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Introduction

Infection of the lower respiratory tract is a major determinant of the
course of cystic fibrosis. Although numerous efforts have been made to
elucidate the specific mechanisms predisposing the respiratory mucosa
of cystic fibrosis patients to infection, so far no clinically relevant
procedures for completely effective prevention or control of infection
have resulted. Hence, in dealing with infections in cystic fibrosis, we
continue to rely mainly on antimicrobials. Antiinfective measures are
inseparably correlated with microbiology, and the quality of antiinfec-
tive therapy directly reflects the quality of microbial monitoring. Vali-
dated guidelines for microbiologic testing and antiinfective use need to
be developed and made available to all health providers and their cystic
fibrosis patients.

Several years ago, the editors cochaired a symposium at the Interna-
tional Congress of Chemotherapy on the Global Perspectives of Micro-
biological and Clinical Infectious Diseases in Patients with Cystic
Fibrosis. During this half-day symposium, the editors heard reports
from several countries around the world with an alarming range of
survival for patients with cystic fibrosis. This sent a dramatic message to
us that the understanding of this disease, its diagnosis, management and
prevention was different in various countries and that patients may be
inconsistently served. That is how our journey began.

We set out with a major objective of improving the understanding of
infections in cystic fibrosis around the world. We chose, in fact, a
sharing of experience from CF leaders in many countries. We concen-
trated on pulmonary infections in cystic fibrosis because it is the major
cause of morbibity and mortality in cystic fibrosis and understanding
the pathogenesis, diagnosis and management of infections in these
patients can dramatically improve the quality and duration of life for
these patients and their families. The editors also share an interest in
microbiology and clinical infectious diseases, an expertise valuable in
accomplishing our tasks.

One of the goals of our project was to underline the necessity to
optimize the application of antimicrobials according to the actual state
of cystic fibrosis disease of the individual patient. Another objective was
to draw attention to the microbiological dynamics of pulmonary infec-
tion in cystic fibrosis patients and to emphasize the value of sensitivity
testing and other measures to guide antimicrobial therapy. We reached



XVI Introduction

out to colleagues around the world with the simple message that we
want to share information based on their clinical experience and to
publish this for others to read and understand. The response was
overwhelming and gratifying.

We are impressed with the outstanding efforts our authors have made
to organize, communicate and interpret data from their specific regions.
The editors gratefully acknowledge the work of this international group
of authors as well as the excellent editorial assistance of the publisher
and Joyce Bagan. The regional diversities in many aspects of cystic
fibrosis (including local health care systems) have to be considered
thoroughly to establish the optimal treatment of patients in various
areas around the world. The editors do not presume to judge any
experiences or methods as superior but rather to facilitate learning and
teaching through sharing of experience and information among the
contributors and readers.

Interest in this book has escalated since word of its impending
publication has begun to spread. We have had inquiries from physi-
cians, patients, health care organizations and support foundations, the
pharmaceutical industry and others. Cystic fibrosis patients suffer from
an important genetic disease that can be controlled, and through that
control, the patients can lead high quality lives with survival that is
considerable compared to former years. For example, at the time of
diagnosis in 1940, a patient had a life expectancy of approximately one
year, whereas nowadays more than half of the patients survive into their
third decade. This information and the methods whereby this success is
achieved need to be delivered to patients and their caretakers around
the world. That is our message, the purpose of this book and the
collective mission of the authors, editors and publisher.

Adolf Bauernfeind
Melvin 1. Marks
Birgitta Strandvik



Cystic Fibrosis Puimonary Infections:

Lessons from Around the World

ed. by A. Bauernfeind, M. 1. Marks and B. Strandvik
(© 1996 Birkhauser Verlag Basel/Switzerland

CHAPTER 1
Viral, Fungal and Atypical Bacterial Infections in
Cystic Fibrosis

Barbara Przyklenk' and Adolf Bauernfeind?

' University Children's Hospital, Ludwig-Maximilians-Universitiit, 80337 Miinchen, Germany
2Max von Pettenkofer-Institut, Ludwig-Maximilians- Universitit, 80336 Munchen, Germany

Summary. The role of respiratory viral and fungal agents in cystic fibrosis (CF) was
investigated. Among the serologically proven viral infections, adenovirus was the most
frequent (53%), followed by parainfluenza (24%) and RSV (20%); 54% of the episodes lead
to hospital admission. A significant change in microbial flora of respiratory secretions was
seen in 88% of the episodes, mainly with P. aeruginosa, and 65% of cases with initial
colonization with P. aeruginosa are associated with a viral respiratory tract infection. It is
hypothesised that viral respiratory infections to a predamaged lung in CF predispose to
colonization with P. aeruginosa. Many of the CF-patients show elevated serum IgG to C.
albicans, and therefore, C. albicans should not be considered a harmless colonizing mold. The
prevalence of A. fumigatus increases with age. Of the CF-patients with A. fumigatus, 73%
showed elevated specific serum IgG to this fungus. No correlation was found between culture,
specified IgG to A. fumigatus and either specific Aspergillus IgE or total serum IgE.
Maintaining good pulmonary condition and reduction of exposure to A. fumigatus may
prevent colonization and infection with this mold.

Introduction

The clinical course of patients with cystic fibrosis (CF) is characterized
by progressive pulmonary dysfunction, resulting in respiratory failure
and death. However, the time of onset and the course of the lung
disease in the individual patient are highly variable. Typically, acute
exacerbations of the pulmonary disease which contribute to further lung
damage are seen in these patients. Each of these exacerbations may be
associated with the isolation of high concentrations of S. aureus and/or
H. influenzae in the respiratory tree in the youngest CF-patients, and of
P. aeruginosa in older CF-populations. One third of these exacerbations
are thought to be induced by viral respiratory tract pathogens [1]. As
well as the main bacterial pathogens P. aeruginosa and S. aureus,
various bacterial and fungal species may occasionally be recovered from
respiratory secretions of CF-patients. In this study the role of non-bac-
terial respiratory tract infections in CF-patients is evaluated, especially

Correspondence address: Dr B. Przykienk, Dr von Haunersches Kinderspital der Universitit
Minchen, Lindwurmstr. 4, 80337 Minchen, Germany.
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those induced by viral and fungal pathogens. Further, the role of
occasionally isolated microorganisms will be estimated.

Methods
Viral Respiratory Tract Infections

1289 serum samples from 276 patients with laboratory and clinical signs
of cystic fibrosis (139 male, 137 female; age 0.3-34 years, mean age
15.6 + 7.2 years) were collected during the study period (from November
1984 until November 1991). 902 serum samples were taken from 258
CF-patients, outpatients at the Dr. von Haunersches Kinderspital
Miinchen.

Of the 276 CF-patients, 161 (58.3%) had been chronically ( > 6 months
continuously) and 19 (6.9%) intermittently colonized with P. aeruginosa
at their entry into this study. Of the 276 CF-patients, 96 (34.8%) had not
been colonized with P. aeruginosa before. Of 387 serum samples collected
during a hospital stay, 332 were from 110 CF-patients who had been
admitted to the hospital because of pulmonary exacerbations (overall,
243 admissions). Of the 110 patients, 70 were chronically colonized, 6
intermittently and 34 not colonized with P. aeruginosa at the start of the
study. Pulmonary exacerbations were defined as an acute change in
health associated with increasing cough, sputum production, dyspnea,
hemoptysis or fever. Antibodies to influenza A, influenza B, influenza C,
parainfluenza types 1 to 3, and respiratory syncytial virus (RSV) were
detected by complement fixation. Antibodies to adenovirus were mea-
sured by an IgG-ELISA using purified hexon antigen [2]. Some serum
samples were tested in purified IgM-fractions for antibodies to aden-
ovirus, parainfluenza viruses and RSV by indirect immunofluorescence
technique. 20% of the serum samples had been tested for antibodies to
mycoplasma and C. burnetti, as described previously [3]. A fourfold or
greater increase of antibody titer between paired serum samples in the
complement fixation, or a threefold or greater increase of U/l in the
adeno IgG-ELISA were considered to indicate a recent infection, as well
as titers >1:32 for influenza A, B and RSV, >1:16 for parainfluenza
and influenza C [4], a positive IgM-immunofluorescence test and >80 U/
1 in the adeno-IgG-ELISA in single serum samples.

Standardized quantitative microbiological analyses of sputum or
throat swabs [5] were performed at the same time as serology.

Fungal and Atypical Bacterial Infections in Patients with Cystic Fibrosis

For consideration of the role of fungal and atypical bacterial infections
in patients with cystic fibrosis, the data of 3500 microbiological samples
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(sputum samples and throat swabs) of 386 CF-patients (199 female, 187
male) were analyzed over a period of 8 years (November 1984 to
November 1992). The mean age of the patients was 10.6 + 7.8 years
(range 0.2-33.5 years). The microbiological analyses were performed by
standardized procedures [5]. Cultures for mycoplasma, chlamydiae,
typical and atypical mycobacteria were not performed.

Serum IgG-antibodies to Candida albicans and Aspergillus fumigatus
were determined as described previously (6).

Results
Viral Respiratory Tract Infections

In 116 of 276 CF-patients 168 viral respiratory infectious episodes
(mean 1.4 infections per patient, range 1-5) were detected, by serologi-
cal methods. 29 of the 168 (17%) episodes were simultaneous infections
with more than one viral agent (Table 1). Infections caused by aden-
oviruses were the most frequent (89/168; 53%), followed by RSV
(34/168; 20%), influenza A (25/168; 15%), parainfluenza type 2 (20/168;
12%), parainfluenza type 3 (14/168; 8%), influenza B (11/168; 7%) and
parainfluenza type 1 (7/168; 4%). Deterioration of the pulmonary
condition occurred in 144/168 (86%) episodes leading in 78/144 (54%)
cases to hospital admission. Infections with RSV, adenovirus and
parainfluenza type 2 tended to be more severe than episodes caused by
other agents, leading more frequently to hospital admission (Table 2).
Ten episodes (adenovirus 4, influenza B 3, RSV once, influenza A once,
adenovirus + influenza B + RSV once) were probably nosocomial.

The serum samples tested for antibodies against respiratory viral
pathogens were collected regularly during the four seasons of the year

Table 1. Simultaneous infections with more than one viral agent (n =29) in patients with
cystic fibrosis

Serological diagnosis No. of patients

Adenovirus + RSV

Adenovirus + influenza A

Adenovirus + parainfluenza type 2

RSV + parainfluenza type 3

Adenovirus + parainfluenza type |

RES + influenza A

RSV + parainfluenza type 2

RSV + parainfluenza type 1

Adenovirus + influenza B

Influenza A + influenza B

Adenovirus + RSV + influenza B
Adenovirus + RSV + parainfluenza type |
Adenovirus + influenza A + parainfluenza type 1

—_—— = = = DO N DD WL N
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Table 2. Clinical features of viral respiratory tract infections in patients with cystic fibrosis

Leading to Occurrence and

hospital Nosocomial treatment at No. of
Virus admission infection home infections
Adenovirus 41 5 43 89
RSV 19 2! 14 34
Influenza A 11 I 14 25
Parainfluenza type 2 11 9 20
Parainfluenza type 3 7 7 14
Influenza B 2 42 6 11
Parainfluenza type 1 2 S 7

'One patient with RSV infection and one patient with influenza A, treated at home after
discharge from the ward.
2One patient with influenza B, readmitted to the hospital.

(Table 3). Infections with adenovirus, RSV, and parainfluenza occurred
throughout the year whereas influenza A and B were more frequent in
winter and spring time (Table 3). Taking into account the combined
viral infections, the incidence of respiratory infectious episodes was
highest in winter (44 episodes/304 serum samples being tested; 14.4%),
followed by spring (50/372; 13.4%), fall (37/304; 12.2%) and summer
(37/309; 11.9%).

Infections in preschool CF-patients were most frequently caused by
adenovirus (39%), followed by RSV (33%) and parainfluenza types 1 to
3 (27%). The prevalence of influenza A and B is higher in the second
and third decade of life, whereas infections by RSV and parainfluenza
become less frequent (Table 4).

63% (15/24) of the infectious episodes without clinical deterioration
and 78% (113/144) of the infections with acute pulmonary exacerbation

Table 3. Seasonal variation of viral respiratory tract infections in patients with cystic fibrosis

Winter Spring Summer Fall

months months months months

12/1/2 3/4/5 6/7/8 9/10/11
Serum samples tested 304 372 309 304
Serological diagnosis
Adenovirus 20 28 20 21
RSV 9 9 7 9
Influenza A 9 11 3 2
Parainfluenza type 2 5 3 6 6
Parainfluenza type 3 4 1 4 5
Influenza B S 4 1 1
Parainfluenza type 1 4 1 2
Total number of infections 56 56 42 46
% of serum

samples tested 18.4 15.1 13.6 15.1
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Table 4. Viral etiology of respiratory tract infections in different age groups of patients with
cystic fibrosis

Age (years)

<1 1-2 3-5 6-9 10-19 >20

Serum samples tested 14 41 88 186 588 372
Serological diagnosis
Adenovirus 1 2 10 23 32 21
RSV 1 2 8 3 16 4
Influenza A 3 15 7
Parainfluenza type 2 1 1 3 4 6 5
Parainfluenza type 3 2 3 8 1
Influenza B 1 10
Parainfluenza type 1 2 2 2 1
Total number of infections 3 S 25 39 89 39
% of serum

samples tested 214 12.2 28.4 21.10 15.0 10.5

were evaluable, as microbiological cultures had been performed at the
same time as the serology and the infection did not occur at the
beginning of the study. An increase of a bacterial or fungal pathogens
in the sputum of CF-patients was considered to be significant if the ratio
of the number of colony-forming units (CFUs) per millilitre in the
sputum before and after the viral infection was greater than 1:3. A
significant change in the microbial flora was found in 88% (99/113) of
the infections with pulmonary exacerbation compared with 73% (11/15)
of the infections without pulmonary deterioration (Table 5). These
changes were mainly caused by P. aeruginosa (74/128; 58%), followed
by C. albicans (38/128; 30%), S. aureus (21/128; 16%), A. fumigatus

Table 5. Sputum or nasopharyngeal flora and clinical condition of CF-patients with viral
respiratory tract infections (n = 168 episodes; 128 microbiologically evaluable)

Pulmonary No pulmonary
exacerbation exacerbation
no. of episodes no. of episodes
No significant change of the microbial flora 14 4
Significant increase of
P. aeruginosa 67 7
S. aureus 19 2
X. maltophilia 12
Enterobacteriaceae 6 3
H. influenzae and parainfluenzae 5 1
coagulase-negative staphylococci S
Others (S. pneumoniae twice; E. faecalis,
A. denitrificans, P. fluorescens,
P. vesiculare each once) S 1
C. albicans 37 1

A. fumigatus 14
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(14/128; 11%) and X. maltophilia (12/128; 9%). The proportion of
proven viral respiratory tract infections with significant changes of the
microbial flora did not differ for the viral agents investigated.

17 of 74 episodes with a significant increase of P. aeruginosa were due
to the first isolation of P. aeruginosa associated with a viral respiratory
tract infection (adenovirus 6, parainfluenza 4, RSV 2, RSV + para-
influenza type-3 2, adenovirus + RSV once, adenovirus + parainfluenza
type-1 once, adenovirus + RSV + parainfluenza type-1 once). These pa-
tients were 12.1 + 7.9 years (range 0.6-25.1 years) old at the onset of
initial colonization with P. aeruginosa, which was also the onset of
chronic colonization in 6/17 (35%) patients.

Nine CF-patients, who had not been colonized with P. aeruginosa at
the beginning of the study but became initially colonized during the
observation period, did not show elevated antibody titers against the
viruses investigated. Thus, 65.4% (17/26) of cases with initial coloniza-
tion with P. aeruginosa in cystic fibrosis seem to be associated with viral
respiratory tract infections.

56/60 (93%) CF-patients, who became initially colonized with P.
aeruginosa between 1984 and 1992 (independently of whether they were
tested for antiviral antibodies or not) had the onset of their initial
colonization in winter, spring or fall and only 4/60 (7%) during the
summer. The onset of chronic colonization shows the same seasonal
variation (Figure 1).

month (January to December 1-12)

Figure 1. Month of onset of initial/chronic colonization with P. aeruginosa in patients with
cystic fibrosis from 1984 to 1992.
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Fungal and Atypical Bacterial Infections in Patients with Cystic Fibrosis

Overall, 72 different bacterial and fungal species were identified in the
3500 samples of 386 CF-patients investigated. The dominating species
with a prevalence higher than 5% of patients or an overall mean
isolation rate of more than 1% were P. aeruginosa (72.8% of the
patients; 69.9% of the samples), C. albicans (77.9%; 46.8%), S. aureus
(49.5%; 18.3%), Aspergillus spp. (33.4%; 14.1%), X. maltophilia (24.4%;
11.8%), E. coli (16.8%; 4.4%), H. influenzae (14.8%; 2.3%), E. cloacae
(9.1%; 1.7%), K. oxytoca (6.7%; 1.2%), S. preumoniae (6.5%; 0.8%), S.
marcescens (4.9%; 1.1%), and B. cepacia (3.4; 1.8%).

The role of various species in the respiratory secretions of CF-pa-
tients may be determined by considering the persistence of these species
or the immune response of the patients to these microbial pathogens.
The persistence of a species was defined as the ratio of the number of
isolates which were recovered in consecutive samples and of the number
of all isolates of that species minus the number of isolates recovered
only from the last sample examined of the patients. The persistence was
most extended for P. aeruginosa (95.1%), followed by C. albicans
(93.8%), X. maltophilia (87.5%), B. cepacia (86.9%), A. fumigatus
(77.1%), S. aureus (75.6%), Acinetobacter spp. (65.6%), M. catarrhalis
(60%) and enteric bacilli (54.9%). Other species including Haemophilus
spp., S. pneumoniae and other glucose non-fermenting bacilli were
intermittently isolated. The serologic response to C. albicans in CF-pa-
tients has been reported previously [6]. 28/36 (78%) of CF-patients
(mean age 16.9 4+ 4.3 years) from whom C. albicans was recovered in
respiratory secretions and each of six CF-patients (mean age 14.8 + 6.4
years) with repeatedly negative cultures for C. albicans showed signifi-
cantly increased serum IgG to C. albicans. In 17 of 22 (77%) patients
with more than one serum sample tested significant rises of the specific
IgG could be observed concurrently to the isolation of C. albicans.

The prevalence of A. fumigatus in sputum of CF-patients increases
with age from 13% in the first decade to 22% in the second, 25% in the
third, and 45% in the fourth decade of life. CF-patients colonized with
P. aeruginosa in the respiratory secretions are not more frequently
colonized by A. fumigatus than patients without P. aeruginosa. 73%
(40/55) of the CF-patients with cultures positive for 4. fumigatus (mean
age 16.3 +6.7 years, range 5—33 years) who were tested for specific
serum IgG to A. fumigatus showed elevated IgG to A. fumigatus,
whereas only 40% (14/35) of CF-patients without A. fumigatus (mean
age 16.1 +5.9 years, range 4-28 years) and 30% (3/10) of healthy
young adults were seropositive. There was no correlation between
specific Aspergillus IgG and either specific Aspergillus IgE or total
serum IgE level. This was true in all CF-patients investigated and of
those CF-patients from whom A. fumigatus could be isolated. In addi-
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tion, no correlation was found between the presence or absence of A.
fumigatus and Aspergillus-specific IgE.

Discussion

Determination of antibodies to different viral respiratory tract patho-
gens revealed 168 infectious episodes mainly caused by adenoviruses
(53%), parainfluenza viruses types 1 to 3 (24%) and RSV (20%) in the
CF-patients investigated. Viral cultures and antigen detection proce-
dures from respiratory secretions were omitted, together with assays for
antibodies to rhinoviruses, coronavirus, echovirus and Legionella spe-
cies. Furthermore, serum samples were not collected during each acute
episode of upper respiratory tract disease. The real incidence of viral
respiratory tract infections therefore, in CF-patients, is not reflected by
these data. However, the effect of a proven viral respiratory tract
infection for the further clinical and microbiological course of the
patients can be evaluated. The consequences of viral infections are more
severe in CF-patients than in healthy individuals: deterioration of
pulmonary condition occurred in 86% of the episodes. A respiratory
virus was serologically identified in association with 32% (78/243) of the
admissions to hospital brought about by major respiratory exacerba-
tions. These data are comparable with those previously published [7, 8].
Some of the admissions associated with viral disease of the upper
respiratory tract were the first required by CF-patients. The detection of
ten probable nosocomial infections reveals the importance of rapid
diagnosis of viral respiratory disease and of measures to reduce cross-in-
fections. In contrast to other studies [9, 10], the rate of proven viral
infections in association with an admission to hospital due to pul-
monary deterioration was not significantly different in CF-patients
whether not colonized (41%; 19/46); intermittently colonized (38%;
6/16) or chronically colonized with P. aeruginosa (29%; 53/181).

A viral-bacterial synergism may be responsible for the onset of
colonization with P. aeruginosa. Nearly two thirds of patients who
became colonized with P. aeruginosa had a serologically proven single
or mixed viral respiratory tract infection associated with the first isola-
tion of P. aeruginosa. These illnesses were caused by adenoviruses (53%;
9/17), parainfluenza types 1 to 3 (47%; 8/17) and RSV (35%; 6/17). The
point-prevalence for P. aeruginosa increases with age in the first two
decades of life in our CF-population: 21% (0-2 years), 58% (3-5
years), 49% (6-9 years), 68% (10-15 years), and 89% (16-19 years).
These data show that many patients become colonized with P. aerugi-
nosa after the age of 10 years, corresponding to the mean age of
CF-patients becoming initially colonized with P. aeruginosa in associa-
tion with a proven viral infection. The high frequency of respiratory
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tract infections as documented in young non-CF infants and preschool-
children and the still increasing prevalence of P. aeruginosa at school
age in CF leads to the hypothesis that the extent of lung damage prior
to the viral infection predisposes to initial colonization with P. aerugi-
nosa. The seasonal variation of the onset of initial and chronic coloniza-
tion is pronounced, confirming the data from Denmark [11].

CF-patients already intermittently or chronically infected with P.
aeruginosa at the time of the proven viral infection developed a signifi-
cant rise of P. aeruginosa CFUs per millilitre of sputum in 52% of
illnesses (57/109 episodes microbiologically evaluable). Considering all
significant rises in CFUs/ml of P. aeruginosa in patients chronically or
intermittently colonized, 46% (57/123) of episodes were associated with
a serologically proven respiratory infection. Therefore, even in patients
intermittently or chronically infected with P. aeruginosa, a viral—bacte-
rial synergism may be assumed.

