

Immunological, atopic, pulmonary, and psychological status of
subjects

Effect of cloistering

Collectively, these results suggest that critical host, viral, environmental,
or experimental factors may operate as variables in modifying outcomes of trials
involving experimental infection. One likely source of variability is the experi-
mental provocation model itself. Although this model can provide valuable infor-
mation, which may not be available in studies of natural colds, including the
timing of virus inoculation and the precise onset of and duration of symptoms
and signs of infection, it does have some limitations. These limitations are sum-
marized in Table 2 and reviewed below.

Il. Severity of Infection

The severity of infection may be an important factor governing the development
of lower airway effects during experimental provocation with respiratory viruses.
Indeed, previous studies have documented an association between the develop-
ment of lower airway symptomatology and pathophysiology during viral respira-
tory infections and the severity of infection (20.21). Since experimentally induced
colds are typically less severe than naturally acquired colds, lower airway effects
arc less likely to be observed during the former as compared to the latter (22,23).
One possible explanation to account for this observation is that the majority of
experimentally induced colds are diagnosed by the modified Jackson criteria,
which detect illness of very mild severity (23). Other possibilities. which relate
to viral and subject characteristics and inoculation methodologies. are discussed
below.

lll. Inoculation Methodologies

The inoculation method is an important factor that may potentially influence the
ability of respiratory viruses to affect the lower airways. Since the methods by
which patients are naturally exposed to respiratory viruses are difficult to replicate
in the laboratory sctting. a number of experimental inoculation methods have
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evolved (see Table 1). Occasionally. such methods arc laboratory-specific. These
include delivery on one versus two consecutive days and nasal drop instillation
with or without the addition of nasal spray from an atomizer and/or nasal inhala-
tion from a nebulizer. Some of these methods have been designed to enhance
lower airway deposition (5,8-14). Unfortunately, none of these methods has been
tested for comparability or validity in controlled settings. Interestingly, it has
been reported that rhinovirus 16 had no effect on lower airway reactivity to meth-
acholine when administered by nasal drops alone, but it did have a positive effect
when spray from an atomizer was added to this method (7.8).

Another important factor is the inoculum size. Varying doses of inoculum,
ranging from 3 to 10* TCIDx, for rhinovirus and 107 to 107* TCIDs, for influenza
virus, have been administered by different investigative groups (see Table 1) (4-
19). Since the inoculum size correlates positively with the likelihood of devel-
oping a respiratory viral infection as well as the severity of iliness during infec-
tion, this factor may potentially influence the development of lower airway effects
following experimental provocation with respiratory viruses (22).

IV. Viral Characteristics

Another factor that may be important in determining the extent of lower airway
involvement is ditferences in the pathogenicity of different virus types and
strains, It has become increasingly apparent that not all of the respiratory viruses
used for experimental inoculation are equally likely to induce lower airway ef-
fects (see Table 1) (4-19). For example. influenza virus has a greater likelihood
of causing lower airway pathophysiology than does rhinovirus since the former
has a higher predilection for infecting the lungs and causing pulmonary epithelial
damage (24). Similarly, rhinovirus 16, which was originally isolated from a
wheezing child. has consistently induced lower airway alterations in a number of
different laboratories, while other rhinovirus strains, including, 2, 39, and Hanks,
typically have not (7-19). However, the latter is not entirely without exception.
Indeed. one investigator reported increased bronchial reactivity to histamine in
a small subset of asthmatic subjects infected with either rhinovirus 39 or Hanks
(16).

Attenuations in the pathogenicity and infectivity of laboratory-adapted viral
isolates may also influence the degree of lower airway involvement during experi-
mental provocation. Picornaviruses such as rhinovirus may attenuate quickly dur-
ing tissue culture passage since they have a high rate of spontaneous mutation
(25). Additionally, the infectivity of respiratory viruses may decline during pro-
longed periods of storage (26). The fact that some of the viral isolates used for
experimental provocation produce only subclinical or mild respiratory infections
suggest that they may have become attenuated during culture or storage. Since
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the development of lower airway pathophysiology correlates positively with the
severity of infection, lower airway effects may not be observed during experimen-
tal provocation with attenuated respiratory viruses.

V. Subject Characteristics

Certain subject characteristics, including immunological, atopic, pulmonary, and
psychological status, may also be important in determining the extent of lower
airway involvement (see Table 1). For example, the presence or absence of virus-
specific neutralizing antibodies may influence the likelihood of infection as well
as the severity of illness if infected (22,27.28). Atopic status is also hypothesized
to play a role since enhanced viral-induced bronchial reactivity has been observed
in subjects with allergic rhinitis as compared to subjects without allergic rhinitis
(11,13,14.29). Moreover, in subjects with allergic rhinitis, recent or concomitant
allergen priming may potentially enhance virus-induced responses (9,22). In that
regard. it is of interest that most of the studies that reported a lack of virus-induced
lower airway dysfunction typically enrolled *nonprimed’” atopic subjects (4,15-
19). It is also conceivable that subject-specific exposure to other environmental
agents, including cold air, cigarette smoke. and air pollution. could similarly en-
hance virus-induced effects on the lower airways.

Baseline pulmonary status may also play a role since greater changes in
virus-induced bronchial reactivity have been reported in subjects with FEV, val-
ucs in the lower range of normal (14) as compared to those with values in the
middle to upper range of normal. The presence of underlying pulmonary disease,
including asthma. is also likely to be involved. Asthma is particularly important
since it is usually associated with the presence of both lower FEV, values and
allergic rhinitis. Future studies need to examine the effect of viral infection on
lower airway responses in subjects with asthma since this is the population with
the greatest risk of developing viral-induced lower airway pathophysiology.

Certain psychological factors may also play a role in determining a sub-
ject's susceptibility to infection and subsequenty influence the development of
lower airway dysfunction (30,31). For example, a number of studies have shown
a positive correlation between the presence of severe chronic stressful life events
and an increased susceptibility to developing a viral upper respiratory infection
(30). Similarly, a recent study demonstrated that the risk of developing a cold is
inversely associated with the number of social ties that a subject has to friends,
family, work, and community (31).

VI. Environmental Factors

Another factor that may be important is cloistering of subjects during the acute
stage of experimental infection (see Table 1) (4-19). In a cloistered setting, envi-
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ronmental factors such as temperature and humidity are typically regulated and
held constant. Moreover, exposure to other inflammatory stimuli, including aller-
gens, pollutants, and tobacco smoke, could be increased or decreased for a given
individual. Cloistering may also intensify a subject’s perception of their illness
and thereby result in an overestimation of clinical severity. Factors that may
contribute to this phenomenon include the focused and intense nature of the clois-
ter, the subject’s anticipation of illness, and the subject’s inability to engage in
routine daily activities, which may typically distract their attention away from
their symptoms.

VIl. Assessment of Outcomes

Another potential source of variability in the experimental provocation model
relates to differences in methodologics used to assess outcomes (sec Table 1)
(4-19). For example, although many investigators have assessed the effect of
experimental viral infection on bronchial reactivity, they have frequently per-
formed the challenges with different bronchoprovocation agents, including hista-
mine, methacholine, allergen, and bradykinin (4-19). Other variables related to
the measurement of bronchial reactivity include the frequency of assessment and
the timing of delivery of the bronchoprovocation challenge test.

A related consideration is the sensitivity of the methods used to assess
various outcomes. Many of the studies that reported negative effects of viruses
on bronchial reactivity used FEV, values to assess lower airway function (see
Table 1) (6.15-19). It is possible that positive cffects may have been observed
in these studies it a more sensitive marker of lower airway function, such as
specific airway conductance, had been used. Similarly, in some of these studies,
the doses of bronchoprovocation agents may not have been high enough to pro-
duce positive results (6,15-19).

Bronchoalveolar lavage and segmental allergen challenge are being in-
creasingly used to assess lower airway effects during experimental viraf provoca-
tion; however, these procedures do have some limitations (32-35). For example,
there are a number of scrious risks associated with these procedures, including
bronchospasm, hypoxemia, tfever, laryngospasm, bleeding, and pneumothorax
(33). Another concern is that these procedures may enhance lower airway cffects
to a greater degree in subjects with, as compared to those without, underlying
airway inflammation (33). Indeed. several studies have documented more marked
decreases in FEV, and oxygen saturation during both bronchoalveolar lavage and
segmental allergen challenge in subjects with asthma as compared to subjects
without asthma (34.,35). Moreover, bronchial reactivity and markers of airway
inflammation may also be enhanced to a greater degree in subjects with allergic
rhinitis and/or asthma (35). Another concern relates to the fact that the broncho-
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scope must be passed through the upper airway in order to perform a segmental
allergen challenge or obtain lavage samples from the lower airway. This proce-
dure raises the possibility that secretions recovered from the lower airway may
be contaminated with secretions from the upper airway (32). Moreover, it is con-
ceivable that introduction of secretions from the upper airway may contribute to
the development of inflammation and pathophysiology in the lower airway.

VIIl. Conclusion

Although the experimental provocation model can provide unique and valuable
information about the relationship between respiratory viral infections and the
development and/or expression of asthma, it has several limitations which should
be considered when designing studies and assessing the outcomes of these
studies.
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. Introduction

Asthma is onc of the most prevalent of chronic diseases worldwide. It is a chronic
inflammatory disorder of the airways associated with intermittent and reversible
airway obstruction. Current thinking about the pathogenesis of asthma is that
inflammatory processes in the airways result in a limitation of airflow and an
increased responsiveness of the airways that causes them to narrow in reaction
to certain stimuli (1). Allergens and respiratory infections arc the primary contrib-
utors to airway inflammation. Allergens are also common triggers of airway con-
striction, but so are air pollution, cold air, exercise, odors, and certain respiratory
infections. Clinical wisdom has long suggested that psychological stress and re-
lated emotional factors may also play an important part in promoting airway
inflammation, airway constriction, and triggering symptoms (2). Indeed, asthma
patients and the physicians who treat them often report that stress and emotional
factors can initiate, trigger, or exacerbate asthma symptoms. Data to corroborate
this assumption, however, arc relatively scarce, and the clinical significance of
psychological factors in asthma remains unclear (3).

The theory that asthma has a psychosomatic component has existed at least
since the early 1920s, when classic psychoanalytic studies generated the hypothe-
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sis that asthma represented in part the psychosomatic manifestation of intense
emotion (4,5). At the same time, learning theorists argued that particular emo-
tional experiences may have reinforced pulmonary physiological responses, thus
increasing the likelihood of their recurring in the same context (6). The connec-
tion between asthma and emotion was based on the observation that emotionally
laden stimuli could elicit small but reliable changes in the airways of asthmatic
individuals (7). Conversely. the observation that asthmatic individuals experi-
enced improvement in their respiration following relaxation procedures provided
turther clinical evidence supporting the idea that emotions played an important
role in asthma (reviewed in Ref. 7).

Contemporary studies of the role of stress in asthma are consistent with
this view. Both adult and child asthmatics report and display more negative emo-
tion than others (reviewed in Refs. 8, 9), and asthma exacerbations have been
linked temporally to periods of heightencd negative emotionality (9-11). The
causal interpretation of these data is, however, muddied by the possibility that
asthma was the cause of the emotional distress rather than the distress causing
asthma. Experimental studies of the effects of emotional stimulation on pulmo-
nary function and other relevant physiology of asthmatics have provided a clearer
interpretation of the direction of causation. When subjected to stressful experi-
ences such as performing mental arithmetic tasks (12), watching emotionally
charged films (13.14). or listening to stressful interactions (15), 15-30% of asth-
matics respond with increased bronchoconstriction (reviewed in Ref. 16). The
susceptibility to stress-induced constriction is not attributable to age. gender,
asthma severity, atopy, or method of pulmonary assessment (16).

This chapter examines the behavioral. neural. and immune pathways that
might link psychological stress to the onset or exacerbation of asthma. This focus
emphasizes the role of central nervous system (CNS) interaction with immuno-
logical and endocrinological processes in explaining the association between psy-
chological stress and airway changes in asthma (17). It also focuses on stress-
elicited increases in susceptibility to and severity of respiratory infections as a
major link between psychological stress and asthma.

Il. What Is Stress?

When confronting environmental demands. people evaluate whether the demands
pose a threat and whether sufficient adaptive capacities are available to cope with
them (18). Threat evaluation is based on the personal values of the individual as
well as the magnitude of the threat. Evaluations of coping abilities depend on
past experience, personality, and the availability of material and social resources.
I environmental demands are found to be taxing or threatening, and at the same
time coping resources are viewed to be inadequate, we perceive oursclves as
being under stress. This perception is presumed to result in negative emotional
states including fear, anger. anxicty, and depression. The perception of threat
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and the concomitant cmotional state trigger brain-based physiological responses,
which in turn result in changes in autonomic and immunological activities. Hor-
mones and neuropeptides released into the circulation when people experience
stress are thought to play roles in regulating both inflammatory and airway re-
sponses (19).

Psychological stressors have been associated with the activation of the auto-
nomic nervous system and of the hypothalamic-pituitary-adrenocortical (HPA)
axis. Both the sympathetic and parasympathctic components of the autonomic
system are responsive o psychological stress. The sympathetic system reacts with
increased output of epinephrine and norepinephrine from the adrenal medulla
and norepinephrine from adrenergic nerve endings (20). Increased sympathetic
activity is generally accompanied by withdrawal of vagal tone. Certain types of
stimuli, however (e.g.. those requiring heightened vigilance or outward deploy-
ment of attentional resources), cause parasympathetic nervous system activation.
Individuals differ widely in the magnitude of their autonomic reactions to behav-
ioral stimuli—both sympathetic, parasympathetic. and balance of the two.

The hormonal responses of the HPA axis have long been thought to repre-
sent a nonspecific physiological reaction to excessive stimulation (21). particu-
larly the emotional arousal associated with appraising situations as stressful
(18,22). The hypothalamus releases corticotrophic-releasing hormone (CRH),
which triggers the anterior pituitary gland to secrete adrenocorticotrophic hor-
mone (ACTH). which in turn activates the adrenal cortex to secrete cortico-
steroids (primarily cortisol in humans). More recent work suggests that negative
emotional responses disturb the regulation of the HPA system. For example, rela-
tively pronounced HPA activation is common in depression. with episodes of
cortisol secretion being more frequent and of longer duration among depressed
than among other psychiatric patients and normals (23). Shifts in the circadian
thythm of cortisol have also been found among persons in stressful sitvations
(24).

Although hormones of the autonomic nervous system and HPA are those
most often discussed as the biochemical substances involved in stress responses,
altcrations in a range of other hormones, neurotransmitters. and ncuropeptides
have also been found in response to stress and may play an important role in
stress influences on asthma. Examples include stressor-associated elevations in
growth hormone and prolactin secreted by the pituitary gland and in the natural
opiate beta-endorphin and enkephalin released in the brain (25). These substances
are also thought to play a role in immune regulation (26).

Psychological stress and its biological concomitants can last for a few min-
utes or for years. Chronicity is to some degree based on the ongoing presence
of external stimuli that triggered the stress response (e.g.. ongoing unemploy-
ment) but is also dependent on the long-term success of individual coping re-
sources. Moreover, events that last a very short time can have very long-term
stress effects. Such effects are thought to be maintained by recurrent **intrusive’™”
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thoughts about events (27). Elevations of circulating catecholamines and cortisol
also seem to be maintained by recurrent intrusive thoughts but are thought to
habituate in response to many chronic stressors. Moreover, even if the circulating
levels of these hormones remain elevated, there is often a downregulation of
receptors over time, resulting in a habituation of the hormone effects.

lll. How Could Stress Affect Asthma?

Figure | provides a simplified picture of the pathways that might link psychologi-
cal stress to asthma. Psychological stress may influence asthma through auto-
nomic, immune, or behavioral pathways. However, the strongest suggestion from
the current literature is that stress may influence the pathophysiology of asthma
by increasing the risk of respiratory infections, which play important roles as
both promoters of airway inflammation and triggers of asthma. We will present
existing evidence suggesting the plausibility of each of these mechanisms.
Asthma, of course, can also trigger psychological stress. For example, se-
vere shortness of breath can result in a panic response based on the patient’s
perception that their symptoms are a threat and are beyond their control. Such
an appraisal would trigger the same behavior and biological responses discussed
above and further contribute to the disease event and feelings of helplessness
associated with it. Asthma medications can also increase physiological activation

Autonomic Airway
nervous system smooth muscle
STRESS > constriction
Immune system Symptoms
Bronchial
Behavior inflammation

!

