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CHAPTER 1 
Application of Transgenic and Gene-Targeted 
Mice to Dissect Mechanisms of Lung Disease 

Steven D. Shapiro 

Department of Pediatrics. Medicine. and Cell Biology. Washington University School of Medicine 
St. Louis MO 673110. USA 
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1. Introduction 

By just after the beginning of the next millenium, the sequence of all 
human genes should be known. The function of the proteins encoded by 
most of these genes will, however, remain a mystery. Transgenic and gene
targeted mice provide powerful techniques to determine protein function in 
vivo [1]. In fact, these models have recently led to new insight into the func
tion of many proteins that have been extensively studied for decades. "One 
invariable lesson of biological research has been the difficulty, virtual 
impossibility, of reliably predicting the properties of intact organisms from 
the properties of their constituent tissues, cells and molecules" [2]. Thus, 
hypotheses need to be confirmed in intact, complex biological organisms -
not prokaryotes or lower eukaryotes, but mammals. 



2 S. D. Shapiro 

"Gain of function" models may be achieved by overexpression of pro
teins in transgenic mice, and "loss of function" models achieved by tar
geted mutagenesis. These techniques, particularly targeted mutagenesis, 
allow investigators to change single variables and in essence perform con
trolled experiments in mammals. These models may help both to determine 
the physiologic function of proteins and to dissect mechanisms of disease. 
For example, overexpression or deletion of specific proteins may result in 
features that resemble human disease. Alternatively, application of estab
lished models of disease to gene-deficient mice may determine the con
tribution of individual proteins to the disease state. 

Why the mouse? Just over a decade ago, techniques to achieve germline 
transmission of genetic material in mice drastically changed our ability to 
approach biological questions. Introduction of a linear DNA fragment 
(transgene) into the pronucleus of one-celled embryos (or more recently 
into embryonic stem cells) allows study of either the pattern of expression 
of that gene or the biological consequences of overexpression of the protein 
encoded by the gene in specific tissues. More recently, targeted mutagene
sis by homologous recombination in embryonic stem cells has allowed 
investigators to generate strains of mice that lack individual proteins, pro
viding specific "loss of function" models. 

Advantages of the mouse over other experimental animals include the 
capacity to manipulate germline transmission of genetic information, a 
rapid reproductive cycle, and large litter sizes. In addition, knowledge of 
mouse biology is extensive, antibody and cDNA probes for the mouse are 
abundant, and mice are relatively cheap compared with other experimental 
animals. Most importantly, evolutionary conservation has shown us that 
mice and other mammals are, on the whole, genetically similar to humans. 
In the future, trans gene expression in larger animals will allow large-scale 
production of recombinant proteins. The possibility of targeted mutagene
sis in rat embryonic stem cells might allow investigators to study models of 
disease requiring surgical techniques that cannot be applied to mice. 

2. Methods for Generating Transgenic Mice [3-6] (Fig. 1) 

2.1. DNA Construct 

For protein overexpression, the gene of interest or cDNA is linked to either 
a strong non-specific promoter or a cell-specific promoter for more precise 
targeting of gene expression. If a cDNA is used, inclusion of intronic 
sequences and a polyadenylation signal (often from growth hormone or 
other genes) is helpful [7, 8]. If the goal is to test promoter sequences re
quired for gene regulation, promoter fragments are linked to reporter genes 
such as tJ-galactosidase. "Humanized" green fluorescent protein (GFP) 
may prove to be a promising marker, but data are limited to date [9]. 
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Figure I. Generating transgenic mice: the transgene construct carrying the DNA required 
to generate a functional protein is microinjected into the (male) pronucleus of a fertilized 
egg. Eggs are placed in the uterine horns of "pseudopregnant" females. Founder line (FO) 
offspring carrying the transgene genomic are identified (+). FO matings determine whether the 
transgene has been incorporated into the germline, and those transgenic +F 1 mice are used for 
further studies. 

2.2. Egg Microinjection 

The goal of pronuclear microinjection of double-stranded DNA into fertil
ized mammalian eggs is to integrate the DNA into the genome, allowing 
transfer of the genetic material to offspring [10]. For this reason DNA is 
introduced into the zygote as early as possible, i. e. at the pronuclear stage 
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soon after fertilization. Females are often treated with hormones (PMS and 
human chorionic gonadotropin or heG) for superovulation upon fertiliza
tion with a fertile male. Eggs are harvested and small amounts of DNA 
(1-2 pI at 200 ng/Jll) are injected directly into eggs which are then reim
planted into pseudopregnant females (which were mated with vasecto
mized males on the previous day). Of the eggs 15-20 are implanted into 
each oviduct; 20 days later gestation is complete. Offspring from this 
mating are termed founders (FO). 

2.3. Generation of Lines of Transgenic Mice 

Litter sizes vary depending upon strains of mice used and mothering abili
ties. Generally, if the gene is not fatal, about 15 % of the offspring should 
carry the transgene DNA. Often the DNA is inserted from one to hundreds 
of copies as concatamers in a single random site within the genome. If the 
transgene has been stably incorporated into the genome of the germ cells, 
then FO mice should transmit the transgene to all future offspring. As a 
result of the random nature of integration, several lines of transgenic mice 
should be bred to insure that the phenotype is independent of integration 
site. Although transgenic mice are easier to generate than gene-targeted 
mice, lack of reproducible cell-specific targeting has led some investi
gators to pursue "knock-in" strategies for targeted transgenesis as discus
sed below. 

3. Generation of Gene-Targeted Mice 

3.1. Targeting Constructs 

The general general strategy is to isolate isogenic genomic DNA and 
either insert or replace exonic DNA of the gene of interest with a select
able marker, such as the neomycin phosphotransferase gene driven by 
the phosphoglycerol kinase promoter (PGK-neo). This will cause a muta
tion that prevents the generation of a functional protein, and it often results 
in loss of stable mRNA as well. Moreover, use of a positive selection marker 
will allow the selection of clones that allowed integration of the construct 
into chromosomal DNA as described below. Thymidine kinase (TK) is 
often included at the 5'- and/or 3' -end as a negative selection marker to 
prevent non-homologous recombination in the presence of gancyclovir. 

Large fragments of isogenic genomic DNA are isolated and subcloned 
into plasmids for further manipulation. Many strategies are available to 
introduce selectable markers and generate mutations. A general rule of 
thumb is to have at least a couple of kilo bases of native genomic sequence 
flanking both sides of the mutation: the longer the sequence, the greater 
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Figure 2. Generating gene-targeted mice: the targeting construct carrying a mutation with a 
positive selection marker, such as PGK-neo shown here inserted distal to the transcription start 
site (Tx) replacing part of exon I, is transfected into embryonic stem (ES) cells (here of I 29/Sv 
origin with agouti pigment). ES cells that have homologously incorporated the mutation are 
identified, injected into blastocysts (from C57B1I6 mice, black coat color), and implanted into 
receptive females. Chimeric offspring (i.e. agouti on black) are bred initially to C57B1I6, and 
germline transmission is determined by pure agouti mice resulting from this breeding. Hetero
zygotes are identified (one-half of agouti mice) and bred to generate mice homozygous de
ficient in the gene of interest. 
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the recombination frequency [11, 12]. A limit is the amount of DNA that 
can be subcloned into convenient plasmids. Sequence information and 
detailed restriction enzyme mapping are critical; however, strategies in
volving introduction of restriction enzyme site by in vitro mutagenesis are 
becoming a popular way for quickly generating constructs with less in
formation. This strategy also allows the placement of mutations in precise 
areas of interest. For example, replacement ofa sequence near (and includ
ing) the ATG translation-initiation codon for PGK-neo and another gene of 
interest should create both a knock-in and a knock-out mouse, i. e. in addi
tion to deleting expression of the target tene, it is possible to achieve 
expression of the reporter gene in the genomic locus of the native gene. 
Thus, the reporter is now expressed under regulation, of the original gene 
which has been deleted. This may require subsequent deletion of the PGK
neo cassette using Lox P technology (see section 7. The Next Generation) 
because the PGK promoter might interfere with native gene regulation. 

3.2. Gene Targeting in Embryonic Stem Cells 

The targeting vectors are transfected into embryonic stem cells (ES cells) 
by electroporation [13]. ES cells are cultured in the presence of G418 to 
select only colonies that incorporated the neomycin-resistance gene by 
homologous recombination. Gancyclovir is often used for negative selec
tion, killing clones that have undergone non-homologous recombination 
incorporating thymidine kinase. Clones that underwent appropriate homo
logous recombination are identified and confirmed by Southern analyses 
(using probes outside of the construct). Targeting frequency is highly vari
able, but generally ranges between 1 % and 15 %, i. e. of clones that under
went appropriate selection, only 1-15 % will have undergone homologous 
recombination in the single site of integration. 

3.3. Generation o/Gene-Deficient Mice 

Targeted ES clones (e.g. from 129/Sv mice that are agouti, i.e. have yellow 
coat pigment) are injected into blastocysts derived, for example, from 
C57B1I6 females (black color) and inserted into receptive females (often 
Swiss-Webster). Highly chimeric male pups, i. e. showing a significant 
amount of agouti, are raised and bred with C57B1I6 (and later 129/Sv) 
females. Pure agouti mice resulting from these matings demonstrate that 
the ES cell has been incorporated into the germline, one-half of which 
should carry the mutant allele. These heterozygous mice are then bred to 
obtain homozygous "knock outs", i. e. animals in which both alleles have 
been disrupted. It is also possible to breed chimeras that show a tendency 
to transmit the ES cell to the germline, to mice in the background of the ES 
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cell to obtain mice in a pure genetic background quickly without laborious 
backcrossing. 

4. Application of Transgenic and Gene-Targeted Mice 
to Pulmonary Disease 

Mouse models have been used to duplicate diseases caused by simple single 
genetic mutations with varying success. For example, mutations in surfactant 
B are lethal in both mice and humans [14]. Decreased surfactant B levels in 
heterozygous mice led to disrupted lamellar body formation and abnormal 
lung function, similar to partial surfactant B deficiency that has recently been 
observed in infants [14]. In contrast, although CFTR-/- mice demonstrate 
severe gastrointestinal toxicity, pulmonary abnormalities were mild. 
CFTR-/- mice did, however, have increased numbers of goblet cells and 
inspissated eosinophilic secretions with gland obstruction [15]. As these mice 
age, there are some reports (unpublished) that they develop more severe pul
monary disease and poor response to infections. Others believe that mice 
have additional chloride transporters which may negate the results [16]. The 
identity and knock-out of these other proteins are under investigation. 

Gene deletion has also resulted in surprising phenotypes, for example, 
the loss of granulocyte-macrophage colony-stimulating factor (GM-CSF) 
resulted in alveolar proteinosis in mice [17]. Transgenic mice expressing 
GM-CSF in the lung under the control of the surfactant C promoter in the 
background of GM-CSF-/- corrected surfactant homeostasis, leading to 
the conclusion that GM-CSF regulates clearance or catabolism of surfac
tant proteins and lipids [18]. 

Alternatively, application of transgenic mice to established murine 
models of disease may allow dissection of the pathogenesis of disease. 
Application of transgenic mice to specific diseases requires murine models 
of disease that replicate the human condition. Studies on emphysema will 
be used as an example. 