Evaluating the role of other bacterial species recovered from respira-
tory secretions during viral illnesses, S. aureus plays a dominant role in
CF-patients still not colonized by P. aeruginosa (26%; 9/35 episodes
microbiologically evaluable) in contrast to CF-patients already colo-
nized with this species (11%; 12/109 episodes microbiologically evalu-
able; y>=4.599; p =0.05). This may be explained by a bacterial
antagonism between P. aeruginosa and S. aureus.

The high isolation rate and persistence of C. albicans in patients with
cystic fibrosis as well as the pronounced seroprevalence and the fre-
quency of significant rises of specific IgG concurrently to the isolation
of this fungus reflects the clinical role of C. albicans in cystic fibrosis,
underestimated in the past.

The inhalation of A. fumigatus, can lead to bronchial asthma, allergic
bronchopulmonary aspergillosis (ABPA), invasive aspergillosis and as-
pergilloma, alone or in combination with ABPA. CF-patients with 4.
Jumigatus in their respiratory tree showed significantly higher specific
IgG to A. fumigatus than CF-patients of comparable age without this
fungus. 86% (24/28) CF-patients with repeatedly positive cultures (>3
isolations in consecutive samples) were seropositive in contrast to 59%
(16/27) with less frequent isolations (x> =4.850, p < 0.05). The highest
specific IgG to A. fumigatus was seen in a female patient with ABPA
and aspergilloma. A. fumigatus is an ubiquitous fungus to which all
lungs are constantly exposed. The increase of prevalence with age may
be explained by progressive pulmonary damage leading to impaired
mucosal defence and ineffective removal of the spores from the airways.
The consequence in CF-patients is a pronounced immune response to 4.
Sfumigatus which may lead to further lung damage eg. by antibody-de-
pendent cellular cytotoxicity. In agreement with previous studies [12],
no correlation was found between specific Aspergillus IgG and either
specific Aspergillus IgE or total serum IgE level. By multiple step
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regression analysis we found a negative effect of the level of specific IgE
to A. fumigatus on FVC, FEV,, MEF,,, MEF,, and sGAW, and an
additional effect of the specific IgG to A. fumigatus on MEF,, and
MEF,;. In contrast to the effect of specific IgE, the consequences of
specific IgG on lung function have been confirmed [12]. An additional
fungal species Exophiala|Wangiella dermatidis can be isolated from 9%
of German CF-patients, using long-term culture [13]; with repeated
isolation this leads to elevated specific serum antibodies in 89%, indicat-
ing an invasive process rather than superficial colonization.

Only limited data are available on atypical bacteria in cystic fibrosis.
Thomassen ez al. [14] found that two of ten CF-patients had anaerobes
in sputum as well as in thoracotomy specimens. However, the level of P.
aeruginosa was comparable with that of the anaerobes suggesting that
the anaerobes played only a minor role in these patients.

The culture of mycobacteria from respiratory secretions of CF-pa-
tients may be challenged by frequent contamination with P. aeruginosa.
A decontamination technique of 0.25% N-acetyl-L-cysteine and 1%
sodium hydroxide (NALC-NaOH) followed by 5% oxalic acid treat-
ment reduces the overgrowth with P. aeruginosa from 74% to only 5%
[15]. 1.3 to 1.8% of CF-patients seem to be infected with atypical
mycobacteria and 0.3 to 1.4% with typical mycobacteria [16]. Recently
a prevalence of about 20% of atypical mycobacteria in respiratory
secretions from adult CF-patients has been reported [17].

Our study proves the clinical and mircobial relevance of respiratory
viral infections in young CF-patients not colonized with P. aeruginosa
as well as in older CF-patients already colonized with this species.
Therefore vaccination against influenza A and B should be strictly
recommended to CF-patients, and all efforts made for rapid diagnosis
of viral illness as well as the development of effective vaccines against
adenoviruses, parainfluenza and RSV. In addition the roles of C.
albicans and of A. fumigatus, which become more and more prevalent
with increasing age, were estimated.
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Summary. There has been a controversy about the pharmacokinetics of drugs in cystic
fibrosis. This article reviews the different concepts and reports available. Our findings show
that neither the kidney nor the liver are “‘hyperorgans” in CF nor does the distribution of
antibiotics follow different characteristics in this disease. There is also no evidence of impaired
absorption of antibiotics in CF. Since the pharmacodynamic effect of antibiotics has recently
been related to their plasma concentrations to MIC-relationships, our findings should lead to
a complete reevaluation of antibiotic therapy in cystic fibrosis on rational data analysis.

Introduction
Present Situation

Cystic fibrosis (CF) is a complex disease with many manifestations.
Although the exact location of the gene has now been found [1, 2], the
condition is not well understood. The interpretation of results obtained
in pharmacokinetic studies with these patients adds to the complexity.
Reports that CF affects the function of organs such as the kidney and
liver (relevant for the pharmacokinetics of drugs and antibiotics in
particular) are addressed.

The confusion around the pharmacokinetics of antibiotics in CF
patients started when Jusko et al. [3] published in 1975 the findings of
a “hyperkidney” in patients with cystic fibrosis which seemed to eliminate
dicloxacillin far more quickly than a kidney in a non-affected individual.
In 1985 an editorial in Lancet stated that . . . high doses of antibiotics

Correspondence address: Fritz Sorgel, IBMP — Institute for Biomedical and Pharmaceutical
Research, Schleifweg 3, D-90562 Niirnberg-Heroldsberg, Germany.
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in CF are rational in the context of their pharmacokinetics in these
patients” [4]. A representative example of how this great confusion
about altered pharmacokinetics was created is shown in Table 1. As was
common practice at that time, the authors used data from different
sources to compare pharmacokinetics between CF patients and non-
affected individuals. Depending on which data from healthy volunteers
or patients were compared, a significant increase, decrease, or no change
in clearance values were obtained for comparison between CF patients
and healthy controls. The arbitrary opinion of the investigator, re-
viewer, or editor therefore, affected the pharmacokinetic result.

Two years after the Lancet editorial we critically analyzed [10] the
severe problems arising from such arbitrary comparisons. In Table 1
evidence for a hyperkidney, normal kidney, and impaired kidney func-
tion could be obtained. In 1987 [10] we gave recommendations on how
pharmacokinetic studies trying to compare CF vs. non-CF pharmacoki-
netics should be performed. The use of an appropriate control group
with similar age, weight, and body surfaces studied at the same time by
the same laboratory was to our mind mandatory to any pharmacoki-
netic comparison between CF patients and non-affected individuals.
Also, most investigations before 1985 were performed using a microbio-
logical assay for the determination of antibiotics in plasma and urine.
These methods may have been inadequate for pharmacokinetic studies
especially in CF with “unknown” plasma constituents. We showed
evidence that the “hyperfunction” of excretory organs and alterations in
volume of distribution are clearly caused by the weight correction of
pharmacokinetic parameters which becomes necessary when the weight
differences between normals and CF patients were too large. Until most
recently these important considerations would seem to have been ig-
nored by some review authors in the Anglo-American literature [11-13]
and work which was not of North American origin may have been

Table 1. Pharmacokinetics of cefsulodin in healthy volunteers (C) and CF patients

Total Renal
clearance clearance
Comparison Population Comparison (ml/min) (ml/min) Authors

C---n 128-148 52-60 Grannemann et al. [5]
C i 99 77 Ahrens et al. [6]
[ C-n : 181 141 Arvidsson et al. [7]
[CF_J . 17 90 Reed e al. [8]
CF -t | 178 140 Arvidsson et al. [7]
CF--- J 89 — Michalsen et al. [9]

Comparison of total clearance with the result:
=no difference between C and CF.
— — — — = CF-clearance < C-clearance.
....... = CF-clearance > C-clearance.
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overlooked. Only in 1992 our criticism (expressed as early as 1987) was
accepted by a “letter to the editor” of an American Journal [14]. We
will discuss the rational physiological basis for antibiotic treatment or
drug treatment in general for patients with cystic fibrosis.

Physiologic Functions Affecting Pharmacokinetics

As in a normal individual, it is the function of the kidney, the liver, and
the gastrointestinal tract which affect the pharmacokinetics most signifi-
cantly. Most antibiotics are primary eliminated by the kidney. Alter-
ation in their pharmacokinetics would therefore have to be expected
when kidney function is altered in CF. As Table 2 shows the available
literature does not allow a clear conclusion on whether kidney function
is normal or enhanced in CF patients. In all studies published until now
no abnormal pathology was found in cystic fibrosis kidneys to explain
the enhanced renal clearance of antibiotics.

The findings from autopsy liver samples in CF patients report liver
pathology abnormalities in the majority of patients. These would make
one expect a decrease in drug metabolizing capacity. Yet, what many
authors seem to have shown was an enhancement of drug elimination in

Table 2. Kidney function in cystic fibrosis and controls

Inulin- Creatinine- Renal
clearance clearance blood flow
(ml/min/1.73 m?) (ml/min/1.73m?)  (ml/min/1.73 m?)

Jusko et al. [3] — CF 196 —
— Cc 127 —
Levy et al. [15] CF 147.5+29.2* C 133.8+246 —
142.9 + 33.3* C 1458 +234 —
Yaffe et al. [16] — CF 163438 —
— C 171 + 52 —
Arvidsson et al. [7] CF 142+ 38 — —
C 102+ 15 — —
Marra et al. [17] CF 142+ 40 — —
C 137 + 28 — —
MacDonald et al. [18] CF 111426 — 770 + 140
Aladjem et al. [19] — CF 838+174 —
— C 9334193 —
Rosbon ez al. [20] CF 120 — -
Spino et al. [21] CF  95.8420.0* — 499.8 + 60.2%**
C 98.9 +12.9*%* 496.9 + 102.3***
Berg et al. [22] CF 127418 — 616+ 78"
C 112+ 10 — 601 + 67~
Reed et al. [8] — CF 11244245 —

* Tothalamate-clearance.

** 99mTc.DTPA (diethylentriamine-penta-acetic acid)-clearance.
**x 1251.OIH (orthoiodohippurate)-clearance.

— = PAH-clearance.

C = Controls.

CF = Cystic fibrosis.
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their patients. Most recently O’Sullivan et a/. [23] showed in an excellent
study using duplex ultrasound scanning that there is no change in either
hepatic vein or portal vein blood flow.

The gastrointestinal tract plays an important role in the absorption of
drugs. Soon after CF had been defined as a disease it became apparent
that normal development of children with the disease may not take
place because of gastrointestinal abnormalities. It was then speculated
that pancreatic insufficiency reduces nutrient absorption. It has now
been established that gastric hypersecretion, decreased pancreatic sod-
ium bicarbonate secretion, pancreatic insufficiency and altered bile acid
metabolism are characteristics of the pathology of the gastrointestinal
tract in CF. Vitamin absorption has been shown to be affected by
pancreatic function [12].

Pharmacokinetic Studies of Antibiotics in Cystic Fibrosis

As mentioned above, the pharmacokinetic differences one observes
between normals and CF patients may be artificial and simply originate
from weight correction [10]. The biasing effect on these comparisons is
particularly prominent when the CF patient group is very different in
body weight from the healthy volunteer group. In the following the data
available to us will be reviewed with this caution in mind.

The absorption of a drug can be characterized by the extent and rate
of absorption. The extent of absorption represents the amount of drug
which is taken up from the gastrointestinal tract. The rate of absorption
is the amount of drug absorbed per unit time. It is characterized by k_,
and when this is not available C,,, and t.,,, may give an idea of rate of
absorption for agents with short half-lives.

Extent of Absorption of Antibiotics in Cystic Fibrosis (Table 3)

It has been shown with elegant in vivo perfusion techniques that
absorption of phenylalanine and glycine is impaired in CF [12]. The rate
of absorption of exogenous sugars did not lead to unequivocally ac-
cepted results. These conflicting data on amino acids and sugars are not
surprising as when different drugs are studied contradictory results may
be obtained.

The extent of absorption can only be reliably studied when the drug
is once administered orally and once intravenously. By dividing the
AUC (area under the plasma concentration time curve) of the oral form
by the AUC of the intravenous form, the fraction (F) of drug absorbed
may be determined. Very few studies have been published determining F
appropriately. The group of Spino investigated cloxacillin and theo-
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Table 3. Absorption of antibiotics in patients with cystic fibrosis (from [24])

AUC (ug - h/ml)

Control group CF patients
Cefaclor (1 g) 30.0+ 8.6 39.0
Cefadroxil (1 g) 103.5+11.3 105.5 +10.2
Ciprofloxacin (750 mg) 10.2 + 3.47 140+59
Pefloxacin (400 mg) 47.7+ 153 61.8 +18.0

F F
Pefloxacin (400 mg) 1.04 +0.21 1.02 +0.30

F = absolute bioavailability.

phylline and found the coeflicient of variation to be higher in CF than
in controls (C) with coefficient of variation for cloxacillin being as high
as 53% [12]. When we used pefloxacin, a quinolone antibacterial, we
found that the variability (C =20.2%, CF =29.4%) in general was
much smaller than for cloxacillin (C =43.5%, CF =52.7%) in both
normals and CF patients [10]. Whether significant differences like these
originate from analytical problems or are affected primarily by the
different physicochemical nature of the compounds may not be easily
differentiated. Our studies have all implemented Good Laboratory
Practices (GLP)-conditions with appropriate assay validation and qual-
ity controls. Exclusively metabolite and degradation product(s)-specific
HPLC-assays were used. Other factors which can influence the results
have been extensively discussed [10].

If the higher variability of extent of absorption in CF vs. C have to
be explained on physiological/physicochemical grounds one could spec-
ulate that when a drug has the characteristics of complete absorption
(like pefloxacin in our study) the CF-specific pathological changes of
the gastrointestinal tract (GI-tract) may affect the fraction absorbed less
than when absorption in controls is already clearly below 100%. Oral
penicillins like cloxacillin, studied by Spino [12], do not have complete
absorption from the GI-tract and hence the variability of the absorption
process is considerable.

In p.o. studies with cefadroxil, a completely absorbed oral cephalo-
sporin, we found similar AUC and renally excreted amounts of the
compound. In situations like this, where i.v. administration may not be
as critical because of complete availability, the similarity of renal
excretion may be sufficient to show identical absorption between
groups. The data from our laboratory therefore favor the hypothesis of
a high F-value being important for differences between controls and
CF patients to be expected. The slightly higher variance of F in CF is
not surprising in a disease where the gastrointestinal effects are so
variable between individual patients. Studies with cefaclor, which is not
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completely absorbed, also suggest identical extent of absorption in C vs.
CF.

Rate of Absorption of Antibiotics in Cystic Fibrosis (Table 4)

Where there is relatively much accordance between authors is in the
impaired rate of absorption of antibiotics in CF. The majority of data
suggest that absorption of antibiotics is delayed in CF — this may be a
result of prolonged small intestinal transit time. Data from our group
and LeBel are summarized in Table 4. They show delayed absorption as
expressed by a later t,,,, of cefaclor, cefadroxil, and ciprofloxacin. There
was no such effect observed for pefloxacin probably because its long
half-life blurs this effect.

In conclusion, the extent of absorption of antibacterials and non-an-
tibacterials as calculated from the AUC of oral and intravenous admin-
istration is probably unaltered in most CF patients. Assuming passive
absorption processes for these exogenous agents this suggests that the
physicochemical permeability of the GI-tract is unaltered in CF. How-
ever, the time to reach the maximum concentration is prolonged,
probably caused by altered transit times. This prolongation does not
require any change in administration of antibiotics between CF patients
and normals since in many cases of our studies C,,, was not even
reduced. In oral antibiotic treatment of acute and specific chronic
infections t,,,-changes are irrelevant while C,,, has been shown in
i.v.-studies with quinolones and aminoglycosides to be of importance
when significantly altered. Since the effects of food on oral availability
have not yet been investigated in CF patients these assumptions are
only true for fasting conditions. Food has been shown to reduce C,
and to increase t,,, significantly in individuals with a normal GI-tract
and this may be more relevant in CF, where food digestion is altered.

Drug Metabolism in Cystic Fibrosis

Until recently there has been very little work on the metabolism of
drugs in CF. This was mostly due to the fact that until the early 80s
only betalactams and aminoglycosides were investigated. These agents
are little metabolized and/or their metabolites (e.g. those of the betalac-
tams) are very difficult to detect. Furthermore the metabolism of antibi-
otics (e.g. betalactams) is very often by hydrolysis which is not a
metabolic step limited to the liver but also occurs in plasma and tissues.
Hence differences between CF and controls may be very difficult to find.
For non-antibacterial agents elevations of drug metabolism as well as
non-alterations were reported in CF and not too surprisingly the
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contradictory results are as numerous as for the presumed gastrointesti-
nal or renal effects on antibiotic kinetics.

One of the few results which is in accordance with what has been
known for many years in pharmacokinetics is that when liver function
is impaired (as in CF) drug metabolism is impaired. We administered
pefloxacin, a quinolone metabolized to about 90%, to CF and controls
and found the excretion of the metabolites relative to parent compound
(metabolic ratio) different in the two groups. The non-weight-corrected
non-renal clearance (which in the case of pefloxacin reflects metabolism)
was smaller in CF patients. These two data fit well with the expected
impairment of drug metabolism in CF due to liver impairment. Most
recently O’Sullivan ez al. [25], in one of the most elegant studies on drug
metabolism in CF, probed the CYP2C9 activity in the liver by adminis-
tering (S)-warfarin. They found no differences between both groups but
this may in part be explained by the large standard deviations which
were for some parameters higher than 50% and even 100%. We doubt
that the unpaired t-test is an appropriate statistical test in this situation.
In spite of non-significance, the authors conclude that the ““in vivo
activity of cytochrome P,s, isoforms is selectively affected in subjects
with cystic fibrosis™ [26].

Renal Elimination of Antibiotics in Cystic Fibrosis

Most betalactams have dominating renal excretion. Some antibiotic
agents such as ceftazidime and aminoglycosides have almost exclusive
renal elimination. The index case of “increased renal clearance” of
antibiotics in CF was cloxacillin [3]. Ever since then this work was used
as a proof of enhanced renal elimination. Again, we may refer to our
1987 paper [10] in which we describe the obvious problems of earlier
work. Most recent work shows that the vision of some authors is still
blurred while others have adopted our approach. From our work we
conclude that there are no such dramatic differences in total or renal
clearance between CF and controls when these clearance parameters
were uncorrected for weight (Tables 5 and 6). As in some of our work,

Table 5. Renal clearance (ml/min) of antibiotics in patients with cystic fibrosis (from [10])

Control group CF patients
Cefaclor 481.2 3211
Cefadroxil 180.2 163.0
Cefotiam 202 232
Piperacillin 109 102
Ceftazidime 83 89
Ciprofloxacin 266 245

Pefloxacin 11.3 14.8
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there were slightly higher clearances in CF patients when they were
corrected for weight.

In a recent paper by Wang er al. [27] on the pharmacokinetics of
ticarcillin “‘enhanced renal clearance” was again observed. But again
that group only used weight-corrected data. Moreover, they adminis-
tered in mg/kg and did a weight correction which automatically in-
creases the error. This is particularly a pity since their study design was
very sophisticated. In Table 6 we have completed the data from our
laboratory which are clearly against the theory of changed tubular
secretion of betalactams and other agents in CF.

Volume of Distribution

An analysis very similar to the ones on gastrointestinal, hepatic, and
renal aspects could be made here. As Table 7 shows again the weight
correction leads to the false conclusion of an elevated volume of
distribution of antibiotics in CF. Since we believe that nobody assumes
that CF patients have abnormalities in their extra- to intracellular ratio
of the magnitude “observed” for changes in volume of distribution, we
are convinced that an increased volume of distribution of drugs with
low or no protein binding such as ceftazidime or aminoglycosides
cannot occur.

Sputum Penetration

There is agreement among authors that there is a lack of information of
the pharmacodynamics of antibacterials in patients with cystic fibrosis.
Modern pharmacodynamics relate plasma levels to MIC. Site concen-
trations and tissue levels have been determined and also used for
pharmacodynamic considerations. We are not aware of many studies
with reliable determination of antibiotics in the lung or sputum of
patients with cystic fibrosis. A study by Autret er al. [28] showed that
for 5 and 7.5 mg/kg amikacin doses plasma levels were above the MIC
for 21 and 41%, respectively of the dosing interval. The AUC,,um/
AUC,,ma Was between 0.028 and 0.61 and it increased during multiple
dosing. Only with a dose of 15 mg/kg could sputum levels above the
MIC be observed. The authors suggested increasing the dose to 7.5 mg/
kg in cystic fibrosis.

We analyzed sputum concentrations of pefloxacin and found drug
levels on average of about 60-80% of the plasma levels, with far smaller
variation than seen in the amikacin study [28-30]. Whether this is
caused by the higher lipophilicity and hence better penetration is
difficult to tell. We suspect that also the stability of amikacin in sputum
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samples and difficulty of sensitive and reliable measurement may cause
these variable results.

Pharmacokinetics of Antibiotics in Cystic Fibrosis — an Ongoing
Confusion?

As discussed above many authors have not considered other people’s
work in that important area of treating CF patients with antibiotics. To
the present there is no convincing publication which shows any en-
hanced drug elimination in patients with cystic fibrosis. Thus our 1987
article [10] is still a most valid up-date and no really new evidence of
enhanced organ functions in cystic fibrosis has been offered.

Any News for the Clinician?

Based on the original work by Jusko er al. [3] in 1975, clinicians have
used high doses of antibiotics in CF. The Lancet supported that view in
1985 [4]. The principles of pharmacodynamics suggest that the plasma
levels of an antibiotic predict the outcome of infection [31]. For betalac-
tams the time above MIC was shown to be a crucial factor, while for
aminoglycosides the ratio of C,,, divided by MIC should be higher than
eight to obtain a sufficient pharmacological and therapeutic response.

The plasma levels of antibiotics we found in our investigations using
similar age and weight groups of CF and non-CF populations (Table 8)
do not support the idea of using three to five times higher doses in CF
as suggested from Jusko et al.’s data. We cannot exclude the possibility,
however, that penetration to the site of infection is greatly impaired in
CF when compared with respiratory infections in non-CF patients and
which therefore requires higher doses. The viscous sputum has often
been considered a barrier but the sputum is not the site of action. Data
on sputum penetration are rare and the rationale for measuring sputum
concentrations as a surrogate for the pharmacodynamic response has
never been proven scientifically.