Viral
————®| respiratory

infection

Figure 1 Pathways hypothesized to link psychological stress to asthma.
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and concomitant emotional response, triggering the same pathways as external
stressful events (9).

A. Behavior Pathways

There are a range of behavioral responses to stress that can contribute to asthma.
These include panic-type responses to acute stressful events such as crying, yell-
ing, and hyperventilation that can trigger airway constriction by drying or irritat-
ing airway walls. Stress may also elicit deep breathing that can lead to reflex
bronchoconstriction in asthmatics. Other behavioral responses include acute and
chronic stress—elicited disruptions of adherence to behavioral strategies that help
prevent or limit asthma events. Strategies that may be affected by stressful events
include the avoidance of indoor and outdoor allergens, air pollutants, and the use
of certain drugs. They also include adherence to monitoring symptoms and lung
function and proper adherence to medication regimens. Stress is also associated
with smokers reporting need for a cigarette, smoking more cigarettes, and being
less successful at quitting or cutting down on smoking (28.29). Smoking triggers
and exacerbates asthma symptoms by irritating the airways, increasing mucus
production, increasing susceptibility to respiratory infections, and altering im-
mune function (30).

B. Autonomic Pathways

The argument that psychological stress might influence autonomic control of the
airways is based primarily on the fact that many of the same autonomic mecha-
nisms thought to play a role in asthma are involved in the activation and regula-
tion of physiological responses to stress. These include the release of sympathetic
nervous system hormones, the action of adrenergic (sympathetic) and cholinergic
(parasympathetic) nerves, and the neurotransmitters and neuropeptides they pro-
duce.

The parasympathetic nervous system innervates the airways via efferent
fibers that travel in the vagus nerve and synapse in small ganglia situated in the
airway wall, from which short postsynaptic fibers directly supply the airway
smooth muscle and submucosal glands (31). Previously, increased activity of
the parasympathetic nervous system was thought to be the dominant mechanism
responsible for the exaggerated reflex bronchoconstriction scen in asthmatic pa-
tients (32). More recent work, however, has shown that although parasympathetic
mechanisms are involved, they are not a major cause of airflow limitation in
asthma (33). In the initial phases of asthma, narrowing of the airways is thought
to be attributable primarily to inflammation. However. bronchial constriction is
due to some combination of vagal afference plus inflammatory product stimula-
tion, with the relative importance of these factors depending on genetic and envi-
ronmental influences.
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Recent experimental studies in which asthmatic patients are exposed to
stressful situations have focused on stress-induced vagal reactivity as a mediator
of emotionally induced bronchoconstriction (9). This includes preliminary evi-
dence that children with asthma who respond to stressful stimuli with high vagal
activation (associated with increased cholinergic activity) have greater impair-
ment of airway reactivity in response to methacholine (14).

Although human airway smooth muscle is not functionally innervated by
adrenergic axons (34,35), studies have demonstrated adrenergic innervation of
submucosal glands. bronchial blood vessels, and airway ganglia (36). Adrenergic
agonists bind to adrenoceptors on the surface membrane of effector cells in the
airways resulting in a variety of airway changes. Depending on the type of agonist
(beta or alpha) involved, these changes can variably affect airway smooth muscle,
relcase of inflammatory mediators. cholinergic neurotransmission, mucus secre-
tion, and possibly mucociliary clearance, resulting in either bronchodilation or
bronchoconstriction. Adrenoceptors are regulated by norepinephrine, which is
released locally from sympathetic nerves and by epinephrine and norepinephrine
secreted by the adrenal medulla. The regulatory effects of epinephrine and nor-
epinephrine on adrenoceptors suggest a plausible mechanism by which stress-
induced activation of the sympathetic nervous system might influence broncho-
motor tone.

A glaring paradox for the argument that activation of the sympathetic ner-
vous system by stress might contribute to bronchoconstriction is that beta agonists
act to relax airway muscle and are used to treat active symptoms. Consequently,
acute psychological stress, which is accompanied by a quick elevation in circulat-
ing catecholamines, might be expected to result in bronchodilation. However.
after the stressor is terminated, cpinephrine and norepinephrine levels quickly
return to normal or below normal levels.

There are individual differences in the relative strength of sympathetic ver-
sus parasympathetic control in response to certain forms of stress, with some
individuals showing a predominantly parasympathetic response (vagal tone).
Such individuals might be particularly susceptible to stress-induced bronchocon-
striction (9). Moreover, as noted carlier, certain types of stimuli activate a pre-
dominantly parasympathetic response. It is also possible that sympathetic activa-
tion itsell’ might contribute to asthma symptoms. For example, elevations of
circulating epinephrine and norepinephrine are known to alter a number of im-
mune parameters that might contribute to inflammation of the airways. Prolonged
elevations of these hormone levels under chronic stress might also contribute to
asthima scverity. For example. chronic daily use of beta agonists in mild to moder-
ate asthmatics with a specific genetic predisposition may increase severily by
downregulating beta receptors (37). It is possible that chronically elevated cale-
cholamines could do the same for genetically susceptible subgroups.

Recent evidence suggests functional interactions between peptides released
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by neurons and the classic neurotransmitters that allow complex integration and
regulation of functions in the airway (33). Clearly. the potential role of psycholog-
ical stress and its physiological concomitants in such interactions is not under-
stood. However, the fact that stress has been associated with modulation of many
of the hormones, neurotransmitters, and neuropeptides involved in autonomic
control of the airways suggests that further investigation is warranted.

C. Immune Pathways

A focus on the inflammation of the airways in asthma has drawn attention to
the possibility that stress-induced alterations in immune response might have
implications for development, exacerbation, and triggering of asthma (3.8). There
is now a substantial human literature demonstrating that psychological stress can
influence cell trafficking, cell function including mitogen-stimulated blastogene-
sis and natural killer cell cytotoxicity, as well as lymphocyte production of cyto-
kines (38). Stress can modulate immune response through nerve pathways con-
necting the autonomic nervous and immune systems, by triggering the release
of hormones and neuropeptides that interact with immune cells, and through side
effects of behaviors such as smoking and drinking alcohol that are adopted as
ways of coping with stress (26.39).

Humans exposed to cognitive or social laboratory stressor tasks lasting only
a few minutes show suppression of T-cell mitogenesis and increased numbers of
circulating T-suppressor/cytotoxic (CD8) cells and natural killer cells (40). These
cffects are thought to be mediated by the autonomic nervous system because they
occur quite rapidly (41), have been shown to be associated with increases in heart
rate, blood pressure, and circulating catecholamines (41.42), and are blocked by
administration of an adrenoceptor antagonist (43). Studies of naturalistic stressors
show similar alterations of immune response (see review in Ref. 39). Living near
the Three Mile Island nuclear power plant at the time of the accident, care-taking
for a relative with Alzheimer’s disease, and taking medical school exams have
all been shown to influence both numbers and functions of various populations
of lymphocytes. This includes stress-elicited alteration of the production of the
cytokines IL-1B. IL-2. and IFN-y (e.g.. Refs. 44.45).

Stress is not expected to have the same effects on immune function in all
people. As noted earlier, individual ditferences in response to stressful events
are attributable to interpretation of the event and access to coping resources.
However, there is also evidence of stable individual differences in immune re-
sponse that occur independent of psychological response to the stressor. When
exposed (o multiple acute laboratory stressors over time, some subjects consis-
tently demonstrate stress-clicited alterations in immunity, while others do not
(46,47). Interestingly, these differences are not associated with their emotional
response to the stressors (47).
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The contemporary view of asthma pathogenesis is that a chronic inflamma-
tory process involving the airway wall causes the development of airflow limita-
tion and increased responsiveness that predisposes the airway to constrict in re-
sponse to certain stimuli (1). Mechanisms of airway inflammation involve a
cascade of events that include the release of immunological mediators triggered
by both IgE-dependent and IgE-independent mechanisms (1). In more than 80%
of cases, asthma is an allergic disorder and is orchestrated by antigen-triggered
interactions of T and B lymphocytes. and includes B-lymphocyte synthesis of
IgE induced by T-helper (TH) cell release of interleukin (IL)-4. The IgE antibody
attaches to and activates basophils, mast cells, eosinophils, and platelets, resulting
in the release of mediators that are thought to orchestrate the inflammatory cas-
cade. In addition to involving IgE, appropriate antigen can trigger T lympho-
cytes (o release cytokines, which attract and activate leukocytes, particularly
eosinophils to the airway walls, and thus directly provoke the inflammatory
cascade (1).

Currently, there is no evidence that the stress-altered characteristics of hu-
man immunity we have discussed contribute directly to asthma pathogenesis.
However, asthmatic high school and college students respond to final examina-
tions with the changes in cytolytic and proliferative responses characterized ear-
lier as immune responses to stress as well as alterations that might influence the
physiology of asthma including increased release of inflammatory superoxides
by neutrophils (48).

It seems paradoxical that psychological stress activates the HPA resulting
ultimately in the release of cortisol, which has anti-inflammatory effects. How-
ever, recent evidence suggests that CRH. which regulates the HPA response,
has proinflammatory effects in the periphery. This includes triggering mast cell
degranulation and increased vascular permeability (49). Moreover, acute psycho-
logical stress (by immobilization in rats) resulted in skin mast cell degranulation,
and this effect was inhibited by anti-CRH serum administered prior to stress (49).

The discussion of the inflammatory response in asthma has recently empha-
sized the role of activated T-helper (TH) cells and the cytokines they produce,
particularly IL.-4 and IL-5. These cytokines are thought to initiate and orchestrate
the complex cellular events in airway inflammation and hyperresponsiveness
(50.51). Studies of allergic asthmatic subjects with active disease or challenged
with antigen show that eosinophil recruitment to the airway is a major factor in
inflammation and that 1L-4 and IL-5 are instrumental in this process.

TH cells have two phenotypes: TH-1 and TH-2. TH-1 cells produce 1L.-2
and interferon (IFN)-y but little [L-4 or IL-5 and provide B-cell help for the
production of protective antibodies, predominantly IgG (52). In contrast, TH-2
cells produce IL-4, IL-5, IL-6, and 1L-10 but little IFN-y and provide B-cell help
primarily for the production of IgE in response to allergens. The development
of asthma may be associated with a predominance of TH-2 cytokine production
(53).
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Both environmental and genetic factors are thought to determine which TH
cell phenotype becomes more prevalent after the first months of life (33). For
example, Martinez et al. (54) provided evidence suggesting that certain lower
respiratory tract infections in early life (primarily croup) enhance the production
of IFN-y by nonspecifically stimulated lymphocytes. believed to be an expression
of TH-1 type behavior. However, it is possible that stress-triggered hormones in
the early months of life influence TH-2 cell predominance. This could occur
through a direct influence of stress hormones on the production of cytokines
thought to modulate the direction of differentiation. Although there is no direct
evidence for stress influencing TH phenotype differentiation in the developing
immune system, there is evidence that parental reports of life stress are associated
with subsequent onset of wheezing in children between birth and one year (55).

Psychological stress in adults may also alter TH-1 and TH-2 cytokine pro-
duction. The administration of examinations to medical students was associated
with an increase in lymphocyte production of IL-2 (45) and a decrease in the
production of IFN-y (44). A similar study of high school students, however, failed
to find that exams produced differences in production of TH-1 and TH-2 cyto-
kines (56).

Overall, there is substantial evidence for both acute and chronic stress in-
fluencing a broad range of cellular and humoral immune responses, including
influences on the number of and function of cells involved in the inflammatory
response. Recent work also suggests that stress might influence the production
of cytokines produced by T-helper cells that are the constituents of the TH-1
versus TH-2 predominance thought to play an important role in the development
and course of asthma. Hopefully. future research will clarify the potential role
of stress in airway inflammation in asthma.

D. Respiratory Infections as a Pathway

The strongest suggestion from the current literature is that psychological stress
may influence the pathophysiology of asthma by increasing the risk of respiratory
infections. This is based on evidence of the role of respiratory infections as both
promoters of airway inflammation and triggers of asthma, for stress-induced sup-
pression of immunity (discussed earlier), and for stress-induced risk for the devel-
opment of upper respiratory infections.

As discussed earlier. some infections during childhood are thought to alter
the development of the immune system in a manner that reduces the chances of
subsequent allergen sensitization (53). In contrast, it has been suggested that se-
vere infections with RSV may enhance allergy sensitization and the risk of devel-
oping asthma (57). This literature suggests that the effects of infection may de-
pend on which pathogen infects the host early in immune development (58).

Respiratory viruses exacerbate disease among both children and adults with
asthma (58). Respiratory infections can both promote airway inflammation and
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act as a trigger for asthma expression. Viral respiratory infections provoke wheez-
ing in many asthma patients. Respiratory syncytial virus. parainfluenza virus,
rhinovirus, and influenza virus are the most frequently identified viruses associ-
ated with increased wheezing (59-61). Rhinovirus in particular has been impli-
cated in the majority of the exacerbations of asthma in children (62). The role
of viral respiratory infections as triggers for asthma exacerbations also appears
to be important in adults (63).

A number of mechanisms may be involved in explaining the exacerbation
of asthma, cspecially wheezing and increased airway responsiveness, by viral
respiratory infections. First, viral respiratory infections may cause damage to the
airway epithelium causing airway inflammation. Another mechanism involves
the stimulation of virus-specific IgE antibody. Respiratory syncytial virus and
parainfluenza virus may potentiate the allergic response to allergens by increasing
the release of inflammatory mediators from mast cells and the subsequent cascade
of inflammatory events characteristic of asthma (64.65). Lastly. viral respiratory
infections may also result in the appearance of a late asthmatic response to inhaled
antigen (66). Thus, there is evidence that viral infections are an “‘adjuvant’ to
the inflammatory response and promote the development of airway injury by
cnhancing airway inflammation (67).

As discussed earlier, psychological stress has been shown to have a broad
impact on the rcgulation of the human immune system. One potential conse-
quence of stress-induced changes in immune response is suppression of host re-
sistance to infectious agents, particularly agents that cause upper respiratory dis-
ease. The primary evidence for such effects comes from studies investigating
psychological stress as a risk factor for the common cold. influenza, and other
respiratory infectious diseases. Prospective epidemiological studies have demon-
strated that both children and adults reporting chronic tamily stress have a greater
subsequent incidence of scrologically verified upper respiratory infections and
more symptom days of respiratory illness (68-70). Similar results are reported
in studies predicting the incidence of influenza during flu season (71).

Increased incidence of upper respiratory infections under stress in the epi-
demiological studies may be attributable to stress-induced increases in exposure
to infectious agents, rather than stress-induced changes in host resistance. Control
for cxposure is provided by studics in which volunteers are intentionally exposed
to a virus (viral-challenge trials). In these prospective studies, psychological
stress is assessed before volunteers are exposed to an upper respiratory virus and
monitored in quarantine for infection and illness. Using this paradigm, psycholog-
ical stress has been associated with the incidence of infection and iliness with
increasing stress related in a dose-response manner to increasing risk (72-74).
These relations were found across seven different common cold viruses including
rhinoviruses types 2, 9, 14, 39, and Hanks, respiratory syncytial virus, and coro-
navirus 229E. Moreover. risk of infectious illness has been found to increase
with increased duration of the stressful experience (73). Studies of discase sever-
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ity have similarly found that psychological stress measured prior to viral exposure
was associated with more severe colds and influenza as measured by both symp-
tom reporting and by the amount of mucus produced over the course of the illness
(75). These associations cannot be explained by differences in health practices
among low- and high-stressed persons, and it is speculated that they are attribut-
able to differential production of inflammatory cytokines in response to infection.
Elevated levels of both epinephrine and norepinephrine in 24-hour urines are also
associated with increased susceptibility in the rhinovirus trials (76).

In sum, psychological stress is associated with decreased host resistance
to a wide range of respiratory infectious agents. Included are rhinoviruses and
respiratory syncytial virus, both ot which contribute to asthma pathophysiology.
Although there is currently no direct evidence for stress influencing asthma
through susceptibility to respiratory infections, existing evidence lends consider-
able credence to this hypothesis.

IV. Conclusions

Both patients and clinicians have long believed that psychological stress plays
an important role in the pathogenesis of asthma. Although some evidence for
such a relation has accumulated over the years. there is little direct evidence of
how a psychological response is translated into effects on physiological pathways
that influence the course of asthma. This chapter has presented a range of path-
ways through which psychological stress might influence asthma pathophysiol-
ogy. These include stress-clicited changes in patient behavior, in autonomic re-
sponse, in immune response. and in host resistance to respiratory infections.
Although all of these systems are influenced by stress. there is only scattered
evidence demonstrating ties between stress, the proposed pathways, and asthma
pathogenesis. Hopefully, future research will focus on directly testing the types
of models proposed here and hence provide a clearer understanding of the associ-
ation between stress and the onset and progression of asthma.