4.1. Pulmonary Emphysema 

This is defined as enlargement of terminal airspaces, accompanied by 
destruction of their walls. Typically, cigarette smoke induces a chronic 
inflammatory response with accumulation of macrophages and, to a much 
lesser extent, neutrophils in respiratory bronchioles and alveolar space. 
Release of inflammatory cell proteinases, in excess of inhibitors, coupled 
to abnormal matrix repair lead to emphysema. Inherited deficiency of 
ai-antitrypsin, the primary inhibitor of neutrophil elastase - a serine pro
teinase -, predisposes individuals to early onset emphysema; in addition, 
intrapulmonary instillation of elastolytic enzymes such as neutrophil 
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elastase in experimental animals causes lung destruction that is character
istic of emphysema. Together, these findings have led to the hypothesis that 
emphysema results from proteolytic injury, presumably by neutrophil 
elastase directed against elastin [19]. Subsequently, other elastolytic pro
teinases of neutrophil and macrophage origin have been found in the lungs 
of smokers. If mice develop emphysema in response to chronic cigarette 
smoke in a similar way to humans, in a reasonable time frame, then it would 
be possible to use targeted mutagenesis to determine the contribution of 
these proteinases to emphysema. 

On long-term exposure to cigarette smoke, mice develop inflammation 
within a month and airspace enlargement characteristic of human centri
acinar emphysema within 6 months [20]. Application of mice deficient in 
macrophage elastase (MME-I-) by targeted mutagenesis [21] to this ex
posure demonstrated that, in contrast to wild-type littermates, mice defi
cient in macrophage elastase (MME-12) failed to recruit macrophages and 
did not develop pulmonary emphysema in response to cigarette smoke 
exposure [20] (Figure 3). Whether human emphysema is also dependent on 
this single MMP is of course uncertain. At the very least, this study demon
strates a critical role of macrophages in the development of emphysema 
and unmasks a proteinase-dependent mechanism of inflammatory cell 
recruitment which may have broader biological implications. 

c 

Control 

Smoke 
Exposed 

MME +1+ MME-/-

Figure 3. Wild-type (MME+/+) mice, but not MME-deficient (MME-/-) mice, develop 
emphysema in response to cigarette smoke. Lungs from MME+/+ and MME-/- mice exposed 
to cigarette smoke for 6 months and age-matched controls were inflated by intratracheal admi
nistration of 10% formalin under constant pressure (25 cmH20). After fixation, hematoxylin 
and eosin-stained midsagittal sections were prepared. Note, the MME+/+ smoke-exposed lung 
has centriacinar dilatation of alveolar ducts compared with the control. MME-/- lungs of smoke
exposed mice resemble control lungs. (Bar = 48 lIm). 
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Alternatively, overexpression of interstitial collagenase, another matrix 
metalloproteinase, also led to airspace enlargement in transgenic mice 
[22]. In this study a human collagenase-l (MMP-l) trans gene driven by the 
haptoglobin reporter unexpectedly resulted in lung-specific expression in 
several independent founder lines. These mice developed enlarged air
spaces characteristic of emphysema. Also, as MMP-l is inactive against 
mature elastin, this result suggested that collagen degradation was suf
ficient to cause emphysema. However, it is not certain whether the alveolar 
pathology in these animals was the result of destruction of collagen in 
mature lung tissue or whether expression of the transgene during growth 
and development interfered with normal elastic fiber assembly, perhaps 
through destruction of the elastic fiber microfibrillar scaffold. Also, as 
opposed to application of a disease model to gene-deficient mice, this type 
of study demonstrated that a particular protein, when overexpressed, can 
result in pathology similar to the disease of interest, but it cannot neces
sarily be concluded that this particular protein is involved in disease patho
geneSIS. 

5. Limitations of Transgenic Technology 

5.1. Transgenic Mice 

Successful application of classic pronuclear microinjection of transgenes 
presumes that cell-specific expression will be directed by regulatory 
sequences within the transgene, independent of the site of chromosomal 
integration. Multiple founder lines are required to verify integration-in
dependent expression. Occasionally, unexpected findings, such as the 
haptoglobin promoter specifically directing expression in the lung, can 
yield interesting results, at the expense of negating the original aim. Another 
limitation of transgenics is the uncontrolled expression of the transgene 
during development, a particular problem for toxic proteins such as pro
teinases, unless embryonic development is the focus of study. 

5.2. Targeted Mutagenesis 

Lack of expression of a critical protein during embryonic development may 
be lethal, confirming the importance of the protein, but limiting further 
studies. Alternatively, gene deletion may fail to result in a phenotype. 
Several explanations have been proposed to explain the lack of an expec
ted phenotype [23]: 

1. Loss of a gene could upregulate a compensatory pathway regulated by 
a common feedback mechanism. 
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2. Redundancy or co-expression of proteins with overlapping function as a 
means of guarding against loss of an individual protein. 

3. The protein may have a modest but non-vital function, thus providing a 
small reproductive advantage and becoming fixed in the genome, al
though undetectable by gene deletion. 

4. Economics of gene control: a protein may be expressed in tissue where 
it has no function at all. Although this appears to be a waste of energy, 
perhaps the price of individual gene regulation is greater than main
taining common control elements. 

This last explanation seems unlikely for proteinases and other proteins 
where expression could be harmful at inappropriate sites. 

5.3. Of Mice and Men 

The capacity to extrapolate findings from transgenic/gene-disrupted mice 
to human biology is limited by differences in protein profiles between the 
two species. Knowledge of protein expression in mice is only now emerg
ing for many protein families, making detailed comparison with humans 
premature. The more were appreciate the similarities and differences be
tween mice and humans, the better use we can make of transgenic techno
logy to understand human biology. Nevertheless, findings in mice may 
teach us much about biological mechanisms regardless of whether identi
cal proteins subserve these functions in humans. 

Another potential limitation in extrapolating transgenic results to the 
human condition relates to the differences between mouse and human bio
logy. Although general biological principles are maintained among all 
mammals, differences clearly exist. With respect to pulmonary emphysema 
for example, mouse lungs differ subtly from humans. Rodents do have few 
mucous glands in the larger airways, and they lack respiratory bronchioles. 
Nevertheless, in response to chronic exposure to cigarette smoke, they 
develop characteristic inflammation followed by acinar enlargement that 
characterizes the human disease. 

6. Know Your Mouse 

The considerations above represent inherent limitations of transgenic tech
nology. There are other factors that can lead to erroneous interpretation of 
results which the inves~igator can control. One should be aware of the 
following. 



Application of Transgenic and Gene-Targeted Mice ... 11 

6.1. Strain Differences 

Many null mutations are generated using 129/Sv embryonic stem cells 
injected into C57B 116 blastocysts. This strategy allows investigators to 
follow coat pigment to assess, targeting. These strains, which are 
both derived from the same major histocompatibility complex (MHC) 
background, are quite similar. However, they differ in response to sever
al stimuli and in several disease models, such as susceptibility to certain 
infectious agents. Transgenic mice may be obtained in many genetic 
backgrounds, usually chosen on the basis of breeding and mothering 
capabilities. To complicate matters further, some disease models are 
strain specific, such as the experimental autoimmune encephalomyelitis 
model of multiple sclerosis in SJLIJ mice or the collagen-induced arthri
tis model in DBA I mice. Strategies are available to generate mice with 
these backgrounds initially or to breed genetically engineered mice labo
riously into the appropriate strains. One should also be .aware of breeding 
strategies employed in studies. If a mixed background is used, wild-type 
(or heterozygous) littermates are ideal controls for knock -out mice. This 
will limit the "genetic drift" which may occur over time. 

6.2. "Neighborhood Knockouts" 

An interesting yet disturbing problem is the finding that standard 
gene-targeting techniques many influence expression of linked genes. 
Targeting of the myogenic basic helix-loop-helix gene and some Hox 
gene family members, for example, resulted in decreased expression of 
neighboring genes [24]. With respect to proteinases, a targeted mutation 
in the T cell serine proteinase granzyme B demonstrated that this 
proteinase was critial for T cell cytotoxicity [25]. Subsequent sequencing 
of the granzyme B genomic locus, combined with S I nuclease pro
tection assays of neighboring granzymes, demonstrated decreased 
expression of neighboring granzymes (within about 75 kilobases or kb) 
in activated T cells of -/- mice compared with wild type (Ley, unpublish
ed data). 

One potential explanation for neighborhood knockouts is that the PGK 
promoter, often inserted to drive an antibiotic resistance gene and disrupt 
native genomic sequences (see Figure I), interacts with long-range locus 
control elements, acting as a transcriptional "sink" and interfering 
with expression of the linked genes. Whatever the mechanism, one must 
interpret results of knockout studies with some caution, because in 
most cases the genomic loci are not well defined, and expression of 
linked genes is rarely tested. Techniques to remove these promoter 
elements in ES cells are available and may be required in some circum
stances (see below). 
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7. The Next Generation 

Techniques are rapidly being developed to make mutations specifically 
when and where desired (Figure 4). Making use of the bacteriophage Cre 
recombinase, which lines up and removes sequences bracketed by Lox P 
sites, Rajewsky and colleagues developed "conditional knockouts" that 
deleted the DNA polymerase f3 gene (flanked by Lox P sites) specifically 
in T cells that were engineered to express the Cre recombinase [26]. Sub
sequently, they developed "inducible knockouts" [27]. Again, mice were 

Emryonlc Stem Cells 

~ NY. 0 Gene X Gene X 

Gene X 

IFNa 

Mice 

Standard 
knockout 

Conditional 
knockout 

Inducible 
knockout 

Figure 4. Strategies to delete genes in mice: to perform standard targeted mutagenesis, an 
antibiotic resistance gene, such as the neomycin resistance gene driven by the phosphoglycera
te kinase (PGK) promoter is often inserted or used to replace native exonic sequences of the 
gene of interest (gene X). This mutation in embryonic stem cells renders the gene inactive in all 
cells throughout development and adult life. Conditional knockouts achieve cell-specific gene 
deletion by flanking the native gene (gene X) with Lox P sites which should not interfere with 
expression of the gene of interest. When these mice are crossed with a transgenic mouse ex
pressing Cre recombinase under cell-specific control, the gene is excised only in those cells 
expressing Cre (such as the T cell shown above). Inducible knockouts use the same strategy as 
conditional knockouts, but instead these mice are crossed with transgenic mice expressing an 
inducible promoter driving Cre - in this case the IFN-a inducible promoter Mxl [27]. (Repro
duced with permission from Shapiro [I]). 
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targeted with intact polymerase f3 flanked by Lox P sites and crossed with 
transgenic mice expressing interferon-a (IFN-a)-inducible Mxl sequences 
linked to Cre recombinase. Upon treatment with IFN-a, Cre was produced, 
deleting the gene of interest. Use of CrelLox P in ES cells will also allow 
investigators to "knock-in" virtually any gene into the genomic locus and 
put it under regulatory control of any other gene [29]. This technology may 
also be used to remove potentially troublesome PGK-neo from traditional 
knockouts. 

Other methods include use of the FLP recombinase (a yeast enzyme 
similar to Cre) which removes sequences flanked by "frt" . Although this 
system does not appear to work well in ES cells, it may offer an effective 
way to remove repressor sequences, allowing inducible overexpression of 
genes in transgenic mice. Inducible transgenes may also be achieved 
using ecdysone, an insect steroid hormone, which, when bound to its 
(transgenic) hormone receptor, translocates to the nucleus and binds to 
cis-acting DNA sequences, inducing expression of a transgene. Tetra
cycline is widely used to induce transgenes as well. Use of inducible, 
cell-specific expression may overcome inherent problems associated 
with transgene overexpression during development, making studies on 
mature mice more feasible. In summary, methods are rapidly being 
developed to overexpress and delete genes under both spatial and 
temporal control. Unlimited possibilities will soon be practical, limited 
only by the investigator's imagination and resources. 