It is interesting that when the quinolones were introduced no high
doses were used although similar data as with betalactams were ob-
tained by some authors with these agents: increased clearance and
volume of distribution when weight corrections were made. This was
probably so because quinolones were considered to be more toxic than
betalactams and even aminoglycosides. The latter fact shows that mega-
dose treatment of CF patients was done because the excellent tolerance
to those agents did not pose limits to those physicians and has allowed
that irrational treatment of CF patients with antibiotics ongoing for
many years.
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We feel that our suggestions of 1987 [10] to increase the dose by
about 30% is still rational in view of the pharmacodynamics of antibi-
otics and the available findings on their pharmacokinetics.
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Introduction

The management of acute pulmonary exacerbations in patients with
cystic fibrosis (CF) may be complicated by the development of adverse
drug reactions. In the general population, antimicrobial agents are
frequently associated with drug-related toxicity. As reviewed by Ander-
son [1], antimicrobial agents, particularly the beta-lactam antibiotics,
may account for 20—-50% of the adverse drug effects reported in hospi-
talized patients.

Several factors increase the risk of antibiotic-related adverse drug
effects in patients with CF. Because drug penetration into the lung
parenchyma is often impaired and the bioactivity of specific drugs (eg.
aminoglycoside antiobiotics) may be reduced in the liquid milieu of the
infected and/or colonized lung, higher serum concentrations of drugs
for extended periods of time are frequently required to achieve effective
tissue levels of these agents. Accordingly, aggressive dosing strategies
for several antimicrobial agents in patients with CF may increase the
risk of concentration-related toxicities. The unusual and multiple patho-
gens causing endobronchial infections in these patients often necessi-
tates the concomitant use of multiple antibiotics, which may increase
the risk of toxicity through either additive effects (ie. potential for
increased nephrotoxicity in patients receiving aminoglycosides and van-
comycin) and/or drug interactions (eg. the potentiation of theophylline
toxicity by inhibition of hepatic metabolism by quinolones). Finally, the
recurrent nature of pulmonary exacerbations in patients with CF results
in the need for repeated courses of antimicrobial therapy, resulting in
cumulative doses of many antimicrobial agents which far exceed those
routinely adminstered to other patients without the disease. Thus, CF
patients are at greater risk of developing adverse drug reactions related
to drug accumulation (eg. oto- and nephrotoxicity from aminogly-
cosides) or the appearance of hypersensitivity reactions (eg. acquired,
delayed hypersensitivity reactions to beta lactams).
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While it is beyond the scope of this review to recapitulate the
complete adverse effect and side effect profile for all antimicrobial
agents from both a mechanistic and clinical perspective, it is important
to provide summary information concerning the pharmacotoxicity (ie.
clinically relevant toxicities which might be expected in the context of
therapeutic use) of antimicrobial agents common to the treatment of
patients with CF. Accordingly, this review will focus on those antimi-
crobial agents typically used in the management of acute pulmonary
exacerbations in patients with CF. The overall incidence of adverse drug
effects will be described as well as specific drug-related toxicities.

Aminoglycosides

For almost two decades, aminoglycoside (AG) antibiotics have been
both revered and feared as primary agents in the treatment of pul-
monary exacerbations in patients with CF. As discussed elsewhere in
this text, AG have maintained their key role in therapy primarily as a
consequence of their activity against Pseudomonas sp. However, because
of their propensity to produce both nephrotoxicity and ototoxicity,
these agents have received a high degree of attention, both scientific and
clinical, with regard to the importance of pharmacodynamics (ie. con-
centration vs effect relationships) and pharmacokinetics (eg. alterations
of drug disposition characteristic of patients with CF) in the selection of
dosing regimen. Indeed, in many hospitals throughout the U.S,,
Canada, and the European Community, the monitoring of AG serum
concentrations comprises a significant proportion of all therapeutic
drug monitoring and clinical pharmacokinetic service resources avail-
able at the present time.

In view of the ever changing patterns of microbial resistance which
frequently characterize patients with CF, the proven utility of the AGs
in treating these patients and the prospects for the development of less
toxic alternatives, it would appear that these antibiotics will retain an
important place in the therapeutic armamentarium. Accordingly, practi-
tioners involved in the selection and monitoring of antibiotic therapy in
CF patients should remain familiar with the salient features of AG
toxicity. To this regard, the following sections are intended to provide a
clinically oriented overview of the major toxicities of the aminogly-
cosides relevant to their therapeutic use in patients with CF.

Nephrotoxicity

Aminoglycoside-associated nephrotoxicity has been reviewed from a
mechanistic and clinical basis relevant to both pediatric [2] and adult
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[3-5] patients. While the term ‘“‘nephrotoxicity” implies a dire, drug-in-
duced event, the clinical observation of AG-induced renal injury is
generally one of nonoliguric renal failure that is usually completely
reversible and rarely, if ever, requires dialysis [5-7].

Aminoglycosides are predominantly (eg. 90-99%) eliminated by
glomerular filtration with a small amount of active tubular secretion [4].
Accumulation of these drugs in proximal tubular cells occurs by active
reabsorption of a small percent (eg. 5-10%) of the filtered load from
the luminal surface and by a smaller contribution from the basolateral
membrane {2, 3, 5, 8]. Walker and Duggin (9) have summarized the
following sequence of events leading to AG-induced nephrotoxicity:
i) glomerular filtration producing high AG concentrations in tubular
urine, ii) binding of the AG to apical cell membrane phosphoinositols,
iii) pinocytosis of the AG-endocytotic vacuole complex with the devel-
opment of high intracellular concentrations, iv) incorporation of the
complex into lysozomes with inhibition of phospholipid metabolism (ie.
normal lysosomal function) and the release of toxic hydrolases into the
cytosol, v) mitochondrial interaction leading to the generation of reac-
tive oxygen intermediates causing disruption of cellular function and
structure, vi) impairment of cellular transport processes resulting in an
increased distal delivery of sodium and vii) reduction in the glomerular
filtration rate as the functional nephron pool is reduced. Histologically,
the end result of AG-related nephrotoxicity is a marked reduction in the
microvillae of the brush border cells, swelling and disruption of the
cellular organelles and frank cellular necrosis. The nephrotoxic debris is
then sloughed into the lumen of the proximal tubule which forms casts,
leaving a denuded basement membrane upon which regenerative activ-
ity begins [10].

The pathophysiologic manifestations of AG-associated nephrotoxic-
ity occur 48 to 72 hours after cellular changes (9). Schentag and
coworkers [11], have described the functional alterations occuring in
AG-induced nephrotoxicity: 1) increased urinary excretion of -2 mi-
croglobulin with a peak at approximatley two to three days, ii) tubular
enzymuria (eg. N-acetyl-f-glucosaminidase and alanine aminopepti-
dase) with a peak at four to five days, iii) an increase in urinary cast
count that peaks at approximately six days and iv) a progressive
increase in serum creatinine that may begin at five to six days and may
not peak until ten days into the course of injury. Because AGs accumu-
late in renal tubular cells following the administration of appropriate
doses, subclinical alterations in renal function may occur in all patients
who receive the drug.

Since elevations of serum creatinine are generally late findings in
patients with AG-induced nephrotoxicity, early indicators of toxicity
have been sought to potentially minimize the progression of symptoms.
In contrast to early animal studies of this adverse reaction [12], a



32 H. C. Farrar and G. L. Kearns

reduction of urinary concentrating ability in man does not appear to be
uniformily present early in the course of renal injury (5). Because -2
microglobulin has been shown to be a more reliable indicator of early
AG-induced renal injury than tubular enzymuria [13], and the renal
handling of this protein is normal in patients with CF [14], monitoring
of urinary -2 microglobulin concentrations may afford the best means
of detecting nephrotoxicity for up to a week before significant elevations
in serum creatinine are seen. It is important to note that elevations in
serum AG concentrations seen in association with nephrotoxicity gener-
ally correlate with the later phase of injury (ie. a reduction in glomeru-
lar filtration rate) and reflect a reduction in the clearance of the drug.
Accordingly, these elevations are the result of renal impairment and not
the cause. Correlation of a particular post-dose serum AG concentra-
tion with the development of nephrotoxicity is limited by the differences
between AG concentrations and pharmacokinetics in the plasma and
tissues due to tissue accumulation [2].

The reported incidence of AG-associated nephrotoxicity varies widely
over a range of 0.5-63% [5]. Because of variations in the criteria used
for evaluating and defining AG-induced renal injury (ie. use of serum
creatinine vs plasma concentration monitoring, evaluation of patients
who have received >5 days of therapy, etc.), the reported incidence of
nephrotoxicity has varied among different investigations of the same
AG and between different AGs. In a review of 144 clinical trials
representing over 10 000 patients, average frequencies of AG nephro-
toxicity were 14% for gentamicin, 12.7% for tobramycin, 9.4% for
amikacin and 8.7% for netilmicin [15]. These data were supported by
those from a more recent review [3] which ranked the propensity of the
AGs to produce nephrotoxicity in an identical fashion. It is important
to note that the relative frequencies reported for AG-induced nephro-
toxicity are based primarily on data generated in adult patients which
have been reviewed and compared [3, 15, 16]. These comparisons of the
incidence of AG-associated renal injury are often problematic in that
the different studies may not have used standardized methods for the
evaluation of nephrotoxicity: comparable treatment regimens, homoge-
neous patient populations (ie. disease severity, disease state, age and
gender distribution, etc.) and prospective methods for the individualiza-
tion of therapy (ie. therapuetic drug monitoring and/or pharmacoki-
netic-based dose selection). This is illustrated by the examination of one
of the early studies which evaluated 258 adult patients with suspected
sepsis and reported that nephrotoxicity with gentamicin (26%) was
significantly greater than that seen with tobramycin (12%) [17]. Subse-
quent examination of these data with those from 11 other clinical trials
comparing the nephrotoxic potential of these two agents produced no
convincing evidence that differences between tobramycin and gentam-
icin were of clinical significance [18].
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There are no large, controlled investigations of AG-induced nephro-
toxicity in pediatric patients which employ strict individualization of
dose, application of serum concentration monitoring or the use of
sensitive and specific methods to detect renal injury [2]. For these
reasons, suggested differences between the respective AGs and their
propensity to produce renal injury from adult studies continue to be
extrapolated to the pediatric use of these drugs. However, because these
drugs may lack clinically significant differences in their ability to pro-
duce nephrotoxicity, the selection of a given agent to treat colonization/
infection in a patient with CF should be guided primarily by clinical and
laboratory data such as culture and sensitivity [19, 20]. Also CF patients
do not appear to be predisposed to AG-induced renal injury despite the
use of higher doses, shorter dosing intervals and more frequent courses
of AG therapy [21-24].

The occurrence of AG-induced nephrotoxicity (and ototoxicity as
described below) may be lessened by avoidance of clinical risk factors
whenever therapeutically possible and also, by individualization of the
AG dosing regimen to accommodate patient and disease specific alter-
ations in the disposition of a given drug. Clinical risk factors have been
reviewed by Whelton [3] and are summarized in Table 1 with particular
emphasis on patients with CF. It should be noted that these particular
risk factors, primarily derived from adult studies, are not uniformly
accepted. Moore and colleagues [25] examined data from 214 patients
randomized to receive either gentamicin or tobramycin and found that
diabetes, dehydration, serum bicarbonate, bacteremia, urinary tract
infection, AG use, duration of AG therapy, total AG dose, or the use of
clindamycin, furosemide or cephalothin did not correlate with AG-
nephrotoxicity and hence, were not regarded as specific risk factors. In
a more recent study of 1489 patients who were prospectively monitored
with AG therapy guided by pharmacokinetic individualization [26],

Table 1. Clinical risk factors for aminoglycoside nephrotoxicity in patients with cystic fibrosis

Factors easily influenced by the prescriber
— selection of dose and dosing interval based on disease and age-specific
alterations in drug disposition characteristics
— duration of systemic therapy
— avoidance of dehydration and electrolyte disturbances (eg. hypokalemia)
— selection of therapeutic combinations with less nephrotoxic potential

Factors not easily influenced by the prescriber
— requirements for prior and future aminoglycoside therapy
— gender (women > men incidence of acute interstitial nephritis)
— underlying renal pathology (eg. glomerulomegaly, microscopic nephrocalcinosis')
found in patients with CF
— preexisting reductions in glomerular filtration rate produced by intrinsic or extrinsic
(ie. amphotericin B, cis-platinum, cyclosporine, FK-506) renal disease

Adapted from Whelton (3)
'Denotes Katz et al. (57)
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multiple logistic regression was used to identify that the following were
independent risk factors for AG-induced nephrotoxicity: trough serum
concentration, concurrent therapy with clindamycin, vancomycin,
piperacillin or cephalosporins, ascites, advanced age, female gender,
decreased albumin, duration of therapy and leukemia. However, in this
particular study, no identifiable risk factor alone or in combination was
of sufficient sensitivity to reliably predict AG-associated renal injury.
Since observational and epidemiological trials both suggest a relation-
ship between nephrotoxicity and elevated serum AG concentrations [27,
28], it is clear that individualization of therapy based on determination
of patient-specific pharmacokinetic parameters coupled with prudent
therapuetic drug monitoring offers the best mechanism to ensure both
the safety and efficacy of AG therapy in patients with CF [19, 22-24,
27]. Various therapeutic options for AG therapy in patients with CF
may also serve to reduce the risk of drug-induced nephrotoxicity. Two
variations are the aggressive use of aerosolized AG and/or colistin [20]
and the potential use of once-daily AG therapy. The later is a technique
which has either the same or a reduced risk of nephrotoxicity (and
ototoxicity) when compared to appropriately administered conventional
dosing regimens [29, 30]. Finally, aztreonam is a beta-lactam antibiotic
with a similar antimicrobial profile to that of AGs but with a markedly
lower risk profile for producing nephrotoxicity [31, 32]. In one study,
nephrotoxicity occurred in 15% of those treated with an aminoglycoside
compared to 1% of those given aztreonam [33]. Accordingly, substitu-
tion of aztreonam for AGs when permitted by culture and sensitivity
results may reduce the incidence of all AG-associated adverse effects.

Ototoxicity

Embryologic similarities between the kidney and ear are believed to
explain, in part, the propensity of the AGs to produce clinically signifi-
cant ototoxicity. All AGs have been associated with the development of
both auditory and vestibular dysfunction during a course of therapy or
up to four to six weeks following discontinuation of therapy [2]. In
pediatric patients treated with gentamicin or kanamycin, reports of
ototoxicity outnumber those of nephrotoxicity. Early investigations
comparing the AGs with respect to their ability to produce ototoxicity
reported a 2—10% incidence [34], with an average incidence of cochlear
toxicity of 13.9% for amikacin, 8.3% for gentamicin, 6.1% for to-
bramycin and 2.4% for netilmicin [15]. However, subsequent studies
employing more sensitive methods for detecting AG-induced ototoxicity
(eg. brainstem auditory evoked response, pure tone audiometry,
electronystagmography) have reported subclinical alterations in func-
tion in as many as 45% of patients treated with the drugs [35].
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A complete review of the mechanisms of both auditory and vestibular
toxicity of the AGs as well as a clinical and experimental comparison of
the primary agents has been published by Prazma [36]. Briefly, the
proposed mechanisms responsible for AG-induced ototoxicity include
alterations in the electrical potential and intracelluar osmotic pressure
within endolymph, as well as direct interaction with glucose transport
and cellular metabolism. As a class, AGs can be divided into two
groups with regard to their propensity to produce ototoxicity [2]. The
predominantly vestibulotoxic compounds (eg. streptomycin, gentam-
icin, tobramycin) tend to selectively destroy type I hair cells of the crista
ampullaris while those with predominant cochlear toxicity (eg.
neomycin, kanamycin, amikacin) are actively translocated into the hair
cells by a process believed to be analogous to that which regulates the
accumulation of AGs into proximal renal tubular cells. The pattern of
cochlear AG toxicity is characteristic of the agents which produce this
injury with the initial production of lesions in the outer hair cells of the
basal turn. As drug accumulation continues consequent to both the AG
dose and duration of exposure, the lesion extends apically and to the
inner hair cells. While the damage to the outer hair cells produces
ototoxicity which is generally reversible and is associated with high-fre-
quency (ie. 4000-8000 Hz) hearing loss, tinnitus and a sensation of
fullness, progression of the cochlear lesion with involvement of the hair
cells of the apex may produce permanent or only partially reversible loss
of lower frequencies with possible accompanying conversational hearing
loss. Vestibular dysfunction is considered to be irreversible in most
cases. It may be characterized by nausea, dizziness, vertigo and nystag-
mus and may parallel AG-induced cochlear damage. Finally, the more
rapid perilymph clearance of gentamicin, tobramycin and amikacin
relative to older AGs (eg. kanamycin, neomycin), may explain the lower
incidence of clinical ototoxicity associated with these agents [36].

Risk factors for the development of AG-induced ototoxicity have
been reviewed [2] and are summarized as follows: the intrinsic ototoxic
potential of the drug, impaired renal function producing accumulation
of AG concentrations in the serum, concomitant administration of
other drugs which may produce and/or facilitate the development of
vestibular or cochlear injury (eg. loop diuretics, vancomycin), the cumu-
lative AG dose, senescence and exposure to intense nosie. As with
AGe-associated nephrotoxicity, there is not complete agreement concern-
ing the predictive ability of risk factors for ototoxicity; an assertion
supported by previous studies in adults which found that plasma AG
concentrations, AG type, furosemide use, diabetes, age, gender, renal
function, initial auditory acuity, hematocrit and presence of shock did
not enable accurate prediction [37].

Previously espoused clinical dogma has indicated that high peak
serum AG concentrations predispose patients to AG-associated ototox-
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icity while high trough concentrations increase the risk for drug-induced
nephrotoxicity. Despite the fact that anecdotal case reports implicate
high serum AG concentrations in the production of ototoxicity, a
review of several controlled clinical trials has refuted this relationship
[27]. This is also supported by specific studies in patients with CF. An
early study of tobramycin toxicity in 53 patients with CF who had
normal renal function and received repeated courses of high dose
therapy, evaluated cochlear and vestibular function and found a tran-
sient, bilateral high tone of loss at 8000 Hz in only one patient [38]. A
more recent controlled study [39] which used high-frequency, pure tone
audiometry to evaluate 22 patients with CF who had been treated with
multiple courses of AGs (ie. either gentamicin, tobramycin, amikacin or
netilmicin) demonstrated statistically significant reductions in cochlear
function only at frequencies higher than 16000 Hz in patients with CF
who were younger than 20 years and who had received AGs. In 13
patients with CF who had never received AGs, audiometry results were
not significantly different than observed in 38 control subjects without
CF and a history of AG therapy.

As is true of AG-associated nephrotoxicity, the clinical evaluation
and detection of ototoxicity may be problematic. Lack of standardiza-
tion in the definition of drug-induced ototoxicity based on audiometric
and electronystagmorgraphic evaluations, failure to select a proper
testing environment (ie. a noisy patient care unit vs a suitable chamber),
lack of patient acceptance for procedures which are time-consuming,
require accurate responses and/or are unpleasant (eg. caloric testing for
vestibular function) and absence of specific monitoring guidelines for
the detection and longitudinal evaluation of AG-induced ototoxicity [5,
19] all contribute to the lack of clinical vigilance in the prospective
evaluation of this specific adverse drug effect. Certainly, the apparent
low incidence of AG-induced ototoxicity in patients with CF would
appear to support the use of pharmacokinetic-based, individualized
dose regimen selection coupled with therapeutic drug monitoring [19,
27] in lieu of scheduled, specific evaluations of auditory and vestibular
function. However, these tests should be used if clinical symptoms are
apparent and/or a specific risk factor is identified to be of concern.
Finally, the selection of agents with a lower propensity to produce
vestibular and/or cochlear damage (eg. aztreonam, ceftazidime, cipro-
floxacin) [33] may represent important therapeutic alternatives for either
the avoidance of AG-induced ototoxicity and/or the treatment of pa-
tients who manifest symptoms consistent with this adverse effect.

Neuromuscular Blockade

Neuromuscular blockade is a relatively rare adverse effect of the AG [2]
and is believed to be caused by inhibition of acetylcholine release at the
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presynaptic cholinergic junction [40]. The onset of this adverse reaction
is most often characterized by respiratory failure or muscle weakness
that is not readily and fully explained by the attendant pathology.
Factors which can predispose patients to AG-associated neuromuscular
blockade include: i) rapid intravenous administration of high doses
and/or unrecognized accumulation of the drug in patients with impaired
renal drug clearance, ii) concomitant adminstration of AG with neuro-
muscular blockers or in the presence of hypermagnesemia or hypocal-
cemia and iii) patients with underlying cholinergic dysfunction such as
myasthenia gravis or botulism [2, 41]. Of the most commonly used AGs
in patients with CF (ie. tobramycin, amikacin and gentamicin), there
appears to be little difference with respect to their propensity to produce
and/or augment neuromuscular blockade [42]. While this particular side
effect may rarely be of clinical concern, it must be considered in patients
who, because of severe illness and/or possibly, the receipt of an organ
transplant, may require prolonged mechanical ventilation and concomi-
tant aggressive antibiotic therapy. Since AG-associated neuromuscular
blockade is completely reversible upon clearance of the offending agent
and modification of predisposing therapies and/or conditions (ie. selec-
tion of alternative paralytic agents and/or correction of electrolyte
abnormalities), its prompt recognition and treatment in the patient with
CF may prevent potentially serious morbidity or mortality.

Colistin

The increasing occurrence of pulmonary exacerbations associated with
strains of Pseudomonas aeruginosa that are resistant to multiple antibi-
otics has prompted the use of colistin, both by the aerosol [43] and
intravenous [44] routes. Colistin is an antibacterial cationic cyclic
polypeptide belonging to the polymyxin group of antibacterial agents
which acts by altering the functional integrity of bacterial cell mem-
branes through its detergent action on phospholipid constituents. Ad-
verse reactions to parenteral colistin have been reported to occur in
approximately 36% of patients and for the most part, appear to be
completely reversible [45]. The major toxicities of this agent have
included the production of acute tubular necrosis in approximately 20%
of patients who receive normal doses of the drug and also, neuromuscu-
lar blockade [45, 46]. However, in a more recent study [44], the
evaluation of 21 courses of intravenous colistin therapy in 19 patients
with CF demonstrated discernable nephrotoxicity in only one patient
and neurotoxicity (characterized by perioral paresthesia, ataxia, or
both) in six patients. These authors concluded that the incidence of
serious toxicity associated with colistin in patients with CF may be
lower than previously reported and that the intravenous form of the
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drug can be considered as a viable therapeutic alternative in patients
with resistant strains of Pseudomonas sp.