We view the existing evidence for stress-induced susceptibility to respira-
tory infections as the most promising of the proposed mechanisms. This is be-
causc of the simplicity of this model, the evidence that stress operates as a risk
factor for both incidence and severity ol upper respiratory infections, and cvi-
dence that respiratory infections operate as risk factors for both the onset of
asthma and for the triggering of symptoms in asthmatics. This view is strength-
cned by growing evidence of the role of stress in modulating the inflammatory
response of the immune system.

The most challenging characteristic of our current knowledge is that some
but not all asthmatics respond to stress with an exacerbation of disease. It is
similarly believed that only a subset of those at risk for asthma are subject to
stress-induced onset (3). Susceptibility to stress may be attributable to specific
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kinds of asthma or specific kinds of psychological characteristics. Relevant typol-
ogies of asthma subtypes might be based on the mechanisms that play the pre-
dominant role in disease expression (8) or on lability of hyperactivity of the
patient’s airways (77). Psychological subtyping might be based on dispositional
psychological or physiological responsivity to stressful events (14,46,47). Alter-
natively, it might be based on individual differences in the appraisal of threat
posed by specific types of events. It is also possible that there is genetic suscepti-
bility to stress-induced asthma onset or stress-induced exacerbation (3,8).

We have presented the emotional response to psychological stress as if it
were a unitary undifferentiated response. This is an oversimplification. Different
types of stressful events are thought to induce different responses, as are differ-
ences in individual interpretations of events. Intense emotional expressions that
have been traditionally associated with triggering or exacerbating asthma include
anger, anxiety, excitement, fear, and frustration (10,11,16). It is important to de-
termine which emotional responses influence asthma, whether these are just air-
way responses or include inflammatory responses, and what the mechanisms are
that link emotional response to asthma.

Finally, there is increasing evidence that interventions designed to reduce
stress have palliative effects of asthma symptoms. Less clear is which patients
are amenable to intervention and why and whether specific types of intervention
are as effective as others.
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General Virology and Targets for Therapy

DAVID TYRRELL

Common Cold Unit
Salisbury, Wiltshire, England

. Introduction

There have been many important advances in our understanding of the role played
by viruses in the clinical problems of asthma and related diseases. The purpose
of this essay is to look again at some general features of the biology and behavior
of viruses in order to see how they fit into what we know of the condition and
1o look for guidance as to where significant new advances might be made.

A huge number of viruses are now known to science. and their structure
and behavior are amazingly diverse, although we shall ignore the viruses of in-
sects, plants, and bacteria and consider only those of warm-blooded vertebrates
(Table 1). Fortunately, although we need to think of some of the viruses that
affect farm animals, those involved in asthma all belong to the group commonly
called respiratory viruses of humans. To molecular biologists this is an unsatisfac-
tory classification, for it brings together viruses with profound differences in their
genome. Some encode genes in DNA, but many more use RNA, and in many
the particle contains a positive sense strand while in some it is negative stranded;
profound differences in the strategy of virus replication result from this. Proteins,
some of which are enzymes, are encoded by the genes and synthesized with the
ribosomes of the host cell. In some cases they condense around nucleic acid and
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Table 1 Classification and Basic Structure of Viruses Causing Human
Respiratory Infections

Size Lipid

Family Name Genome (nm)  envelopc  Serotypes
Picornaviridae Rhinovirus RNA ss+  20-30 0 100+
Picornaviridae Coxsackie RNA ss+  20-30 0 70+
(enterovirus) viruses A & B
Echovirus
Orthomyxoviridae  Influenza RNA ss—  80-120 + Types A,
virus B, and C
Many strain
differences
Paramyxoviridae Human RNA ss—  150-300 + 4
(paramyxovirus) parainfluenza
virus
Paramyxovindae Respiratory RNA ss—  150-300 + 2
(pneumovirus) syncytial virus
Paramyxoviridae Measles virus RNA ss—  150-300 + I
(morbillivirus)
Coronaviridac Human RNA ss+  80-160 + 2
coronavirus
Adenoviridac Human DNA dsx  70-90 0 35+
(mastadenovirus) adenovirus

ss = single stranded: ds = double stranded; + and — indicate polarity of nucleic acid 1 particle.

in others they are aligned in a cell membrane and fold around the nucleic acid
as it buds out of the membrane surface. What brings these organisms together
is their common attribute of being able to reach the respiratory tract of their host
and to initiate infection and replicate efficiently there, usually in the cells lining
the nose or lower airways. A major reason for their occupying this particular
biological niche is that they are shed into respiratory secretions or onto the surface
of the membranes and are then shed into the environment, often with the assis-
tance of reflex mechanisms such as coughing or sneezing. They generally resist
drying long enough to land on respiratory epithelium, to bind to and infect surface
cells and then spread across the mucosa provided that they are not neutralized
by antibody directed against proteins of the virus particle.

Some of their properties can be linked to their pathogenic role. In most
cases they are toxic to cells and cause the cells in which they replicate to degener-
ate. However, they are mostly adapted to growth at temperatures below that of
the body core. This probably explains, at least in part, why they often infect only
the upper airways and do not descend into the lower respiratory tract or produce
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generalized systemic infections. In recent years more attention has been given
to the mechanisms by which they induce widespread signs and symptoms, both
in the airways and systemically. At one time it was thought that this would prove
to be analogous to that produced by antigen inhaled into the airway of an allergic
subject. However, this has not proved to be so; at least the nasal symptoms of
a cold that are so like those of hay fever are virtually unaffected by potent antihis-
tamine drugs. It has recently been found that there may be general nasal symp-
toms even when only a limited number of cells are infected (1). It appears that
respiratory viruses, which can infect cells without killing them, may induce them
to produce cytokines, but whether this occurs in natural disease is not known
(2).

Il. Virus Diagnosis

A major contribution to the subject has been the gradual development over the
past 40 years of a range of novel methods for cultivating and detecting common
respiratory viruses (see Ref. 3). During the 1950s it was shown that inoculating
tissue cultures of monkey kidney cells showed the presence of parainfluenza vi-
ruses. which could cause acute lower airway illnesses in children and common
colds in adults. In the same way respiratory syncytial virus (RSV) was discovered
in the secretions of cases of bronchiolitis of infants using cultures of transformed
human epithelial cells that developed characteristic syncytia. Later on these vi-
ruses were detected more rapidly in the nasal secretions of children by immuno-
fluorescence. During the 1960s human embryo kidney cells or fibroblasts were
shown to detect rhinoviruses in about one in four individuals with common colds,
and then coronaviruses were detected using fibroblasts or organ cultures of human
cembryo tracheal or nasal cells. These methods began to be applied to patients
with asthma or relapses of chronic bronchitis, but the results were largely negative
at first until research workers began to go out into the community to test for
viruses at the very onset of an episode. However, the positive results were out-
numbered by the negative, which was not surprising since it was only with diffi-
culty that these methods would detect a virus in normal subjects with an acute
virus-type respiratory illness.

In the 1980s new sensitive antibody-binding tests were being developed
and variants, such as the ELISA, were applied to detecting virus antigens and
antibodies. Indeed they made it relatively easy to detect coronavirus infections
serologically, but they were not successful in detecting respiratory virus antigens
except in the case of infections in early childhood. and improved methods devel-
oped using europium were prohibitively expensive (4). However, methods were
also being developed to detect virus nucleic acid. One by one they were evaluated,
in our case using rhinoviruses (5). Probes for hybridization tests produced from
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(b)

Figure 1 Negative contrast electron micrographs of virus particles. The bars in each
panel represent 100 nm. Note the great variation in particle size. (a) A cluster of rhinovirus
particles. Some are ‘‘empty,’’ i.e., lacking internal RNA. (b) A single particle of respira-
tory syncytial virus (RSV). Note the outer membrane with projections. (¢) A group of
coronavirus particles. Note the great variability in shape and the large club-shaped projec-
tions of the surface virus protein. (d) A single adenovirus particle and some debris. The
individual capsomeres of the particle can be seen arranged to form the triangular faces of
an icosahedron. (Figure la courtesy of Barry Dowsett; Figures 1b—1d courtesy of Heather
Davies.)
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c¢DNA in bacteria were useful but not sufficiently sensitive for use as diagnostic
tests on clinical material, and neither were oligonucleotides designed to detect
well-conserved sequences in virus nucleic acids. However, after some years of
refining it was shown that polymerase chain reaction (PCR) can be used to detect
respiratory virus infections in clinical material, such as nasal aspirates, from pa-
tients acquiring infection with these viruses in the community (6). They have
been applied to children and adults with wheezy tendency or diagnosed asthma
and show that a virus can now be detected in about four out of five episodes of
upper respiratory and lower respiratory illness (6).
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Thus, as described elsewhere in this volume, we now have the results of
quite reliable and repeatable estimates of the frequency and type of virus infec-
tions associated with wheezing and asthma in different categories of disease.
These can be summarized by saying that virus infections can be demonstrated
in a high proportion of cases and that the viruses found reflect those found in
normal subjects with mild acute respiratory diseases-—rhinoviruses and coronavi-
ruses—and influenza viruses in epidemic years. RSV and parainfluenza viruses
are relatively important in infants and young children. The evidence strongly
suggests that infection with these viruses plays a causative role, but a prepared
host is certainly necessary for disease to develop, although the details of the
pathogenesis have yet (o be worked out.

lll. Prevention or Treatment of Virus Infection
A. Hygiene

The simplest and most direct way to apply this knowlege would be to prevent
or treat the virus infection. Good hygiene has greatly reduced the burden of gas-
trointestinal illness by preventing infection with both bacteria and viruses in well-
developed societies.

However, the level of hygicne at present employed does not prevent {re-
quent acute respiratory infections. This is probably because airborne transmission
is not as easy to interrupt as that by food and water. This view has been challenged
over many years, but early attempts to reduce colds in schoolchildren by ultravio-
let irradiation of classroom air failed, though it had some effect on the transmis-
sion of measles. More recent work was bascd on the hypothesis that colds are
frequently transmitted by fingers and fomites. Effective methods of inactivating
viruses on these surfaces were devised, but controlled trials showed a barely
detectable effect on the transmission rate in families (7). It is customary in certain
societies, particularly in the Far East, to wear a surgical mask to prevent the
spread of colds and influenza. I know of no formal studies to validate their effi-
cacy in the field. Experience in the control of allergic and other health problems
due to the inhalation of respirable dusts has shown that well-designed and well-
fitted masks can be effective, as can air filtration and extraction plants. However,
it is often found that healthy employees arc very resistant to wearing or using
such equipment, though the resistance can be overcome. Nevertheless, such ideas
have not yet been applied and shown to be effective in westernized communities
particularly to prevent the spread of infection from or to young people in the
home. Perhaps the problem should be addressed again among individuals for
whom a respiratory virus infection is not a trivial matter, especially patients with
asthma.
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B. Vaccines

Vaccination has been shown to be one of the most successful and cost-effective
ways of preventing virus infections. However, it works best against infections
in which there is a crucial viremic phase, such as poliomyelitis, measles, or hepa-
titis and is not as satisfactory in combating infections in which the key steps in
pathogenesis occur at 2 mucosal surface; this applies to all the respiratory viruses.
Of course, influenza vaccination has been part of clinical practice for decades.
It is usually found to be about 70% effective, and this may be because vaccines
administered parenterally induce mainly circulating antibodies, which are less
effective in protecting mucosal surfaces than secretory antibodies, although these
can be induced by live vaccines administered to the mucosae. It is therefore an
attractive idea to make vaccines against RSV and parainfluenza viruses, as these
can be covered by a few serotypes. Early attempts to make inactivated vaccines
failed, but there are continuing detailed studies of the immune mechanisms that
protect people from natural infection and of candidate vaccine products to protect
both children and animals. If useful products are developed, they should be tried
for the prevention of asthma, but it is important to realize that although there
may be local flurries of cases of influenza, these other viruses on average produce
only a small percentage of infections.

It was generally thought in the 1930s and 1940s that there was a single
common cold virus that, when cultured. could be made into a vaccine that would
prevent colds. It is generally accepted now that this is not so. The largest species
of common cold virus is the rhinovirus, which exists in at least 100 distinct sero-
types, and it would be impractical to include so many serotypes in a single vaccine
to be used to partially control a single syndrome. It was hoped that it would turn
out that a few serotypes cause most of the clinical effects. but the problem could
not be simplified by selecting a few strains that were clinically important—or
even by sclecting a small set of strains that induced immunity against a range
of serotypes. Coronaviruses seem to be less varied antigenically, as there are only
two major serotypes, but natural immunity seems to decline quite quickly and
no serious ctforts to develop a human vaccine are reported. Because coronavi-
ruses cause serious problems in the health of farm animals, vaccines may be
developed for these, which might serve as a starting point for developing a prod-
uct for humans. If any possible vaccines are developed they should be evaluated
in patients with asthma or chronic bronchitis, but it is worth remembering that
the influenza vaccines that are already available are not always used for asthma
or related conditions.

C. Antiviral Drugs

There has not been research targeted at producing antiviral drugs for the treatment
of asthma, but a considerable amount has been aimed at treating or preventing
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influenza or colds, and as we have seen, success in these fields might readily be
applied to the relief of asthma. Early work was done by giving candidate mole-
cules to animals infected with viruses. But on occasion false hopes were raised.
Compounds that were too toxic damaged cells, and these cells produced less
virus. Pessimists asserted that truly selective drugs would never be found. Never-
theless, in this way it was shown that amantadine was active against influenza
virus infection in mice. After its discovery amantadine made stow progress to-
wards clinical use, but when interferon was identified in the course of basic re-
search on the biology of influenza virus hopes rose again.

The importance of interferon was that it showed that it was possible to treat
a cell with a protein that produced no damage or obvious metabolic change and
yet inhibited very strongly the replication of a virus such as influenza. There
were, however, frustrations. One was that interferons made by cells from different
animals were often active only in those or closely related species. Another was
that the molecule could be very difficult to produce and purify. After a great deal
of effort, enough human leukocyte interferon was produced to show that if
sprayed up the nose repeatedly it would prevent experimental rhinovirus colds
in a few volunteers. Proper field trials on colds in families had to wait until, in
entirely unrelated developments, the first techniques for cloning human DNA and
expressing it in bacteria were discovered. As a result, milligram amounts of pure
interferons could be obtained, and it was shown that natural rhinovirus colds
could be prevented by spraying the nose of contacts of cases (8). But even with
these large amounts it was not possible to influence a cold once it had started to
become clinically evident, and if one continued treatment of normal subjects
beyond a matter of days, they developed nasal inflammation and symptoms rather
like the cold one wanted to prevent. Indeed, it is now known that interferons have
so much to do with the mediation of inflammatory and immunological effects that
they must be considered along with cytokines and not simply for their directly
antiviral effects. As described elsewhere, gamma interferons are deeply involved
in the networks of communication between T lymphocytes. macrophages, and
SO on.

Antirhinovirus Drugs

While interferons were being investigated various pharmaceutical laboratories
around the world began to use the newly developed tissue culture methods to
search for antiviral activity in various materials in their screening programs. One
of the first of these was the Wellcome Research Laboratories. who screened natu-
ral products for their ability to prevent the growth of rhinoviruses in tissue cul-
tures. They found such activity and modified the active molecule to enhance it.
The final outcome was dichloroflavan, which at the time of its discovery was
one of the most active antiviral molecules known. Another was Nippon Roche.
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a branch of Hoffmann LaRoche, which found activity in a traditional Chinese
herbal tea used for minor respiratory diseases. This led to a highly active chal-
cone. Third, Janssen in Belgium set up a screening program with a series of
compounds that had been synthesized as targets or as intermediates in a previous
search for improved drugs with central nervous system (CNS) activity. Out of
this came several very active molecules. Thus, these molecules had very diverse
origins and considerable differences in structure, but they all had certain common
features. They inactivated virus particles (rather than blocking virus replication)
and bound to the protein, preventing the release of virus nucleic acid into the
cell. They were also very insoluble in aqueous solutions. As a result there were
problems in formulating them for administration to volunteers. Dichloroflavan
was made up in oil, and a prodrug of the chalcone was synthesized that could
be absorbed when given by mouth. Although the drug reached the circulation,
it did not enter the nasal secretions, and unfortunately when then given as a nasal
spray, as interferon had been, it did not prevent rhinovirus infections. Finally the
Janssen drug, which was more active. was formulated with cyclodextrin and had
a clear-cut effect on colds, but again only if given during the latent period (9-11).