8. Future Challenges 

Before long, all human genes will be identified. Use of transgenic tech
nology will be important to determine protein function in physiology and 
pathology. Lack of an obvious phenotype upon gene deletion may be 
secondary to redundancy and multiple knockouts may be required for 
the expected phenotype; however, the mice may have to be "stressed" to 
bring out the function of a particular protein. Lethal phenotypes con
firm the importance of a particular protein but currently negate further 
investigation. Conditional knockouts late in postnatal development will 
overcome this limitation. Murine models of disease will be required to 
test the putative roles of proteins in various disease states. For the best 
application of the findings from these studies to human physiology 
and pathology, we must appreciate the similarities and differences 
between mice and humans. Nevertheless, transgenic and gene-deficient 
mice offer unique opportunities to perform controlled experimens in 
complex biological organisms. These studies will certainly lead to more 
unexpected findings and definitively demonstrate many exciting func
tions of individual proteins thereby dissecting mechanisms of lung 
disease. 
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1. Introduction 

Emphysema is a slow progressive disease which is defined in anatomical 
terms as "a condition of the lung characterized by abnormal, permanent 
enlargement of airspaces distal to the terminal bronchiole, accompanied by 
the destruction of their walls, and without obvious fibrosis" [1]. A gener
ally accepted hypothesis for the pathogenesis of emphysema is that the lung 
destruction results from an imbalance between elastolytic proteases 
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(particularly neutrophil elastase) released by inflammatory cells in the 
peripheral lung, and their naturally occurring inhibitors (i.e. ai-proteinase 
inhibitor (ai-PI». In humans, this imbalance is usually the result of a de
ficiency in antiprotease screen, which can be either genetic (ai-PI deficien
cy) or acquired (Le. inactivation of ai-PI by cigarette smoke) in origin [2-4]. 

The most common means of producing experimental emphysema con
sists of an instillation of a large dose of a protease with elastolytic activi
ty into the lungs of laboratory animals. This alters the protease/antipro
tease balance in the peripheral lung in favour of the protease, and results 
in anatomical emphysema [5, 6]. Although this model has provided 
significant biochemical, morphological, and physiological data, it has 
limited usefulness [7]. 

There is thus the need for an animal model of genetic serum ai-PI defi
ciency. In the mouse, the two major serum proteinase inhibitors are ai-PI 
and contrapsin. The former inhibits neutrophil elastase and cathepsin G; 
the latter, which does not correspond to any of the known serum protease 
inhibitors characterized in humans, inhibits only trypsin. Both these two 
inhibitors are synthesized and secreted by hepatocytes. The ai-PI and con
trapsin genes are members of two different multigene families, each con
taining at least three genes, closely linked on chromosome 12 [8-11]. 

Recently, the mouse strain C57B1I6J and three of its mutants - the tight
skin, pallid and beige mice - have been reported to have a deficiency in 
serum ai-PI and to develop spontaneous emphysema. However, the time 
course for the development of emphysema is very different in these strains 
of mice, and the factors that participate in the development of this lesion 
are not fully known. Investigation of the development of the lung lesion in 
these strains of mice may provide helpful information for the study of the 
pathogenesis of emphysema and/or for testing therapeutic interventions. 
The present work is a review of the literature on these mouse models of 
genetic emphysema. 

2. The C57BII6J Mouse 

2.1. Background 

Mice of the strain C57B1I6J are highly inbred and known to be weaned at 
3 weeks, to have initial fertile mating at 6-10 weeks and to have a mean 
lifespan of 22.8 months [12]. The phenotype has a black coat with black 
eyes. Compared with other inbred strains, C57B1I6J mice have a low in
cidence of spontaneous tumours, and no tendency to die with a particular 
type of gross pathology [12]. This strain is widely used in many fields of 
biological research. 
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2.2. Antiprotease Screen 

In a study investigating the mouse antiprotease screen, a.-PI was isolated 
from mouse serum by a series of electrophoretic and chromatographic 
steps. Using an immunological quantification, it was found that a.-PI con
centration in serum differed among inbred strains, and that female mice 
always had lower concentrations than male mice. Among the strains tested, 
a.-PI had the highest serum concentration in DBAl2J mice (males 8.5 ± 
0.87; females 4.09±0.SI mg/ml) and the lowest in CS7BI/6J mice (males 
S.S8±0.71; females 3.02±0.39 mg/ml) [13]. In another study, Gardi et aI., 
using single radial immunodiffusion, found, in serum of various strains of 
male mice, high values in the NMRI (5.7 ±O.S mg/ml) and Balb/c (S.9± 12 
0.5 mg/ml) mice, and low values in the CS7B1I6J (4.4±0.3 mg/ml) mice. 
The serum elastase inhibitory capacity (EIC) values in these animals cor
related highly with the a.-PI data, whereas the serum trypsin inhibitory 
capacity (TIC) values did not [14]. 

These studies confirm that in the mouse a.-PI is mainly responsible for 
the serum EIC and show that females have lower serum a.-PI values than 
males. Also female CS7BI/6J mice have 26% less serum a.-PI than fema
les of other strains. The deficiency of the male CS7Bl/6J mice ranges be
tween - 23% and - 34%. 

2.3. Neutrophil Lysosomal Functions and Lung Elastase Burden 

Elastase has been localized in neutrophils of NMRI, Balb/c and CS7B1I6J 
mice using electron microscopy and an immunogold-Iabelling technique 
with rabbit anti-mouse leukocyte elastase (MLE) IgG. No apparent difference 
in gold particle density was observed between CS7B1I6J mice and the other 
two strains of mice [14]. Also, similar levels of elastase and cathepsin G 
activites were found in lysosomal neutrophil extracts from CS7B1I6J, NMRI 
and Balb/c mice [14]. In addition, when neutrophils from these strains of 
mice were tested for their ability to release lysosomal enzymes after stimula
tion with N-formyl-L-methionyl-L-Ieucyl-L-phenylalanine (FMLP)/cytocha
lasin b, no difference in elastase, cathepsin G and ,B-glucuronidase activities 
was found among the strains [14]. Thus, neutrophil lysosomal functions are 
similar in CS7B1I6J mice and in mice with normal serum levels of a.-PI. 

The lung neutrophil elastase burden was investigated in another study by 
means of an immunogold method, in thin lung sections prepared for elec
tron microscopy using anti-MLE antibodies. Very few colloidal gold par
ticles were found in association with the connective tissue of the alveolar 
walls of a.-PI-deficient (CS7Bl/6J) as well as of non-a.-PI-deficient 
(NMRI) mice (0.6±0.8 and 0.7±0.8 particles/}lm2 respectively) [15]. 
Thus, the deficiency in a.-PI in CS7B1I6J mice does not result in an in
crease in lung elastase burden. 
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2.4. Lung Elastin Content 

There is one report that compares lung elastin content in CS7Bl/6J mice 
and in mice that are not deficient in serum ai-PI. The content, assessed as 
micrograms of elastin per lung, was found to be similar in CS7B1I6J and 
NMRI mice (166±7 and I70± 12 }lgllung respectively) [IS]. 

2.5. Emphysema 

To our knowledge there is only one study, presented in abstract form, about 
the appearance of spontaneous emphysema in CS7B1I6J mice. The lungs of 
six male and six female, 30 month-old, CS7Bl/6J mice were compared with 
those of DBAl2N mice (a strain with high serum levels of ai-PI) of the 
same age and sex. A pathological score showed a definite trend towards 
emphysematous changes in the lungs of the CS7B1I6J mice. Also, mea
surement of the mean linear intercept (Lm) revealed a small, but signifi
cant, increase in the lungs of the male CS7B1I6J mice compared with the 
corresponding controls (46.2 ± S.4 and 39.0±4.3 }lm, respectively) [16]. In 
another study in which the lungs of CS7B1I6J mice were investigated by 
means of light microscopy and scanning electron microscopy, at 1, 12, 
and 24 months of age, no emphysema was seen at any time in life [17] 
(Figure la). The difference in age of the mice, and possible bouts ofinfec
tions occurring in senescent animals, may explain the discrepancy between 
these two studies. 

The role played by the polymorphonuclear leukocytes (PMN) in the 
development of emphysema in CS7Bl/6J mice was investigated by Cavarra 
et al. [IS]. CS7Bl/6J and NMRI mice had FMLP instilled intratracheally. 
Both strains of mice showed a similar influx of PMNs in alveolar spaces 
with an increase (about four- to five-fold) in bronchoalveolar lavage total 
cell count, which peaked at 24-48 hours. At this time, differential cell 
count in both strains revealed an approximately 40-fold increase in neutro
phils. Fourteen days after FMLP treatment, a significant increase in neu
trophil elastase burden in the alveolar interstitium (assessed by the immu
nogold technique) was seen in both strains of mice. However, the value 
found in the CS7B1I6J mice was almost three times greater than that of the 
NMRI mice (9.9± 1.2 vs. 3.8± 1.S particles/}lm2). This was followed in 
the CS7BI/6J, but not in the NMRI mice, by a decrease in lung elastin con
tent (- 17 %), and by the development of significant emphysema (Lm 
+28%). Similarly, Starcher and Williams [18], instilled endotoxin intra
tracheally in CS7Bl/6J mice once a week for 10 weeks. Endotoxin caused 
a rapid influx of neutrophils into the lungs, reaching a maximum after 
18 hours and remaining elevated for another 30 hours. After 10 weeks 
there were histological signs of alveolar wall damage and the Lm was 
increased by 30%. 
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Figure I. (a) Well-fixed normal lung parenchyma of a 24-month-old C57Bl/6J mouse. Haematoxy
lin and eoxin (H & E), original magnification x 32. (b) Marked diffuse emphysema of a 24-month
old-tight-skin mouse. H & E, original magnification x 32. 
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Figure I. (c) Patchy areas of emphysema in a 24-month-old pallid mouse. H & E, original magnifi
cation x 32. (d) Loose lung parenchymal net of a 24-month-old beige mouse. H & E, original magni
fication x 32. 
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These studies indicate that the C57Bl/6J mice, probably as a result of 
their partial deficiency in serum ai-PI, develop emphysema after recruit
ment and activation ofPMNs into their lungs. In addition, they may develop 
spontaneous emphysema at a very advanced age. 

3. The Tight-Skin Mouse 

3.1. Background 

The tight-skin (Tsk) mutation was discovered in the inbred B 10.D2 
(58N)/Sn strain at the Jackson Laboratory in 1976 by Bunker [19], who re
cognized that the mice were abnormal by the tightness of the skin over the 
shoulders when she attempted to pick them up. The Tsk mutation is caused 
by an autosomal dominant gene. Homozygous TsklTsk embryos die in ute
ro at approximately 8 days of gestation, whereas Tsk/+ heterozygous mice 
have a normal survival rate. The Tsk gene is located on chromosome 2 very 
close (about 2 cM) to the visible parker pa (pallid). This allowed the con
struction of a stock with a genetic C57B1I6J background by mating Tskl+ 
withpalpa (C57B1I6J Tsk+l+ pa). The phenotype of the C57B1I6J Tsk+l+pa 
mice has black coat, black eyes, tightness of the skin, increased thoracic 
size with a hunchback position, and enlarged lungs [19]. 

The Tsk gene is associated with a tandem duplication of the fibrillin I 
(FbnJ) gene which results in a larger than normal in-frame FbnI tran
script. As the Fbnl protein participates in microfibril assembly and pro
vides a structural basis for microfibril formation, the FbnI mutation may 
be responsible for the connective tissue alterations seen in these mice 
[20]. 

The Tsk mouse has been proposed as a model for various human dis
eases associated with abnormalities of the connective tissue. It has been 
used as a model for scleroderma [21, 22], congenital fascial dystrophy 
(stiff skin syndrome) [23], abnormal wound healing [24, 25] and myo
cardial fibrosis [26, 27]. The Tsk mouse is also used as a model for 
autoimmune diseases [28,29]. However, the autoimmune abnormalities 
appear to occur subsequent to the development of the connective tissue 
alterations [30]. 