Vancomycin

Vancomycin is occasionally used in CF patients to provide anti-staphy-
lococcal coverage. Early reports of a high rate of toxicity associated
with vancomycin use have not been reproduced with the use of more
purified vancomycin preparations. Currently, the most common adverse
effects associated with vancomycin use are dermatologic, with rashes
occurring in 2—6% of treated patients. However, there have been rare
reports of an exfoliative dermatitis associated with its use (47).

Infusion-Related Complications

Several different adverse effects have been associated with the infusion
of vancomycin. A histamine mediated ‘‘red-neck” or ‘‘red-man syn-
drome” is not an infrequent complication and consists of fever, chills,
pruritus, erythema on the upper trunk and neck and occasionally
hypotension [48, 49]. Other infusion-related phenomena include hy-
potension alone, thrombophlebitis and the “pain and spasm syndrome,”
consisting of chest pain and parasternal muscle spasm [49]. These
reactions resolve when the infusion is discontinued. The incidence of
these toxicities can be reduced with the use of more dilute vancomycin
solutions and slower infusion rates [48].

Ototoxicity

Ototoxicity associated with vancomycin use was a frequent concern
because two of the earliest reported trials of this agent found that 40%
of patients experienced some form of this adverse effect [50, 51].
However, subsequent reports have not reproduced these findings, possi-
bly due to the availability of a more purified form of vancomycin [52].
Since 1983 there has been one reported case of vancomycin-associated
ototoxicity identified only by audiogram [53]. In most reports of ototox-
icity, patients had received other potentially ototoxic drugs such as
aminoglycosides or erythromycin, the ototoxicity was not clinically
apparent (being noted on audiogram only), and resolved with discontin-
uation of the drug [54, 55]. Ototoxicity appears to be very rare in
children, with one reported case which did not describe how ototoxicity
was identified in a child (a six week old infant) who had also received
kanamycin and erythromycin [56].
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Vancomycin-associated nephrotoxicity is another frequent clinical con-
cern. This complication typically occurs in less than 5-8% of patients
treated with vancomycin alone but increases to between 20% and 35% in
patients concomitantly receiving an aminoglycoside [53, 58—61]. The
incidence of this adverse effect appears to be particularly low in pediatric
patients with the combined incidence of approximately 3% based on data
from seven studies involving 225 patients between 1960 and 1989, some
of whom were also treated with aminoglycosides [56, 62—67].

Quinolones

Quinolones are valuable agents in the management of patients with CF
because they are orally administered agents with excellent activity against
Pseudomonas species. Much of the experience gained with these drugs has
been in adult patients, as concern over the potential for quinolone-asso-
ciated arthropathies has limited their use in the pediatric population.
Quinolones are generally well tolerated with the overall rate of adverse
effects being 4-8% [68, 69]. Adverse drug reactions which require
discontinuation of therapy occur in approximately 1-2% of treated
patients [ 70]. Gastrointestinal effects are the most common, occurring in
5-9% of children [68-71]. Less common reactions occurring in 2—5% of
patients include neurologic, dermatologic and non-specific complaints
(malaise, chills). Neurotoxic symptoms typically include headache, dizzi-
ness, agitation and sleep disturbances [72]. Seizures have been rarely
reported, possibly as a result of quinolone binding at the GABA receptor
site [72, 73]. In one case of ciprofloxacin-related partial complex seizures,
there were no predisposing risk factors (such as a known seizure disorder,
concomitant use of other neurotoxic agents or central nervous system
abnormalities) and the seizures recurred when the patient was re-exposed
to the drug [73]. Dermatologic effects typically include rash and pruritus
although toxic epidermal necrolysis, an idiosyncratic, exfoliative der-
matitis, has been rarely associated with ciproflaxcin use [72, 74]. Hyper-
sensitivity reactions have also occurred with quinolone therapy [72, 75].

Quinolone-Associated Arthropathy

Quinolone use in pediatric patients has been limited because of the
potential risk for associated arthropathies. When quinolones were given
to young dogs, erosions of the articular surfaces of the weight bearing
joints have been noted [76]. However, in an evaluation of thirteen
prepubertal children treated with ciprofloxacin for three months, no
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changes of the articular cartilage were noted by magnetic resonance
imaging, although none of these children had been symptomatic [70].
Nalidixic acid, a structural analog of the quinolones, also produces
extensive cartilage damage in young animals, a finding which has not
been reproduced in pediatric patients treated with this drug [69]. Thus,
the arthropathy related to quinolone use observed in laboratory animals
may be species specific and may not occur to a great degree in children
during episodic, therapeutic use of these drugs.

Current clinical experience suggests that there is a low risk of
quinolone-associated arthropathy in children, although ciprofloxacin is
the only quinolone to be extensively evaluated. In a report of 202
children treated with ciprofloxacin, the overall incidence of arthralgia
alone was 2.5%, occurring only in patients with CF and resolving with
discontinuation of quinolone therapy [71]. In another review of the
safety of ciprofloxacin in 634 children [71], arthralgia alone was re-
ported in eight patients (1.3%), all of whom were females with CF, age
two to 17 years [68]. Again, the arthralgia resolved with discontinuation
of therapy. The incidence of arthralgias was much higher in a third
study of CF patients treated with ciprofloxacin, with eight of 30 chil-
dren (27%) developing this adverse effect which resolved with discontin-
uation of therapy [77]. Thus, there appears to be a small but significant
risk of reversible arthralgia in CF patients treated with ciprofloxacin.

Arthralgias have not been reported with the same frequency in other
groups of patients. As reviewed by Kubin [78], over 300 patients
without CF have been treated with ciprofloxacin with no reports of
arthritis or arthralgia. It remains to be resolved whether CF patients are
at greater risk for this toxic reaction or, with more extensive use of
ciprofloxacin, the incidence will be the same in all groups of pediatric
patients. The incidence of arthropathy in these patients is difficult to
interpret because of the presence of immune-mediated arthropathies
and/or hypertrophic pulmonary osteoarthropathies which occur in 7—
8% of adolescents and adults with CF [79].

Thus, the limited information concerning quinolone use in children
would indicate that arthropathies are an infrequent complication and,
when present, consist of an apparently mild, reversible arthralgia.
Whether the adverse drug reaction data for ciprofloxacin, the most
extensively evaluated quinolone in children, can be generalized to other
quinolones in patients with CF requires further study.

Beta-Lactam Antibiotics
Some beta-lactam antibiotics are regularly used in the management of

acute pulmonary exacerbations in CF patients because of their activity
against P. aeruginosa [80]. These include the extended spectrum peni-
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Table 2. Beta-lactam antibiotics minor adverse drug reactions

Gastrointestinal Irritation 1-3%
Dermatologic Reactions 2-3%
Laboratory Abnormalities 3-7%
Hepatic Transaminase 2-7%
Leucopenia 1-3%

Table 3. Beta-lactam antibiotics serious adverse drug reactions

Allergic reactions Bleeding Seizures
Ticarcillin (carboxypenicillin) ++ + ++
Piperacillin (ureidopenicillin) + 4+ + — _
Ceftazidime (cephalosporin) + + _ _
Imipenem (carbapenem) + 44+
Aztreonam (monobactam) + _ .
+ + + greatest risk; + + possible complication: + rare complication; — not reported.

cillins such as the carboxypenicillins (carbenicillin, ticarcillin) and the
ureidopenicillins (piperacillin, mezlocillin), anti-pseudomonal cephalo-
sporins (examplified by ceftazidime), carbapenems (imipenem) and
monobactams (aztreonam).

Although beta-lactam antibiotics represent a diverse group of drugs,
they share similar adverse drug reaction profiles, as described in Tables
2 and 3. The overall rate of all possible side effects is approximatley 6%
[31, 32, 81-88]. These drugs are generally regarded as safe, with few
serious toxicities associated with their use.

Hypersensitivity Reactions and Immunogenic Cross-Reactivity

Hypersensitivity reactions cause most concern. Allergic reactions to
penicillin have been reported in up to 10% of the general population
and are the most frequent reported cause of drug-related anaphylaxis [1,
89]. In CF patients, allergic reactions associated with the use of anti-
pseudomonal penicillins occurred in 11% of patients [90]. With repeated
exposures, the incidence of hypersensitivity reactions appears to increase
with one study finding that 62% of 121 cystic fibrosis patients eventually
developed hypersensitivity reactions to at least one beta-lactam antibi-
otic [91]. Since these patients frequently require repeated courses of
therapy with beta-lactams, hypersensitivity reactions can become partic-
ularly problematic, limiting therapeutic options.

The incidence of allergic reactions to different beta-lactam antibiotics
in the general population varies widely although these reactions are
most commonly reported with penicillins. Aztreonam and imipenem
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appear to be weakly immunogenic with allergic reactions occurring in
less than 2% to 3% of exposed patients [85, 88]. Cephalosporin-related
allergic reactions are also infrequent, occurring in less than 2% of
treated patients, and more commonly with the first generation
cephalosporins as opposed to the third generation cephalosporins [1, 92,
93]. A similar trend among the different beta-lactam antibiotics has been
noted in CF patients. In these patients, Koch and coworkers [91] found
that piperacillin had the highest rate of hypersensitivity reactions (51%),
followed by carbenicillin and azlocillin (21-24%) and the anti-pseu-
domonal cephalosporins, cefsulodin and ceftazidime (13—-17%). Aztreo-
nam and imipenem had the lowest rates of allergic reactions (4—6%).

There is concern that exposure to one beta-lactam could result in the
development of cross reactivity to other beta-lactams. For example, in
patients without CF, there appears to be a high degree of cross-reactiv-
ity with imipenem in penicillin-allergic patients, with 50% of those with
positive penicillin skin testing also demonstrating positive skin tests to
imipenem {94]. Cross-reactivity occurred much less often with aztreo-
nam but was still present [95, 96]. However, since CF patients receive
many courses of different beta-lactam antibiotics and can become
sensitized to the individual drugs, it is difficult to determine the exact
incidence with which cross-reactivity develops.

Abnormalities of Hemostasis

Beta-lactam antibiotics can interfere with normal hemostasis through
two different mechanisms: interference with the generation of coagula-
tion factors, and interference with platelet aggregation [87, 97]. Hypo-
prothrombinemia occurs more commonly with cephalosporins,
particularly moxalactam, cefamandole and cefoperazone, and is sec-
ondary to interference with the synthesis of vitamin K dependent
coagulation factors [97]. These compounds share a 3-methylthiotetra-
zole substituent on the cephem ring which can dissociate from the
antibiotic and interfere with the activity of vitamin K dependent car-
boxylase [93, 97]. Therapy with ceftriaxone, which has a similar side
chain, has occasionally increased prothrombin times [97], while the use
of ceftazidime, which lacks such a side chain, has not been associated
with clinically significant hypoprothrombinemia [81, 82].

Abnormal hemostasis associated with beta-lactam use can also be
secondary to impaired platelet aggregation. This adverse effect is most
pronounced with carboxypenicillins (carbenicillin, ticarcillin) and mox-
alactam [92, 93]. While the exact mechanism i1s unknown, this adverse
effect is most prominent in beta-lactam antibiotics with an alpha-car-
boxyl configuration [97]. There is a concentration—response relationship
associated with this effect, which is most prominent in patients receiving
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high drug doses and/or having impaired elimination secondary to renal
insufficiency [87, 97]. In vitro studies using concentrations of aztreonam
and ureido-penicillins which are much higher than those attained clini-
cally have demonstrated an anti-platelet effect [87, 88]. However, clini-
cally significant hypoprothrombinemia and platelet abnormalities have
not been observed in patients treated with ceftazidime, aztreonam, the
ureidopenicillins (piperacillin, mezlocillin, azlocillin) or imipenem [81,
85, 86, 88].

Seizures

Seizures have occasionally been reported in association with the use of
beta-lactam antibiotics. This appears to be a concentration-related
phenomenon, as predisposing factors are renal impairment resulting in
drug accumulation, and high dose therapy [98, 99]. Laboratory evidence
suggests that penicillin-associated seizures result from an interaction
between the intact beta-lactam ring and the GABA receptor [98].
Although benzylpenicillin appears to have the greatest in vitro seizure
potential, other beta-lactams, including the antipseudomonal penicillins
and some cephalosporins have been associated with this adverse effect
[87, 92, 98]. There have been no reports of seizures with aztreonam [88].

There is considerable concern that seizures may occur more com-
monly in patients treated with imipenem. Calandra and coworkers [85]
found that 1.5% of patients treated with imipenem experienced seizures.
However, in a retrospective review of a similar group of patients treated
with other antibiotics, the incidence of seizures was 1.6% [85]. There-
fore, while it appears that imipenem may be associated with a higher
risk of seizures compared to other beta-lactam antibiotics, it is difficult
to define the risk of this adverse effect in patients with normal imipenem
pharmacokinetics.

Factors Influencing Antimicrobial Pharmacotoxicity in Cystic Fibrosis
Patients

In view of the fact that many adverse drug reactions occur consequent
to the accumulation of drugs in the plasma and tissues, it is generally
appreciated that decrements in function of those organs responsible for
either drug metabolism or excretion could predispose patients to con-
centration-related toxicity. However, in most patients with CF, alter-
ations in hepatic and/or renal functions capable of reducing drug
clearance do not routinely occur. In contrast, both the renal and hepatic
clearance of many antimicrobial agents have been reported to be in-
creased in patients with CF as a result of disease-specific alterations in
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the processes which govern cellular drug transport and/or substrate-spe-
cific steps in drug biotransformation [21, 100—103]. Despite this appar-
ent disparity, the clinician should be vigilant to the possibility of both
overt and subclinical alterations in organ function which may alter
disposition of a drug. Prompt recognition of altered pharmacokinetics
will allow timely dosing changes, thereby minimizing the risk of drug-in-
duced toxicity. This is especially important given that the longer life-
span of patients with CF [20] increases the chances of organ dysfunction
due to the effect of disease progression on extrapulmonary organs.

In additon to disease effects on drug disposition and action, develop-
ment changes in pharmacokinetics must be considered in the evaluation
of both the efficacy and toxicity of antimicrobial therapy [104]. As
demonstrated in pharmacokinetic studies of ticarcillin—clavulanic acid,
the developmental patterns which govern the renal clearance and appar-
ent volume of distribution of this drug in normal children were indeed
present in patients with CF [105]. Consequently, the clinician must
consider the influence of development on drug disposition when individ-
ualizing drug therapy or evaluating drug safety and efficacy in CF
patients.

Finally, the impact of drug interactions on the pharmacotoxicity of
antimicrobial agents in patients with CF must be considered. As re-
cently reviewed [106], drug—drug interactions based on inhibition or
induction of the cytochrome P450 system may produce significant
alterations in pharmacokinetics, possibly leading to pharmacodynamic
consequences which demand alteration of therapy. Examples which may
be relevant to antimicrobial therapy in CF include potentially signifi-
cant drug interactions with the fluoroquinolones (eg. in combination
with oral anticoagulants, cimetidine, cyclosporine and theophylline), the
macrolides (eg. in combination with oral anticoagulants, carba-
mazepine, cyclosporine, digoxin, terfenadine, astemizole, triazolam and
methylprednisolone) and the sulfonamides (eg. in combination with
cyclosporine and oral anticoagulants) [106]. Because of the propensity
of polypharmacy to result in increased incidence of drug—drug interac-
tions, especially with drugs which are either metabolized by the liver or
are highly protein bound, drug regimens in patients with CF should be
reviewed carefully to identify potentially significant drug interactions
and modify therapy appropriately.

Conclusions

This chapter represents an overview of the pharmacotoxicity of antimi-
crobial agents which are commonly used in patients with CF, with the
data summarized in Table 4. It is beyond the scope of this chapter to
provide the reader with a compendium of all adverse effects associated
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with antimicrobial agents. It is our hope that the information provided,
both factual and theoretical, will enable the reader to identify what is
common and to use inductive reasoning coupled with available data to
formulate a rational basis for the prospective evaluation of antimicro-
bial therapy which will minimize the risk of drug-induced toxicity. It is
the development of a sound therapeutic ““plan” which will enable the
clinician to carefully and critically evaluate the toxicity of both new
antimicrobial agents in patients with CF and older agents recruited once
again for introduction into therapy. Finally, it is important for the
clinician to understand (and embrace) that the true incidence of any
drug-related toxicity can only be discovered through vigilance and
proper reporting of adverse effects. It is this knowledge which will serve
as the cornerstone for the development of safer and more effective
treatments for all patients with CF.
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Introduction

The availability of effective anti- Pseudomonas antibiotics has contributed
to the increased longevity for patients with cystic fibrosis. Unfortunately,
clinicians and microbiologists caring for CF patients have been all too
familiar with the consequences of prolonged courses of antibiotics, that
is the selection of multiply resistant organisms within the lungs of these
patients. With seeming predictability, P. aeruginosa becomes progres-
sively resistant to several classes of antimicrobial agents including
B-lactam antibiotics, aminoglycosides, and the fluoroquinolones [1].

The CF Patient Registry’s 1992 Annual Report noted that 58% of all
American CF patients and 85% of patients 28 years or older are infected
with P. aeruginosa. In addition to P. aeruginosa, other multiply resistant
gram-negative organisms may be recovered from CF patients. A small
proportion of patients, 2.8%, harbor Burkholderia (Pseudomonas) cepacia,
1.9% are colonized/infected with Stenotrophomonas (Pseudomonas) mal-
tophilia and 2.3% of patients harbor other Pseudomonas species. The
prevalence and perhaps the clinical significance of these rarer multiply
resistant organisms remains unknown and presents a therepeutic dilemma
to CF physicians.

The average life expectancy of CF patients has increased during the
past three decades from five years of age to 28 years and it is estimated
that a child born with CF today will survive into the fifth decade of life
[2, 3]. It is likely that multiply resistant pathogens will be isolated with
increasing frequency in the upcoming decade. Thus an understanding of
the mechanisms of resistance is critical to optimize antibiotic selection for
CF patients.

Mechanisms of Resistance
General Principles

Gram-negative organisms in general and P. aeruginosa in particular are
successful opportunistic pathogens which develop resistance to antimi-
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crobial agents using a number of different strategies. The organisms
may become resistant to an entire class of antibiotics via a single genetic
event, they may acquire genes which specifically target a single drug, or
a combination of factors may result in clinically significant resistance.
There are three basic mechanisms of resistance to the commonly used
antimicrobial agents. These include: (1) alteration of permeability, ex.
the agent cannot get into the microorganism or is pumped out via an
efflux pump; (ii) production of enzymes which destroy the antibiotic or
render it inactive or (iii) mutations in the affinity of the target for the
antibiotic. The CF lung contains a large population of organisms that
are chronically exposed to sub-therapeutic levels of antimicrobials and
thus represents an optimal environment for the selection of strains that
are resistant to multiple classes of antibiotics.

The structure of Gram-negative organisms presents many impedi-
ments to antibiotics prior to reaching their site of action (Figure 1). An
antimicrobial agent gains access to P. aeruginosa by first traversing the
outer cell wall which is composed primarily of lipopolysaccharides. For
most agents this is accomplished by entry via porins, water filled
channels which are relatively large (mw > 35000) [4], but usually

Aminoglycoside B-lactamase
Modifying

2o .y \ - Cytoplasmic
-1 Transport Proteins |- 2
1 (Efflux Pump) [ : Membrane

Peptidoglycan

Cytoplasm

Figure 1. The structure of the cell wall of a Gram-negative organism. The components of the
cell wall are shown and includes the outer cell wall with porins, the periplasm with
f-lactamases and aminoglycoside modifying enzymes, and the cytoplasmic membrane with
efflux pumps.
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Table 1. Mechanism of action of the major classes of antibiotics

Antibiotic Major target Mechanism
f-lactams
penicillins PBP's* interfere
cephalosporins with cell wall
monobactams PBP 3 synthesis
carbapenems PBP 2
aminoglycosides 30S ribosomal subunit interfere with
tetracyclines protein
synthesis
fluoroquinolones DNA gyrase interfere with
DNA
transcription
trimethoprim/ dihydrofolate reductase inhibition of
sulfamethoxazole dihydropteroate synthetase folic acid
synthesis

*Penicillin binding protein.

closed. Once across the outer membrane, the drug encounters the
periplasm where f-lactamases and aminoglycoside modifying enzymes
are strategically located to encounter antibiotics as they enter the cell.
Drugs which must enter the cytoplasm to reach their site of action must
then traverse a second lipid bilayer, the cytoplasmic membrane which
may contain transport proteins that function as efflux pumps to remove
antimicrobials. The site of action of the major classes of antibiotics is
shown in Table 1 and Figure 2.

Resistance to f-Lactam Antibiotics

f-lactam antibiotics, penicillins and cephalosporins, with anti-Pseudo-
monas activity are used widely in CF patients. There has been an
increasing variety of agents in this class ranging from carbenicillin
produced in the 1960s to piperacillin paired with the f-lactamase
inhibitor tazobactam (Zosyn"®) introduced in 1994 (Figure 2). However
with prolonged use of f-lactam antibiotics, resistance can develop
secondary to a wide variety of mechanisms.

All P. aeruginosa can express a Bush group 1 chromosomal f-lacta-
mase in response to -lactam antibiotics in clinical usage [5]. Ticarcillin
is a weak inducer of f-lactamase, whereas imipenem is a potent inducer
of this enzyme [6]. The chromosomal f-lactamase of P. aeruginosa
primarily has cephalosporinase activity and can hydrolyze the f-lactam
ring of first and second generation cephalosporins, although piperacillin
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Figure 2. The chemical structures of -lactam antibiotics and structurally related compounds.
All five compounds have the B-lactam ring in common and vary by the structure of the
adjacent ring and side chains. Different antimicrobials have modifications in side chains that
occur at sites designated R and X.

can also be destroyed by this enzyme [5]. The carbapenem, imipenem
and the monobactam, aztreonam are not hydrolyzed by this f-lacta-
mase [6]. Inducible B-lactamase expression in P. aeruginosa, as has been
described in other Enterobacteriaceae, is highly regulated and involves
several genes [7, 8]. These genes include the structural gene for the



Microbial Resistance 55

f-lactamase enzyme, ampC [9], a sensor—transducer system which
promotes f-lactamase expression in response to the presence of f-
lactam compounds, as well as positive and negative regulatory elements
[10, 11].