While this work was continuing, Sterling Winthrop Laboratories in the
United States had started from the observation that fermentation liquors might
have antiviral activity against poliovirus. On this basis they synthesized a number
of derivatives of the active molecule actidione, varying the length of the carbon
chain in the middle and the size and composition of the bulky groups at both
ends. They showed that these changes produced a wide variety of changes in the
antiviral activity. Rather than testing whether they could be used to prevent or
treat human disease, they tried to find out how the most active compound, disox-
aril, worked. The crystallographic structure of picornaviruses had just been solved
by M. Rossmann and his group at Purdue University. and by soaking crystals of
viruses in the drug and examining them by x-ray crystallography they were able
to show that the active molecules became inserted into a hydrophobic cleft in one
of the proteins of the outer coat of the virus. the so-called capsid shell. Subsequent
research showed that the antirhinovirus drugs bound to a similar cleft in rhinovi-
ruses (12), and mutations that made viruses drug resistant often led to amino acid
substitutions in the cleft so that the drug molecule could not “*dock’ properly.

Thus, although none of these drugs is influencing clinical practice, it is
clear that we can find nontoxic molecules and begin to understand how they
behave in molecular terms. It is critical that potent antiviral molecules also have
properties that enable them to reach infected sites effectively if they are to be
successfully exploited as useful drugs.

Molecularly Designed Antivirals

We are now moving into the era of designing drugs to interact with specific
molecules or active sites within molecules. The antirhinovirus drugs just men-
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tioned were selected as a result of screening for their capacity to prevent the
replication of the whole virus, and only in retrospect was it discovered that the
structure of picornaviruses has a vulnerable point with which all the molecules
chosen were interacting. Drugs are now being introduced that have been devel-
oped by a “‘reversed”” process. For instance, using respiratory viruses as an exam-
ple, new anti-influenza drugs are now in view, which were found by deciding to
block the neuraminidase enzyme because it plays a key part in the entry of viruses
into cells and their release from the cell surface. Rather than screening com-
pounds for their ability to reduce enzyme activity in vitro. the recent work started
from the results of crystallographic rescarch on the structure of the pure virus
protein. This showed that it has a ‘“*propellerlike’” shape, within which lies the
active center of the enzyme. Working from this, an algorithm was constructed
to definc the size, shape, charge, and so on of a molecule, which would bind
specifically and could be expected to inactivate the enzyme function. This led to
a relatively small number of molecules, and it has already been shown in the
Glaxo-Wellcome Laboratories that at least one is nontoxic and prevents virus
replication and diseasc in animals and humans at very low concentration. It is
significant that its use will still be constrained by the fact that it does not reach
the respiratory tract if given by mouth and so has to be used as an intranasal
spray. Another compound is being developed in a collaboration between Gilead
and Roche, and this may be effective if given by mouth.

V. Further Prospects

This s just a snapshot of research on antivirals for respiratory viruses but it does
indicate that there are powerful new techniques that could be applied to devel-
oping new drugs on the basis of our increased understanding of the molecular
details of virus growth. For example, it is now known that rhinoviruses enter
cells by interacting with the terminal two domains of the ICAM-1 molecule on
the cell surface. A specific monoclonal antibody against this site prevents virus
particles from initiating infection. This would not be a realistic therapeutic agent
in humans, but a small synthetic molecule might be developed to have the same
effect (reviewed in Ref. 3). As in the case of all drugs directed at cellular compo-
nents. there is a chance that molecules directed at such a target might have effects
on other biological functions such as inflammatory and immune responses. and
these would need to be evaluated as well as antiviral activity. Thus, the use of
these new methods will have to be backed up with many of the older techniques
used in drug development in the past. The entry of coronaviruses might also be
blocked. There is scope too for targeting enzymes late in the growth cycle. as
has been done so successfully with retroviruses such as human immunodeficiency
virus (HIV). Rhinoviruses have a specific protease, which is used to cleave the
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virus proteins, and this is better conserved than capsid proteins so it is likely that
there would be fewer differences in the sensitivity of different serotypes than
have been found with the capsid-binding drugs. The polymerasc of RNA viruses
does not copy as accuratcly as DNA polymerase. and there is no editing mecha-
nism for RNA copies. As a result, in any sample of virus there are variants that
may be resistant to a drug directed at a specific site. Thus drug-resistant mutants
can rapidly cmerge. However, it seems to be a general principle that in such
situations the problem can be largely overcome by combining drugs that are di-
rected at different targets, that is, different molecules or different sites on the
same molecule. Therefore, our experience with tuberculosis and AIDS teaches
us that although some respiratory viruses are variable, we may be able to find
effective ways of employing specific antivirals against them.

V. General Comments

This chapter has covered some aspects of the study of virology that are relevant
to the therapy of virus infection in asthma. This is, however. a partial view, and
whether one approach or another will actually benefit patients will be made clear
by research on the pathogenesis of discase. the clinical responses of patients in
practice, and formal trials. Whether specific antiviral drugs can be used may
depend on how well PCR or other novel techniques can be incorporated into
routine diagnostic procedures to make rapid virus diagnosis a practical possi-
bility.

Finally, we may decide that the best treatment may still focus on what
follows the virus infection. After all, in many gastrointestinal infections we leave
the body to deal with the infection and assist by giving fluid and electrolytes. It
may be that it is more important to understand and correct the changes in the
release of cytokines and lymphokines induced by viruses and the immune re-
sponses to their antigens and leave the body to control the infections, as it does
so well in persons without an asthmatic tendency. We started on this road by
testing an early partial antagonist of kinins in the treatment of experimental colds
on the grounds that kinins might be responsible for many of the nasal symptoms.
It was not successful, but then neither were many early experiments on interferon.

An even more speculative approach would be to apply the studies showing
that personal stress may substantially increase susceptibility to respiratory virus
infection, although the mechanism of this etfect is quite obscure (13). We have
been taught for decades that it may be beneficial to consider the role of psychoso-
matic effects in asthma attacks. The usual hypothesis is that the mental state
might alter the reactivity of the bronchial tree or the intensity of an allergic re-
sponse. Perhaps it can also alter resistance to viral infections and influence the
syndrome in that way.
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. Introduction

Advances in the diagnosis of respiratory viruses have led o a reexamination of
the role ol virus infections in asthma (1,2) and a range of other clinical conditions.
Rapid diagnostic methods are of particular importance. Because of the short incu-
bation periods of respiratory viruses, they have the potential to rapidly lcad to
epidemics (3.4). The availability of specific pharmacological therapy for some
of the viruses. if detected carly enough in the course of an illness, adds particular
importance to the rapidity required in the identification of respiratory infections
(5). The diagnosis of respiratory viruses broadly falls into the categories of de-
tecting the virus by electron microscopy (EM), detection of viral antigens, detec-
tion of antibody to the virus, detection of the toxic effects of the virus, and, most
recently, detection of the viral genome in clinical samples. The most noteworthy
advances in the diagnosis of respiratory viruses have been made in the selection
of particularly sensitive cell lines for virus culture, the early detection of antigens
in these cultures (otherwise referred to as rapid culture assays) by monoclonal
antibodies using immunoperoxidase (IP) staining, immunofluorescence (IF), en-
zyme immunoassay (EIA) and time-resolved fluoroimmunoassay (TR-FI1A), and,
perhaps most importantly, the use of polymerase chain reaction (PCR) methods
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to detect virus RNA or DNA in clinical samples. This chapter focuscs on the
principles of the advances in viral diagnostic methods as applied to respiratory
viruses but is not intended to be an exhaustive catalog of all published reports
or detection techniques.

Il. Specimens

The respiratory tract can be directly sampled by nasal or throat swabs, nasal
washings, nasal aspirates, nasopharyngeal aspirates, sputum, transtracheal aspi-
rates, bronchoalveolar lavage, or biopsy. The method used to collect the specimen
is chosen on the technique to be used to identify the virus. A nasal swab is
usually taken from the inferior turbinates for maximum virus recovery but usually
involves some discomfort to the patient. Similarly, nasal washings |requiring
solutions such as phosphate-buffered saline (PBS)] may also be uncomfortable
for the patient. Compared to nasal and throat swabs, nasal washings are a more
reliable method of recovering virus but are less convenient for both operator and
patient. Both methods are suitable for virus culture. Nasopharyngeal aspirates
(NPAs) are particularly suitable for virus culture, antigen detection, and PCR
and are collected using a mucus extractor using disposable suction catheters that
are commercially available (Vygon Laboratories, Ecouen, France). In the authors’
experience, the diagnosis of common cold viruses can be made using nasal aspi-
rates (NAs) in preference to NPAs, particularly as acute infections are accompa-
nied by rhinorrhea, the same equipment can be used with less discomfort, and
are more suitable for use in infants, children, and neonates. Sputum is rarely used
for respiratory viruses because the clinical syndrome of viral pneumonia is usu-
ally accompanied by upper and lower respiratory tract symptoms and the diagno-
sis can be made on either a NA or NPA. In terms of diagnosis in severely ill
patients, whether intubated or not, or for research purposes. the diagnosis can be
made using bronchoalveolar lavage (BAL) samples (6.7) or in biopsy specimens
(8.9), which reduce the risk of contamination by respiratory pathogens in the
upper airways.

Irrespective of the type of sample collected, it is imperative for maximum
virus recovery that specimens are collected when symptomatic, usually in the
first 2-3 days of infection, because virus titers can fall rapidly following this
period. The advantages of detecting viral genomes by PCR in clinical samples
is that viruses may be detected in the recovery phase of acute ilinesses even when
conventional antigen-detection techniques may not detect the virus, thus allowing
a larger window of opportunity in which virus infection can be identified. Respi-
ratory viruses are particularly labile and are best transported to the laboratory at
4°C and, if not processed immediately, then frozen at —70°C. Multiple freeze-
thawing should be avoided because some viruses, e.g., respiratory syncytial (RS)
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virus, are particularly vulnerable to multiple freeze-thawing. If multiple testing
is necessary, aliquots of the specimen should be made prior to storage. For antigen
detection assays such as TR-FIA and EIA, transportation and storage are less
critical, and a storage temperature of 4°C (or —20°C for longer periods) is often
sufficient.

lil. Detection of Virus by Electron Microscopy

For the diagnosis of respiratory virus infections, electron microscopy is usually
used to confirm the causes of a particular cytopathic effect in cell culture rather
than a first-line diagnostic tool. Although the primary reason for this is because
of low virus titers in clinical samples, EM has been used for the detection of
coronaviruses and influenza viruses. Despite advances in the sensitivity of EM
using specific immunological enhancement, few diagnostic laboratories usc this
tool for detection of respiratory viruses (10).

IV. Detection of Virus by Cell Culture

The cell monolayer culture remains the gold standard for detection of respiratory
viruses and remains the reference to which other methods such as genomic ampli-
fication are compared. Although cell culture may not be as sensitive as PCR
techniques in many instances, most hospital laboratories use cell culture as a
reliable screening method for respiratory viruses. Furthermore, it is often imprac-
tical for most laboratories to carry all cell lines, and in this respect a broad practi-
cal coverage of viruses can be obtained by using a continuous human ¢pithelial
line (HEp-2. A-549, HeLa). a human fibroblast cell strain (HLF, HELF, MRC-
5, WI-38), and primary rhesus monkey kidney (PMK) cells for most applications.
The inocufum is adsorbed on the monolayers at room temperature and the cultures
washed with maintenance medium and incubated at 33—-36°C for up to 3 weeks,
with subpassaging as required. Roller culture tubes are often used to enhance the
cytopathic effects (CPE). All tubes are examined at least twice weekly, and virus
growth is detected by the characteristic CPE under light microscopy or by other
methods such as hemadsorption (11).

Adenoviruses replicate readily in HEp-2, MRC-5, and A-549 cells, with
or without rolling (12). They are easicr to identify than other respiratory viruses
because they produce large quantities of soluble antigens and are differentiated
from other viruses (which may grow in the same cells and with similar CPE) by
various methods including EM. IF, and EIA. Parainfluenza viruses replicate well
in roller cultures of PMK cells under a fortified medium without trypsin. The
CPE induced by these viruses can develop in 4-7 days, but the cullures often
require further **blind™ passage to ensure viral growth, as they may sometimes
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not show obvious CPE at all. Cultures for these viruses therefore often require
hemadsorption with guinea pig, human, or monkey erythrocytes at the end of the
culture period (13,14). Influenza A, B, and C viruses are best recovered in roller
cultures of PMK cells and in embryonated eggs (chick embryo, MDCK, and other
cells require a fortified medium containing trypsin for optimal sensitivity). Again,
these viruses are detected in PMK cells by hemadsorption (15,16). Picornaviruses
produce CPE in PMK, Hep-2. HeLa, and MRC-5 cell lines often in roller cultures
(17.18). Enteroviruses are distinguished from rhinoviruses by the former’s acid
stability. Coronaviruses can be identified directly in nasal and throat specimens
by antigen detection using methods such as IF and EIA (because the viruses are
extremely labile and difficult to recover in the laboratory) or by serological tests.
Clone 16 cells can be used to culture coronavirus 229E specifically. The impor-
tant cell lines for the culture of the main respiratory viruses have been reviewed
elsewhere (19).

V. Additional Test for Cell Culture (Rapid Culture Assays)

Cell culture tests often provide results after several days and are therefore of
limited use in the acute management of patients. However, the use of centrifuga-
tion followed by immunological staining as an adjunct to cell culture, otherwise
referred to as rapid culture assay, enhances the speed of diagnosis. Rapid culture
assays combine the high sensitivity of standard virus isolation with the speed of
viral antigen—detection methods in clinical specimens. Viral antigens are detected
in cell cultures by immunofluorescence 16—48 hours after inoculation. usually
before a distinct, virus-induced CPE is visible. Cells are grown in shell vials or
in 24-well cell culture dishes. Clinical specimens are inoculated into an adequate
number of vials or wells, and the cultures centrifuged at approximately 700 X g
at room temperature for an hour. Viral antigens in the cultured cells are detected
by IF or by IP staining (20). For IF, cultures are usually grown on coverslips in
shell vials, and after staining the coverslips are mounted on microscope slides.
IP staining is performed in the 24-well plates.

This technique has been applied to the detection of a range of respiratory
viruses including RS virus, adenovirus, and influenza and parainfluenza viruses
(20-24). although the results have often been inconsistent. Although the theoreti-
cal sensitivity of rapid culture assays is one infectious virus per inoculation vol-
ume, the sensitivity has varied (10-80%) when applied to clinical samples, proba-
bly as a result of a lack of standardization. Although rapid culture assays do not
yield an isolate for further analysis, positive samples can be reinoculated into
standard cultures without significant loss of infectivity once the result of the rapid
culture is known. Alternatively, the culture supernatant can be stored and used
for reinoculation.
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VI. Detection of Viral Antigen
A. Immunofluorescence

The detection of viruses in nasopharyngeal aspirates of patients with acute respi-
ratory disease by IF was developed in 1968 using rabbit antisera and antispecies
conjugates and was considered one of the original rapid diagnostic methods.
Commercial polyclonal sera are available for most respiratory viruses, but these
are being replaced by monoclonal antibodies (mAbs), which have more consistent
specificity and therefore are less likely to require absorption before use (25-28).
Furthermore, the use of mAbs (now commercially available) increases the inten-
sity of specific fluorescence and reduces nonspecific fluorescence. Immunofluo-
rescence can be divided into direct and indirect assays; in the direct 1F assay,
the sample (usually a cell deposit by cytospin) is fixed on a microscope, and
virus-specific serum labeled with a fluorescent dye is added and any unbound
antibody washed away. Bound antibody is then detected by fluorescent micros-
copy (16). In the indirect method, specific unlabeled antiviral antibody is first
bound to any antigen and then a second labeled antiantibody from another species
is used to detect the presence of the first (29). This increases the number of bound
antibodies and, therefore, increases sensitivity. The prior use of cyto-centrifuga-
tion increases the sensitivity of the assay (30,31). The results of 1F assays are
usually available within 2-3 hours of taking the sample. Although simple in
principle, TF assays have drawbacks in that the specimen needs to contain an
adequate number of cells, the antibodies need to be specific, and background
fluorescence occurs frequently. Recently, an indirect IF assay containing a pool
of mAbs screening for the panel of influenza A, B, RS virus, parainfluenza viruses
1-3, and adenovirus has been described, with a reported sensitivity of 89% (32).