3.2. Antiprotease Screen 

The serum of Tsk mice has a low EIC against the homologous elastase 
(- 66% compared with either NMRI or Balb/c mice) [14, 31]. This is pro
bably the result of the low levels of serum ai-PI (-53% vs. either NMRI 
or Balb/c mice) found in these mice [14]. 
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3.3. Neutrophil Lysosomal Functions and Lung Elastase Burden 

Abnormally high levels of elastase and cathepsin G have been found in 
neutrophils of Tsk mice. When neutrophils of Tsk and control (NMRI and 
Balb/c) mice were stimulated with FMLP/cytochalasin b, the highest enzy
me activities for elastase and cathepsin G (in the presence of normal levels 
of p-glucuronidase) were found in the incubation medium for Tsk. This 
feature may be accounted for by the high levels of elastase and cathepsin G 
in neutrophil lysosomes of this strain [14]. 

The high neutrophil elastase levels correlate well with the high elastase 
burden (9.6±2.0 gold particles/].lm2) found in the alveolar septa of these 
mice (Figure 2). This is 16 times the value found in control mice (0.6 ± 0.8 
gold particles/].lm2) [32]. 

3.4. Lung Elastin Content 

This parameter was investigated in Tsk and control mice at 4 days, and at 1 
and 2 months oflife. At 4 days after birth no changes were seen. At 1 month 
of age there was a marked decrease in lung insoluble elastin content (-48% 
vs. controls), with a further slight decrease at 2 months (-58%) [33]. 

Figure 2. Alveolar wall from a 2-month-old Tsk mouse after immunolocalization with anti
mouse leukocyte elastase antibodies. Colloidal gold particles are present on lung interstitium. 
Uranyl acetate and lead citrate, original magnification x 34000. 
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3.5. Emphysema 

In their original description of this mutant, Green et al. reported that the 
lungs of the Tsk mice were enlarged [19]. A few years later Szapiel et al. 
[34] and Rossi et al. [35] made a morphological investigation of the Tsk 
lungs. They observed a generalized enlargement of airspaces, with mar
kedly thinned or broken alveolar walls, and an increase in size of the pores 
of Kohn. These morphological changes were accompanied by increases in 
total lung capacity and static compliance. On the basis of these findings the 
Tsk mouse was proposed as a model of genetically determined emphyse
ma. Martorana et al. [36], in a morphometric study, reported three main 
phases in the evolution of emphysema in Tsk mice. The first phase, from 
4 days to 2 months after birth, included enlargement of the peripheral lung 
units, evident at 4 and 15 days, and destruction of the lung parenchyma, 
which occurred between 15 days and 1 month and rapidly progressed up to 
2 months. A second phase of stabilization or of mild progression of the 
emphysematous lesion occurred between 2 and 8 months of age. A third 
phase, between 8 and 16 months of age, included a further exacerbation of 
the parenchymal destruction (Figure 1 b). 

A scanning electron microscopic study of the lungs 1-, 12-, and 24-
month-old Tsk mice revealed that at all ages the parenchyma was distorted 
with enlargement of alveolar ducts and sacs, and with alveoli with a large 
number of pores. These changes increased with age. The number of alveo
lar pores was larger than the controls at all ages (+ 59% at 1 month, + 119% 
at 12 months, and + 80% at 24 months) [17]. 

Biochemical analysis of the lungs of 4-day-old and 1- and 2-month-old 
Tsk mice revealed no changes at 4 days but a significant increase of salt
extractable collagen at 1 and 2 months of age [33]. In a subsequent study, 
the values of lung collagen at 6 and 12 months of age were only moderate
ly but significantly increased with respect to those observed at 2 months. 
As a consequence, because of the ongoing parenchymal destruction, a pro
gressive accumulation of lung collagen was observed in the residual septa. 
The increase in collagen deposition was accompanied by a relative increase 
in type I collagen. The authors interpreted these data to indicate that a 
change in lung collagen metabolism may be part of a remodelling pro
cess taking place during and after lung destruction [37]. 

In the literature there has been a controversy over the role played by an 
elastolytic process in the development of emphysema. Starcher and James 
[38] crossed Tsk mice with beige (bg) mice that were thought to lack neu
trophil elastase and cathepsin G. As the cross Tsk+l+bg developed emphy
sema, it was concluded that these two proteases could not be the cause of 
the lesion. On the other hand, Keil et al. [17] and Cavarra et al. [39] argued 
that because (1) heterozygous mice from a cross between bg and various 
strains do not show intermediate but rather normal levels of elastase and 
cathepsin G [40], (2) normal amounts of cathepsin G are secreted by bg 
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neutrophils and elastase, present in a latent form in bg neutrophils, under
goes spontaneous activation when released in vivo [39], and (3) in the bg 
mice themselves develop spontaneous emphysema [17, 18], the results 
obtained with the Tsk+/+bg cross could not be used to rule out a role for an 
elastolytic process. 

Probably, both an elastolytic process and the inborn defect of connective 
tissue playa role in the development of emphysema in Tsk mice [31] which 
may help to explain its very rapid appearance. 

In Tskmice, emphysema is followed by the development of right ventri
cular hypertrophy. This starts to develop in mature to senescent animals be
tween 8 and 16 months of age and progresses thereafter. At 24 months of 
age the right ventricle left ventricle weight ratio is 60% greater than in con
trol mice [41, 42]. A parallel study indicated a dynamic role for cardiac 
collagen both before and during the development of right ventricular 
hypertrophy secondary to emphysema [43]. 

4. The Pallid Mouse 

4.1. Background 

The pallid (pa) mutation was first discovered in a wild mouse [44] and 
was placed on a C57B1I6J background by repeated crossing [45]. The 
only difference between the congenic C57Bl/6J pa/pa mouse and a nor
mal C57Bl/6J+/+ is the pa gene on chromosome 2 [19, 46, 47]. The 
mutation is inherited in an autosomal recessive fashion and the pa/pa 
phenotype has a very light colour coat (pallid), red eyes, a defect of 
kidney and neutrophil lysosomal enzyme secretion [14, 47], and platelet 
granule defects [47]. 

4.2. Antiprotease Screen 

The EIC of pa, C57Bl/6J and BALB/c mice was investigated against 
MLE. At 4 days of age the mice of the BALB/s strain had the highest EIC 
value. The serum of the C57Bl/6J mice exhibited a significantly lower 
value (-26%), whereas that of the pa mice had the lowest value of all 
(-71 % compared with the value for the BALB/c mice, and -60% com
pared with the C57B1I6J mice). Similar results were obtained at 2 months 
of age. In all strains of mice serum EIC levels did not change significantly 
during the course of their life [49]. On the other hand, serum TIC showed 
similar values in all strains [14]. As mentioned at the start of this chapter, 
the presence in the mouse of two distinct inhibitors, one active against 
elastase (ai-PI) and the other against trypsin (contrapsin), explains why 
TIC levels did not correlate with EIC values [14]. 
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Serum ai-PI concentrations were also determined in these strains of 
mice at 2 months of age. The values obtained were: 2.7±0.4, 4.4±0.3 and 
S.9±0.S mg/ml for pa, CS7Bl/6J and BALB/c, respectively. The values for 
each animal group correlated highly with the EIC serum levels. However, 
the differences in serum ai-PI levels in these mice were not matched by 
different expressions of ai-PI mRNA in the liver as there was no difference 
in ai-PI (or contrapsin) expression betweenpa and the other two strains of 
mice [49]. 

In about 1-2% of pa mice of our colony, no serum levels of ai-PI could 
be measured (unpublished results). It would be of great interest to breed 
these null mutants successfully. 

4.3. Neutrophil Lysosomal Functions and Lung Elastase Burden 

Similar levels of elastase specific activity were found in neutrophils from 
pa and control (NMRI) mice. However, when pa neutrophils were tested 
for their ability to release lysosomal enzymes after stimulation with 
FMLP/cytochalasin b, only moderate amounts of elastase, cathepsin G and 
,B-glucuronidase were detected in the degranulation assay medium. This 
suggests that a defective degranulation process is present in neutrophils of 
pa mice [14]. 

Using an immunogold-electron microscopic method, a positive reaction 
for MLE was observed on elastin within the alveolar walls of pa mice from 
2 months of age onwards. The average gold particle density increased pro
gressively with age, reaching high values at 12 and 16 months of age [SO]. 

4.4. Lung Elastin Content 

Lung elastin content of pa mice had normal values at 2, 4 and 8 months of 
age. However, it was significantly lower at 12 and 16 months of age. The 
values of the lung elastin content correlated inversely with the immunogold 
values of the elastase burden [49]. 

4.5. Emphysema 

At ultrastructural examination, disruption of alveolar septa was first seen 
at 8 months of age. At histological examination, some patchy areas of 
airspace enlargement with destruction of alveolar septa were seen from 
12 months of age onward [36, 49] (Figure 1 c). In another study, the lungs 
of24-month-oldpa mice showed a mild but generalized enlargement of the 
airspaces associated in some cases with distortion of the alveolar septa 
[17]. This means that, in these mice, an ai-PI deficiency may lead to both 
patchy and generalized changes. In a scanning electron microscopy study, 
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the lung parenchyma of pa mice did not differ significantly from that of the 
controls at 1 month of age. At 12 months the alveoli appeared to be larger. 
At 24 months, in some fields alveolar ducts were enlarged; the alveoli were 
also enlarged and very shallow. The number of interalveolar pores was 
not different from controls at 1 month but greater at 12 (+49%) and 24 
(+26%) months. The lower increase in the number of pores at 24 months, 
compared with that at 12 months, was thought to result from a coalescen
ce of two or more pores because these, at 24 months, appeared to be larger 
than at 12 months [17]. 

In pa mice, intratracheal instillation of FMLP resulted in a massive neu
trophil recruitment into the lungs and in the development of a marked 
emphysema (Lm +56% vs. NMRI, non-al-PI-deficient mice). In compari
son, in C57B1I6J mice with a moderate aI-PI deficiency, the Lm increased 
by 28% [15]. 

In conclusion,pa mice with a marked deficiency of aI-PI develop a very 
mild form of emphysema spontaneously late in life. This is probably caused 
by the degranulation defect present in the neutrophils of this mutant. How
ever, after a large influx of neutrophils into the lungs (i. e. induced by 
substances such as FMLP) significant emphysema develops. 

Of interest as a possible marker of the spontaneously developing emphyse
ma is the finding that, in pa mice from 8 months age onwards, pulmonary 
macrophages contain intracytoplasmatic crystalloid inclusions, which are 
electrodense and bounded by a single membrane. Using electron microscopy 
and an immunogold-labelling technique with anti-mouse I-III collagen IgG, 
these inclusions were identified as collagen-derived products [50] (Figure 3). 

Figure 3. Electron micrograph of an alveolar macrophage from a 12-month-old pallid mouse. 
Several crystalloid intracytoplasmic inclusions are evident. Uranyl acetate and lead citrate, 
original magnification x 8000. 
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5. The Beige Mouse 

5.1. Background 

The beige (bg) mutation is available on three different inbred genetic back
grounds. Most studies, however, have utilized the spontaneous mutation of 
the C57B1I6J line (C57B1I6J bglbg). The phenotype is characterized by a 
coat colour lighter than the parental strain (this is more evident on the ab
dominal area) and black eyes [51, 52]. The bg mutation is caused by an 
autosomal recessive gene located at the centromeric end of chromosome 
13. Lyst (lysosomal trafficking regulator), a candidate gene for bg, has 
recently been identified [53]. 

The bg mutant expresses some of the phenotypic characteristics of a 
human disorder, the ChMiak-Higashi syndrome, such as giant lysosomes, 
platelet storage disease and increased susceptibility to infections [48, 51]. 
The last has been ascribed to a deficiency of neutrophil elastase and ca
thepsin G, and to a defective degranulation ofneutrophils [51, 54]. Con
sequently the bg mouse has been widely used as a model of elastase and 
cathepsin G deficiency. 