Expression of the chromosomal f-lactamase can be constitutive
whereby copious amounts of enzyme are produced even in the absence
of an antibiotic inducer. Constitutive expression of f-lactamase is
thought to be due to mutations in regulatory genes such as ampD [11].
In the large population of organisms within the CF lung, mutants with
constitutive expression (stable derepression) of fi-lactamase production
arise spontaneously and with some frequency. Treatment with f-lactam
antibiotics can lead to the selection of these stably derepressed mutants
which subsequently become the dominant population.

Plasmid mediated f-lactamases have been common in P. aeruginosa
since the 1970s when reports of the “R” factors responsible for resis-
tance to carbenicillin were first noted. Approximately 20% of multiply
resistant P. aeruginosa strains isolated from CF patients express plasmid
encoded f-lactamases in addition to the chromosomal enzyme (L.
Saiman, unpublished data). Now there are over 20 different f-lacta-
mases described and many have extended spectrums of activity with
wide substrate profiles. These newer enzymes can hydrolyze third gener-
ation cephalosporins such as ceftazidime, cefoperazone and cefsulodin
as well as aztreonam and imipenem [12, 13].

The f-lactamase inhibitors have been developed to overcome resis-
tance mediated by the f-lactamases, but these agents appear to have a
limited role in the treatment of Pseudomonas infection in CF. The
chromosomal f-lactamase of P. aeruginosa is not inhibited by clavu-
lanate or sulbactam [14]. Thus ticarcillin/clavulanate (Timentin) does
not have increased activity against this enzyme when compared to
ticarcillin alone. However clavulanate and sulbactam can inhibit some
of the plasmid mediated f-lactamases with penicillinase activity.
Tazobactam is a newer fS-lactamase inhibitor with activity against the P.
aeruginosa chromosomal ff-lactamase and potentially can expand the
activity of piperacillin [15]. However tazobactam does not enhance the
activity of piperacillin against highly resistant strains of P. aeruginosa
(L. Saiman, unpublished data), presumably because of either constitu-
tive f-lactamase production or permeability mutations or the combined
effect of both mechanisms.

Permeability mutations are very important mechanisms of resistance
in P. aeruginosa and may be secondary to innate characteristics of the
organisms, or may be acquired in response to the selective pressure
exerted by antibiotics. P. aeruginosa is intrinsically resistant to many
f-lactam antibiotics because of the inherent low-permeability of its
outer membrane [16]. Organisms may further limit the amount of drug
entering the cell by mutations that lead to loss of specific bacterial
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porins. Resistance to imipenem occurs via this mechanism; loss of porin
D2, the channel that imipenem utilizes to traverse the outer membrane
of P. aeruginosa, is the best described means of acquiring resistance to
this carbapenem antimicrobial [17]. Outer membrane impermeability
and f-lactamases are frequently present together and appear to mediate
additive or even synergistic resistance.

Active efflux of antibiotics is also a potent mechanism of resistance
for Pseudomonas [16]. Recent work has described a membrane-associ-
ated multi-drug transporter that confers resistance to chloramphenicol,
tetracycline, f-lactams, and fluoroquinolones [ 18]. It is possible that this
mechanism is responsible for a large part of the intrinsic resistance of P.
aeruginosa and works in concert with the lack of permeability of the
outer membrane [18].

The targets for the action of f-lactam antibiotics are penicillin
binding proteins which are enzymes that are involved with cell wall
biosynthesis. The penicillin binding proteins may mutate to generate
resistance by developing decreased affinity for f-lactam antibiotics. It is
not known how frequently this mechanism of resistance occurs in
clinical isolates obtained from CF patients.

Resistance to Aminoglycosides by P. aeruginosa

Aminoglycoside uptake by microorganisms is complex and occurs in
two steps. These antibiotics must traverse both the outer cell wall as
well as the lipid bilayer of the cytoplasmic membrane to reach their
targets on the bacterial ribosome. An initial passive energy-independent
step begins the process as ionic binding of the cationic aminoglycoside
to the negatively charged lipopolysaccharides causes displacement of the
cations Ca?* and Mg?>* [19]. This disrupts the stability of the outer
membrane and facilitates further entry of aminoglycoside molecules
across the cytoplasmic membrane. Subsequent transport of the drug
across the cytoplasmic membrane is an energy-dependent process and is
thought to involve an anionic transporter. The aminoglycosides are then
transferred from the cytoplasmic transporter to specific binding sites on
the ribosomes.

Mutations that lead to permeability changes, also called accumula-
tion-deficiency mutants, appear to be common among isolates from CF
patients [20]. Approximately two-thirds of the multiply resistant clinical
CF isolates studied expressed permeability mutations. The mechanism
by which decreased uptake occurs is not understood as these mutants
do not demonstrate detectable changes in outer membrane proteins or
lipopolysaccharides.

Resistance to aminoglycoside antibiotics also occurs by acquisition of
aminoglycoside modifying enzymes [19, 21, 22]. These plasmid mediated
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enzymes modify and inactivate the aminoglycoside molecules. These
enzymes are encoded by transposons which facilitate their dissemination
among Gram-negative organisms. The nomenclature of the aminogly-
coside modifying enzymes describes the biochemical reaction (N-acety-
lation, O-nucleotidylation, or O-phosphorylation, Figure 3) and the
molecular site on the aminoglycoside where the enzymatic modification
occurs. In general P. aeruginosa preferentially acquires specific enzymes
which include: APH(3')-1 and APH(3')-III which inactivate kanamycin
and kanamycin/amikacin respectively; AAC(3)-1 and AAC(3)-111, 1V,
V which inactivate gentamicin and tobramycin; and AAC(6") which
inactivates kanamycin and tobramycin [20, 23, 24]. Among P. aerugi-
nosa isolates obtained from CF patients AAC(3)-1 and AAC (6) are the
most common aminoglycoside modifying enzymes [20]. The former
confers conventional low level resistance to tobramycin (MICs less than
16 ug/ml) and the latter enzyme leads to high level resistance (MICs
greater than 100 pg/ml) (L. Saiman, unpublished data).

The biochemical modification of these agents has two consequences.
The altered aminoglycoside does not bind avidly to the ribosome and
therefore fails to terminate protein synthesis. In addition, unlike the
modified compound, the structurally altered agent fails to induce the
entry of further aminoglycoside molecules across the cytoplasmic mem-
brane.

Resistance due to mutations at the target of aminoglycoside action,
the ribosome, may also occur. However this is probably a less signifi-
cant mechanism among strains of P. aeruginosa.

Nucleotidylation

(Adenylation)
HsC \
H,oN 4 OH
H;CHN
0]
/ °
0]
Phosphorylation R
H5N
2 L-NH,
Acetylation

Figure 3. The basic structure of an aminoglycoside. The three 6-membered carbon rings are
shown. The activity of an aminoglycoside depends on the position of the ~OH and —-NH,
groups and modifications in side chains. Aminoglycosides modifying enzymes can acetylate,
adenylate, or phosphorylate the aminoglycoside molecules. Examples of the sites of enzymatic
action are shown.
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Adaptive resistance to aminoglycosides has also been described.
Down-regulation of aminoglycoside uptake occurs in the P. aeruginosa
that survive in the continuing presence of aminoglycosides [25]. This
phenomenon is unstable and reverses when the aminoglycoside is re-
moved. The mechanism by which this down-regulated uptake occurs is
unknown, but changes in lipopolysaccharides, loss of a transport
protein, or a collapse in electrical potential driving aminoglycoside
uptake have been offered as possible explanations.

Finally “functional” resistance to aminoglycosides can occur whereby
the activity of the antibiotic is impaired due to specific biologic condi-
tions present in the host [26]. The CF lung possesses many of these
biologic conditions which include an anaerobic environment, high ionic
concentrations, an acid pH, and inflammatory exudate which may bind
the aminoglycoside. Thus despite the potential in vitro susceptibility of
P. aeruginosa to aminoglycosides, the activity of these agents may be
substantially reduced in the environment of the CF lung.

Resistance to Fluoroquinolones by P. aeruginosa

With the introduction of fluoroquinolone antibiotics, there is finally an
effective oral anti- Pseudomonas agent. These agents have been in wide
clinical use since the mid 1980s. While resistance to ciprofloxacin was
described early on, it appears to be less frequent than resistance to the
p-lactam agents and the aminoglycosides. Among a collection of multi-
resistant P. aeruginosa strains from patients with CF, only about 25%
are resistant to ciprofloxacin, despite widespread use of this agent (L.
Saiman, unpublished data). The reasons for this observation are un-
clear, but reversion to a susceptible phenotype can occur with some
frequency among CF patients when the fluoroquinolone is discontinued
[26]. The clinical benefit is obvious as these agents can be utilized for
future treatment. Resistance to one of the fluoroquinolone confers
resistance to other drugs in this class. Thus there is no advantage in
treating a patient with another quinolone if their organism is resistant
to ciprofloxacin.

There are two major mechanisms of resistance to quinolones: muta-
tions at the site of action and decreased access of these agents to the
cytoplasm. The target of action of the fluoroquinolones in DNA gyrase,
the enzyme responsible for nicking and uncoiling the DNA superhelix
which allows transcription to occur. Mutations in DNA gyrase occur in
P. aeruginosa and mutations in the gyrA4 subunit are far more common
than mutations in gyrB subunit [27, 28].

Decreased access of fluoroquinolones to the gyrase target also occurs
with some frequency in P. aeruginosa isolated from CF patients [27, 29].
The mechanism of decreased antimicrobial entry is still under investiga-
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Tetracyclines

Figure 4. The sites of action of the anti-Pseudomonas antibiotics. The major targets of the
classes of antibiotics with activity against P. aeruginosa, B. cepacia, and X. maltophilia are
shown.

tion and most likely is secondary to several mechanisms. It has been
suggested that loss of the outer membrane porin F leads to resistance to
ciprofloxacin [30]. Approximately 14% of CF clinical isolates that are
resistant to ciprofloxacin lack OmpF [31]. However decreased perme-
ability has been shown to occur in the absence of detectable quantitative
changes in outer membrane proteins suggesting that alterations in
lipopolysaccharides may lead to decreased drug entry [29]. Most re-
cently a chromosomally encoded efflux pump which normally functions
to transport siderophore out of the organism has been shown to confer
resistance to several classes of antimicrobials including the fluoro-
quinolones, tetracycline, chloramphenicol and f-lactam antibiotics [18].
It is likely that this mechanism is responsible for resistance to fluoro-
quinolones in a proportion of the clinical isolates from CF patients
infected with multiply drug resistant strains.

Enzymatic modification of the fluoroquinolones by bacteria has not
been shown as yet.
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Resistance by Burkholderia cepacia

B. cepacia is more inherently resistant than P. aeruginosa. Among drugs
that have been shown to be initially clinically useful are trimethoprim/sul-
famethoxazole, chloramphenicol, and ciprofloxacin. -lactam antibiotics
are also occasionally useful. However, susceptible strains readily develop
resistance and therapeutic options for CF patients infected with this
pathogen are very limited.

Much of the resistance of B. cepacia is due to its intrinsic low outer
membrane permeability [ 32]. In addition there appears to be expression of
a drug efflux system similar to that of P. aeruginosa (J. Burns, personal
communication). This efflux mechanism may also account for non-enzy-
matic resistance to chloramphenicol also observed in B. cepacia. Intrinsic
resistance also confers resistance to aminoglycosides in that these agents
cannot bind to the cationic sites on the lipopolysaccharides of B. cepacia
[33].

In addition, B. cepaciais an organism of tremendous metabolic diversity
and thus able to withstand further changes in its permeability due to porin
loss. Decreased permeability via porin loss confers resistance to many
classes of antibiotics. Loss of an outer membrane protein (27 000 mw) is
associated with high levels of resistance to ff-lactam agents [34].

B. capacia has two inducible chromosomal f-lactamases, both a
cephalosporinase and a penicillinase [35]. The penicillinase, PenA has
homology with the chromosomal f-lactamase of P. aeruginosa and is
regulated by the transcriptional activator AmpR in a similar manner to
other Enterobacteriaceae [36].

Many B. cepacia are initially susceptible to trimethoprim/sulfamethox-
azole, but resistance frequently develops during treatment. It has been
demonstrated that high level resistance to these agents is associated with
production of a trimethoprim-resistant dihydrofolate reductase [37]. Thus
this target enzyme is not inhibited by the antimicrobial trimethoprim.

There has been a great deal of interest in the development of antimicro-
bial agents with good activity against multiply drug resistant pathogens
such as B. cepacia. New broad spectrum fluoroquinolones such as
sparfloxacin [38] and clinafloxacin [39] and the carbapenem, meropenem
appear to have more in vitro activity against B. capacia than ciprofloxacin
and imipenem, respectively. However the clinical utility of these agents
against multiply resistant pathogens may be limited as the microorgan-
isms exhibit such a wide variety of resistance mechanisms and the ability
to acquire foreign genes.

Resistance by X. maltophilia

Stenotrophomonas (Xanthomonas) maltophilia, previously known as
Pseudomonas maltophilia, is generally a nosocomial pathogen isolated
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from immunocompromised patients as well as from hospital environ-
mental surfaces such as sink drains and respirators [40]. X. maltophilia
has been an increasingly common isolate from clinical specimens, in-
cluding the sputum of CF patients, but its clinical relevance in CF
remains unknown. In vitro susceptibility of 130 clinical isolates revealed
that the most active compounds were minocycline, trimethoprim/sul-
famethoxazole, and ticarcillin/clavulanate [41]. X. maltophilia are vari-
ably susceptible to ofloxacin and ciprofloxacin, and investigational
quinolones appear to have good activity against this pathogen [38, 39].
Ceftazidime has poor activity against X. maltophilia.

Like B. cepacia, X. maltophilia is highly resistant to many antibiotics.
This organism is inherently resistant to imipemen due to a combination
of low permeability and hydrolysis by a f-lactamase [42, 43]. X.
maltophilia expresses two inducible chromosomal S-lactamases, L1 and
L2. L1 is a zinc-metaloenzyme which hydrolyses imipenem and
meropenem. L2 is a cephalosporinase inhibited by clavulanate and
sulbactam. There appears to be heterogeneity among the f-lactamases
of clinical isolates as well [44].

Outer membrane proteins from quinolone resistant X. maltophilia
display several distinct changes [45]. Alterations in drug entry has been
hypothesized to account for resistance and some of the mutations not
only conferred resistance to quinolones, but also lead to cross-resistance
to chloramphenicol and frequently to doxycycline. It is possible that a
multi-drug resistant eflux pump exists for this pathogen as well, but
such studies have not been performed.

Post-antibiotic effect

A post-antibiotic effect occurs when, after an exposure to an antimicro-
bial agent, there is suppression of bacterial growth when the antibiotic
is no longer detectable. A post-antibiotic effect for the anti-Pseu-
domonas antibiotics ceftazidime, ciprofloxacin, imipenem, piperacillin,
and tobramycin has been noted among both susceptible and resistant B.
cepacia isolated from cystic fibrosis patients [46]. The precise mecha-
nism by which antimicrobial agents exert a post-antibiotic effect is not
known nor is the clinical relevance of such an effect understood, but this
effect may partially explain clinical improvement while on antibiotics to
which the organisms are reportedly resistant.

Conclusion

Organisms isolated from CF patients have high levels of intrinsic
resistance as well as acquired resistance to antimicrobial agents, due to
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a number of diverse genetic events. Decreased access of antibiotics to
their target sites is an important mechanism of resistance which can occur
as a result of inherently low permeability, further loss of porins, or
expression of an active efflux pump. An efflux pump can confer resistance
to several classes of antimicrobial agents including f-lactams, chloram-
phenicol, tetracycline, and fluoroquinolones and therefore can increase
the potential development of multi-drug resistance. Decreased perme-
ability, in combination with the strategically located f-lactamases and
aminoglycoside modifying enzymes, provide an effective defense against
much of the available therapeutic armamentarium. Pseudomonas fre-
quently acquire new resistance genes and this contributes to the dissem-
ination of resistance in CF pathogens. The growing diversity of plasmid
encoded f-lactamases and aminoglycoside modifying enzymes will fur-
ther limit the utility of the anti- Pseudomonas cephalosporin, ceftazidime
as well as newer agents such as aztreonam and imipenem. Finally the
unique environment of the CF lung no doubt contributes to resistance
by providing a conducive environment for the persistence and selection
of multi-resistant organisms.
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Introduction

The abnormal airway conditions in patients with cystic fibrosis (CF)
predisposes them to pulmonary infection with a number of bacterial
species including Staphylococcus aureus, Haemophilus influenzae, Pseu-
domonas aeruginosa, Pseudomonas cepacia, Xanthomonas species and
various non-tuberculous mycobacteria. Patients with CF may initially
become infected with a number of bacterial species including S. aureus
[1] and H. influenzae [2], however Pseudomonas aeruginosa is the princi-
pal respiratory tract pathogen leading to chronic infection in these
patients [3]. Once CF patients are colonized with P. aeruginosa, the
organism is rarely eradicated. Another species, Pseudomonas cepacia, is
an evolving pathogen in CF infection [4, 5]; its resistance to many
antibiotics, enhanced virulence in certain CF patients [6] and the capac-
ity to spread from patient to patient [7] have introduced a new set of
problems to CF caregivers.

A unifying explanation of why patients with CF are prone to lung
infection with P. aeruginosa has not yet been provided, but several
underlying mechanisms have been postulated in the literature. It has
been suggested that tissue damage due to S. aureus infection in young
CF patients may “‘prime” the lung for subsequent infection with P.
aeruginosa [8] and although there is no direct evidence for this theory,
in vitro experiments have shown that P. aeruginosa has a high avidity
for damaged epithelial tissues [9]. Enhanced adhesion of P. aeruginosa
to CF buccal epithelial cells (BEC) has been observed in vitro [10, 11]
and increased numbers of receptors to which P. aeruginosa is able to

Correspondence address: Dr. Eshwar Mahenthiralingam & Dr. David P. Speert, Rm. 304,
Research Centre, 950 West 28th Avenue, Vancouver, B.C., V5Z 4H4 Canada.



66 E. Mahenthiralingam and D. P. Speert

bind have been found on cultured CF nasal polyp cells [12] suggesting
that P. aeruginosa has a propensity to colonize CF cell surfaces. The
altered viscosity and ‘‘stickiness” of the respiratory mucus in CF may
also create an ideal environment for P. aeruginosa colonization; the
organism is highly mucinophilic [13] and is able to adhere in vitro to
respiratory mucins [14].

Data from our laboratory suggest that the predilection for P. aerugi-
nosa to colonize the CF lung may also be due to the unique dependency
on the presence of glucose for efficient nonopsonic phagocytosis of the
organism by macrophages [ 15]. Glucose is present in low concentrations
in bronchial fluids [ 16] and macrophage-mediated clearance of P. aerug-
inosa from the lung may be limited as a result; this factor, together with
the defective mucociliary clearance in CF [17], may be sufficient to allow
colonization of the respiratory airway with P. aeruginosa.

Perhaps the success of P. aeruginosa as a pathogen in CF is due to a
combination of host and bacterial factors described above. P. aerugi-
nosa is tremendously versatile, enabling it to survive in a wide range of

Figure 1. Diagrammatic illustration of P. aeruginosa virulence factors thought to be impor-
tant for the establishment of respiratory infection in CF. Pili and non-pilus adhesins mediate
binding to the respiratory epithelium. Non-pilus adhesins may also enable entrapment in the
mucous secretions. Motility and chemotaxis towards mucin may aid the establishment of
infection. P. aeruginosa also secretes a number of exoproducts which may (i) enhance
adhesion by exposing sites to which the organism may bind and (ii} impair phagocytic cell
function and aid colonization of the respiratory airway in CF.
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Figure 2. Diagrammatic illustration of the phenotypic conversion of P. aeruginosa during
chronic colonization in CF. P. aeruginosa from chronic colonization are often LPS-rough,
mucoid, non-motile and generally less toxigenic. Some of the genetic determinants implicated
in facilitating these phenotypic changes are outlined.

environments and the CF lung unfortunately appears an ideal niche for
its persistence. During the last decade, investigation of microbial patho-
genesis in CF has focused on the mechanisms by which P. aeruginosa
may cause infection in CF. Many P. aeruginosa virulence factors have
been proposed to play a role in pathogenesis during CF infection,
including mucoid exopolysaccharide (MEP), lipopolysaccharide (LPS),
pili, exotoxins, proteases, lipases, siderophores and phenazine pigments.
P. aeruginosa must be able to initially colonize the host and subse-
quently evade clearance by host defense mechanisms in order for
successful chronic colonization. Qur review will focus only on the
salient virulence factors which have been implicated to play a role in (i)
colonization of the respiratory airway (summarized in Figure 1) and (ii)
survival of the organism during chronic infection (outlined in Figure 2).
A brief discussion of our current knowledge of P. cepacia pathogenesis
will also be provided in view of the emergence of this organism as a
serious clinical problem in CF during the last decade.

P. aeruginosa: Adherence and Colonization Factors

The initial step of P. aeruginosa respiratory infection is thought to be
adherence to the mucosal epithelial surface of the oropharynx. Binding
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of P. aeruginosa to surfaces has been studied using cultured epithelial
cells, mucin binding models and animal models, resulting in several P.
aeruginosa adhesions being characterized. Flagellar-mediated motility is
also important for establishing contact between cell surfaces and infect-
ing bacteria and for promoting the spread of infection. Adhesion-pro-
moting and other determinants of P. aeruginosa that appear critical for
establishing colonization are illustrated diagrammatically in Figure 1
and are discussed below in more detail.

Pili

Pili are perhaps the best characterized of all the P. aeruginosa adhesions.
The polar pili of P. aeruginosa are filaments, approximately 2500 nm in
length [18], composed of a single protein subunit, pilin, which generally
has a molecular size of 15 kDa [19]. The structural genes of several P.
aeruginosa pilins have now been cloned [20, 21, 22]. P. aeruginosa pili
appear to mediate adherence to a number of respiratory cell types in
vitro. Early studies indicated that P. aeruginosa used pili to bind to
mammalian buccal epithelial cells in virro [23] and that depletion of
fibronectin from the surface of cells, a phenomenon associated with CF
epithelia, may provide an explanation for the enhanced binding of P.
aeruginosa to the respiratory tract of CF patients [11]. Acid-injured
mouse tracheal epithelial cells (TEC; [24] and hamster TEC [25] have
also been used as models for pilus-mediated adhesion in CF).