B. Other Immunoassays

More sensitive immunoassays have now been developed for the detection of re-
spiratory viruses based broadly on the principles of immunofluorescence. The
principle of the enzyme-linked immunosorbent assay (ELISA) is that any virus
or viral antigen present in a sample is added to specific antibody bound to a solid
phase. Any bound or unbound material is then washed away and a second antivi-
ral antibody of another species labeled with an enzyme is added, which binds to
any antigen now present. The addition of a substrate for the enzyme then produces
a color reaction, which can be read colorimetrically (33). As with IF assays,
polyclonal sera have been used but are being replaced by more specific mAbs
(34). Recently, ELISA kits that allow the detection of RS virus or influenza virus
type A in clinical specimens within 20 minutes have become commercially avail-
able (4). These tests are sufficiently sensitive and have the advantage of being
able to be performed at the bedside or in a clinic (35).
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Immunoperoxidase (IP) staining is the enzymatic equivalent of immuno-
fluorescence and instead of a fluorochrome dye being conjugated to antibody.
the latter is labeled with peroxidase enzyme, which in the presence of a substrate
produces a color reaction. As with IF assays, both direct and indirect methods
have been described. Although they have the inherent advantage that only light
microscopy is needed, these tests have been more commonly used in conjunction
with rapid culture assays (20,24). The use of TR-FIA has recently gained popu-
larity in some diagnostic and research laboratories. The TR-FIA method is similar
in format to the ELISA assay, except that the detector antibody has a fluorescent
label, Europium-chelate, which is activated by the addition of an *‘enhancer’’
solution. Fluorescence is measured immediately by a single photon fluorimeter.
A variant of the TR-FIA technique is the biotin-enzyme immunosorbent assay.
In this method. the fluorescent label is biotin, and peroxidase labeled avidin is
used in place of the enhancement solution. Sensitivities up to 0.1 ng/ml of antigen
have been described with mAb incubation TR-FIAs. Monoclonal TR-FIAs have
been described for the main respiratory viruses including parainfluenza virus (36),
adenovirus (37). influenza virus (38), and RS virus (39).

Although the final interpretation of the test results often requires expertise,
the immunoassays described have several advantages over standard 1F assays.
Specimens can be transported more robustly since intact cells are not required.,
bulk testing of specimens is possible, and reading the printout of the results is
more objective than reading immunofluorescence (40).

VIl. Detection of Viral Nucleic Acids

Respiratory viruses can be detected in clinical samples by direct or indirect identi-
fication ol the virus-specific genome. Direct detection comprises the isolation of
nucleic acid and then visualization in agarose or polyacrylamide gels by staining
with a suitable dye such as ethidium bromide. For respiratory virus infections
the amount of virus and hence nucleic acid tends to be too small for direct detec-
tion. Hence either indirect detection of nucleic acid with probes is necessary, or
direct detection can still be used but after multiplying copies of the viral genome
over a millionfold by amplitication techniques, principally the polymerase chain
reaction. The principles involved in these new techniques are discussed in the
following sections.

A. Nucleic Acid Hybridization

This technique is based on simple biological principles; all organisms including
prokaryotes or eukaryotes contain deoxyribonucleic acid (DNA) or ribonucleic
acid (RNA) or both. These nucleic acids comprise the four nucleosides: adeno-
sine (A), cytidine (C), guanosine (G). and either thymidine (T) in DNA or uridine
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(U) in RNA. DNA usually exists as a double strand with one chain being comple-
mentary to the other, which arises from the specific binding that exists between
A and T (or U) and C and G nucleotides. RNA is, with few exceptions, made
up of a single chain of nucleotides. Viral nucleic acids are usually double-
stranded (ds) DNA or single-stranded (ss) molecules (the majority are RNA vi-
ruses). DNA can be dissociated or denatured into single-strand form by heating
or by chemical treatment (e.g., NaOH). On removing these physical and chemi-
cal agents, the two ssDNAs or RNAs will return to the double-strand form, bind-
ing according to their sequence complementarity, referred to as annealing. Hy-
bridization is the process of two different ssDNAs or RNAs with sufficient ho-
mology (matching of base pairs) annealing to form a hybrid under controlled
physical and chemical reaction conditions (stringency). An integral part of the
hybridization assay is the target-specific probe, a short piece of DNA or RNA
complementary to a specific region of the viral genome. The probe can be labeled
directly with enzymes or other reporter molecules or with linker molecules such
as biotin or digoxigenin that serve as a bridge to which reporter molecules can
be attached.

General Principles

All hybridization reactions share the same general principles: the target viral
nucleic acid is first denatured and bound to a liquid-phase or solid-phase support
such as nylon membrane. The probe. which is also denatured, is incubated with
the target DNA under a controlled reaction, after which the unbound probe is
removed by thorough washing and a reporter molecule is added to the membrane.
After another incubation, excess unbound reporter molecule is removed by wash-
ing and a specific substrate solution is added that, when catalyzed by the enzyme,
generates a signal that can be detected by a variety of means—visually. fluoro-
metrically, or luminometrically, or a combination of these depending on the sub-
strate used (41).

Probes, Hybridization Conditions, and Test Formats

Probes are designed from known viral target nucleic acid sequences, and the
specificity varies according to the length. The most useful oligonucleotide probes
are 20-30 bases in length, have 40-60% G+C content (which affects the melting
and annealing temperatures), are without *‘within-probe’ complementary re-
gions, and have less than 70% homology with *‘nontarget’” regions. Computer
software is now readily available in the design of oligonucleotide probes. The
stringency of the hybridization reaction is dependent on several parameters, in-
cluding the temperature, salt concentration. and the presence or absence of inert
substances that can serve to accelerate the hybridization reaction. These are re-
viewed more fully elsewhere (41).
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The test format used in the hybridization assay may require modifications
depending on the specific method used to detect the virus. In general, there are
two formats in use: single-phase hybridization comprises a liquid environment,
and dual-phase (or mixed phase) hybridization has either the probe or target
bound to a solid matrix. Single-phase hybridization is rarely used in viral diagnos-
lics because they are tedious, time consuming, and cannot be readily automated.
Most non—amplification-based probe methods use a dual-phase system. The two
most commonly used types of solid phase are nitrocellulose and nylon mem-
branes, followed by magnetic beads and polystyrene microtiter plates. The rea-
sons for using a solid phase is that bound strands of nucleic acid will not self-
anneal, the time for hybridization is reduced, multiple targets or probes can be
incorporated into a single hybridization reaction, the solid phase can be recovered
to enable detection of hybrids, and hybridization reactions using different probes
can often be repeated on the same solid phase (19). The main problem—that of
nonspecific binding to the solid phase producing ‘*background’” interference—
can be reduced by prehybridizing the solid phase with components such as nontar-
get nucleic acid (e.g.. salmon sperm) and using blocking agents and detergents
such as sodium dodecyl sulfate (SDS). A posthybridization washing step with a
detergent is also usually used to remove nonspecifically bound components. The
stringency of the hybridization reaction is controlled by the washing step follow-
ing hybridization and by varying both the temperature of the wash and the amount
of detergent used.

Labeling and Detection Systems

Probes can be labeled by isotopic (radioactive) or nonisotopic (nonradioactive)
methods. Isotopes such as **P and **S have been used to label probes. which have
allowed sensitive detection by autoradiography. Because of the hazards associ-
ated with isotopic methods, the routine use of radioactivity to detect viruses has
been superseded by a number of nonradioactive methods without loss of sensitiv-
ity of the former methods. The first of these utilized biotin-avidin whereby biotin-
ylated nucleotides are incorporated into the probe and then avidin coupled to an
enzyme, such as alkaline phosphatase, is used as a secondary detector molecule.
After the addition of an appropriate substrate for the enzyme, a colorimetric or
chemiluminescence reaction can be detected as described earlier. Chemilumines-
cent labels have the added advantage that the results can be conveniently recorded
on light-sensitive film. Oligonuclcotide probes can be labeled by a variety of
techniques including nick translation (42), random priming (43), or from plasmid
vectors (44).

Several assays have now been described to detect signals in hybridization
assays and are based on the general principles first described by Southern. In this
method, the target DNA is separated by gel electrophoresis and transferred (o a
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solid phase (membrane) by capillary action. The membrane is then hybridized
to probes in solution. Target nucleic acid can be applied directly to a membrane
or filter as either a *‘dot’” or a “‘slot’” for subsequent probing. This slot-blot
hybridization method has the added advantage of being semi-quantitative if a
densitometer is used. Several manufacturers produce manifolds that allow nucleic
acids in solution to be applied under vacuum to a membrane, thus ensuring
uniformity of size of dots or slots (e.g., Schleicher and Schuell, Dassel, Germany).
A further development of hybridization is the in situ hybridization assay, which
allows the localization of nucleic acids within cells and tissues. Intact cells are
fixed on a solid phase, either a membrane or microscope slide, hybridized and
probed, and examined under a microscope for signal. These nonisotopic methods
allow direct visualization of target sites.

B. Nucleic Acid Amplification

The amplification of nucleic acids, particularly by the polymerase chain reaction,
has led to great advances in the molecular science of genetic diseases, oncology.
and forensic medicine. Although other nucleic acid amplification methods have
been described, PCR techniques are the most widely used because of their sim-
plicity and flexibility. PCR is directly applicable in diagnostic virology due to
the presence of unique sequences found in all viral genomes and the accessibility
of nucleotide sequence information for many viruses. PCR has transformed nu-
cleic acid analysis from a research tool to a clinical diagnostic discipline and has
been applied to the detection of respiratory viruses in clinical samples (9,18,
37,45-49).

PCR is based on the repetition of three successive reactions outlined
in Figure 1. First, double-stranded DNA (dsDNA) is denatured into single-
stranded DNA (ssDNA) at high temperature, usually 94-95°C. Second, two
specific primers (synthetic oligonucleotides usually 18-22 bases long) anneal
(hybridize) to each ssDNA at the 5 and 3" termini at 37-72°C. Finally, a thermo-
stable DNA polymerase enzyme extends the primers by always adding nucico-
tides at the 3’ end of the primers to synthesize new complementary DNA strands
at 72°C. These three steps represent a single cycle, and the number of DNA
molecules doubles at the end of each cycle and repeated cycles result in the
exponential accumulation of specific DNA products whose termini are defined
by the 5" ends of the primers. After the first cycle, the DNA target and newly
synthesized DNA strands also become templates for amplification. The length
of the newly synthesized DNA is equal to the sum of the length of two primers
plus the distance separating the two primers on the original DNA template. Typi-
cally 30-50 cycles are used and the entire process is usually automated on spe-
cialized thermal cyclers. The products of a PCR reaction are then visualized by
gel electrophoresis, and the size of the product corresponds to that of the two
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Figure 1 Principles of the polymerase chain reaction (PCR) and the ligase chain reaction
(LCR).

primers plus the intervening region. To ensure specificity. and often (o increase
sensitivity. it is then usual to confirm these products as being the required target
region by probing with an oligonucleotide probe or alternatively by sequencing
(confirming the nucleotide sequence).

There are many factors that influence the quality and sensitivity of a PCR
reaction, including the nature of the target sequence and sample preparation,
primer, deoxynucleotide triphosphate (ANTP) and magnesium concentrations,
and the cycle temperature, number, and hold times. These parameters are dis-
cussed in more detail in other reviews (19.41).



Advances in the Diagnosis of Respiratory Virus Infections 231

C. Variations of PCR and Other Nucleic Acid Amplification Methods

The principles of the PCR assay have been varied according to the application
in diagnostic virology. and the main variations of this theme applicable to the
diagnosis of respiratory viruses arc discussed. Nested PCR involves a second
round of 15-30 cycles of PCR performed on the first-round PCR product using
anew set of internal or *'nested’” primers. This secondary amplification produces
a shorter, high-yield DNA product and can improve sensitivity and specificity,
which is particularly important in respiratory samples containing inhibitors. Mul-
tiplex PCR uses multiple primer pairs that allow the simultaneous amplification
of several sites on the target DNA. This method has been used to test for scveral
subgroups of viruses (particularly coronaviruses 229E and OC43, influenza vi-
ruses A, B, and C. and parainfluenza viruses 1-3) using a single PCR reaction
and the different groups scparated by product size on gel electrophoresis or probe
hybridization. The multiplex method requires that the annealing temperatures of
the primers and the lengths of the PCR amplification products are very similar
to ensurc balance in the amplification of the different PCR products. For example,
differences in the length of the primers will favor the cxtension of the shorter
target over the fonger one.

Asymmetrical PCR involves the use of unequal, or asymmetrical concentra-
tions of primers. During the initial phase of the amplification, most of the product
gencrated exponentially is double-stranded and as the limiting primer becomes
depleted, further cycles generate excess copies of the opposite or complementary
strand. This technique is used it the amplification products are to be sequenced
but has recently been applied to improve the quality of subsequent probe hybrid-
ization in the diagnosis of adenovirus infections in clinical samples. Quantitative
PCR is based on the observation that, under carefully controlled conditions, the
concentration of PCR product correlates directly with the number of template
molecules, providing a rapid and reliable way to quantitate the amount of viral
DNA in a sample. This method does not have many applications in the diagnosis
of respiratory virus infections and only assumes importance in circumstances
where a measure of the viral load may be uselul. such as in retrovirus infections.

Because of the legal restrictions on PCR technology and the expanding
interest in nucleic acid-based diagnostic tests. commercial companies have de-
veloped alternative methods of nucleic acid amplification. Nucleic acid amplifi-
cation is achieved in two main ways: by target (viral genome) amplification,
where a specific sequence of interest is amplified to detectable levels, or by probe
amplification, where the nucleic acid probe itself is amplified to detectable levels.
Target amplification systems, including PCR, self-sustained sequence replication
(3SR). and strand displacement amplification (SDA) incorporate target-specific
sequences into the amplification product that are distinct from the sequences of
the primers used to promote the reactions. Alternatively, probe amplification sys-
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tems such as ligase chain reaction (LCR) and Q-beta replicase amplify the probe
itself without incorporating target information different from that used to start
the reaction. The differences in reaction cycles between PCR and LCR are shown
in Figure 1. Different amplification methods have been reviewed by Forghani
and Erdman (41). To date, the majority of methods describing the detection of
respiratory viruses by nucleic acid amplification have used PCR, and rapid devel-
opments using LCR for viral diagnostics or a combination of PCR and LCR are
awaited.

D. Application of PCR to Detection of Respiratory Viruses

Most respiratory viruses causing common cold-like symptoms have RNA ge-
nomes with the notable exceptions of adenoviruses and the atypical bacteria
Mycoplasma pneumoniae and Chlamydia pneumoniae. Amplification of RNA
target sequences by PCR therefore requires the prior step of making cDNA cop-
ies, and for the viruses with DNA genomes the nucleic acid is amplified directly
without prior reverse transcription. A major requirement ot PCR diagnostics is
uniformity of reagents and standardization of PCR protocols if rapid multiple
testing of all the major respiratory viruses is required, and the method of nucleic
acid extraction (whether DNA or RNA) is important in the success of the assay.
A major problem with using PCR directly on clinical samples is the presence of
inhibitors in some clinical specimens, and although there are numerous published
reports on the extraction of nucleic acids from clinical samples for PCR, different
methods of sample preparation and extraction may lead to inconsistent results.
Because the mRNA of prokaryotic and most eukaryotic cells contains a long tract
of 20 or more A residues (the polyA tail) at the 3" end. multiple copies of single-
strand cDNA can be made from the total RNA extracted from clinical specimens
using commercially available poly-dT or random primers (Fig. 2). The single
step of RNA extraction and cDNA synthesis per clinical sample (which can then
be used to test for multiple viruses) has obvious labor and cost advantages to
using multiple extractions and cDNA synthesis based on using virus-specific
primers for reverse transcription. Commercially available RNA extraction kits
are now used to extract total RNA from clinical samples based on the guanidium
isothiocyanate method described by Chomezynski and Sacchi (50). In most in-
stances the total RNA will be comprised of about 90% ribosomal RNA and the
rest by nuclear RNA (mainly mRNA). The advantage of using primers comple-
mentary to viral mMRNA not only supports the observation that any positive virus
samples represent active virus replication, but also that if primers complementary
to an abundant mRNA are selected for PCR, then even viruses and atypical bacte-
ria with primary DNA genomes can be reverse transcribed. In this respect. the
authors’ have developed reverse transcription—based PCRs for adenoviruses, M.
pneumoniae, and C. pneumoniae.
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A Typical Protocol for RNA Extraction, cDONA Synthesis, PCR,
and Probe Hybridization

The following description is of a PCR method for the detcction of rhinoviruses
and enteroviruses currently used in the University Medicine Laboratories at the
University of Southampton. The method is typical of other PCR protocols that
have been developed for testing of all the major respiratory viruses, using novel
sets of primers or optimizing primers from previously published studies. and
serves to illustrate the principles of nucleic acid extraction, PCR, and probe hy-
bridization described earlicr. The protocols have been established to test for infec-
tion in nasal aspirates.