Two recent studies, however, show that neutrophils of bg mice secrete 
normal amounts of cathepsin G and a 46-kDa latent form of elastase that is 
activated extracellularly by proteolytic activity [14, 39]. Thus, the validity 
of the bg mouse as a model of neutrophil elastase and cathepsin G defi
ciency has been seriously questioned. 

5.2. Antiprotease Screen 

We reported a few years ago that bg mice have normal serum levels of 
aI-PI [14]. In subsequent testing of a larger number of animals we found 
that serum levels of aI-PI show wide variations in bg mice, and that their 
mean value is low and corresponds to that of the parent strain C57B1I6J (G. 
Lungarella et at, unpublished results). 

5.3. Neutrophil Lysosomal Functions and Lung Elastase Burden 

As mentioned above, in vitro the level of cathepsin G activity in neutrophils 
of bg mice was found to be similar to that of control mice (NMRI, Balb/c). 
Only the extraction time, necessary to obtain this level of activity, was three 
times longer in bg mice. It was concluded that cathepsin G is probably 
bound to lysosomal membranes of bg mice, so that current methodology 
used for the extraction of neutrophil lysosomal enzymes is ineffective in 
this strain [14]. A latent form of elastase was found in bg neutrophil lyso
somes. It was proposed that this may undergo spontaneous activation by a 
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proteolytic mechanism [14]. Similar effects were obtained (in vivo), with 
the additional information of a normal neutrophil migration in bg mice 
[39]. In addition, the presence of normal amount of cathepsin G in 
beige mice has been reported "in vivo" in a model of granulomatous in
flammation [55]. 

There are no data available on constitutive elastase burden in bg mice. 

5.4. Lung Elastin Content 

No difference in lung elastin content was reported between bg and control 
mice [18]. 

5.5. Emphysema 

In one study, lungs of bg and control mice were morphometrically assessed 
from 4 days after birth to about 4 months of age. In control animals, during 
the early neonatal period (4- 18 days), there was a marked decrease of the 
Lm, which reached a constant value before they were aged 20 days. In bg 
mice, the Lm was similar to that of the controls shortly after birth, but did 
not decrease afterwards to the same extent as the controls. The lungs of 
adult bg mice appeared to have enlarged alveolar ducts with fewer and 
perhaps larger alveoli, and there were no obvious areas oflung destruction. 
Their Lm was significantly larger than that of the controls (+46%). This 
emphysematous lesion was considered to result from a defect of alveolar
ization during neonatal development [18]. 

In another study the lungs of bg and control mice were assessed histolo
gically at 1, 12 and 24 months of age. The lungs of the bg mice showed, at 
all ages, a generalized enlargement of the airspaces, which was not accom
panied by changes of the alveolar septa. In control animals, the Lm re
mained constant between 1 and 12 months of age; however, it increased by 
16% between 12 and 24 months. In bg mice, the Lm was larger than that of 
the controls at 1 month (+ 27%), but remained practically constant at all 
ages (Figure 1 d). As a consequence, the difference between their Lm 
values and those of the controls decreased with age [17]. In the same study, 
scanning electron microscopic examination of the lungs of bg mice reveal
ed, at 1 month, enlarged alveolar ducts and alveolar sacs throughout the 
parenchyma. The alveoli were also enlarged and shallow with flattened 
alveolar septa. These changes deteriorated with age [17]. 

The effect of an influx of neutrophils into the lung was also investigated 
in bg mice. In one study, neutrophil recruitment was induced by intra
tracheal instillation of endotoxin once a week for 10 weeks. No exacerba
tion of the emphysematous changes was found [18]. In another study, neu
trophil influx was induced by FMLP given once intratracheally. This pro-



Models of Genetic Emphysema: The C 57Bl/6J Mice and their Mutants 33 

cedure resulted in significant worsening of the emphysema accompanied 
by a decrease in lung elastin content [56]. 

In conclusion, bg mice with a moderate deficiency in serum ai-PI de
velop a form of emphysema which, however, is probably the result of a 
defect of alveolar formation. There is a discrepancy in whether substances 
capable of recruiting and activating neutrophils into the lungs can induce 
an exacerbation of the pre-existent emphysematous changes. The difference 
in the results obtained may depend on the severity of the pre-existing lesion. 

6. Conclusions 

We have reviewed here the literature about four mouse models of genetic 
deficiency of serum ai-PI deficiency. 

In C57B1I6J mice the deficiency is mild (about -25%), and spontaneous 
emphysema does not develop unless the mice are senescent (30 months of 
age). C57B1I6J mice, however, show a susceptibility to develop significant 
emphysema after administration of substances capable of recruiting and 
activating PMNs into their lungs. This is not observed in mouse strains with 
normal serum levels of ai-PI. 

Beige mice have a serum ai-PI deficiency similar to that of the C57Bl/6J 
mice. They develop moderate emphysema at 2-4 weeks after birth. A 
defect in alveolar formation is probably responsible for the development of 
the emphysema. Substances inducing PMN influx into and activation of 
the lungs can either exacerbate or have no effect on the pre-existing emphy
sema. 

Pallid mice have a marked deficiency in serum ai-PI (about -55%). 
However, their neutrophils have a degranulation defect. As a consequence, 
pa mice develop only a very mild form of emphysema late in life (at about 
12 months of age). However, marked emphysema can be induced with sub
stances that induce recruitment into and activation ofPMNs in their lungs. 

Tight-skin mice have a similar deficiency in serum ai-PI as pa mice. 
Additionally, Tsk mice have elevated elastase levels in their neutrophils. 
Extensive emphysema develops very rapidly at about 2-4 weeks of age. A 
genetic defect of connective tissue probably plays a role in the development 
of emphysema. These mice develop cor pulmonale late in life, at about 16 
months. 

Thus, each mouse model has its own characteristics and limitations. 
They may all contribute to the understanding of the development of emphy
sema in humans, because the various factors that playa role in the patho
genesis of this disease are not fully understood. They may also be used 
in investigations concerning substitution/pharmacological interventions 
aimed at limiting the extent the emphysematous lesion. These studies 
should be carried out with substances capable of inhibiting MLE. It should 
be remembered that human ai-PI is a poor inhibitor of this enzyme. 
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1. Introduction 

ai-antitrypsin deficiency can be classified as a relatively modern disease. 
The first identification of the condition occurred in 1963, when Laurell and 
Eriksson [1] noticed several subjects with a deficient ai-globulin band on 
paper electrophoresis. The authors subsequently showed that 90% of this 
band was caused by the presence of a single protein which was responsible 
for most of the plasma trypsin inhibitory activity. This observation led to 
the initial labelling of the protein as ai-antitrypsin. Although subsequent 
information has indicated that the primary function of this protein may be 
to inhibit other serine proteinases, in particular neutrophil elastase, the 
original name of the protein still remains most commonly used. However, 
particularly in the USA, the term ai-proteinase inhibitor has been accepted 
as an alternative. 

Of the initial five subjects identified with this deficiency, it was noted 
that three had severe early onset emphysema. This led to an assumption that 
the deficiency in some way predisposed to the development of this con
dition. 

Subsequent studies from the same group confirmed that ai-antitrypsin 
deficiency was inherited and appeared to behave as an autosomal recessive 
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condition [2]. The reason for the association with lung disease started to 
become clear when Gross and colleagues [3] demonstrated that proteolytic 
enzymes were capable of inducing pulmonary changes similar to human 
emphysema in experimental animals. Subsequently, a human enzyme 
(human neutrophil elastase) was shown to have the same effect [4]. It 
therefore became generally accepted that subjects with ai-antitrypsin de
ficiency were unable to protect their lungs from proteolytic damage by 
human neutrophil elastase which therefore resulted in excess tissue 
degradation and the development of pathological changes typical of the 
condition. 

Since these early studies much has been learnt about the evolution of the 
ai-antitrypsin gene, its mutations, the structure - function relationships of 
ai-antitrypsin and gradually more about the relationship of the deficiency 
to disease. 

2. The Protein 

The ai-antitrypsin gene is found at q32.1 on chromosome 14. The mRNA 
for ai-antitrypsin is 1.6 kilobases (kb) in length (in hepatocytes), and con
sists of four coding exons and three untranslated exons in the 5' -region. The 
5' sequences contain a variety of putative transcription regulatory sites and 
further controlling sequences have been identified 3' (see Chapter 5). The 
ai-antitrypsin molecule is a 52 kilodalton (52 kDa) glycoprotein of 394 
residues with three asparagine-linked carbohydrate side chains. These side 
chains are either bi-antennary or tri-antennary complex carbohydrates. 

The protein is polymorphic with many nucleotide substitutions, most of 
which are consistent with the protein functioning entirely normal. This 
polymorphism has, however, enabled the determination of the evolution of 
the gene and the phenotypic recognition of many of the polymorphims by 
isoelectric focusing. 

In normal subjects the ai-antitrypsin genes for both chromosomes 14 are 
transcribed equally. Thus, in true genetic terms, the ai-antitrypsin gene is 
expressed in a co-dominant fashion, although phenotypically diseases 
associated with ai-antitrypsin deficiency appear to follow a classic auto
somal recessive mode of inheritance. 

2.1. Protein Structure 

ai-antitrypsin is a member of the SERPIN family of proteinase inhibitors. 
As such it preferentially inhibits enzymes with serine at the active site. The 
molecular structure of the whole protein has yet to be studied, but its basic 
formation has been ascertained by analysis of the cleaved form of ai-anti
trypsin (where the active site of the carboxyl terminus has been disrupted) 
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and comparison with the structure of other members of the SERPIN fami
ly. The protein consists of three f3 sheets (A-C) nine a helices (A-I) and 
six helical turns. In broad terms the lower three strands of f3 sheet B forms 
a highly conserved hydrophobic core, together with a vertically oriented 
helix B. Anterior to this is the planar f3 sheet A. The f3 sheet C is above f3 
sheet B, with inferiorly and anteriorly positioned helices A, C, D and E, 
whereas helices G and H are found below and in front of f3 sheet B. The car
boxyl terminus forms a taut extension which on cleavage is incorporated 
into the middle of sheet A. This structure has been based on the description 
by Priestle in 1988 [5] and is shown graphically in Figure l. 

The active site on the exposed carboxyl terminus has a critical amino 
acid at position 358. In native a)-antitrypsin this is methionine which deter
mines the specificity of the inhibitor towards serine proteinases. This 
specificity is demonstrated by a single substitution of the amino acid 
arginine at this site, changing the inhibitory function of a)-antitrypsin from 
enzymes such as elastase to antithrombin [6]. 

Although a)-antitrypsin inhibits many serine proteinases, including 
trypsin, chymotrypsin, cathepsin G and neutrophil elastase, it is the last that 

B 

c • 

A • 

Figure I. Ribbon-type stereo representation ofthe intact inhibitory form of ai-antitrypsin. The 
reactive site methionine on the exposed reactive loop is shown. The f3 sheets A are indicated in 
dark shading, f3 sheets B in light shading, and f3 sheets C in intermediate shading. 
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is regarded as its major target enzyme. aI-Antitrypsin has a high affinity for 
neutrophil elastase with an association constant (Kass) of9.6 x 106/mol s. The 
interaction results in cleavage of the MetiSer bond at position 358/359, 
leading to burial of the carboxyl terminus within the central molecular 
structure of the aI-antitrypsin (see above) and the formation of a stable 
complex that inactivates both proteins. 

The protein is produced by a variety of cells, although most is believed 
to come from hepatocytes. About 34 mg al-antitrypsinlkg is produced per 
day with a half-life of 5-6 days. The half-life is rapidly reduced when 
aI-antitrypsin is complexed with enzymes [7]. aI-Antitrypsin is an acute 
phase protein which is able to show a two- to four-fold rise in concentra
tion over 3-4 days from the onset of an inflammatory process (see later). 