Recently, the use of genetically engineered strains of P. aeruginosa
that lack only surface pili have clearly demonstrated that these struc-
tures are important for attachment to respiratory epithelial cells [26,
27]. Chi et al. [27] also demonstrated that P. aeruginosa strain PAK may
invade and survive within cultured pneumocyte carcinoma cells in a
pilus-dependent fashion, while internalized non-piliated mutants were
rapidly killed by these epithelial cells, suggesting that pili may interfere
with cellular killing mechanisms following endocytosis. However, the
significance of this cellular invasion in vivo is uncertain since there have
been no reports of intracellular bacteria in the respiratory tissues of
chronically colonized CF patients.

A murine model of chronic mucosal colonization was used [28] to
examine the role of P. aeruginosa colonization factors, including pili and
flagella, whose expression is dependent on the alternate sigma factor of
the RNA polymerase encoded by the rpoN gene (see section on motility
and adhesion factors under the control of RpoN and [29]). Isogenic
mutants of P. aeruginosa strain PAK which were pilin-deficient and
rponN-deficient colonized the gastric mucosa of the experimental mice
at 1-10% of the level of the parental wild-type strains, indicating
the importance of pili and non-pilus adhesions (see next section) in
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mucosal colonization. Whether this gastrointestinal colonization model
is relevant to respiratory colonization in CF is uncertain; however, these
in vivo findings are consistent with data from in vitro experiments which
have examined the role of these virulence factors in adherence of P.
aeruginosa to mucins and respiratory epithelial cells [26, 27, 30, 31, 32].

Other studies have demonstrated that purified pili may competitively
inhibit the attachment of P. aeruginosa to human respiratory epithelial
cells and that the receptors blocked by individual pili are the same as
those that mediate binding of the whole bacterium [33]. It has been
shown that the C-terminal fragment of P. aeruginosa PAK pilin and
synthetic peptides spanning this region can bind specifically to human
epithelial cells, suggesting that the pilus binding adhesin lies within
this region [34]. Monoclonal antibodies directed against epitopes in
the C-terminal region of pilin block the adhesion of PAK to BEC
[35], raising the possibility that vaccines able to prevent P. aeruginosa
adherence may be developed.

Non-Pilus Adhesins

While pili on the surface of P. aeruginosa have been shown to be
important mediators of attachment to epithelial cells, recent studies
using pilin-deficient genetic mutants of P. aeruginosa have shown that
pili play a minimal role in the attachment of bacteria to mucin [30].
Moreover, mutants of P. aeruginosa carrying a mutation in the regula-
tory gene, rpoN, and hence not expressing pili [29] are unable to bind to
both mucins and epithelial cells [26, 27, 30] suggesting that P. aerugi-
nosa possesses additional non-pilus epithelial cell specific adhesins.
Simpson et al. [36] devised an elegant strategy to genetically character-
ize these RpoN-dependent non-pilus adhesins and their data suggested
that P. aeruginosa expresses at least two adhesins, one able to attach to
receptors present on both epithelial cells and mucins and the other
recognizing mucin alone [36]. Although the exact nature of the P.
aeruginosa adhesin for mucin remains poorly defined, several potential
binding sites for P. aeruginosa in respiratory mucins have been demon-
strated in vitro [32, 37, 38] which may play a role in entrapment of the
organism in the mucous secretion during infection.

P. aeruginosa Mucoid Exopolysaccharide

P. aeruginosa secretes an extracellular polysaccaride composed of L-glu-
curonic and D-mannuronic acids [39], commonly known as mucoid
exopolysaccharide (MEP) or alginate. MEP is characteristically pro-
duced by CF P. aeruginosa strains and is thought to play a critical role
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in CF pathogenesis [40]. It appears to facilitate adhesion to tracheal cell
surfaces [25, 41, 42]. Adhesion of mucoid P. aeruginosa is increased
when mouse tracheal cells are pretreated with acid; adhesion to un-
treated tracheas is poor [41]. Therefore the exact nature of alginate-me-
diated adherence remains unclear. Although secretion of MEP is
primarily associated with P. aeruginosa from chronic CF infection, a
small amount of alginate secretion is also associated with initially
colonizing nonmucoid strains [43]; the role of a “partial mucoid cap-
sule” early in the course of colonization remains to be determined.

Flagellar Mediated Motility and Chemotaxis

The possession of a polar flagellum is a defining taxonomic feature of P.
aeruginosa [44]. Flagellar and motility have been shown to be major
virulence factors of P. aeruginosa in animal models of burn infections
[45, 46, 47]. Several studies have indicated that flagellar mediated
motility and chemotaxis may also be important for the establishment of
lung infection in CF.

P. aeruginosa strains representing the primary colonizing isolates
from patients with CF were motile and chemotactic towards CF mucin
and components of mucin, suggesting that these determinants of the
bacterium were important during the initial stages of pulmonary colo-
nization [13]. In a study comparing binding of P. aeruginosa strains of
various phenotypes to bovine trachea epithelial cell monolayers, non-
motile strains of P. aeruginosa were found to adhere poorly [26] and the
authors suggest that the lack of motility reduced the degree of bacteria—
monolayer interaction and subsequent adherence. It was also demon-
strated that rpoN-mutants of P. aeruginosa (non-pilated, non-flagellated
and lacking non-pilus adhesions [28, 29] were less able to colonize
mouse gastric tissue suggesting that strain motility might be important
in the establishment of mucosal infection. The authors noted however
that rpoN-deficient strains exhibit multiple defects, including glutamine
auxotrophy [29] and the reduced levels of colonization may therefore be
reflective of a lower in vivo growth rate.

Data from P. aeruginosa isolates recovered from CF respiratory
infection also suggest a role for motility during the early course of
infection. P. aeruginosa strains isolated from CF patients in good
clinical condition were generally motile and possessed functional flagella
whereas isolates collected from patients in poor clincal condition often
lacked flagella; these observations suggest that flagellation and motility
are primarily linked with early colonization and not chronic infection in
CF patients [48]. Recently we also demonstrated that primary CF
isolates were highly motile, flagellated and piliated; however, after
chronic colonization is established, we found P. aeruginosa strains
deficient in these factors may predominate in certain CF patients [49].
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Exotoxins, Proteases, and Secretory Products of P. aeruginosa

P. aeruginosa secretes a large number of exoproducts including exotoxin
A, exoenzyme S, alkaline proteases, elastase, alkaline phosphatase,
lipase, phospholipases, siderophores and phenazine pigments. The role
many of these exoproducts play in the pathogenesis of P. aeruginosa
during CF infection has been extensively reviewed elsewhere [ 50, 51, 52,
53]; those thought to play a role in colonization are described below.

Exotoxins. Two protein toxins of P. aeruginosa, exotoxin A (ETA)
and exoenzyme S (exo-S), have been well characterized. Both may enter
and poison eukaryotic cells by adenosine-diphosphate-ribosylation of
cellular proteins [53, 54]. The role ETA plays in virulence during lung
infection remains unclear; the toxin is produced by P. aeruginosa during
experimental lung infection of rats [55] but the virulence of nontoxi-
genic mutants may vary, depending on the animal model used [50].

Proteases. P. aeruginosa secretes a variety of proteases of which two
potent enzymes, elastase and alkaline protease, have been studied exten-
sively. Alkaline protease is encoded by the arpH gene and is exported
and secreted without modification, as a 48 kilodalton protein [56].
Complete elastolytic activity, on the other hand, requires the expression
of two genes in P. aeruginosa: lasA and lasB. LasA encodes an enzyme,
LasA, with proteolytic activity [57]. LasB, is the structural elastase gene
[58] encoding an elastase precursor, which after proteolytic processing is
released as mature elastase, LasB. Peters and Galloway [59] demon-
strated that purified LasA enhanced the elastolytic activity of mature
elastase and suggested that LasA interacts with the elastin substrate
rendering it more susceptible to proteolysis. Subsequently, characteriza-
tion of P. aeruginosa strains in which the elastase structural gene, lasB,
was inactivated, demonstrated that these mutants retained some elas-
tolytic activity and suggested that LasA in fact may be a second elastase
[60, 61]. Recently, Kessler er al. [62] clearly demonstrated that LasA
was able to enhance elastolysis by cleaving glycine-glycine bonds in
elastin and further showed that LasA was a staphylolytic protease. They
postulated that the potent staphylolytic activity of LasA may play a role
during colonization by aiding elimination of S. aureus and thereby
faciliating P. aeruginosa colonization.

Both alkaline protease and elastase are present in the sputa of
patients chronically colonized with P. aeruginosa [63] and stimulate an
antibody response [64]. Extensive degradation of constituents of con-
nective tissue such as collagen, elastin, laminin and fibronectin may be
mediated by these proteases [65, 66], and it has been proposed that the
resultant tissue damage may aid P. aeruginosa colonization by exposing
sites to which the bacteria can adhere [55]. These P. aeruginosa
proteases have also been shown to disrupt respiratory cilia in vitro [67]
thereby impairing pulmonary clearance.
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Other secretory products. P. aeruginosa secretes a number of
phenazine pigments, of which pyocyanin is perhaps the best character-
ized. Pyocyanin can inhibit lymphocyte proliferation in vitro [68] and it
may also stimulate or inhibit superoxide radical generation by polymor-
phonuclear leukocytes depending on its concentration [69]. Pyocyanin
also disrupts mucociliary function in vitro [70].

In order for bacterial pathogens to survive and cause disease, they
must compete for iron, which is efficiently trapped by the host iron-
binding proteins, transferrin and lactoferrin. P. aeruginosa secretes a
number of siderophores which can sequester iron from these host
compounds and aid bacterial survival in vivo [71, 72, 73]. These iron-
chelating pigments, pyoverdin and pyochelin, secreted by P. aeruginosa,
have also been proposed to contribute to the massive oxidant-mediated
injury to the lung observed in CF, by providing a source of catalytic
iron for the generation of toxic oxygen intermediates.

P. aeruginosa: Determinants of Chronic CF Infection

Once P. aeruginosa has established infection in the CF lung, it under-
goes various phenotypic changes which may enable it to persist during
chronic infection (Figure 2). Expression of MEP, conversion of LPS
phenotype from smooth to rough, and alterations in bacterial motility
are phenotypic features characteristic of P. aeruginosa isolated during
chronic colonization; these determinants of chronic CF infection are
discussed below.

Mucoid Exopolysaccharide

Strains of P. aeruginosa isolated from the sputum of chronically
colonized CF patients are often mucoid in colonial morphology and
produce copious amounts of MEP. The presence of MEP reactive
antibody in colonized CF patients {74, 75] and the immunofluorescent
detection of polysaccharide in histological sections of CF lung [76]
indicates that MEP is produced in vivo during infection. Since synthesis
of MEP requires a considerable investment of energy and the chan-
nelling of metabolizable sugars into alginate, it seems unlikely that
expression of MEP would occur in vivo unless it provided the bacterium
with a substantial survival advantage.

The MEP “‘capsule” has been proposed to aid survival of P. aerugi-
nosa during chronic infection by a number of mechanisms. Expression
of MEP and formation of a glycocalyx around microcolonies of P.
aeruginosa has been suggested to protect the bacteria from engulfment
by phagocytic cells {77, 78]. Indeed, in vitro studies have demonstrated
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that mucoid strains are less susceptible to both opsonic [79] and
non-opsonic phagocytosis [80, 81]. In fact, MEP has been shown in vitro
to interfere with a number of other phagocytic cell functions (described
in more detail below).

The local factors in the CF lung responsible for triggering production
of MEP are not well defined. Prolonged static culture of non-mucoid P.
aeruginosa under nutrient limitation may result in conversion to the
“CF phenotype” (mucoid and LPS-rough; [82]). Recent studies examin-
ing the growth of P. aeruginosa in a chemostat demonstrated that
conversion to the mucoid phenotype could be achieved under conditions
of osmotic stress and general nutrient limitation [83]. High osmolarity
causes an increase in the expression of the gene encoding GDP-mannose
dehydrogenase [84], a key enzyme in the biosynthesis of alginate.
Sputum from CF patients contains slightly elevated levels of sodium,
chloride and calcium ions [85] which may increase the osmolarity of
bronchial secretions, lending weight to the argument that osmotic stress
may increase the level of alginate synthesis in CF. However, expression
of mucoidy may be lost from both laboratory and clinical strains when
they are grown on bacteriological media with high osmolarity [86]. Thus
the local conditions in the CF lung triggering expression of mucoidy in
P. aeruginosa remain undetermined.

Conversion of Lipopolysaccharide phenotype — Smooth to Rough

P. aeruginosa isolates from chronically colonized CF patients are fre-
quently sensitive to the bactericidal effect of human serum and are
endowed with a rough LPS that lacks the typical O-polysaccharide side
chain [87]. Pier et al. [43] showed that non-mucoid P. aeruginosa
isolates from patients early in the course of colonization were frequently
typable and serum resistant in contrast to isolates from patients co-col-
onized with non-mucoid and mucoid strains, which were predominantly
serum sensitive. They suggested that initial non-mucoid colonizing
strains of P. aeruginosa produce a smooth LPS and that once mucoid
isolates emerge, LPS-rough, serum sensitive organisms predominate,
regardless of exopolysaccharide phenotype.

The mechanisms underlying this conversion of LPS phenotype from
smooth to rough are poorly understood although it can be induced by
nutrient limitation in vitro [82]. The transition from smooth to rough
LPS may reflect a general survival mechanism of Gram-negative bacte-
ria chronically residing in the endobronchial space where they are
deprived of nutrients and do not require protection from the bacterici-
dal factors present in serum. Indeed, CF patients rarely suffer bac-
teremia due to P. aeruginosa. A further explanation for the change in
LPS phenotype may lie in the toxigenicity associated with the antigen.
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LPS-rough strains are generally of low toxigenicity [88, 89]; this may
explain why CF patients do not suffer toxic shock as a resuit of the
extraordinarily high numbers of P. aeruginosa present in their lungs
during chronic infection.

Evasion of Host Phagocytic Defenses

Polymorphonuclear leukocytes (PMNs) and pulmonary alveolar
macrophages play a critical role in defending the lung against infection
with P. aeruginosa. Although an intrinsic defect in CF phagocytic cell
function has not yet been identified, P. aeruginosa and its products
interfere with the functions of both PMNs and macrophages and may
thereby compromise normal pulmonary antibacterial defenses in CF
patients.

MEP inhibits neutophil chemotaxis [90], opsonic [79] and nonopsonic
[80] phagocytosis. Proteases inhibit PMN function [91] and may create
a ligand-receptor mismatch by degrading both complement receptors
and activated opsonic complement [92, 93]. Exotoxin A [94] and
“leukocidins’ [95] intoxicate phagocytic cells thereby impeding their
normal antibacterial functions. All these factors conspire to compromise
the normal phagocytic activities in the infected CF lung.

The aforementioned antiphagocytic effects of P. aeruginosa probably
impair its clearance from the lung but cannot explain why this bacterial
species has a particular predilection for CF respiratory tract infection.
We have observed recently that macrophages have a unique require-
ment for glucose for phagocytosis of unopsonized P. aeruginosa [15}]; all
other bacterial species we have studied are ingested equally well in the
presence and absence of glucose [95a]. Glucose is present in diminish-
ingly low concentrations in the respiratory airways [16] where P. aerug-
inosa establishes infection in CF patients. Thus P. aeruginosa may have
a unique survival advantage in the CF lung because of its capacity to
exploit the selective inability of lung macrophages to phagocytose this
one bacterial species under the peculiar conditions present in the bron-
choalveolar space.

Changes in P. aeruginosa Motility

During chronic CF infection, P. aeruginosa undergoes a number of
phenotypic changes described above. Luzar et al. [48] also noted that
strains from chronically colonized CF patients were frequently non-
motile and non-flagellated, and that this phenotype was most often
recovered from patients in poor clinical condition. In a longitudinal
study of virulence factor expression during CF infection, Burke et al.
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[89] also demonstrated that P. aeruginosa strains from chronically
colonized patients were less motile than those recovered early in colo-
nization. Moreover, they demonstrated that expression of secreted viru-
lence factors such as proteases, elastase, phospholipase, heat-stable
hemolysin and exotoxin A also decrease during infection, corroborating
earlier findings that P. aeruginosa strains collected from chronically
colonized CF patients were relatively avirulent [96].

Recently, we examined the changes in P. aeruginosa strain motility
which occur during CF infection in an extensive study of sequential
isolates collected over a period of up to 10 years, from 20 CF patients
[49]. Of 1030 isolates examined, approximately 40% were non-motile;
the prevalence of mucoid strains in the same group of isolates was 35%.
Immunoblot examination of these non-motile isolates demonstrated
that many did not express flagellin or pilin and were also unable to grow
on minimal media without the addition of glutamine; these phenotypic
traits are characteristic of rpoN-mutants of P. aeruginosa (see section on
RpoN, below and [29]). Isolates of this phenotype were repeatedly
recovered from one CF patient studied for 7 years suggesting that they
were not at any survival disadvantage despite the fact they lacked
several of the P. aeruginosa factors thought to be important for colo-
nization.

Given the high prevalence of non-motile isolates, we hypothesize that
the loss of motility by P. aeruginosa during CF infection may represent
a further mechanism by which the organism is able to adapt to the CF
lung and establish chronic infection. These non-motile strains appear
less susceptible to phagocytic clearance [49] and substantial energy is
conserved since the production of flagella requires the expression of
over 40 genes. Both non-motile and non-chemotactic mutants of P.
aeruginosa were able to attach to respiratory mucins [13]; therefore the
ability of such strains to remain within the airways of chronically
infected patients might not be impaired by this phenotypic adaption.

Phenotypic Versatility of P. aeruginosa: Aspects of Gene Regulation

“Versatility” and ‘“‘adaptability’” are excellent ways to describe why P.
aeruginosa is uniquely adept at colonizing and surviving in the CF lung.
The ability of P. aeruginosa to adapt to conditions present during CF
infection is perhaps the feature most critical to its survival. The mecha-
nisms controlling the expression of several virulence determinants of P.
aeruginosa have now been elucidated in some detail. Much of their
control occurs at a level of gene transcription. Transcriptional control
may be achieved by several mechanisms, two of which have been
demonstrated to play a role in P. aeruginosa virulence factor expression:
(i) RNA-polymerase (RNApol) is a polymeric enzyme, the functional
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form of which consists of two alpha, two beta and a single sigma (o)
subunits; many bacteria possess several ¢ factors and these dictate
which promoter type can be recognized by RNApol, and hence facilitate
the expression of a given subset of genes with that target promoter [97];
(ii)) Control of transcription may also be achieved by DNA-binding
proteins, termed transcriptional activators, which bind DNA and en-
hance the recognition and transcription of given promoters.

Aspects of gene regulation involved in the expression of: (a) MEP,
(b) elastase and other exoproduct virulence factors, and (¢) motility and
adhesion factors, illustrate the remarkable adaptability of P. aeruginosa.

Control of Mucoid Exopolysaccharide Expression

Production of MEP is under an elaborate network of regulatory con-
trols. In mucoid strains, there is strong transcriptional activation of the
algD gene, encoding GDPmannose dehydrogenase, a key biosynthetic
enzyme [98]. Transcriptional activation of this gene has become a useful
tool in uncovering the regulation of mucoidy. Several regulatory ele-
ments affect the expression of this gene. Two response regulator
proteins [99] have been shown to be involved in expression of algD:
AlgR and AlbB. Full activation of algD requires the binding of AlgR to
upstream promoter regions [100]. AlgB, a member of the NtrC family
of transcriptional activators [101], is also required for algD transcrip-
tion though the exact nature of its binding site remains unclear [102].
The conformation of the algD promoter is also effected by histone-like
elements [103].

Recently, a new gene, algU, which appears critical for expression of
mucoidy was cloned [104] and found to share considerable homology
with the alternative sigma factor, SpoOH, responsible for triggering
sporulation in Bacillus subtilis [105]. Overall, activation of alginate
synthesis involves the complex interaction of a number of regulators in
response to environmental stimuli. Conditions in the CF lung may
enhance differentiation of P. aeruginosa to the mucoid phenotype via
one or more of these regulatory elements. A clearer understanding of
the regulatory events leading to activation of alginate expression may
provide potential targets for therapeutic interventions [106].

LasR — A Global Regulator of P. aeruginosa Exoproduct Expression

Recent investigations into the regulation of P. areuginosa elastase by
environmental stimuli resulted in the isolation of /asR, which encodes
the protein LasR, a transcriptional activator of elastase gene expression
[107]. Further studies demonstrated that LasR was required for the



Microbial Virulence and Pathogenesis in Cystic Fibrosis 77

transcription of the alkaline protease gene [108], the lasA gene, which
encodes a second elastase [60], and could also enhance expression of
exotoxin A [108]. All of these genes encode exoproducts of P. aerugi-
nosa associated with pathogenesis suggesting that LasR may be a global
regulator of virulence gene expression [108]. Expression of the virulence
factors under the control of lasR (proteases and exotoxins) appears to
decrease during chronic colonization [89] as P. aeruginosa changes to a
less toxigenic phenotype.

This network of global control underwent a further regulatory twist
when it was discovered that high expression of elastase required the
expression of the /asl gene, which encoded a protein involved in the
synthesis of a small diffusible molecule, termed Pseudomonas autoin-
ducer [109]. Using these mechanisms P. aeruginosa appears able to sense
its environment and modulate expression of virulence genes necessary
for survival during chronic infection. The elucidation of these complex
regulatory relationships not only provides an insight into the versatility
of P. aeruginosa pathogenesis but also provides a target for new
therapeutic approaches which may block P. aeruginosa virulence gene
expression [109].

Motility and Adhesion Factors Under the Control of RpoN

Recently, Lory and colleagues demonstrated that the product of the
rpoN gene (RpoN or ¢*), an alternative sigma factor, is required for
the expression of a number of genes in P. aeruginosa, including the
flagellin gene [29] and pilin gene [110]. Subsequently, they demonstrated
that P. aeruginosa also expresses at least two non-pilus adhesions
responsible for binding to epithelial cells and mucins which also require
RpoN for their expression (see section on non-pilus adhesions and [26,
27, 30]). Totten et al. [29] postulated that RpoN may allow P. aerugi-
nosa to coordinately control the expression of these important surface
virulence factors in response to environmental signals via gene-specific
positive effectors. The RpoN-dependent genes described to date in a
number of other Gram-negative bacteria also require transcriptional
activators for their expression and are not controlled by the levels of
RpoN, which remain constant within the cell [101]. As described previ-
ously, motility, pili and non-pilus adhesins are important virulence
factors, all of which have been implicated in the establishment of
infection in CF. The ability of P. aeruginosa to coordinately control and
amplify the expression of these genes via an alternative sigma factor and
other positive activators may contribute to its pathogenesis in CF.