RNA Extraction

RNA is extracted in a single stage using a modification of the guanidium isothio-
cyanate-phenol-chloroform method. Briefly, 10 pl of sample is diluted 1:5 with
ultra-high-quality water (UHQ) followed by the addition of an cqual volumc of
Trizol™ (Gibco BRL, Paisley. Scotland) and 1/10 volume of chioroform and
precipitated with glycogen (20 mg/ml, Bochringer Mannheim, Lewes, England)
and isopropyl alcohol overnight at —20°C. Dilution of sample is required to re-
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duce the amount of inhibitors present in nasal mucus. The RNA pellet is purified
by washing with 80% ethanol and dried under vacuum. Each pellet is then dis-
solved in 5 pl warm UHQ with 20 units of RNAase inhibitor (RNAguard™,
Pharmacia Biotech, Uppsala, Sweden). Relevant positive controls from cell cul-
ture lysates with known 50% tissue culture infective doses (TCIDy,) and negative
controls are prepared from noninfected viral transport medium.

Primers

The oligonucleotide primers are synthesized using isocyanoethyl phosphoramid-
ite chemistry. The primers used for picornavirus amplification are OL 26 (5’ GCA
CTT CTG TTC CC 3’) and OL27 (5 CGG ACA CCC AAA GTA G 3), which
are complementary to the RNA at positions 169-185 and 542-557 in the 5’
noncoding region of rhinovirus-1B (18,51,52). This primer pair generates an am-
plification product (amplicon) that does not differentiate between rhinovirus and
enterovirus.

Reverse Transcription

For ¢cDNA synthesis using random primers, each RNA pellet is made up to a
10-pl volume with UHQ containing 50 pg/ml concentration of random hexamers
(Promega Corp., Southampton, England). After heating the mixture to 70°C for
10 minutes and cooling on ice, the total volume is made up to 20 pl containing
final concentrations of the following reagents: 50 mM Tris-HCI (pH 8.3 at room
temperature), 75 mM KCl, 15 mM MgCl,, 20 mM DTT, 0.5 mM dNTPs, and
200 U of reverse transcriptase (Superscript™ RNAase H™, Gibco BRL, Paisley,
Scotland). The mix is incubated to 37°C for 60 minutes to yield 20 pl of single-
strand ¢cDNA and then stored at —70°C as appropriate.

PCR

The PCR is performed on 10 pl of ¢cDNA in a reaction volume of 50 {l made
up with UHQ water containing final concentrations of the following reagents:
1 X PCR buffer (50 mM KCI, 10 mM Tris-HCI [pH 9 at 25°C], 0.1% Triton X-
100), 0.2 mM dNTPs, 1.5 uM both primers, 1.5 mM Mg?*, and 4.25 U Taqg DNA
polymerase (Promega Corp., Southampton, England). The reaction cycle consists
of 32 cycles of denaturation at 94°C for 30 seconds, annealing at 50°C for 30
seconds, and extension at 72°C for 2 minutes, including a post-PCR extension
step at 72°C for 4 minutes.

Gel Electrophoresis

The OL26-OL27 primers generate a picornavirus product size of 380 bp visual-
ized by gel electrophoresis on an ethidium bromide-stained 1.5% gel. Serial 10-
fold dilutions of the positive controls to the appropriate detection limits are also
run on the gel to confirm that each PCR run was successfully completed prior
to probe hybridization.



Advances in the Diagnosis of Respiratory Virus Infections 235

Oligonucleotide Probes

Oligonucleotide probes are synthesized by the same method described for prim-
ers. The probe JWA-1b (5 CAT TCA GGG GCC GGA GGA 3') is used to
confirm the picornavirus-specific OL26-OL27 amplicons, while the probe PR3
complementary to the 5" noncoding/VP4 antisense RNA between positions 457
and 478, derived from a previously published sequence (53), is used to confirm
rhinovirus-specific sequences in the same amplicons.

Probe Hybridization

Ten microliters of PCR product are mixed with an equal volume of 3:2 mix of
20 X SSC and 37% formaldehyde and incubated at 65°C for 15 minutes. The
samples are applied to nitrocellulose membranes (63 by 288 mm; pore size 0.45
um; Schleicher and Schuell, Dassel, Germany) with the aid of a vacuum slot-
blot manifold (Minifold II; Schieicher and Schuell). The products are then cross-
linked to the membranes by UV light at 120,000 J/m*. The membrane is prehy-
bridized individually in glass bottles (Hybaid, Teddington, England) containing
30 ml of prehybridization bufter: 5 X SSC, 0.02% SDS, buffer component
(NIP547; Amersham Int., Bucks, England) and a 20-fold dilution of liquid block
(RPN3601; Amersham) for a minimum of 1 hour to reduce nonspecific probe
hybridization. The membranes are hybridized overnight with the fluorescin-11-
dUTP-labeled oligonucleotide probes JWA-1b at 45°C (or PR8 at 42°C) at a
final concentration of 10 ng/ml and signal detected by using an antibody-based,
chemiluminescent slot-blot system (ECL, Amersham, England). Briefly. after hy-
bridization the membranes are washed twice with 5 X SSC at room temperature
for 5 minutes and twice with 1 X SSC at the hybridization temperature for 15.
The membranes are then rinsed for 1 minute in buffer 1 (NaC10.15 M and Tris 0.1
M at pH 7.5) before incubation in a 20-fold dilution of liquid block (RPN3022,
Amersham) at room temperature. The membranes are again rinsed in buffer |
for 1 minute before a final 30-minute incubation in a 1000-fold dilution of anti-
fluorescein HRP conjugate in buffer 2 (NaCl 0.4 M and Tris 0.1 M at pH 7.5)
containing 0.5% bovine serum albumin. Membranes are then rinsed four times for
5 minutes each with an excess of butfer 2. Chemiluminescent signal generation is
achieved by adding equal volumes of ECL-detection reagents (RPN2105, Amers-
ham) to the membranes, which are then exposed to light-sensitive film (Hyperfilm
ECL, RPN 2103H, Amersham) for 10 minutes at room temperature. Any visible
signal in the clinical samples are taken as positive if consistent signals are present
in the serial dilutions of the positive controls while absent in the negative controls.
A typical film detecting chemiluminescent signals from rhinovirus amplification
products (using the slot-blot technique) is shown in Figure 3. The lower limit of
detection of the assay is 10 TCIDs, of virus, and this technique has been shown
to detect three times as many rhinovirus- and enterovirus-positive samples in
nasal aspirates as virus culture alone (18).
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Figure 3 Chemiluminescent signal detected on an antibody-based slot-blot film of pi-
cornavirus-specific amplicons using the probe JWA-1b. Forty samples are shown. Only
signal present on duplicate testing was taken as positive, which included lanes 4, 5, 8, 9,
11-14, 16, 18, 21-23, 25, 27, 28, and 32-34. Lanes 37 (2 X 10° TCIDs), 38 (2 X 10?
TCIDs), and 41 (20 TCIDs) are rhinovirus 16 positive controls and lanes 39 and 40 are
VTM negative controls. Sample lanes 9, 12, 13, 16, 18, 23, 27, 32, and 33 were also
positive by cell culture. (Reproduced courtesy of Dr X. Ping.)
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The type of PCR method, the target virus genome, and detection limits of
the assays currently in use for the main respiratory viruses and atypical bacteria
in the authors’ laboratory are shown in Table 1.

PCR as a Diagnostic Tool

Many studies in the past 8 years have used the PCR assay to detect respiratory
virus infections. Many of the earlier studies used the assay to detect virus in
laboratory cell cultures, and a few tested for virus infections in large numbers
of clinical samples. The sensitivity of in vitro amplification of viral nucleic acid
generally compares favorably with virus cell culture and other methods of antigen
detection such as IF agsays for many respiratory viruses. Nucleic acid amplifica-
tion does not require virus viability, whereas many viruses cannot be grown in
cell culture or may grow slowly, requiring days or weeks for identification. In
the long run, in vitro amplification by PCR is cost effective and has recently been
shown to reduce overall health costs in detecting RS virus in children admitted
to hospital with acute respiratory illnesses (54). Genomic sequence variation,
detectable because of the specificity of nucleotide base pairing during hybridiza-
tion, can provide useful information about virus strain specificity. useful for both
early diagnosis and epidemiological surveillance. DNA is generally resistant to
organic solvents and other extreme physical conditions and can therefore be used
to test for infection in stored samples several years after they are first collected.

Despite all these advantages, the role of detecting respiratory virus infec-
tions by PCR remains to be firmly established, primarily because of the costs,
lack of standardization, and uncertainties about whether the presence of virus
genome in clinical samples represent true infections or are false positives. Be-
cause of the exquisite sensitivity of these assays, the use of sensitivity testing of
PCR assays by serial dilutions of stock laboratory virus does not necessarily relate
to the sensitivity in detecting viruses in clinical samples; newly developed PCR
assays require careful testing against panels of symptomatic and asymptomatic
samples and need to be evaluated alongside samples that have been tested concur-
rently with conventional cell culture and antigen-detection methods. For example,
using the picornavirus PCR and rhinovirus-specific probe hybridization described
earlier, rhinoviruses were detected in 52% of acute samples by PCR compared
to 29% by cell culture and in 12% of asymptomatic samples by PCR and none
by cell culture (18). Using the panels of RT-PCRs available in the authors’ labora-
tories, viruses were similarly detected in approximately 80% of acute samples
taken from children aged 9-11 years in a community-based longitudinal study,
compared to 18% in asymptomatic samples (collected throughout autumn, winter,
and spring, thus allowing for seasonal effects) taken from the same subjects. In
another study testing for a panel of RS virus, parainfluenza virus, and picornavi-
rus, the RT-PCR methods had a sensitivity of 94% in comparison with virus



Table 1 Applications of PCR Assays for Detection of Respiratory Virus Nucleic Acids in Clinical Samples

TCIDs, by
1''/single TCIDs, TCIDs, by
Virus Target genome RT Type of PCR round gel by PH 2" round gel
Picornavirus 5’ Noncoding RNA Yes S. PH 200 20 —
RS virus 22K protein mRNA Yes N — — <5
Coronaviruses Nucleocapsid protein RNA Yes S or N. M, PH
0C43 5000 500 50
229E 5000 500 50
Influenza A and B N and NS protein mRNAs Yes N, M
Type AHI — — 1
Type AH3 — — I
Type B — — 20
Parainfluenza HN + NP protein RNA Yes S, M. PH
Type 1 500 50 —
Type 2 50 5 —
Type 3 500 50 —
Adenovirus Ad2 Hexon mRNA Yes S.PH <1 1 —
M. prneumoniae 16s RNA Yes S. PH — — —
C. pneumoniae OMP-1 mRNA Yes N 45 ng — 4.5 fg

All limits are TCIDy, per/ml of virus.
S = Single round; M = multiplex; N = nested: PH = probe hybridization
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culture and showed evidence of a dual infection in 20% by RT-PCR compared
to 3.8% by culture. Clearly with the increasing availability of commercial extrac-
tion and PCR Kkits, automation of the PCR processes, and accessibility to virus
genomic sequences by computer, more information will be gathered and PCR
will be more widely used as a diagnostic rather than simply as a research tool.
Before this becomes a reality, the problems of standardizing the methods (e.g..
in extraction of nucleic acids), the costs, and reproducibility of the assays between
different operators and laboratories need to be addressed.

VIll. Conclusions

It is clear from current evidence that rapid diagnostic methods using direct antigen
and genomic amplification methods are becoming more common for diagnosing
respiratory virus infections. Depending on the virus to be detected, the type of
respiratory sample, and the target viral genome, PCR and often antigen-detection
methods can be more sensitive than cell culture. Furthermore, although cell cul-
ture and antigen-detection methods may be cheaper and have specificity, they
either do not provide a result early enough or lack appropriate sensitivity com-
pared to PCR. Despite these potential advantages, until more is known about the
viability of virus detected in asymptomatic samples by PCR between difterent age
groups, seasons, and disease states, cell culture methods (supported by antigen
detection and PCR when appropriate) remain the front-line investigation for most
respiratory viruses in many general diagnostic laboratories.
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Current Modalities for Treatment of Respiratory
Viruses and Virus-Induced Asthma

ELLIOT F. ELLIS

MURO Pharmaceuticat
Tewksbury, Massachusetts

During the past two decades there has been substantial progress in the develop-
ment of chemotherapeutic agents and vaccines for the treatment of human viral
infections. As important as these advances have been in the management of cer-
tain infections, e.g.. the wide varicty of herpes simplex virus (HSV) infections.
pharmaceutical research laboratorics have been, with two notable exceptions. ri-
bavirin for respiratory syncytial virus (RSV) infection, and amantidine/rimanti-
dine for influenza A infections, notably unsuccessful in bringing to market new
agents effective against the common respiratory viruses. The ideal characteristics
of an antiviral agent for treatment or prevention of respiratory virus infection are
seen in Table I.

It has become abundantly clear, over the past 20 years, that respiratory
viruses have a major role as provocateurs of exacerbations of symptoms in known
asthmatics in both children and. to a lesser extent, adults (1-5). The question of
whether virus respiratory infection leads to the development ot atopy (6) or pro-
tects against it has not been resolved (7.8). The principal respiratory viral agents
involved in asthima are RSV, parainfluenza virus (I-I1I), coronaviruses. rhinovi-
ruses, and, to a lesser extent. influenza virus (1,2). Adenoviruses, which may
cause serious lower respiratory tract illness in infants and epidemic upper respira-
tory and gastrointestinal illness in community settings, are rarely associated with
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Table 1 Ideal Characteristics of an Antiviral Agent for Treatment
or Prevention of Respiratory Virus Infection

Broad spectrum of antiviral inhibitory activity against respiratory
syncytial virus, rhinoviruses, coronaviruses, parainfluenza type
I-1V, influenza A and B viruses

Effective by oral or intranasal administration

Relatively inexpensive to synthesize

Chemical structure modification possible in the event of emergence
of drug-resistant viruscs

Good stability with shelf life of at least 18-24 months

Free of significant adverse effects

exacerbations of asthma. During early life RSV, parainfluenza, and coronaviruses
are most important, with influenza only rarely being implicated (1). Later in life,
rhinoviruses by far are the most common agents associated with flare-ups of
asthma (2). This chapter will focus on the chemotherapy of respiratory viruses
implicated in exacerbations or possible causation of asthma and on controlled
clinical trials conducted in patients with virus-induced asthma. Currently mar-
keted products as well as those under development will be discussed.

. Chemotherapy of Rhinovirus Infection

In school-age children and adults, rhinovirus infections account for 60% of cases
of respiratory viruses associated with exacerbations ot asthma. Clinically, rhino-
virus infection manifests itself as a common cold and is responsible for 40-50%
of cold cases. Because there are approximately 100 serotypes of rhinovirus (9)
and immunity is serotype specific, prevention of rhinovirus infection by immuni-
zation has not been feasible. However, during the past 20 years there has been
considerable interest in the use of interferon (IFN-a) for prophylaxis of rhinovirus
infection (10-16).