The normal aI-antitrypsin alleles are heterogeneous. The archetypal 
sequence (20% of variants) in based on alanine at position 213 (M 1) which 
resembles that in apes. There is a second version of the M 1 variant with 
valine at position 213 (50%) and both these Ml version have arginine at 
position 101 and glutamic acid at position 376. The common Z and S vari
ants are derived from M 1 (Ala 213) and M 1 (Val 213) respectively. The M2 
variant (19%) has two replacements with histidine at position 101 and 
asparagine at 376, based on the Ala 213 variant. The M3 variant (10%) is 
similar but with arginine at position 101. Finally, the M4 variant (1 %) is 
similar to the Ml (Val 213) with the exception of histidine at position 101 
instead of arginine. Apart from these major variants of the M phenotype, 15 
or so rarer variations have been described. 

3. Deficiency 

"Deficiency" of aI-antitrypsin can occur for a variety of reasons. These 
range from variation of gene expression to the production of truncated pro
tein, failure of secretion of the protein, increased intracellular degradation 
of the protein, failure of protein function and finally an inappropriate or 
absent acute phase response. 

The aI-antitrypsin gene is 12.2 kb in length and consists of seven exons, 
designated 1 a, 1 b, lc, 2, 3, 4 and 5. The protein-coding region is contained 
within exons 2-5. Exons la and Ib are involved in the transcription start 
in macrophages, whereas exon 1 c is involved in the transcription start in 
hepatocytes. The ATG site is at the start of exon 2 and is followed by a short 
lead peptide. Regulation of aI-antitrypsin transcription is described in 
Chapter 5. 

Among the mutations within the protein-coding regions, the mutations 
are relatively evenly dispersed, although two exceptions are the susceptibi
lity of codons 51-53 and 361-363. The most likely explanation for the 
concentration of variants in these locations is that these regions represent 
mutational hotspots. 
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Studies have so far identified more than 30 genetic defects associated 
with decreased ai-antitrypsin concentration or function. True gene deletion 
itself is rare, although the QO isola di procida [8] and the QO Reidenberg 
[9] variants are associated with major deletions from exon 2 to exon 5 of 
the protein. 

3.1. Frameshift Mutations 

A variety of nucleotide insertions and deletions have been associated with 
failure of ai-antitrypsin secretion. Examples include QO granite falls in 
which tyrosine at position 160 (TAC) is changed by deletion of C. This 
results in a 5'-frameshift resulting in a stop codon TAG at position 160 [10]. 

QO Mattawa is based on an insertion at leucine position 353 (TTA), 
insertT and results in a 3'-frameshiftmutation leading to a stop codon TGA 
at position 376 [11]. 

3.2. Nucleotide Change 

QO Kowloon is associated with a change in a Tyr 38 (TAC) nucleotide 
change to TAA, resulting in the stop codon [12], whereas in QO Bellingham 
Lys 217 (AAG) is changed to TAG, resulting in a stop codon [13]. 

3.3. Impaired Translocation 

The gene for ai-antitrypsin contains a transit peptide of21 residues at the 
amino terminus of the precursor ai-antitrypsin. The role of the peptide was 
first reported by the discovery of a single point mutation (PiZ Wrexham) -
Ser 19 being replaced by leucine within the peptide [14]. This mutation 
results in the replacement of a hydrophilic residue with a hydrophobic one, 
which leads either to abnormal processing, resulting in further impairment 
of secretion, or to a protein that is less stable than the normal Z protein. The 
net result is a loss of protein secretion and the failure to identify the Z band 
pattern on isoelectric focusing [14]. 

3.4. Deficiency States 

Apart from the null variants, over 15 deficient or dysfunctional forms of 
ai-antitrypsin have been described. More than 95% of these are related to 
the Z mutation which was the one originally described by Laurell and 
Eriksson [1]. The Z mutation is again the result of a single nucleotide 
change with glutamic acid (GAG) at position 342 being changed to AAG 
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resulting in the production of lysine [15]. The gene itself is normally 
transcribed, resulting in aI-antitrypsin production within hepatocytes. 
The normal transcription of the mRNA has been confirmed in cell-free 
translation systems [16]. Nevertheless, despite normal translation, the 
protein is not secreted from the cell in the normal way and this has also 
been confirmed in oocyte transfection studies of Xenopus [17]. 

The aI-antitrypsin accumulates in the rough endoplasm reticulum resul
ting in the presence of inclusion bodies visible as periodic acid-Schiff 
(PAS)-positive globules on liver biopsy (Figure 2). Secretion of the aI-anti
trypsin is reduced to about 10-20% of normal and in plasma it shows only 
a slight acute phase response. 

The mechanism for failure of secretion has been the subject of many 
studies. Initially it was felt that the critical change of glutamic acid at 
position 342 to lysine affected the tertiary structure of the protein. In the 
tertiary structure this amino acid lies opposite lysine at position 290. As 
glutamic acid and lysine are oppositely charged, it was felt that a salt bridge 
at this point was important in the correct conformation of the mature pro
tein. Replacement of glutamic acid at position 342 with a further lysine 
resulted in the lysine at position 342 and that at position 290 repelling each 

Figure 2. Liver biopsy from a patient with ai-antitrypsin deficiency. PAS-positive globules are 
seen within hepatocytes (indicated by arrow). 
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other, disturbing the tertiary structure [18]. Nevertheless, subsequent 
studies have suggested that this may not be the cause and it is currently 
believed that the major reason for accumulation of aI-antitrypsin in hepa
tocytes is the ability of the Z protein to undergo spontaneous polymeriza
tion as a result of the insertion of the carboxyl-terminal sequence of one 
protein into the A sheets of another [19]. The change of glutamic acid at the 
hinge region of the carboxyl terminus to lysine apparently facilitates this 
process. Polymerization itself is temperature and concentration dependent 
and can be prevented by insertion of an appropriate peptide into the space 
between the A sheets [19]. 

This mechanism of "loop-sheet polymerization" has also been suggested 
as an explanation of the deficiency associated with the Siiyami phenotype 
[20] and the M malton variant [21]. 

3.5. Dysfunctional arantitrypsin 

The very rapid association rate constant of aI-antitrypsin and neutrophil 
elastase may be critical in the role of this inhibitor in protecting connective 
tissues (such as those in the lung) from damage. Not only is the concentra
tion of the Z phenotype in plasma reduced, but its association rate constant 
for neutrophil elastase is also decreased about twofold [22]. This change 
results in a 20-fold delay in the association time between aI-antitrypsin and 
neutrophil elastase. The importance of this delay has been demonstrated by 
Llewellyn-Jones et ai. [23], indicating that when neutrophils are activated 
in close contact with connective tissue the Z variant of aI-antitrypsin shows 
a reduced ability to prevent tissue degradation when compared with equi
molar functional concentrations of the native M protein (Figure 3). This 
slight difference may prove critical in the development of chronic destruc
tive lung disease because, with continued neutrophil migration into the 
lung over many years, a slight increase in the amount of connective tissue 
that is destroyed by the neutrophil would be cumulatively greater than in 
subjects with normal aI-antitrypsin. 

The F phenotype of aI-antitrypsin has also been shown to have a 
decreased association rate constant for neutrophil elastase [24] and to be 
associated with the development of emphysema (see below). The F variant 
is based on the M 1 (Val 213) base allele and shows a single point mutation 
in exon 3 with Arg 223 (CGT) being changed to Cys (TGT). Why this 
should affect the association rate constant is currently unknown. However, 
it is possible that the firm interaction between SERPINs and their inhibitors 
is dependent not only on the primary binding site in the exposed reactive 
loop but also on the presence of other binding sites elsewhere on the pro
tein. Studies with the C 1 esterase inhibitor have indicated that a secondary 
binding site is critical for the formation of stable enzyme inhibitor com
plexes. Elegant studies by He et ai. have indicated a four amino acid 
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Figure 3. Inhibition of fibronectin degradation by neutrophils is shown for equimolar concen
trations of ai-antitrypsin purified from patients with M and Z a i-antitrypsin as indicated. At all 
concentrations the Z ai-antitrypsin (aIAT) was less inhibitory than the Mal-antitrypsin 
(Adapted from [23]). 

sequence in the distal hinge region of C 1 inhibitor may be critical in the 
process of enzyme inhibition [25]. Whether the same is true of aI-anti
trypsin remains uncertain but the reduction in the association rate constant 
of the F variant may suggest that the area around amino acid 223 could also 
be critical in aI-antitrypsin function. 

4. Secondary Deficiency 

The interaction of aI-antitrypsin with oxidants derived from cigarette 
smoke or inflammatory cells results in a change of the methionine at 
position 358 to methionine sulphoxide. This changes the molecular shape 
at the active site resulting in a 2000-fold reduction in the association rate 
constant for neutrophil elastase [26]. This large change in association is 
likely to be of major importance in the control of the enzyme by aI-anti
trypsin. At present there is considerable debate about whether the oxidized 
variant of aI-antitrypsin can be found within lung tissues and whether it 
plays a role in predisposing to the development of connective tissue 
destruction, leading to emphysema [27]. 
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4.1. Failure o/Acute Phase Response 

Studies by Kalsheker et al. have indicated that a significant number ofpa
tients with lung disease have a polymorphism in the 3'-region of the ai-anti
trypsin gene [28]. This polymorphism at a Taq 1 restriction site is thought 
to occur in the middle of a sequence with potential enhancer function [29]. 
The proposed effect of this mutation is to in some way restrict the normal 
acute phase response of ai-antitrypsin, leading to a selective partial defi
ciency when inflammatory processes occur. The nature and function of this 
mutation is described in Chapter 5. 

5. Association of aI-Antitrypsin Deficiency With Disease 

5.1. Lung Disease 

Of the first five subjects to be identified with ai-antitrypsin deficiency, 
three had extensive emphysema at an early age [1]. Subsequent familial 
studies confirmed not only that the deficiency was inherited in what ap
peared to be an autosomal recessive pattern, but also that this was asso
ciated with a very high incidence of emphysema (about 80%). Larger epi
demiological studies confirm that subjects with ai-antitrypsin deficiency 
have a decreased life expectancy and that this decrease was accelerated in 
subjects who smoked [30]. As smoking has been a well-recognized cause 
of the development of emphysema, it was believed that, in subjects with 
ai-antitrypsin deficiency, the additional risk factor of cigarette smoking 
accelerated the development of lung pathology. 

The earlier studies had identified ai-antitrypsin deficiency in young 
patients with severe emphysema and it became generally accepted, that 
this was the major lung problem associated with the condition. In view 
of this, the guidelines of both the American Thoracic Society and the 
European Thoracic Society suggested that the most appropriate group to 
test for ai-antitrypsin deficiency was young subjects with severe emphy
sema. Over the years this has led to relatively limited testing for ai-anti
trypsin deficiency and this has been highlighted in the results of the 
extensive registry at the National Institutes of Health (NIH) in Bethesda, 
USA [31]. 

The results of this registry confirmed that the average age of subjects 
with ai-antitrypsin deficiency and lung disease was about 46 years and that 
the peak onset of symptoms was between the ages of 25 and 40. The reg
istry confirmed that over one-third of the patients also had evidence of air
way disease as indicated by a history of chronic bronchitis. About 20% of 
the subjects had some reactive airway disease indicative of an asthmatic 
tendency and most subjects (93%) were smokers or ex-smokers. The disease 
was found to be exclusively confined to white subjects and the average 
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degree oflung function impairment indicated approximately a 66% loss of 
forced expiratory volume in 1 second (FEV I ). 