We have shown that once chronic colonization is established in CF,
non-motile P. aeruginosa may be recovered which lack flagella or both
flagella and pili [49]. We demonstrated that partial complementation of
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motility in some of these isolates could be achieved by introduction of
plasmid-borne copies of the rpoN locus of P. aeruginosa, suggesting that
RpoN may be involved in the appearance of the non-motile phenotype.
These data suggest that alternative sigma factors may be important in
the expression of the P. aeruginosa phenotype characteristic of CF
patients.

Pseudomonas Cepacia: A New Threat

Despite its evolving role in CF lung infections, very little is known
about the pathogenesis of P. cepacia infection. P. cepacia shares several
virulence factors with P. aeruginosa. which may serve similar functions
during infection but which are, however, biochemically distinct. Mucoid
strains of P. cepacia may be isolated [111] but this phenotype is not
associated with CF infection. A number of P. cepacia exoproducts have
also recently been characterized and include a protease [112], a
haemolysin and phospholipase C [113].

P. cepacia may bind to and colonize the respiratory epithelia by
mechanisms similar to those described for P. aeruginosa. Both organ-
isms are motile, express a polar flagellum, and are piliated [114]. They
also adhere to the same disaccharide moiety present in many asialogly-
colipids [115]. P. cepacia isolated from patients with “‘cepacia syn-
drome” (4) bind to respiratory mucins with high affinity in vitro [116].
The mucous secretions within the lungs of patients with CF may
provide an ideal environment for colonization for these mucin-binding
pseudomonads. Adherence of P. cepacia to cultured respiratory epithe-
lial cells is enhanced by the presence of P. aeuginosa and its exoproducts
[117] and in vitro adherence to buccal epithelial cells may occur via both
pilus-mediated and non-pilus adhesive mechanisms [118]. A number of
virulence mechanisms have therefore been postulated for P. cepacia
colonization, however very little is known about the factors responsible
for the rapid and fatal deterioration seen in some CF patients infected
with the organism.

Discussion

P. aeruginosa is the major respiratory pathogen in patients with CF.
Isolates from early in the course of infection differ from those recover-
ing during chronic colonization; the changes observed may reflect mech-
anisms of pathogenesis utilized for establishment and subsequent
maintenance of disease. Colonizing isolates are motile, piliated, possess
smooth-LPS and are non-mucoid; phenotypically resembling P. aerugi-
nosa prevalent in the environment. During the initial colonization of the
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respiratory epithelium, adherence of P. aeruginosa is mediated by pili and
non-pilus adhesins. Motility and chemotaxis towards mucin is important
in the establishment of infection and secretion of proteases can enhance
adhesion by exposing sites to which P. aeruginosa may bind. P. aeruginosa
may evade phagocytic clearance by secretion of toxins and pigments which
poison the host cells, and proteases which can cleave opsonins and
phagocytic receptors. Phagocytosis of P. aeruginosa may also be precluded
in the uninflamed lung because of the unique requirement for glucose for
the nonopsonic ingestion of the organism by macrophages.

Once colonization of the CF lung has been established, P. aeruginosa
utilizes a number of mechanisms to grow and persist; as a consequence its
phenotype changes markedly. P. aeruginosa isolates from chronic CF
infection express rough lipopolysaccharide, secrete copious amounts of
MEP, often do not express flagella and pili, and are generally of low
toxigenicity. With the exception of the secretion of MEP, P. aeruginosa
appears to adapt to conditions prevalent in the CF lung by reducing or
halting the expression of many of the putative virulence factors thought
to be important for establishing infection. In so doing P. aeruginosa may
be able to direct most of its available energy into evasion of host defenses
and persistence.

While the phenotypic markers associated with P. aeruginosa infection
in CF are well defined, an understanding of the gene regulation behind
the expression of many of these virulence factors is only lately emerging.
As we have illustrated, P. aeruginosa has regulatory mechanisms that
enable it to control the expression of virulence factors in response to
environmental stimuli; the adaption to the environment mediated by
these regulatory control networks may be fundamental to its pathogene-
sis in CF. A better understanding of the mechanisms controlling patho-
genesis may enable the development of novel therapeutic approaches to
prevent chronic P. aeruginosa infection in CF. The pathogenesis of P.
cepacia is not well defined, and the factors responsible for the rapid
deterioration of certain patients infected with this organism remain to be
identified.
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Introduction

Despite improvements in medical care, cystic fibrosis (CF) is a disease
associated with significant morbidity and mortality. The major cause of
death among adult CF patients is end-stage respiratory failure. It was
against this background that the possibility of lung transplantation
became a therapeutic option for the CF patient. Advances in post
operative medical care have contributed significantly to the improved
survival and quality of life after transplantation [1]. The first successful
heart—lung transplants (HLT) for CF were performed in the United
Kingdom in 1985 [2] and encouraging intermediate term (55 year
experience) results have been reported [3] which compare favorably with
results of HLT performed for diseases other than CF [4].

HLT was traditionally the transplant procedure of choice for patients
with CF. Cited advantages of this procedure included low post-operative
incidence of both tracheal dehiscence and accelerated coronary artery
disease [3]. However with increasing numbers of centres worldwide
performing cardiac transplantation, the numbers of available heart—lung
blocs for HLT are declining significantly and the indications for HLT are
changing. Results of en-bloc double lung transplantation (DLT) for CF
were initially poor largely due to tracheal anastomotic dehiscence [6]
although recent reports are more encouraging [7]. Bilateral single lung
transplantation (BSLT) for CF requires further evaluation.

There are advantages in transplanting patients with CF compared to
other patients requiring transplantation for end-stage lung disease. CF
patients are usually young and well motivated, they are used to taking
regular medication, attending outpatients clinics and generally taking an
active role in their management. Their parents and family are good at
providing support, which is particularly important during the waiting
period and after surgery. With the recent identification of the CF gene
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[8] it would appear that the CF defect is located in the cells and not
serum of the affected patient and therefore should not affect the trans-
planted lungs.

Although there have been significant advances in pre- and post-oper-
ative care and new developments in surgical technique, the shortage of
available donor organs and obliterative bronchiolitis remain the two
major obstacles to be overcome [3].

Indications for Transplantation

Since 1985 the indication for lung transplantation in CF has not
changed. Patients should only be accepted into the transplant waiting
list if they have deteriorating chronic respiratory failure with a severely
impaired quality of life in spite of the best available medical treatment.
These patients usually have a life expectancy of less than 18 months.
The patients themselves must positively want a transplant. In practice
the forced expiratory volume in one second (FEV)) is usually less than
30% of the predicted value. It is most important that patients are only
referred for transplant assessment if, with optimal conventional CF
medical care, their condition has failed to improve.

It is possible to perform combined heart—lung and liver transplanta-
tion on patients with portal hypertension and to operate successfully on
patients who are on ventilators pre-operatively [3]. Although it is a
policy in many centres not to conventionally ventilate patients with CF
who are in end-stage respiratory failure, nasal intermittent positive
pressure ventilation may be used as a bridge to transplantation in
selected patients [9]. This technique has a number of advantages. Firstly
invasion of the airways with an endotracheal tube is avoided, thus
minimizing the risk of pseudomonal toxaemia. Secondly it is possible to
manage patients on the ward in familiar surroundings or even at home
and thus avoid the need for management in the intensive care unit.
Thirdly patients are able to adjust the ventilatory support delivered by
the ventilator and thus feel to some degree in control of their situation.

New techniques to control haemostasis such as the use of aprotinin
[10] and the argon coagulator have made it possible to operate success-
fully on many patients who have had previous thoracic surgery includ-
ing surgical pleurodesis [3]. If patients have had a pleurodesis they
usually require a lateral thoracotomy immediately prior to the trans-
plant procedure to free adhesions.

Preoperative ventilation, previous thoracic surgery, surgical or chemi-
cal pleurodesis; or severe liver disease necessitating combined heart—
lung and liver transplantation are not absolute contraindications for
HLT. However patients with one or more of the above have signifi-
cantly increased early (but not late) mortality after transplantation [3].
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This is believed to reflect bleeding and multi-organ failure which is more
commonly encountered in these patients during the peri-operative and
early post-operative periods [3].

Contraindications to Transplantation

With increasing experience, the absolute contraindications to lung
transplantation in CF are becoming fewer. They include pre-existing
malignant disease, other end organ failure (unless this is also amenable
to transplantation e.g. combined HLT and liver transplantation), active
aspergillus or mycobacterial infection, infection with human im-
munodeficiency virus (HIV) or hepatitis B, prednisolone therapy in
excess of 10 mg/day and non-compliance with treatment [3, 5, 11].

Active mycobacterial infection is an absolute contraindication to
transplantation as, in the presence of immunosuppression, fatal post
operative infection may occur. It is therefore essential that such infec-
tion be completely eradicated prior to surgery. For similar reasons
patients with an aspergilloma are contraindicated. All patients who are
being considered for lung transplantation and who produce sputum are
carefully screened for Aspergillus fumigatus. If the organism is identified
prior to transplantation a course of oral itraconazole together with
amphotericin B by nebuliser is recommended in an attempt to clear the
sputum [12]. Patients who have a persistently high count >10° colony
forming units/ml are not accepted onto the transplant waiting list [12].
If a patient has a low positive sputum count on sputum culture at the
time of lung transplantation, oral itraconazole and amphotericin B by
nebuliser are prescribed throughout the first post operative month [12].
Following the introduction of this protocol a recent study found no
significant increase in mortality from invasive aspergillosis among CF
lung transplant recipients when compared to patients who received lung
transplantation for diseases other than CF [12].

Patients who are non-compliant with treatment or clinic attendance
are also excluded. Lung transplantation has been successfully performed
in patients taking prednisolone 10 mg/day pre-operatively without
added complication. However patients with cushingoid features are
usually excluded until these changes subside with reduction in steroid
dose. There is concern that long-term steroid therapy may adversely
affect tissue healing (particularly in the large airways) after transplanta-
tion.

Diabetes mellitus is not a contraindication to transplantation unless
there are microvascular complications. Diabetic control usually be-
comes easier for the successfully transplanted CF patient as exercise
capacity improves and respiratory infection is significantly reduced [1,
3, 11]. Tt is important that gross malnutrition is vigorously addressed.
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Dietary calorie intake and pancreatic enzyme supplementation is maxi-
mized. Patients may require overnight gastrostomy or jejunostomy
feeding [1].

Pre-Transplant Assessment

This normally involves admitting patients to hospital for approximately
one week. During this time they are able to meet the staff, visit the
surgical centre and talk with patients who have already been success-
fully transplanted.

In addition to a full history and physical examination (which includes
height, weight and chest measurements) an assessment of the patient’s
quality of life and psychosocial suitability is undertaken. Patients will
have detailed lung function tests and arterial blood gas analysis. The
FEV, and forced vital capacity (FVC) are usually in the region of 30%
predicted at the time of assessment with arterial oxygen saturation at
rest between 80% and 90% (with marked desaturation on exercise).
Chest radiography and CT scan of thorax are routine to document
evidence of pleural thickening and adhesions. If adhesions are present it
may be necessary to free them via a lateral thoracotomy immediately
prior to the transplant procedure. A detailed dental and ear, nose and
throat examination is made as chronically infected sinuses or teeth may
become potential sources of post-operative infection [13].

A clinical evaluation of cardiac function is performed together with
electrocardiography, two-dimensional echocardiography and 24 hour
Holter monitor.

Routine haemotological and biochemical investigations (including
bleeding and prothrombin times) are measured and abnormalities in
hepatic and renal function addressed if possible. Serological investiga-
tions for cytomegalovirus (CMYV), Epstein Barr virus, Australia antigen,
toxoplasma, HIV and herpes simplex virus are performed.

Sputum is analysed for bacterial pathogens, acid fast bacilli and
fungi. The majority of patients grow Pseudomonas aeruginosa in their
sputum at the time of preoperative assessment. Patients with Burkholde-
ria cepacia or methicillin-resistant Staphylococcus aureus have been
successfully transplanted [8]. However some centres consider the pres-
ence of B. cepacia to be an absolute contraindication to transplantation
on account of the high mortality and morbidity associated with this
organism [14, 15].

Once on the transplant waiting list, patients have an unpredictable
waiting period. Some wait a few days, others two to three years. The
major criteria matching potential recipients with donor organs are
blood group, size of thoracic cage and CMYV antibody status [3, 4].
Thus it is not possible to predict accurately when patients will be
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transplanted. It is essential therefore that patients can be found at all
times and some benefit from having an aircall bleep or a portable
telephone so that they are not confined to their homes. Over the past
few years the development of support groups to help patients on the
transplant waiting list have been particularly helpful [11].

Surgical Options
Heart — Lung Transplantation (HLT)

This procedure involves right atrial, aortic and tracheal anastomoses.
The coronary-bronchial collateral circulation (which provides an im-
portant blood supply to the trachea [16] remains intact and thus
ischaemic complications of the large airways are uncommon. It may be
possible to use the heart from a CF patient undergoing HLT for
transplantation into a patient requiring cardiac transplantation who has
moderate reversible elevation in pulmonary vascular resistance. The
results of this procedure are encouraging with important psychological
implications for both donor and recipient [17]. However with more
centres now performing cardiac transplantation fewer heart—lung blocs
are available and there has been a significant world-wide decline in HLT
in recent years. Other options for successful lung transplantation in CF
have therefore been developed.

Double-Lung Transplantation (DLT)

In this operation tracheal, pulmonary arterial, and pulmonary venous
(to left atrium) anastomoses are performed. DLT allows the patient to
retain his own heart but in so doing, healing of the airway anastomosis
is put at risk as a result of ischaemia [18]. This can lead to dehiscence
at the level of the airway anastomosis or to the development of
granulation tissue formation. The latter can promote sputum retention
and therefore facilitate the development of pulmonary infection which
in itself can be a stimulus for further granulation tissue formation.
However improved results of DLT for CF are being reported [6, 7].
Important factors which may contribute to these improvements include
better organ preservation techniques, short ischaemic times and early
extubation following lung transplantation.

Bilateral Sequential Lung Transplantation (BSLT)

In addition to pulmonary arterial and venous anastomoses, bi-bronchial
anastomoses are performed in BSLT. This procedure is usually per-



90 B. P. Madden and M. E. Hodson

formed via a transverse thoracosternotomy (‘clam shell’ incision) and
involves sequential replacement of the lungs. In some cases it can be
performed without cardiopulmonary bypass. Intermediate term results of
BSLT for CF are awaited although early experience is encouraging [ 19].

Single Lung Transplantation

Single lung transplantation is usually inappropriate for CF patients
because of the risk of infecting the transplanted lung by sputum overspill
from the remaining CF native lung.

Lobar Transplantation

Limited early experience is available with living related lobar transplants
for CF [20]. Starnes has performed a lower lobectomy from each parent
and, following bilateral pneumonectomy has transplanted each lower
lobe into an offspring with CF. Early results with this procedure in CF
patients are encouraging [20]. This raises important ethical consider-
ations particularly in families in which there is more than one child with
CF. In view of the shortage of donor organs undue pressure may be
brought to bear on healthy siblings. Couteil has successfully performed
lobar transplantation in CF patients using cadaveric donors. Further
experience with lobar transplantation is awaited.

Post-Operative Management
General Management
It has become clear that, in addition to post-operative problems common

to all lung transplant recipients (Table 1), CF patients may develop
particular problems related to their multisystem disease [1] (Table 2).

Table 1. Common medical problems following lung transplantation

. Acute rejection

. Infection

. Bleeding

Multiorgan failure

Airway anastomotic dehiscence or stenosis
. Complications of immunosuppression
Grand mal seizures

. Lymphoproliferative disorders

. Obliterative bronchiolitis
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Table 2. Specific problems in CF patients following lung transplantation

. Persistent infection in upper respiratory tract
. Malabsorption of cyclosporin A
Malnutrition

Liver discase

. Meconium ileus equivalent

Diabetes mellitus

. Salt loss

B = N N

Table 3. Indications for bronchoscopy after lung transplantation

. Routinely between the 7th and 10th post-operative day
Reduction in lung function tests

Abnormally on chest radiograph

. Pyrexia of unknown origin

. Unexplained cough

Reduction in exercise capacity

N Bt —

Patients are routinely immunosuppressed with azathioprine and cy-
closporin A (CSA) after transplantation [3, 4]. Episodes of acute
allograft rejection are treated with intravenous methylprednisolone.
This may be supplemented with anti-thymocyte globulin.

Episodes of acute rejection are diagnosed according to clinical and
radiological indices with respiratory function test and analysis of trans-
bronchial lung biopsies specimens obtained at fibreoptic bronchoscopy.

Figure 1. Transbronchial lung biopsy from a patient with invasive aspergillosis. The fungal
hyphae are clearly seen (arrow). H and E. medium power.
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This procedure is routinely performed at the end of the first post-opera-
tive week and thereafter if clinically indicated (Table 3). At broncho-
scopy, the anastomosis is inspected and bronchoalveolar lavage speci-
mens are taken for culture and sensitivity, opportunistic pathogen screen
and immunocytochemistry. Transbronchial lung biopsy specimens are
sent for histopathological examination and culture. The diagnosis of
infection is made by a combination of clinical, serological and radiolog-
ical findings together with examination of bronchoalveolar lavage fluid
and transbronchial lung biopsy specimens (Figure 1). Episodes of
infection are treated with appropriate antimicrobial agents. The com-
mon medical problems encountered following lung transplantation are
described elsewhere {1, 11].

Specific CF Management

Patients with CF commonly experience a complicated post-operative
course [21]. As the upper airways and sinuses still maintain the CF defect
and the newly transplanted lungs are denervated and have impaired
ciliary beat frequency [22], infection in the sinuses may lead to infection
in the allograft. It has been suggested that CF patients may benefit from
maxillary sinus antrostomy and repeated sinus lavage following lung
transplantation [13]. This is not usually necessary. It is our policy to
prescribe life-long colistin sulphate (commencing at a dose of 1 mega unit
twice daily for the first three post-operative months and thereafter 1 mega
unit daily lifelong via a face mask [1, 3]. This form of treatment may
contribute to the reduced incidence of lower respiratory tract infection
with P. aeruginosa in CF lung transplant recipients [1, 3].

The bioavailability of CSA may be significantly reduced in CF
patients with malabsorption [23]. Such patients often require markedly
increased doses of CSA to maintain therapeutic drug levels [1]. They
may require CSA more frequently than twice daily. Agents which
increase CSA levels, e.g. diltiazem may be prescribed in addition.

Malnutrition may be vigorously addressed. The majority of patients
tolerate oral feeding early after surgery when bowel sounds return.
Nasogastric or gastrostomy/jejunostomy feeding may be required using
high carbohydrate feed supplemented with medium chain triglycerides
[1, 11]. Some patients benefit from the insertion of a feeding gastros-
tomy tube after lung transplantation [1, 11]. If patients are intolerant of
enteral feeding as a result of vagal nerve injury and impaired gastric
motility, total parenteral nutrition is prescribed.

The presence of liver disease may necessitate modulation of azathio-
prine and CSA dose, as both agents are potentially hepatotoxic.

Meconium ileus equivalent is treated conservatively in the first in-
stance with N-acetylcysteine. Laparotomy is very rarely indicated.
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In the early post-operative period diabetic patients may require insulin
to control blood sugar. Thereafter diabetic control is often easier as
patients exercise capacity improves and respiratory tract infection is less.
Salt loss can be a particular problem in the early post-operative period
when patients are in a warm environment and often receiving agents
which enhance urinary sodium excretion e.g. diuretics and renal doses of
dopamine. It is important that such patients have adequate salt replace-
ment to avoid the complications of hyponatracmia.

Program of Long-Term Care

Following discharge from hospital patients are managed by the trans-
plant unit in collaboration with the referring CF centre. Each patient
receives a home microspirometer on discharge and is instructed to
measure FEV, and FVC on a daily basis. If there is > 15% reduction in
lung function testing on two or more consecutive readings or if patients
develop one or other of the parameters listed in Table 3, they must
contact the transplant centre.

Outpatients visits are usually on a weekly basis to the transplant centre
during the first month post-discharge but thereafter the frequency of
appointments becomes less and eventually the majority of patients attend
for review every six months. The referring centre is encouraged to play
an active role in the management of the CF patient after transplantation.
Indeed when patients develop problems the majority present to their local
centre. In such instances early communication with the transplant centre
is essential and, if necessary, prompt transfer.

Results

The largest experience in HLT for CF has been obtained in the United
Kingdom [1, 2, 3]. The Brompton and Harefield group reported one and
two year actuarial survival figures of 69% and 52% respectively in 79 CF
HLT recipients. Twenty-three patients had one or more possible high risk
factors and survival of these patients was 64% at one year and 52% at
two years compared with 71% and 49% for the remaining patients. The
difference between both groups was significant to three months
(p < 0.05) but not thereafter [3]. The Papworth unit reported similar
actuarial survival figures at 1 and 2 years (72% and 58% respectively) in
32 CF patients following HLT [2]. In both series the mean FEV, was
approximately 70% of the predicted value by the third post-operative
month. Improvements in lung function were maintained at three years
post-transplantation [3]. In both series obliterative bronchiolitis was the
most serious late complication and major cause of late mortality.
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A North American group reported a 43% actuarial survival to one
year after HLT with sepsis being the major cause of death [24]. The
reasons for the difference in the North American and UK series may be
multifactorial but it is noteworthy that 10 of the 14 centres performed
two or fewer HLT for CF. This may imply that the surgical and
particularly the medical team did not obtain sufficient experience in
managing the complicated medical problems that these patients encoun-
ter after surgery.

A one year actuarial survival of 58% in 17 CF patients following
BSLT was reported by the Toronto group [14]. The FEV, of transplant
survivors had improved to 100% predicted value by the end of the first
post-operative year. More recently the St Louis group described a one
year actuarial survival of 80% following BSLT [25]. Further experience
with lobar transplantation for CF is awaited.

Recurrence of Disease

In vivo measurements of airway potential difference after HLT has
suggested that the CF membrane defect has not occurred in the donor
lungs after two years follow-up [26].