Interferon was discovered 40 years ago by Isaacs and Lindenmann, who
found that fluids from virus-infected cell cultures possessed a protein that could
confer on cells resistance to infection by many viruses (17). It is now known
that interferons are a family of glycoprotein molecules with antiviral effects. The
interferons designated IFN-o, IFN-B, and IFN-y differ physicochemically, anti-
genically, and in terms of cellular source and function (18). The interferon genes
have been cloned, and recombinant IFN-a., IFN-f, and IFN-y have been produced
by genetically engineered bacteria and in cell culture for therapeutic use. As a
group, in addition to possessing potent antiviral activity, the interferons have
metabolic, growth, immunomodulatory, and antitumor properties. Effective



Current Treatment Modalities 247

against both RNA and DNA viruses, they do not directly inactivate the virus but
induce resistance in host cells by acting on different parts of the various viral-
replication cycles. With specific reference to viral respiratory disease, work on
prophylaxis of rhinovirus colds was initiated by Tyrrell and associates in the
early 1970s and extended by Gwaltney and associates in the 1980s (10-12).
Using intranasal IFN-02 well-controlled short-term clinical studies with rhinovi-
rus-infected volunteers showed approximately 80% effectiveness in prevention
of rhinovirus-induced colds (13—16). Daily long-term (28 days) prophylaxis dur-
ing the respiratory disease season, although demonstrating an antiviral effect,
caused an unacceptable degree of local nasal irritation, and therefore this ap-
proach was abandoned. Attention was then directed toward testing the efficacy
of IFN-0:2 for treatment of rhinovirus-caused common colds. While the treatment
was well tolerated and a good antiviral effect was shown, symptoms were only
marginally reduced. Continued investigation of the common cold by Gwaltney
led to the conclusion that the symptoms were due to release of inflammatory
mediators rather than simply viral destruction of the cells lining the nasal and
upper airway. Therefore, in addition to terminating the stimulus to inflammation
by interrupting viral replication, Gwaltney hypothesized that adding drugs to
block the various inflammatory pathways responsible for symptoms might be
useful. During the past several years various combinations of naproxen, ipratro-
pium, and several antihistamines plus intranasal IFN-0.2 have given encouraging
results in terms of reduced viral shedding and amelioration of common cold
symptoms (19). Further development of this combined antiviral-antimediator ap-
proach is being pursued. The potential of reducing the communicability of the
common cold due to rhinovirus infections would be of substantial value to fami-
lies of asthmatic children or adults. The combination could be used on a prn basis
administered intranasally as either a nasal spray or drops shortly before or after
exposure and prophylactically to contacts in family outbreaks. According to
Gwaltney, interferon has a long-lasting antiviral effect in the nose after a single
application, permitting infrequent dosing. Furthermore, the cost of IFN-a2 pro-
duction has been substantially reduced to the point where the product could be
reasonably priced.

Intercellular adhesion molecule-1 (ICAM-1) has been recognized as the
cellular receptor for 90% of the rhinoviruses (major group) (20). In addition to
several inflammatory cytokines (IL-4, IL1-5, IFN-,, and TNF-,), parainfluenza
virus, one of the respiratory viruses known to precipitate asthma, also has the
capability of upregulating expression of ICAM-1 on respiratory epithelium (21).
As the cellular receptor for the great majority of rhinovirus strains, upregulation
of ICAM-1 could lead to increased susceptibility to rhinovirus infection and pre-
cipitation of asthma. There has therefore been an interest in developing therapies
directed against ICAM-1, e.g., monoclonal antibodies to ICAM-1 that block the
receptor site on the cells (22) or blockade of the receptor-binding site on the
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virus with soluble ICAM-1 (23). These agents would be administered as a nasal
spray. Unfortunately, the problem of assuring adequate residence time on the
nasal mucosa has yet to be resolved.

ll. Chemotherapy of Coronaviruses

Although primarily studied for prevention of rhinovirus infections, IFN-02 has
also been used as a therapeutic agent in experimental coronavirus infections.
Coronaviruses, well-known veterinary infectious agents, belong to two sero-
groups, A and B, present as upper respiratory illnesses, typically as common
colds, and are responsible for up to 30% of the latter. In the United States and
England, coronaviruses are second only to rhinoviruses as causes of the common
cold. As provocateurs of asthma symptoms in asthmatic children, up to 30% of
acute wheezing episodes may be due to coronavirus infection. Two controlled
clinical trials of experimentally induced coronavirus colds have reported reduc-
tion in duration of viral shedding and lessening of clinical symptoms in subjects
treated with intranasal recombinant IFN-a2 given for 4 days in one study (3.53
X 10710 t.i.d.) (24) and 15 days (2 X 10° [U/day) (25) in the other. The interferon
was well tolerated in both trials except for some mild nasal irritation with bleed-
ing in some instances.

lll. Chemotherapy of Influenza A

Influenza virus infection has a marked cytopathic effect on the upper and lower
airway epithelial lining. While infection causes relatively mild symptoms in pre-
pubertal children with asthma, influenza can be a significant problem in asthmatic
adults. Fortunately, since the mid-1960s, chemotherapy for both prophylaxis and
treatment of influenza A infection has been available but is underused. The origi-
nal compound amantadine and its analog rimantadine arc both acyclic amines,
which differ structurally only in the presence of a methyl group in the latter. This
change in the rimantadine molecule prevents it from crossing the blood-brain
barrier and significantly reduces central nervous system adverse effects compared
to amantadine, without altering its antiviral activity. Both drugs exert their thera-
peutic effect by interfering with viral uncoating and inhibiting the function of
the M2 membrane protein. Drug resistance readily occurs to both compounds
and involves a single amino acid change in one of four amino acid residues in the
M2 membrane protein. Curiously, in spite of the emergence of drug resistance. no
reduction in drug efficacy has been demonstrated in epidemic situations (26).
Pharmacokinetic studies have shown that both amantadine and rimantadine have
excellent oral bioavailability, which is unatfected by food with peak scrum con-
centrations of 0.4-0.8 g/ml 2-6 hours after a 100-mg oral dose. Both drugs may
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be detected in respiratory tract secretions in therapeutic concentrations. There is
a significant difference in the metabolism of amantadine and rimantadine. Aman-
tadine is virtually completely (90%) eliminated unchanged in the urine, while
rimantadine is extensively (>80%) metabolized. This has important implications
when the drugs are administered to individuals with either advanced renal or
liver disease. In particular, patients with any degree of renal insufficiency need
to be monitored carefully for adverse effects to amantadine and the dose adjusted
downward as indicated. Toxicity manifests principally as excitatory central ner-
vous system and gastrointestinal effects and is dose related. Rimantadine has a
significantly better adverse effect (AE) profile than amantadine (5-10% vs. 30%),
and for this reason rimantadine is the drug of choice. Both drugs are marketed
in the United States for prevention and treatment of HIN1, H2N2, and H3N2
strains of influenza type A virus. Controlled clinical trials have shown the drugs
to be about 50% effective in preventing infection in epidemic situations but are
70-90% effective in the prevention or amelioration of clinical symptoms. The
recommended usage of both drugs for prophylaxis and therapy is seen in Table
2. Dosing recommendations are presented in Table 3. Amantadine and rimanta-
dine are not FDA approved for use in children under 1 year. Rimantadine is FDA
approved for prophylaxis, but not for treatment, of children.

Neuraminidase (NA) is one of the two major surface glycoproteins ex-
pressed by influenza A and B viruses. In addition to its role in elution of new-
formed viruses from infected cells, NA may also promote the movement of virus

Table 2 Rccommended Usage of Amantadine and Rimantadine in Prophylaxis and
Therapy

1. There should be clear epidemiological and virological evidence of influenza A
virus in the community.

[

Individuals immunized less than 2 wecks before virus appears in the community

should be treated.

3. Amantadine or rimantadine should be used prophylactically each day for 4-8
weeks.

4. Drug prophylaxis should not replace immunization because amantadine does not
inhibit influenza B virus.

5. Groups recommended for special consideration for prophylactic treatment:

a.  High-risk persons, such as the elderly and those with chronic heart,
respiratory, or circulatory discase, and those with compromised unmunity,
whether immunized or not.

b.  Special community groups such as people in institutional settings, caretakers
of high-risk individuals, physicians, nurses, hospital employees.

6. Therapy should be initiated within 24-48 hours of first symptoms and given for
10 subsequent days.
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Table 3 Dosage Recommendations for Amantadine (Symmetrel®) and Rimantadine
(Flumadine®)

Age (yrs)

>10

1-9 Weight < 40 kg Weight = 40 kg

Treatment S mg/kg/day, maximum 5 mg/kg/day in | or 200 mg/day in | or
150 mg/day. in | or 2 divided doses 2 divided doses
2 divided doses

Prophylaxis  Dosages may be the same as those for treatment. An alternative and
cqually acceptable dosage is 100 mg/day for children weighing
>20 kg and adults. For either regimen, the total daily dosage may be
given in 1 or 2 divided doses.

Source: Modified from American Academy of Pediatrics Report of the Committee on Infectious
Diseases, 24th Edition, 1997 Red Book.

through respiratory tract mucus, thereby enhancing infectivity of the virus. Novel
compounds have recently been designed, synthesized. and evaluated by in vitro
methods for their inhibitory action on NA. These compounds, known as carbocy-
clics, have potent in vitro and in vivo activity with good oral bioavailability at
least in several animal models (mice, rats, and dogs). One of these compounds,
designated GS4104, is being developed for the oral treatment and prophylaxis
of influenza infection (27).

IV. Chemotherapy of Paramyxoviruses
(RSV and Parainfluenza)

Of all respiratory viruses that precipitate asthma during early life, RSV appears
to be the most ““asthmagenic.”” In the first large epidemiological prospective
study of asthmatic children 1-5 years of age. hospitalized at the National Jewish
Hospital in Denver, which investigated the relationship between viral agents and
exacerbation of disease, RSV was implicated as a cause of symptoms 24 out of
25 times that it was identified by culture or serology (1). Since it is often difficult
to distinguish between RSV bronchiolitis and the first attack of asthma precipi-
tated by RSV, undoubtedly some infants with severe acute obstructive airway
discase subscquently shown to have asthma have been treated with ribavirin on
the premise that they had RSV bronchiolitis. Ribavirin is a synthetic nucleoside
analog whose structure closely resembles the guanine-ribose combination guano-
sine. Its in vivo properties depend upon the activity of phosphorylated derivatives.
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Ribavirin is active against a wide variety of RNA and DNA viruses. The initial
enthusiasm for its use in infants and young children with underlying diseases as
well as otherwise healthy infants suffering with severe RSV disease has waned
as a result of recent reports (28,29). In fact, in one of these reports, a prospective
cohort study of otherwise healthy infants under one year of age with RSV-precipi-
tated respiratory failure. the use of ribavirin during mechanical ventilation was
strongly associated with prolonged duration of ventilation, intensive care, and
hospitalization (29). Because of concerns about costs, benefit, safety. and con-
flicting results of efficacy trials, the recommendations of American Academy of
Pediatrics, Committee on Infectious Disease for use of ribavirin have become
more restrictive (30).

In recognition of the importance of RSV as a cause of hospitalization of
infants and children, the lack of a safe and effective RSV vaccine, and problems
with ribavirin therapy, an investigation of passive immunization of high-risk in-
fants with intravenous immunoglobulin was undertaken. In the initial trials in
which nonhyperimmune standard intravenous immunoglobulin was used, reduc-
tion in hospitalization rates was not observed (31). Subsequently, trials with a
high-titered RSV-neutralizing antibody preparation (RSV-IGIV) given prophy-
lactically have been more encouraging in reducing the severity of the illness. The
PREVENT trial was a 54-center. 510-patient, randomized, placebo-controlled
study of the safety and effectiveness of RespiGAM™ 750 mg/kg given monthly
from November through April for prophylaxis of RSV disease in infants with
and without bronchopulmonary dysplasia (BPD) =24 months of age or prematu-
rity (=35 weeks gestation) =6 months of age at study entry. RespiGAM™ re-
duced the incidence of RSV hospitalization by 41%, total days of RSV hospital-
ization by 53%, total RSV hospital days with increased supplemental oxygen
requirement by 60%, and total RSV hospital days with a moderate or scvere
lower respiratory tract infection by 54%. There was also a 46% reduction in the
total days of hospitalization for respiratory illness per 100 randomized children
for the RespiGAM™ recipients (32). Subsequent trials have essentially confirmed
the results observed in the PREVENT trial except in children with congenital
heart disease less than 48 months of age at the time of enrollment. In this group,
efficacy was not established. Unfortunately, clinical trials with RSV-IGIV have
not shown any beneficial effect in the treatment of established RSV disease. The
mechanism of attenuation of the expression of RSV in passively immunized in-
fants may not be due to the presence of RSV-neutralizing antibody alone. Stan-
dard IGIV has a number of well-established immunomodulatory activities, some
of which may be responsible for the beneficial effect observed (33). Although
not mentioned as one of the indications in a recently published consensus state-
ment on the guidelines for selection of patients cligible to receive RSV-IGIV
{34), there may be an occasional infant up to 24 months of age with severe asthma
who would benefit from prophylactic therapy given on a monthly basis during
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the RSV season. The cost of such treatment with RSV-1GIV (RespiGAM™) over
one respiratory disease season is approximately $5,000 (35).

At present, there are no antiviral chemotherapeutic agents known to be
effective for treatment of parainfluenza induced upper or lower respiratory tract
disease.

V. Prevention/Treatment of Virus-Induced Asthma

Expert opinion on the prevention and management of acute exacerbations of
asthma emphasizes the importance of early intervention with corticosteroids (36).
While many mild exacerbations may be managed with bronchodilator therapy
alone, attacks characterized as moderate to severe with incomplete response to
bronchodilator therapy should be treated with corticosteroids (37). Especially in
young children in whom a great majority of exacerbations are triggered by viral
respiratory tract infections, early intervention with glucocorticoids is indicated.
In a study of preschool children with a history of severe asthma attacks precipi-
tated by viral upper respiratory infections, frequently necessitating hospitaliza-
tion, the addition of oral glucocorticoids to the conventional bronchodilator regi-
men at the first sign of a “‘cold”’ had remarkable resuits (38). The control group
showed no change in morbidity during the 2-year observation period; however,
in the prednisone-treated group, the number of wheezing days decreased by 65%,
attacks of asthma by 56%, emergency department visits by 61%, and hospitaliza-
tions by 90% (Fig. 1). It should be noted that the study was not well controlled
with subjects not randomly assigned to steroid versus control groups. However,
the results were impressive cnough to suggest validity of the observations. Al-
though not specifically targeted to virus-precipitated asthma exacerbations, there
are a number of other studies, mostly in children but in adults as well. supporting
the use of corticosteroids in early-intervention treatment of acute asthma (39,40).

The risk of adverse effects associated with the use of systemic corticoste-
roids in the treatment of virus-induced asthma are dose and dosing interval related
(41). Both children and adults who receive HPA axis—suppressive doses of corti-
costeroids in daily regimens may be at risk of the various complications of gluco-
corticoid therapy. In the context of viral-induced asthma, the course of therapy
typically lasts no longer than 7—10 days, and while the doses used may be consid-
ered high (1-2 mg/kg/day for children and up to 80 mg/day for adults), signifi-
cant adverse effects are rarely seen—especially those of an infectious nature (42).
In fact, glucocorticoids have been used to treat several viral infections including
acute hepatitis and herpes zoster with no adverse effects observed (43). Addition-
ally there is a report of modulation of infection and subsequent pulmonary pathol-
ogy in hamsters exposed to parainfluenza I (Sendai) virus by treatment with meth-
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from Brunette et al, Pediatrics 1988.

Figure 1 In addition to a remarkable reduction in the number of hospitalizations, the
number of wheezing days, emergency visits, and acute attacks of asthma were also sub-
stantially reduced i the steroid-treated children as compared to the control group during
a 2-year observation period.

ylprednisolone (44). The most widely publicized association of glucocorticoid
adverse effects and viral disease is with varicella. This association was first noted
in the 1950s (45). Even then the risk of disseminated varicella occurred primarily
in children whose immunity was compromised by their underlying disease, e.g.,
leukemia. Reports since then have concluded that the risk of this occurrence in
an otherwise normal child is extremely rare and dose dependent (46). Children
with asthma and no history of prior clinical varicella or varicella immunization
whose immumity is compromised by malignant disease or drug therapy (immuno-
suppressive agents or TAO-Medrol combination prescribed for severe asthma)
(47) who require systemic steroids should be treated with zoster immune globulin
(VZIG) if exposed to varicella. The dose is 125 U (1.25 ml) per 10 kg body
weight given intramuscularly. Protection lasts for 3 weeks. In the event of clinical
varicella, acyclovir in a dose of 1500 mg/m?*/day should be given intravenously
in three divided doses for 7-10 days (36).

In addition to the early use of systemic steroids for exacerbation of asthma,
the successful use of high-dose inhaled beclomethasone (750 g three times a
day for 5 days) at the first sign of virus-induced acute asthma in children has
been reported (48). A more recent study using inhaled budesonide supported this
initial observation (49). On the other hand, a subsequent study in preschool chil-
dren with virus-precipitated asthma using relatively low-dose beclomethasone
(400 mg daily) failed to show any improvement (50). In a more recent study,
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regular beclomethasone treatment (400 pg/day) for 6 months offered no clinically
significant benefit in school-age children with wheezing episodes associated with
viral infection, despite improvements in lung function (51). From the above, one
might conclude that high-dose inhaled steroids may be of some value in the treat-
ment of acute asthma but that low-dose therapy is ineffective. For this reason
the use of oral steroids is preferred for treatment.