The mechanism for development of lung diseases was initially thought 
to be relatively simple. It was believed that the low ai-antitrypsin concen
tration was itself the major problem. In view of the ability of this inhibitor 
to complex with and inactivate neutrophil elastase, it was believed that the 
development of the lung disease was a direct consequence of poorly con
trolled neutrophil elastase activity. Early studies of lung secretions obtain
ed from the lower airways by bronchoalveolar lavage indicated that these 
secretions were devoid of elastase inhibitors, indicating that ai-antitrypsin 
was the main inhibitor of this enzyme within the airways [32] and hence, 
by implication, in the interstitium of the lung. The importance of the latter 
site is that emphysema develops only when lung elastin is destroyed, and as 
this is one of the major connective tissues of the interstitial areas of the 
lung, it was believed that free elastase activity at this site was the major 
cause of the disease. In subjects with normal serum ai-antitrypsin, dif
fusion of the protein from the plasma into the interstitium would provide a 
sufficient degree of protection to prevent the development of emphysema. 
However, in deficiency states, the concentrations of ai-antitrypsin in the 
interstitium would be much lower and this is reflected in the even lower 
concentrations found in bronchoalveolar lavage fluid [33]. 

Currently, it is accepted that the scenario is much more complex than has 
been outlined above. First, where major studies have been carried out in 
patients with lung disease, it becomes apparent that most subjects with al
antitrypsin deficiency have not been identified. In most countries less than 
10% of the predicted number of patients have been identified through pa
tient or familial screening. This suggests two main possibilities: first that 
most subjects with ai-antitrypsin deficiency remain well and, second, that 
our concepts of the way in which it affects individuals is incorrect, result
ing in testing of the wrong group. There is evidence to suggest that both 
misconceptions playa role. 

Routine screening at birth indicates that between 1 in 2000 and 1 in 3000 
individuals from northern Europe (in particular Scandinavia) have severe 
ai-antitrypsin deficiency [34]. When a similar screening programme was 
undertaken in the USA involving healthy blood donors, it was noted that 
the expected number of subjects was identified but that many of them 
remained well [35]. Indeed the study indicated that there may even be a 
familial component in addition to the ai-antitrypsin deficiency which 
influences the development oflung disease. This finding was in agreement 
with that published previously by Cullen and workers [36] and is highlight
ed by the family tree outlined in Figure 4. 

Studies have also suggested that confining ai-antitrypsin testing to 
young subjects with established emphysema may also result in failure to 
identify many subjects. In the protein reference laboratory in Sheffield, in 
the UK, the age distribution of subjects identified with ai-antitrypsin de-
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Figure 4. Familial emphysema highlighted by ai-antitrypsin deficiency. Of the five siblings, 
the homozygote Z individuals have severely impaired lung function, whereas the heterozygote 
and the subject with normal ai-antitrypsin have much less severely impaired lung function. 
FEVJ, forced expiratory volume in 1 second; FVC, forced vital capacity. 

ficiency is much wider than was previously thought. Most subjects identi
fied were between the ages of 50 and 60 (see Figure 5), giving an average 
age in excess of that identified by the NIH registry (see above). Finally, it 
may be that patients with other diseases are not being screened appro
priately. ai-antitrypsin deficiency has been recognized in subjects with 
bronchiectasis [37] and recent studies from Sweden have suggested that a 
history of wheezing with relatively normal lung function may be common 
in subjects with deficiency [38]. In view of these discrepancies, recent 
recommendations of the World Health Organization (WHO) are for screen
ing of all subjects with chronic lung disease, including those with adult
onset asthma and bronchiectasis. 

5.2. Mechanism of Lung Destruction 

As indicated above, the pathogenesis of emphysema is thought to result 
from the release of neutrophil elastase into the interstitium of the lung by 
migrating neutrophils. These inflammatory cells are recruited to the lung 
in response to the release of chemoattractants and early studies suggested 
that even before significant disease develops al-antitrypsin-deficient sub
jects have an increase in concentrations ofleukotriene B4 (LTB4) within the 
lung which is responsible for neutrophil recruitment [39]. 

As neutrophils migrate from the vascular space into the airways in re
sponse to chemoattractants, they must pass through a compact interstitium 



48 

100 

til -c: 
.!!:! 
iii 50 
Il. 
00-o 

~ <0 

R. A. Stockley 

10 

Decade 

Figure 5. Age range of subjects identified with ai-antitrypsin deficiency (Z) over the period 
1995- 1997, in the Protein Reference Laboratory, Sheffield, UK. (Data kindly supplied by 
A. Milford Ward). 

of connective tissue. To do this it is believed that the cells need to digest a 
path, creating a natural hole through the matrix. Recent elegant studies 
using eosinophils have demonstrated this most graphically [40]. Studies by 
Campbell and colleagues have shown that, when neutrophils are in close 
contact with connective tissue, they are able to digest matrix proteins even 
in the presence of supranormal concentrations of proteinase inhibitors [41] . 
This clearly underlines the importance of the ability of these cells to digest 
connective tissue in order to migrate. It is believed that aI-antitrypsin acts 
as an inhibitor that prevents destruction of connective tissue beyond the 
limits of the cell and its close contact with the substrate. 

Studies with aI-antitrypsin isolated from deficient subjects (PiZ) have 
shown that activated neutrophils are able to destroy more connective tissue 
in the presence of deficient protein, irrespective of its concentration when 
compared with the normal M protein [23]. This may reflect the slight dif
ference in association rate constant and provide one reason why excessive 
connective tissue might be destroyed by migrating neutrophils in subjects 
with aI-antitrypsin deficiency. However, more recent studies by Liou and 
Campbell, both on a theoretical [42] and a practical basis [43], have sug
gested that this might be a relatively minor component of the pathogenic 
process. It was demonstrated by these workers that the azurophil granule 
contains high concentrations of neutrophil elastase. As these granules are 
exocytosed when the cell is activated, supranormal concentrations of 
elastase would start to diffuse away from the granule. As the protein diffuses 
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greater distances away from the granule, the concentration gradually falls 
until it equals that of the physiological inhibitors surrounding them. At this 
point connective tissue degradation ceases. Studies showed that the area of 
enzyme activity was quite well restricted until the concentration of aI-anti
trypsin fell below 10 Jlmoi/l. At this point there was an exponential rise in 
the area of persistent activity of neutrophil elastase. The implications of this 
observation are that for subjects with aI-antitrypsin deficiency where the 
concentration is less than 10 Jlmol/l (on average, about 5 Jlmolll), for each 
neutrophil that enters the interstitium of the lung the degree of connective 
tissue degradation would be excessive as a result of the inability to prevent 
elastase activity for a wider area around the activated neutrophil. 

Understanding this process is clearly critical in the development of 
therapeutic strategies for patients with aI-antitrypsin deficiency. Whether 
treatment is given by aI-antitrypsin replacement therapy or substitution 
with other forms of proteinase inhibitors, it will clearly be of importance to 
obtain concentrations of inhibitors in excess of 10 Jlmol/l in the inter
stitium of the lung in order to return to normal the area of surrounding 
connective tissue degradation produced by migrating neutrophils. 

The above explanation clearly provides a mechanism to understand how 
emphysema will develop in subjects with aI-antitrypsin deficiency. In 
addition it explains why cigarette smoking is likely to enhance this process 
because the lungs of smokers are known to contain more neutrophils than 
those of non-smokers [44]. Nevertheless, it is highly likely that there is 
some other familial component or risk factor involved in the development 
of lung disease. Indeed Silverman and colleagues had indicated that lower 
respiratory tract infections may be a critical factor and certainly a history 
of Chronic Obstructive Pulmonary Disease (COPD) or asthma in a parent 
appears to playa role [35]. 

The relationship of aI-antitrypsin deficiency to other lung conditions, 
including asthma, bronchitis and bronchiectasis, is even less well under
stood. This is particularly true of airway disease because the major airways 
contain large quantities of Secretory Leukocyte Protease Inhibitor (SLPI) 
which is an effective inhibitor of neutrophil elastase at this site and pre
dominates over aI-antitrypsin. 

Clearly further studies will be indicated to determine these more subtle 
relationship and the interplay of other genetic factors. 

6. Liver Disease 

The association between aI-antitrypsin deficiency and liver disease was 
first reported by Sharpe and colleagues in 1969 [45]. Initially it was iden
tified as a problem in children, but subsequently it was also shown to affect 
adults [46]. In 1976 Svegerreported that liver disease in some form or other 
affected about 10% of all neonates with Z aI-antitrypsin deficiency [47]. 
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The incidence in adults is, however, relatively unknown and probably not a 
direct consequence of neonatal problems. In 1987 Eriksson studied 35000 
post mortem examinations and found 17 subjects with aI-antitrypsin defi
ciency; of these eight had cirrhosis and five hepatocellular carcinoma [48]. 
This represents an overall incidence of deficient subjects post mortem of 
1 in 2000, which is similar to the national prevalence. 

In children the usual form of presentation is with neonatal jaundice. This 
is associated with cholestasis that may occur between 4 days and 2 months 
after birth, and may last for up to 8 months [49]. Longitudinal studies of 
subjects with aI-antitrypsin deficiency identified at birth have indicated 
that abnormal lung function tests can be present in as many as 70% of neo
nates 6 months after birth, and this falls to less than 10% by the age of 
18 [49]. The overall pattern is therefore for the liver problem to regress, al
though occasionally it may progress to cirrhosis and liver failure. 

Again there is a suggestion that a further genetic influence may play a 
role because the likelihood of a sibling with aI-antitrypsin deficiency 
developing neonatal jaundice is greatly increased when it has occurred in a 
first individual [50]. 

In adults there is a wide spectrum of abnormality. At its simplest it may 
involve only histopathological changes with aI-antitrypsin inclusion 
bodies in hepatocytes. In some individuals there may be slightly abnormal 
liver function tests and in others evidence of hepatitis and fibrosis. The 
spectrum extends to those with end-stage cirrhosis and liver failure, and 
this process may lead to rapid progression of the liver disease. There is an 
increase in hepatocellular carcinoma in individuals with aI-antitrypsin 
deficiency and liver problems seem to occur with more frequency in male 
subjects [48]. 

Although the liver disease is conventionally associated with the Z form 
of deficiency, it has also been described in other al-antitrypsin-deficient 
phenotypes in which failure to excrete protein also occurs. The M malton 
variant is also associated with liver inclusion bodies of aI-antitrypsin and 
cirrhosis [51]. 

The pathogenesis of liver disease is not clearly understood, but is likely 
to relate to the accumulation of aI-antitrypsin in hepatocytes. Early studies 
were uncertain about whether the serum deficiency of aI-antitrypsin in 
some way failed to protect hepatocytes from damage. However, elegant 
studies using transgenic mice show that the animals transfected with the 
normal human aI-antitrypsin gene retained normal liver histology whereas 
those transfected with the Z gene developed the histological changes of 
liver damage [52]. 

Clinical studies generally seemed to indicate that subjects who develop 
lung disease as a result of aI-antitrypsin deficiency are unlikely to have sig
nificant liver damage and vice versa. The role of other genetic factors in 
determining the phenotype in patients with aI-antitrypsin deficiency has 
been explored by several workers. Evidence has suggested that there is a 
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relationship of the liver disease to HLA-DR3 haplotype and also an asso
ciation with HLA-DW25 [53]. Death as a result of liver disease seems 
to be decreased in PiZ subjects who have been breast-fed [54], which 
may reflect a true association or be a reflection of social class. This concept 
of a subgroup susceptibility was discussed in detail by Teckman and 
colleagues in 1996 [55], indicating that factors involved in protein degra
dation may playa intracellular role. 