Quality of Life

There is no doubt that the quality of life improves significantly for the
successfully transplanted patient. Many patients have returned to
school, work or higher education after surgery, some have married and
others have gone on overseas holidays. Using the Nottingham Health
Profile, HLT recipients have been shown to enjoy improved levels of
social and emotional well-being [27, 28].

Challenges

The shortage of suitable donor organs remains a serious issue and
continued efforts are necessary to ensure that the subject of organ
donation is raised in a caring and compassionate way with relatives of
potential donors fulfilling brainstem death criteria. National efforts
should be made to maximise the use of all potential donor organs.

It is essential that patients are not referred too early for surgery as
approximately 30% die during the first post-operative year. However a
fine balance must be achieved as patients who are referred too late for
transplant surgery may be too ill to be successfully transplanted or there
may not be sufficient time to procure suitable donor organs.
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Figure 2. Technetium-99 mDTPA lung scan in a patient with obliterative bronchiolitis
complicating left single lung transplantation for lymphangioleiomyomatosis. The patient
subsequently had a right single lung transplant. Note patchy uptake and deposition of
radio-isotope in the left lung, compared with the normal appearance on the right. (Permission
to reproduce figure requested from Monaldi Archives of Chest Disease; ref 5).

Obliterative bronchiolitis remains the most serious late complication
following lung transplantation, occurring in up to 40% of patients at 3
years [4]. It is a clinical diagnosis of progressive airflow obstruction.
Chest radiography, transbronchial lung biopsy and DTPA scanning
(Figure 2) may confirm the diagnosis. The incidence is higher in
children under the age of 10 years [28]. There is evidence that it 1s an
inevitable complication of lung transplantation [1]. The aetiology is
unclear although it is suggested that obliterative bronchiolitis is a
manifestation of chronic allograft rejection [29]. Other factors such as
viral infection may also be involved [30] and it is possible that oblitera-
tive bronchiolitis is the end result from a variety of pulmonary injuries
which include acute and chronic allograft rejection and infection [31].

For the majority of patients with obliterative bronchiolitis there is no
effective cure. A minority will regain lost lung function with augmented
immunosuppression [32]. However a significant proportion will deterio-
rate regardless until end-stage respiratory failure supervenes. For these
patients the only remaining treatment option available is retransplanta-
tion [3, 4, 33]. Many centres are of the opinion that retransplantation is
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not justified at the present time on account of the poor results associ-
ated with the procedure and the shortage of available donor organs. It
is hoped that the development of newer immunosuppressive agents such
as FK506 together with improved diagnosis and treatment of rejection
and pulmonary infection will reduce the incidence of obliterative bron-
chiolitis. As the incidence of this condition is higher among lung
transplant recipients under the age of 10 years [28] it would seem
appropriate that great care is taken to avoid putting younger patients
on the transplant waiting list who would still respond to conventional
medical treatment.

In an attempt to overcome the shortage of donor organs transplant
centres are investigating the use of animal organs for human transplan-
tation (xenografting). Hyperacute rejection leading to early graft failure
is the major limiting factor to successful xenografting and significant
immunomodulation is required before this becomes a therapeutic option
for lung transplantation in CF.
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Swmmary. The principal cause of morbidity and mortality in patients with cystic fibrosis
remains pulmonary infection. resulting in progressive airway destruction, bronchiectasis, and
pulmonary failure [1]. Endobronchial infection including pneumonia, with or without an
appropriate inflammatory response, is nearly universal in cystic fibrosis patients. Our success
at controlling albeit not curing, the pulmonary infection in cystic fibrosis has undoubtedly
been a major cause of a remarkable improvement in median survival rates and quality of life
seen in the U.S. over the past 20 years (Figure 1). This is also clearly related to coordinated
management strategies disseminated by the U.S. CF Foundation, through their accredited
clinical centers. This paper will focus on several aspects of the management of pulmonary
infections that have been prioritized in the United States. First among these has been the
development of new antibiotics and new antibiotic strategies to control acute bronchopul-
monary exacerbations in cystic fibrosis. Second has been the development of appropriate
strategies that may be useful in preventing progressive pulmonary infection. Third is the
development of non-antimicrobial strategies, such as pulmonary clearance methods and
anti-inflammatory therapies that may also prove useful in the control of progressive bron-
chopulmonary disease.

Pulmonary Infections in Cystic Fibrosis: Diagnosis

Distinctions between acute and chronic manifestations of bronchopul-
monary infections in cystic fibrosis have long been problematic. Because
CF patients are typically unable to eradicate bacterial pathogens from
their airways, the criteria used to distinguish between acute and chronic
bronchopulmonary disease, in other situations, do not apply. Therefore,
a variety of definitions for acute exacerbations have been employed.
Research studies are ongoing in the United States to more precisely
explore this problem [2]. The acute symptoms of pulmonary infec-
tion are usually a result of an inflammatory response to ongoing
endobronchial infection, sometimes related to the acquisition of new
organisms or intercurrent respiratory, viral, or other (mycoplasma,
legionella, mycobacterial) infection. Acute exacerbations are often
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Figure 1. Median life expectancy for 19 220 patients included in the U.S. Data Registry,
Cystic Fibrosis Foundation, for 1993.

characterized by an increased mucus secretion and airway obstruction,
particularly of the small airways. Systemic manifestations of these acute
exacerbations often include such features as fatigue, anorexia and
weight loss, increased cough and sputum production, and fever. A
change in pulmonary function is obviously the most objective measure
of acute changes in obstructive airway disease, but is often absent even
in patients who otherwise clearly have acute exacerbations. In patients
over 5 years of age, forced expiratory volume at 1 second (FEV,) and
forced vital capacity (FVC) are typically the most useful measurements,
both because of their ease of measurement and their reproducibility [3].

In studies in the United States and elsewhere, the microbiology of CF
respiratory flora is unique (Figure 2) and there appears to be a common
progression of pulmonary pathogens in cystic fibrosis. Typically,
Staphylococcus aureus is the first organism to colonize and infect the
bronchopulmonary tree [4]. Several recent studies have shown that this
applies both to upper respiratory flora and to specimens obtained from
the lower respiratory tract via flexible bronchoscopy [5]. Following
some period of time, non-mucoid Pseudomonas aeruginosa and non-
typable Haemophilus influenzae are the next organisms to emerge.
Ultimately, non-mucoid phenotypes of P. aeruginosa are replaced by
mucoid strains [6]. The mucoid (alginate) matrix provides a mechanical
barrier to phagocytes and antibiotics, as well as serving anti-comple-
ment and anti-phagocytic functions. Once mucoid phenotypes of P.
aeruginosa emerge, they typically persist. This makes the distinction of
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Figure 2. Relative distribution of bacterial pathogens isolated from respiratory tract cultures
in 15 720 CF patients in the United States for 1993. Cystic Fibrosis Foundation Data Registry.

acute and chronic bronchopulmonary disease very difficult to base on
microbiologic criteria.

As noted, the most objective laboratory measurement of pulmonary
exacerbation is a decline in pulmonary function. Because the inherent
variability of FEV, and FVC measurements is 5% to 10%, most clinicians
expect greater declines when using these to diagnose bronchopulmonary
exacerbation [7]. New infiltrates on chest radiography are also useful, but
the chronic changes consistent with cystic fibrosis often make it difficult
to interpret small differences as representing pneumonia. Sputum cul-
tures when properly obtained, will identify bacterial pathogens that are
colonizing the tracheobronchial tree. However, these are not available in
younger patients because of the inability to expectorate and many
physicians in the U.S. use upper respiratory specimens (throat culture)
as a marker for lower airway colonization. Several studies have shown
that the positive predictive value of throat culture for tracheobronchial
colonization is 75% to 85% [8], suggesting that throat cultures positive
for staphylococcus or pseudomonas are useful in directing antimicrobial
therapy. Throat cultures negative for these pathogens do not, unfortu-
nately, exclude these bacteria as causes of current pulmonary infection
and some clinicians have advocated increased use of bronchoscopy for
children unable to expectorate [9], before excluding the possibility of
these bacteria as pathogens.

Although P. aeruginosa is the most common pathogen in cystic
fibrosis secretions, many other bacteria and other organisms may play a
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role in an individual acute exacerbation. Most cystic fibrosis centers in
the United States use selective media to enable S. aureus, H. influenzae,
and other gram-negative bacilli (B. cepacia, X. maltophilia) to be de-
tected [10]. These pathogens are difficult to detect on routine media
when they co-exist with mucoid-producing P. aeruginosa. A typical
media panel would be blood and MacConkey agars, mannitol salt agar
(S. aureus), horse blood agar (H. influenzae), OFPBL or PC agars (B.
cepacia) and Sabouraud agar [10]. When clinical, epidemiologic or
geographic circumstances dictate, the search for etiologic pathogens of
acute pulmonary exacerbations should also include respiratory viruses
(especially RSV and influenza), mycoplasma, Chlamydia pneumoniae,
legionella, and mycobacteria [11]. Most centers use mucolytic agents
such as dithiothreiotol (sputalysin) to liquify sputum specimens and
permit better characterization of individual bacterial isolates [12].
Quantitative cultures have not typically proven useful in providing more
precise assessments.

Other inflammatory markers such as white blood cell count with
differentials, erythrocyte sedimentation rate, C-reactive protein, and
others are often elevated in patients with cystic fibrosis. Several authors
have suggested that short-term increases may be useful in diagnosing
acute exacerbations. However, without preceding measurement during
periods without infection, these may be difficult to interpret [13]. A very
interesting finding in cystic fibrosis-related pulmonary infection, given
the pathogens involved, is the very rare phenomenon of bacterial
dissemination. Cystic fibrosis patients are clearly not immunocompro-
mised systemically, but rather suffering from a local phenomenon re-
lated to the endobronchial milieu and its effect on their inability to clear
bacterial colonizers. Therefore, most U.S. physicians have adopted a
pragmatic approach to the evaluation of CF-related pulmonary exacer-
bations. Studies such as chest radiography, blood and urine cultures,
urinary antigen studies, and others are not typically obtained unless
there is some specific clinical reason to do so.

Treatment of Pulmonary Infections: Antibiotic

Because of the variety of bacterial pathogens involved, and the fact that
drug susceptibility patterns may differ widely among patients and
among geographic areas, precise microbiology and susceptibility data
are critical to the best use of antibiotics to treat acute bronchopul-
monary infections. Clinicians in the United States rely heavily on
annual reports from microbiology laboratories at their institutions to
decide upon the best empiric approach to treat these infections. In
younger patients where S. aureus may be a sole pathogen, antibiotics
directed against this organism, such as nafcillin or cefazolin, are often
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used in the hospital setting. For milder infections that do not require
hospitalization, such antibiotics as dicloxacillin and cephalexin are
often useful for patients who are colonized only with S. aureus. Ery-
thromycin has become less dependable over the years as resistance
rates in the United States have increased (now typically >30%). For
patients colonized with S. aureus and H. influenzae, second generation
cephalosporins such as cefuroxime and betalactam-betalactamase in-
hibitor compounds such as ampicillin-sulbactam are often useful for
hospitalized patients. Again, for milder infections not requiring hospi-
talization, oral equivalents such as cefuroxime, cefprozil, or amoxi-
cillin-clavulanate have proven useful. Treatment courses are typically 2
to 3 weeks, although criteria for concluding therapy remain hopelessly
empiric [14].

Pseudomonas aeruginosa can be much more problematic. Because of
the presence of inducible beta-lactamases in most P. aeruginosa species,
monotherapy with a beta-lactam is usually not used, for fear of the
early emergence of resistance [15]. In the United States, patients colo-
nized with non-mucoid or mucoid variants of P. aeruginosa are typically
treated with beta-lactam plus aminoglycoside regimens for moderate to
severe exacerbations. These regimens can be given in hospital or at
home, if suitable nursing arrangements can be made [16]. In 1993, 16%
of all U.S. CF patients received at least one course of IV antibiotic
therapy at home. Appropriate management should also take into con-
sideration other pathogens isolated from respiratory secretions. For
example, the presence of staphylococcus in association with pseu-
domonas would suggest the addition of nafcillin to a regimen of
anti-pseudomonal beta-lactam and an aminoglycoside, or perhaps the
use of an aminoglycoside plus a beta-lactamase inhibitor-containing
compound with activity against staphylococcus and pseudomonas (e.g.
ticarcillin-clavulanate or piperacillin-tazobactam). We emphasize that
these inhibitor compounds do not enhance activity of the putative
beta-lactam for P. aeruginosa, however, and therefore attention to the
susceptibility profile for each clinical isolate is mandatory.

For patients who have chronic pseudomonas colonization and are
suffering from milder exacerbations not requiring inpatient or intra-
venous therapy, the availability of oral quinolones has been a major
advance in the United States, and elsewhere. Many centers have found
that short, repeated courses of ciprofloxacin or ofloxacin can be safely
given to cystic fibrosis patients younger than 18 years of age, despite the
concern over arthropathy described in immature, experimental animals.
A number of papers, primarily from Europe, would tend to support this
relative lack of toxicity by oral quinolones in younger patients with
cystic fibrosis [17]. A major problem, however, as has been the case with
beta-lactam monotherapy of P. aeruginosa, is the rapid emergence of
bacterial resistance. In our hospital, for example, we have seen the
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Figure 3. Percentage of susceptible isolates of P. aeruginosa and S. aureus to ciprofloxacin
(CF and non-CF isolates) at the Long Beach (California) Memorial Medical Center from
1989 through 1993.

percentage of pseudomonas strains susceptible to ciprofloxacin decrease
from 86% to 64% from 1990 to 1993 (Figure 3). Therefore, many cystic
fibrosis clinicians in the United States combine oral ciprofloxacin with
aerosolized tobramycin for the outpatient management of mild P.
aeruginosa-related pulmonary exacerbations. It should be noted that a
similar decline in the activity of quinolones against staphylococci have
been noted over the last several years and, in patients with mixed flora
including S. aureus, ciprofloxacin or ofloxacin should not automatically
be assumed to be active against S. aureus (Figure 3). Similarly, it should
be noted that although many of the aminoglycosides have some in vitro
activity against S. aureus and H. influenzae, they have typically not been
efficacious in the monotherapy of infections due to these organisms.
Burkholderia (Pseudomonas) cepacia has continued to be an indolent
problem in the United States. The most recent data from the Cystic
Fibrosis Foundation Data Registry indicate that approximately 3% of
16 000 cystic fibrosis patients in the U.S. are colonized with this organ-
ism (Figure 2), which unfortunately, is resistant to many antibiotics.
Aminoglycosides, for example, are typically ineffective against this
organism. Some beta-lactams do have activity against occasional
strains, but trimethoprim-sulfamethoxazole is the most consistently
active against this problem pathogen. The combination of trimetho-
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prim-sulfamethoxazole is also typically the most active antibiotic combi-
nation against X. maltophilia, another non-fermenting Gram-negative
bacillus that occasionally colonizes and infects cystic fibrosis patients.
Fluoroquinolones also have some activity against B. cepacia and X.
maltophilia.

Treatment of Pulmonary Infections: Aerosol Therapy

Many studies have confirmed that the amount of antibiotic that is
delivered into the airway lumen when administered orally or intra-
venously is less than desirable to maximize antimicrobial effects. Recent
studies have demonstrated that high dose aerosolized aminoglycoside
(e.g. tobramycin) can achieve levels of intraluminal antibiotic activity
consistent with greater antibacterial and, presumably, clinical effects. In
a multicenter placebo-controlled study by Ramsey and colleagues, 4
week courses of aerosolized tobramycin therapy were associated with
significant improvements in pulmonary function, and up to three log
decreases in the sputum density of P. aeruginosa [18]. Importantly, the
back diffusion of tobramycin given by this route into serum was
minimal, suggesting that aminoglycoside-related ototoxicity or nephro-
toxicity should not be of concern even when using doses as high as
600 mg, 3 times per day. In smaller studies, other investigators have also
noted that inhaled colistin and amikacin may also have similar microbi-
ologic effects, although the correlation with pulmonary function im-
provement is not as well demonstrated [19]. Therefore, many clinicians
in the United States are using longer courses of aerosolized tobramycin,
often combined with oral antibiotic therapy for patients with frequently
recurrent or persistent P. aeruginosa-related pulmonary infections. The
issue of combining aerosol and intravenous aminoglycoside therapy is
not yet resolved, at least in the U.S. There has been one study published
suggesting that there was no additional benefit with the combination of
aminoglycoside therapy by multiple routes for acute exacerbations [20].
Therefore, most U.S. clinicians are not using aerosolized therapy in
patients receiving aminoglycosides simultaneously, usually due to a
concern over additive toxicities.

Chronic Therapy of Pulmonary Infections: Non-Antibiotic

The approach to mobilization of respiratory secretions in patients with
cystic fibrosis is similar to that adopted in Western Europe and else-
where. The thick and tenacious secretions characteristic of cystic fibrosis
are directly related to the underlying pathophysiology. A variety of
respiratory therapy methodologies have been used to facilitate the
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clearance of pulmonary secretions both for their beneficial mechanical
effects, as well as for the postulated enhancement of antibiotic penetra-
tion into less viscous secretions. These techniques include chest percus-
sion and postural drainage, airway vibration (using a flutter valve),
positive expiratory pressure (PEP), and other forced expiratory tech-
niques [21]. Although there has been an ongoing debate as to the
ultimate benefit of these therapies, particularly because the more tradi-
tional methods such as chest physiotherapy require intensive time com-
mitments and multiple care givers, recent studies have confirmed both
short and long-term improvements in pulmonary function and general
well being using these techniques. In a particularly helpful study, for
patients with moderately severe cystic fibrosis who received forced
expiratory therapies with or without conventional chest percussion and
postural drainage, the rates of decline in pulmonary functions, particu-
larly those reflecting small airway disease, were less in those patients
receiving combined therapies [22]. These techniques have been tradi-
tionally used as part of an overall approach to the prevention (or
perhaps, more appropriately, the delay) of chronic lung disease and
progressive destruction of the airway in CF. At this point, there does
not appear to be an overall consensus in the United States over which
of these techniques is most efficacious. Nevertheless, the vast majority of
CF clinicians in the U.S. are recommending that at least one of these
therapies be commenced at the time of initial cystic fibrosis diagnosis
and continued throughout the patient’s lifetime. The availability of
techniques such as PEP, autogenic drainage, and airway vibration
(flutter valve) which do not require a second person are proving
particularly useful as more and more cystic fibrosis patients reach
adulthood and become independently responsible for their own medical
management [23].

Airway reactivity and bronchospasm has long been a major compo-
nent of the clinical presentation of cystic fibrosis. Several studies have
suggested that as many as 50% of CF patients will have bronchial
reactivity [24]. Although the data on the use of bronchodilators, partic-
ularly beta-andrenergics, have not been totally consistent, most clinicians
in the United States have been using these therapies with success for
many years. In the last several years, there has been an increasing
realization of problems associated with the use of methylxanthines,
particularly their propensity to increase gastroesophageal reflux, already
a problem in many cystic fibrosis patients [25]. Therefore, there has been
a substantial move away from the use of oral or intravenous theophylline
and similar agents in CF. The use of anticholinergics, such as atropine
and ipratropium, usually in combination with beta-andrenergics, such as
albuterol, has increased substantially. Most U.S. clinicians combine
aerosol and respiratory therapy modalities in all CF patients, unless
aerosols are not tolerated or can be shown to be ineffective.
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As is well known, there has long been a debate among cystic fibrosis
clinicians concerning the relative effects of infection versus inflammation
on progressive bronchopulmonary disease. Several investigations have
suggested that the severity of pulmonary disease may be related more to
the intensity of the host response, and that anti-inflammatory therapies
might be very useful. A clinical study of alternate day prednisone
conducted by Auerbach and colleagues seemed to support this hypothe-
sis [26]. Unfortunately, a large multicenter study sponsored by the
Cystic Fibrosis Foundation in the U.S. involving some 300 children
with mild to moderate disease treated with alternate day prednisone did
not yield encouraging results. Patients treated with high-dose therapy
(2 mg/kg/day) had a significant increase in the frequency of steroid-re-
lated side effects such as growth retardation, glucose metabolism abnor-
malities, and cataracts. This study arm was terminated prematurely [27].
Final analysis of the placebo and low-dose (1 mg/kg/every other day)
prednisone groups has not suggested a major beneficial effect for
steroids and there is a suggestion that side effects such as glucose
metabolism abnormalities and growth retardation are more common in
the low dose steroid group [28]. A 4-year multicenter study of ibuprofen
has recently been completed and the results suggest that this drug may
be associated with small, but beneficial, effects on pulmonary function
in patients less than 13 years of age. After 4 years of ibuprofen therapy,
patients had a decrease of 2% in FVC and FEV, compared to 13% in
the placebo group [29]. These studies strongly suggest the use of
ibuprofen if anti-inflammatory therapy is given.

A final overview of preventive strategies must consider the use of
drugs that affect the viscosity of pulmonary intraluminal secretions.
Recombinant human deoxyribonuclease (DNAse), is now available in
the United States for clinical use. In a large multicenter study involving
over 900 patients, it appeared that regular use of this aerosolized
compound was associated with a significant decrease in sputum viscos-
ity and small, but significant, increases (averaging 5%) in forced vital
capacity over a 6-month period [30]. There did not appear to be
differences between once or twice daily therapy. This drug was licensed
for use in the United States in early 1994 and post-marketing studies are
presently being conducted. It remains to be seen what ultimate role this
drug will have on the progressive pulmonary disease in CF, but stan-
dard recommendations in the United States would suggest that a trial of
this therapy should be given to patients of more than 5 years of age with
mild to moderate bronchopulmonary disease (FVC > 40%), to assess its
effect on vital capacity and forced expiratory volume. If beneficial
effects (an increase of 5% to 10% or greater) can be demonstrated,
chronic therapy is probably appropriate. Preliminary results of a study
of DNAse in patients with moderate to severe pulmonary disease
(FVC < 40%) did not apparently yield statistically significant benefits
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(although analysis is incomplete) probably because of the fixed nature
of the pulmonary disease in many of these patients [31]. Many CF
clinicians in the U.S. are, therefore, cautious about recommending
therapeutic use of this therapy in such patients. DNAse appears reason-
ably safe, with very few significant side effects, probably the most
common being transient hoarseness or sore throat [30].

Other investigational drugs still being evaluated for their effect on
decreasing the viscosity of CF sputum and perhaps enhancing the
clearance of sputum are amiloride and nucleotides (UTP or ATP).
Amiloride is a sodium channel blocker which appears to inhibit the
absorption of sodium from cystic fibrosis airways. In small studies, this
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