Inhaled and intranasal cromolyn and intranasal nedocromil have been re-
ported to reduce the symptoms of the common cold in two studies (52.53). In
addition, nebulized nedocromil has been found to be useful in the prophylaxis
of presumed wintertime viral respiratory infection—precipitated asthma in chil-
dren who were treated daily over 6 months. In a recently reported study (54),
there was a decrease in the number of symptomatic days, asthma scores, cough,
and albuterol rescue therapy. When the children appeared clinically to have an
upper respiratory infection, asthma symptoms resolved more rapidly in the nedo-
cromil-treated group compared to the placebo group.

VI. Note Added in Proof

Two important experimental studies on the treatment of respiratory virus infec-
tions have been recently published. The first reported the results of four random-
ized, double-blind. placebo-controlled trials of tremacamra (formerly BIRR), a
recombinant soluble form of the membrane-bound ICAM-1 glycoprotein (the
cellular receptor for most rhinovirus serotypes). Tremacamra, as a nasal spray
or powder, or placebo were administered 7 h before or 12 h atter nasal challenge
with type 39 rhinovirus. The results of the studies showed that both formulations
of tremacamra, by blockade of the ICAM-receptor on respiratory tract epithelial
cells were effective in reducing the symptoms of experimental common colds.
Other than some nasal irritation with the powder formulation, adverse effects
were minimal (55).

The second study. conducted at two clinical sites, reported the results of
trials of the neuraminidase inhibitor zanamivir (GG167), a sialic acid analog, on
naturally acquired influenza infection in healthy adults. Zanamivir was ad-
ministered prophylactically shortly before the influenza season for a 28-day
period. The drug or placebo was given by oral inhalation once daily in a dose
of 10 mg, using a self-actuated inhalation device (Diskhaler-Glaxo Wellcome).
The results showed that zanamivir was effective in the prevention ot influenza
for a 4-weck period in the subjects studied. The drug was well tolcrated. Of
interest was the finding that, like amantadine or rimantadine. zanamivir was more
effective in preventing disease (especially severe disease) than preventing in-
fection. While only type A influenza circulated during the clinical trials, data
exist that support similar effectiveness against type B infections, an obvious ad-
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vantage over the two older drugs. Additionally, viral resistance to zanamivir,
which develops rapidly with amantadine or rimantadine, has not yet been ob-
served (56).
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I. Experimental Models for the Study of Viral Respiratory
Pathogens

The relatively benign and self-limited illnesses associated with most of the viral
respiratory pathogens present both unique opportunities and formidable chal-
lenges for the design of clinical trials. In contrast to most other pathogens. these
organisms lend themselves to experimentally induced infections for studies of
both pathogenesis and treatment. Clinical trials conducted in both the experimen-
tal infection model and in natural infections have contributed to our understand-
ing of these illnesses and the evaluation of cffective trecatments.

The study of naturally acquired viral respiratory infections in human sub-
jects presents several challenges. One problem is the selection of subjects who
are infected with the same pathogen. The clinical syndromes produced by the
various respiratory viruses are similar, and accurate differentiation on the basis
of clinical findings is not possible. Furthermore, diagnostic studies are generally
neither sensitive enough nor rapid enough to permit enrollment of subjects with
a known pathogen into a clinical trial of natural infections. A second difficulty
is the relatively rapid development and subsequent resolution of the symptoms
associated with these illnesses. The time from first recognition of symptoms to
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the peak of the symptom burden is generally only 1-2 days. Institution of experi-
mental treatments after the peak of illness reduces the potential for a treatment
cffect and makes it more difficult to detect a true “*signal’” against the background
noise inherent in any human volunteer study (1). Study of natural infections may
also introduce bias with regard to symptom severity. Subjects who present for
treatment in trials of natural infections may have more severe illncsses than those
who do not participate. The modification of the natural infection model by cnroll-
ing subjects from a surveillance panel has proven useful for providing a broader
spectrum of illness severity and allowing earlier therapeutic intervention.

The use of experimentally induced infections for clinical trials addresses
some of these difficulties (Table 1) (1). In the experimental model, infection is
induced with a known pathogen under controlled conditions. The knowledge of
the precise time of infection allows heightened surveillance for the onsct of symp-
toms and ensures early treatment. The disadvantages of the experimental infection
model are that the mechanism of infection is usually (although not necessarily)
unnatural, the ability to treat symptoms early has the potential disadvantage of
including subjects in the analysis who have minimal symptoms, and the artificial
nature of the cxperimental model raises questions about the gencralizability of
the results to the natural setting.

The best approach to evaluation of therapies for viral respiratory infection
is a combination of the two clinical trial models. Preliminary studics of eflicacy
and dosing can be done more cheaply and with greater sensitivity in the experi-
mental model. The ultimate impact of a treatment in the general population, how-
cver, can only be determined by clinical trials using the natural model.

Table 1 Comparison of the Natural and Experimentally Induced Cold
Models for Clinical Trials of Treatments for Viral Respiratory Infections

Natural Induced
Characteristic of trial model model
Known pathogen X
Natural route of inoculation X
Known time of virus infection X
Controlled environment X
Consistent recovery of viral isolates X
Immediate therapeutic intervention X
Potential bias in symptom sevenity X X
Results readily generalized to the natural setting X
Reliance on subjective symptom reporting X X
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It. Rhinoviruses

A. Clinical Trials of Antiviral Agents for the Prevention
or Treatment of Rhinovirus Infections

The prevention or treatment of rhinovirus infections has been attempted in many
clinical trials since the discovery of the virus in 1956. In spite of the effort and
resources that have been expended in this endeavor, no antiviral drugs are cur-
rently marketed for the prevention or treatment of rhinovirus infection. Recent
studies of the pathogenesis of rhinovirus infections suggest that the host response
contributes to the symptom complex associated with these infections (2-5). Inhi-
bition of both the inflammatory response and viral replication may be required
for a clinically significant effect on the rhinovirus colds.

Capsid-Binding Agents

The capsid-binding agents are a diverse group of compounds that inhibit virus
replication by altering the ability of the virus to attach to the host cell or by
preventing uncoating of the virus. The flavonoids, chalcones, RMI 15,731, and
oxazolines (WIN compounds) have excellent activity against a broad spectrum
of rhinovirus serotypes in vitro. However, prophylactic administration of these
compounds has no effect on either infection or illness in the experimental chal-
lenge model (6-11). Another capsid-binding agent, R 61837 (3-methoxy-6
[4-methylphenyl-1-piperazinyl)pyridazine), when given by the intranasal route,
was cffective for prevention of rhinovirus associated illness but had no effect on
infection (12,13). A similar but more potent agent, pirodavir (R 77975), was also
effective for prevention of illness and at high doses had a modest effect on virus
shedding (14). Pirodavir was ineffective when trcatment was initiated 24 hours
after virus challenge.

Zinc Salts

In the mid-1970s, it was reported that zinc ions inhibit rhinovirus replication
(15). As a result of this observation there have been numerous studies of the
efficacy of zinc, given as oral lozenges. for the treatment of common cold symp-
toms. In spite of the in vitro effect of zinc on virus replication, there has been
no detectable effect of zinc lozenges on virus replication in vivo (16.17). The
effect of zinc on symptoms has been inconsistent; some studies have reported
dramatic effects on the duration of cold symptoms, and other studies have found
no effect (16-20). There is no correlation between the dose of zinc given and
the clinical efficacy, although different formulations of zinc lozenge were used
in the various studies and the studies may not be directly comparable. A major
problem with the interpretation of these studies is the very high frequency (50—
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90%) of side effects in subjects who reccive zinc and the difficulty in producing
an adequately matched placcbo.

Interferons

The first successtul clinical trial of interferon for treatment of rhinovirus infection
was done in the early 1970s (21). However, definitive evaluation of the interfer-
ons was delayed until large quantities of material were made available by the
development of recombinant DNA techniques. The effectiveness of intranasal
administration of o-interferon for prevention of rhinovirus infections was estab-
lished in a number of studies both in the experimental and natural rhinovirus
infection models (22-31). The cost and the side effects of o-interferon preclude
its use as an agent for the prevention of rhinovirus colds (26.27,29,32,33). In
spite of the clear effect of o-interferon for prevention of rhinovirus infection,
little effect was seen when interferon was administered as treatment (24.34). In
limited studies, B-interferon was found to have fewer side effects but was also
less effective than o-interferon for prevention of rhinovirus colds (35.36). Also
in limited studies, y-interferon was ineffective as an antiviral agent for rhinovirus
(37N.

Miscellaneous Agents

A number of other antiviral agents with in vitro activity against the rhinoviruses
have had limited testing in clinical trials. These agents—enviroxime, 44081 RP,
DIQA, isoquinolone UK2054, SKF 40491, GL R9-338, and RP 19326—had no
effect on either symptom scverity or viral infection, and no further testing was
done (38-44).

B. Studies of Receptor Blockade for Prevention and Treatment
of Rhinovirus Infections

In 1984, Abraham and Colonno reported that different rhinovirus serotypes
shared the same cellular receptor (45). Subsequent studies have shown that all
rhinoviruses but one attach to cells via only two different receptors (45,46). The
majority of serotypes bind by a single receptor that has subsequently been identi-
fied as intercellular adhesion molecule 1 (ICAM-1) (47,48). Blockade of the re-
ceptor site on the cells with antibody to ICAM-1 or of the receptor-binding site
on the virus with soluble ICAM-1 have both been shown to inhibit viral infection
in vitro and are potential treatments for the common cold (46,49-52). The logis-
tics of maintaining an appropriate concentration of either of these proteins in the
nasal cavity for prolonged periods of time present formidable obstacles to the
cffective use of these agents, however.
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Clinical trials of both anti-ICAM antibody and soluble ICAM for the pre-
vention or treatment of rhinovirus infection have been done using the experimen-
tal rhinovirus infection model. Prophylaxis with intranasal monoclonal antibody
to ICAM-1 was attempted by Hayden et al. in experimental colds in volunteers
(53). In the most successful of these studies, a total of 1 mg/subject of anti-ICAM
antibody was given over a period beginning 3 hours before and ending 36 hours
after virus challenge. This treatment regimen reduced symptoms and viral shed-
ding during the time the medication was being administered: however, when the
medication was discontinued the amount of virus shedding increased and symp-
toms became more severe.

The efficacy of soluble ICAM-1 for prevention of rhinovirus colds in the
experimental model has been recently reported (54). In this study. soluble ICAM-1
given intranasally either shortly before or shortly after virus challenge reduced
symptoms and viral shedding but had no effect on the incidence of viral infection.
Additional studies will be needed to assess the potential utility of soluble ICAM-1
for prevention or treatment of rhinovirus colds.

C. Clinical Trials of Symptomatic Treatments for Rhinovirus Colds

Symptomatic therapy remains the mainstay of treatment for rhinovirus colds. The
use of symptomatic therapies available over the counter and directed at specific
symptoms of colds has been the subject of some controversy (55). Many of the
clinical trials of symptomatic treatments for the common cold have been done
in subjects with natural colds where no attempt was made to define the viral
agent responsible for the illness.

Adrenergic Agents

Both topical and oral adrenergic agents are effective nasal decongestants: how-
ever, there are relatively few reports of clinical trials in rhinovirus infections or
in subjects with natural colds (56-58). A beneficial effect of an adrenergic agent
administered in combination with an antihistamine has been found in a single
study to reduce the severity of cough (59).

Antihistamines

First-generation antihistamines have been used for many years for treatment of
rhinorrhea associated with the common cold. A modest, but statistically signifi-
cant, effect on rhinorrhea has been found in several small studies, aithough other
studies have failed to detect any therapeutic effect (60-63). A large study in
experimental rhinovirus colds found that clemastine fumarate, a first-generation
antihistamine, reduced rhinorrhea by approximately 27% compared to placebo
(64). This observation was subsequently confirmed in a natural cold trial. A more
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recent study of brompheniramine in the rhinovirus experimental model found
similar results (65). In each of these studies the antihistamine had a significant
effect on sneezing, and in the brompheniramine study it also appeared that the
antihistamine may have a beneficial effect on cough. The second-generation or
‘‘nonsedating’” antihistamines have had no effect on common cold symptoms in
a limited number of studies (66,67).

Anticholinergic Agents

Treatment with ipratropium bromide has consistently resulted in an effect on
rhinorrhea and nasal mucus weights. In a small study in experimental rhinovirus
colds, nasal mucus weights were reduced by approximately 40% by ipratropium;
however, these results were not statistically significant (68). In subsequent larger
studies of subjects with natural colds, ipratropium produced a 22-31% decrease
in rhinorrhea compared to placebo (69-71). A single small study of atropine in
the rhinovirus experimental model found no significant effect on nasal mucus
weights (72).

Anti-Inflammatory/Antimediator Therapy

The observation that inflammatory mediators, particularly the kinins, may play
a role in the pathogenesis of rhinovirus colds has resulted in several clinical trials
of anti-inflammatory therapy directed at inhibiting these mediators. The effect
of steroids on rhinovirus colds has been evaluated in two separate trials using
the experimental colds model (73,74). Although in one of these trials steroid
trcatment significantly reduced the levels of kinins in nasal lavage fluid, there was
no significant effect on symptoms in either study. Similarly, the cyclooxygenase
inhibitor naproxen had no effect on the nasal symptoms associated with rhinovi-
rus although there was an effect on some systemic symptoms (75). A specific
bradykinin antagonist, NPC 567, also was ineffective for treatment of rhinovirus
colds (76).

Cromolyn

The cromolyns have a variety of effects that result in decreased release of in-
flammatory mediators. Cromolyns have been used in two studies: a study of pro-
phylaxis in experimental rhinovirus colds and a study of treatment in natural
colds of unknown etiology (77,78). In both of these studies, treatment had a
statistically significant effect on the total symptom score toward the end of the
cold. Scores for individual symptoms were not reported in these studies; however.,
the effect the cromolyns appears to be due primarily to amelioration of nonnasal
symptoms.
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Dextromethorphan and Codeine

Although these preparations are commonly used for the treatment of cough in
colds, there are no controlled clinical trials of these agents in this illness.

Vitamin C

Vitamin C was perhaps the earliest subject of a controlled clinical trial for treat-
ment of the common cold. More than 50 years and many studies later, there is
still no consensus on the effect of vitamin C for the prevention or treatment of
common cold symptoms. In general, proponents of vitamin C therapy have ar-
gued that studies in which no effect was detected used an insufficient dose of
vitamin C, while those who doubt the effect of vitamin C suggest that studies in
which a positive effect was found were poorly designed or improperly blinded
(79-81). A review of the studies in which vitamin C was given in doses of at
least 1 g/day concluded that there was no effect on incidence of colds but that
there was a consistent but highly variable effect on severity of illness (81). In
this analysis. which largely discounts concerns about blinding and study design.
only half of the studies cited demonstrated a decrease in duration of illness of
at least 20%.

Combination Therapy

Gwaltney reported effective treatment of established rhinovirus infections with
a combination of naproxen, ipratropium bromide, and interferon-02b (82). The
effect of this combination appeared to be greater than the effects usually seen
with available common cold therapies.

Ill. Coronavirus Infections

There are few studies of coronavirus respiratory infections that involve human
subjects. An experimental model of coronavirus colds has been used for studies
of the natural history of infection. However, this model has been infrequently
used for studies of treatment for coronavirus colds. Two studies examined the
effect of prophylactic o-interferon on coronavirus colds (83,84). Both studies
found a significant effect on illness; however, the incidence of viral infection
was reduced in only one of the studies. The study of symptomatic treatment of
coronavirus colds found no effect of nedocromil sodium on coronavirus cold
symptoms (78). Additional studies using the coronavirus experimental challenge
model are unlikely in light of recent observations that suggest that coronavirus
infection may be associated with multiple sclerosis (85,86).

The study of natural coronavirus colds has been hampered by the difficulty
of isolating caronavirus in standard cell cultures. The recent development of sen-
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sitive detection methods may permit studies in natural colds; however, the rela-
tively low incidence of infection and the lack of a clearly defined epidemic season
will continue to be an obstacle to the study of coronavirus infections using the
natural model (87).
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