Treatment for the liver disease is relatively unsatisfactory. Although 
replacement therapy may have a role to play in protecting distant organs 
such as the lung from proteolytic degradation, as a result of low levels of 
aI-antitrypsin, the same cannot be true of the liver. The liver damage is 
thought to be a direct consequence of the build-up of aI-antitrypsin in 
hepatocytes and, unless methodology can be developed to prevent gene 
transcription at this site and/or enhance protein degradation, it is unlikely 
that a realistic therapeutic strategy can be developed. Most subjects with 
severe liver disease therefore show gradual progression and transplantation 
is the only realistic treatment. This in itself not only restores a normal liver 
function but in addition corrects the aI-antitrypsin defect. 

The identification of aI-antitrypsin deficiency has led to a major increase 
in our understanding of the genetic template and coding for this protein as 
well as its biological role. At present many questions remain to be answered. 
However, understanding of the molecular biology should lead to the devel
opment of successful strategies to counteract the clinical manifestations. 
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1. Introduction 

Secretory leukocyte protease inhibitor (SLPI), also known as antileukopro
tease (ALP) or mucus protease inhibitor, is a low-molecular-weight serine 
protease inhibitor of 11.7 kDa. In addition to neutrophil elastase, SLPI in
hibits cathepsin G, trypsin, chymotrypsin, mast cell chymase and tryptase, 
but not proteinase 3. Besides acting as an antiprotease, SLPI also has other 
important biological properties. For example, SLPI increases glutathione 
levels in the lung, supports colony growth of human haemopoietic cells, 
shows antimicrobial activity and could have anti-HIV-I activities. 

2. Production in the Lung 

In the airways, SLPI has been localized in serous cells of nasal and bron
chial submucosal glands, in a non-ciliated epithelial cell population of 
bronchus and terminal bronchioles (Clara cells and goblet cells), and in 
cuboidal cells of the alveolar duct [I]. An immunoelectron microscopic 
study revealed that intracellular SLPI is localized in secretory granules. 
After fixation of these tissues with paraformaldehyde lysine periodate, four 
types of secretory granules with distinct SLPI-specific labelling patterns 
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could be recognized in serous cells of bronchial glands. It may be that these 
types designate a state of maturation within a single population. Using light 
microscopy, the distribution of SLPI has also been studied in the devel
oping lung from fetuses of9-40 weeks of gestation [2]. SLPI was detect
ed from 16 weeks in submucosal glands and in collecting ducts in the 
trachea and main bronchi, whereas SLPI in bronchiolar epithelium could 
only be detected after 36 weeks of gestation. In addition to detection in the 
airways, SLPI was also found in association with elastin fibres in the sub
epithelial connective tissue of the bronchial wall and in the parenchymal 
matrix of the alveolar septa [3]. This observation suggests that SLPI is a 
modulating factor in destructive pulmonary diseases such as emphysema. 

The neutrophil is a key player in many inflammatory lung diseases. Two 
reports in the literature showed that SLPI is also produced in the neutrophil, 
where it is present in the cytoplasm as an active elastase inhibitor with a 
molecular mass of 14 kDa [4, 5]. However, when the cells were stimulated 
with phorbol myristate acetate (PMA), SLPI was secreted in an inactive 
form. PMA-stimulated neutrophils were shown to secrete 3 p.g SLPIIl06 
cells per 24 h, about 100-fold more than secreted by stimulated epithelial 
cells derived from tumour cell lines such H322 and A549 [5]. The physio
logical importance of this finding remains to be established. It was specu
lated that the cytosolic SLPI is involved in the tight regulation of protein
ases during maturation of neutrophils in the bone marrow. The reason why 
SLPI is excreted in an inactive form by neutrophils is unclear. 

3. Genes and Gene Regulation 

In 1986, the human SLPI gene was characterized by Stetler et al. and shown 
to include four exons, spanning 2.6 kb [6]. The cDNA encodes a predicted 
translation product of 14 kDa. As the N-terminus of the secreted protein 
starts at residue 26, residues 1-25 probably constitute a signal peptide. The 
predicted size of the mature secretion protein is approximately 12 kDa. In 
the 5'-flanking region close to exon 1, there are four potential binding sites 
for transcription factor activator protein-l (AP-l), three for AP-2 and one 
for the CCAAT enhancer binding protein (C/EPB) [7]. Recently, a lung 
cell-specific regulatory region in the SLPI promoter was identified and 
shown to contain a recognition sequence for two nuclear proteins [8]. No 
polymorphisms in the major SLPI-coding exons have been noted, which is 
in contrast to the ai-antitrypsin gene [7]. Even in individuals with chronic 
obstructive pulmonary disease (COPD) disease, who did not have ai-anti
trypsin deficiency or cystic fibrosis, no polymorphisms were detected at an 
early age in the SLPI coding exons 2-4. 

The SLPI gene is constitutively expressed, but various stimuli have been 
shown to modulate SLPI expression in cultures of primary lung epithelial 
cells and cell lines in vitro (Figure 1). Whereas the mRNA for SLPI was 
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Figure 1. Regulation of SLPI production by epithelial cells (see text for details). 
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found to be relatively stable, its stability was further increased by treatment 
of an epithelial cell line with PMA [9]. Sallenave and co-workers reported 
increased SLPI production in airway epithelial cell lines upon stimulation 
with the proinflammatory cytokines interleukin 1 f3 (IL-l f3) and tumor ne
crosis factor a (TNF -a) [10]. This implies that epithelial cells may respond 
to cytokines from macrophages secreted during the onset of inflammation 
by increasing their antiprotease shield. Proinflammatory agents such as 
lipopolysaccharide (LPS), IL-6, IL-8 and substance P had no effect on SLPI 
production by cell lines. Both Sallenave et al. [10] and Abbinante-Nissen 
et al. [11] reported increased SLPI mRNA levels in epithelial cells treated 
with neutrophil elastase, but it was interesting that this was accompanied 
by a decrease in SLPI protein release [10]. Similar results were ob
tained using primary epithelial cell cultures derived from nasal polyps by 
Marchand et al. [12], who also noted an increase in the number ofSLPI-con
taining cells in elastase-treated cultures. It was suggested that elastase may 
stimulate secretion ofSLPI to the basal side of the cell, and thus protect the 
underlying tissue from proteolytic injury. In addition to pro inflammatory 
mediators, glucocorticoids also increase SLPI production by epithelial cell 
lines, at both the mRNA and protein level [13]. So far these in vitro 
findings have not been confirmed by in vivo studies, because treatment of 
patients with chronic bronchitis and emphysema with inhaled steroids did 
not result in significant increases in sputum SLPI levels [14]. 

Although these data on the synthesis of SLPI in cell cultures suggest that 
the production of SLPI is regulated by various mediators, at present there 
is also evidence for dynamic regulation of SLPI production in vivo. In vivo, 
SLPI-containing cells in respiratory bronchioli are associated with paren
chymal destruction in smokers [15]. In pneumonia, SLPI-containing cells 
in the bronchiallbronchiolar epithelium correlate with goblet cell hyper-
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plasia, and with acute inflammatory infiltration in the adjacent alveolar 
area [16]. Further support for dynamic regulation of SLPI production in 
vivo was obtained by Marchand et al. in a study using nasal polyps [17], 
who demonstrated an association between the number of SLPI-containing 
cells and epithelial remodelling, but no such association with the local 
degree of inflammation. These data indicate that changes in local SLPI 
production may play a role in the regulation of the local defence against 
tissue destruction, inflammation and infection in the lung. 

4. Proteinase Inhibitory Activities 

4.1. Inhibitory Activities in the Lung 

Although ai-antitrypsin is considered as the major inhibitor of neutrophil 
elastase (NE) in the peripheral lung, SLPI is the major inhibitor of NE in 
the central airways [18]. However, SLPI could also protect the peripheral 
lung against proteolytic destruction. Indeed, SLPI has been found in bron
choalveolar lavage (BAL) fluid from healthy volunteers or patients, at 
lower, similar or slightly higher concentrations than ai-antitrypsin 
[19-21]. In contrast to ai-antitrypsin, SLPI is not considered to be an acu
te phase reactant. Different mechanisms may inactivate SLPI, including 
oxidation of critical methionine residues and inactivation by lipid peroxi
dation products [22]. The pathophysiological importance of these pheno
mena is not clear. 

SLPI is able to inhibit tryptase Clara [23], a novel serine protease that 
is produced by bronchiolar epithelial Clara cells. The enzyme is able to 
cleave the haemagglutinin of the influenza virus, leading to enhancement 
of the infectivity of influenza A virus in a dose-dependent way. Similar 
results were obtained in an animal model of viral pneumonitis induced by 
the Sendai virus [24]. These results imply that therapy with recombinant 
SLPI (rSLPI) may reduce the pathogenicity of pneumonitis-inducing 
viruses. 

4.2. SLPI Binding to Mucins and Heparin 

SLPI is incompletely released in a free form by the extraction procedure 
used to isolate this inhibitor from human sputum. This is the result of the 
tight binding of SLPI to mucins, probably through ionic interactions be
tween basic amino acid residues of SLPI and acidic residues of the car
bohydrate chains of mucins [25]. These interactions protect bronchial 
mucins against proteolysis by neutrophil elastase, allowing them to retain 
their rheological properties. In addition to mucins, SLPI also forms a tight 
complex with heparin which involves seven ionic interactions [26]. This 
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property is not restricted to SLPI, because heparin also interacts with mem
bers of the SERPIN family of proteinase inhibitors, including antithrombin 
III and the protease nexin. The binding strongly enhances the rate of asso
ciation with NE (kass) [26]. This in vitro observation may have important 
pathophysiological implications which can be determined by using the kass . 

SLPI and aI-antitrypsin are the physiological inhibitors that protect the 
lungs against tissue destruction by accidentally liberated NE. Earlier 
studies showed that heparin strongly decreased the rate of inhibition ofNE 
by aI-antitrypsin by a factor of 40 [27] but increased the kass of SLPI by a 
factor of 27 [26]. Heparin is abundantly present in the lung [28], because 
this organ has many heparin-containing mast cells present in the alveolar 
walls, the site where elastase attacks the lung matrix proteins to induce 
emphysematous lesions. 

5. Antimicrobial and Anti-Inflammatory Properties 

In addition to its proteinase inhibitory properties, which may serve to pro
tect against proteolytic injury, it was recently shown that SLPI also displays 
antimicrobial and anti-inflammatory activities which appear to be indepen
dent of its ability to inhibit neutrophil serine proteinases (Figure 2). Studies 
by McNeely and co-workers identified SLPI as a major anti-HIV-l com
ponent in human saliva, and suggested that this activity of SLPI was medi-

• proteinase inhibitory activity 

• antibacterial and antifungal activities 

• anti-HIV activity 

• inhibition of monocyte 
inflammatory mediator production 

• LPS-neutralizing activity 7 

active SLPI oxidized (7) SLPI 

Figure 2. Multiple functions of SLPI in inflammation and infection. Several activities have 
been described for SLPI, and not all of these may be dependent on the proteinase inhibitory 
activity of SLPI (see text for details). This is important because the proteinase inhibitory activi
ty of SLPI is sensitive to oxidative inactivation, and neutrophils, in contrast to epithelial cells, 
appear to secrete SLPI that lacks this activity. 
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ated by interaction with a target cell-associated protein [29]. In a follow-up 
study, a SLPI-binding protein on the surface of monocytes was identified 
as a protein with a molecular weight of 55 kDa [30]. SLPI was found to 
inhibit the HIV-l infection process by interfering with it at a stage after 
virus binding to the cell and before reverse transcription. These studies still 
await confirmation, because others have reported that SLPI does not 
display any anti-HIV-l activity [31]. 

Based on the identification of an equine antimicrobial protein that has 
some of the characteristics of SLPI [32], the antimicrobial activity of 
rSLPI against both Gram-negative (Escherichia coli) and Gram-positive 
(Staphylococcus aureus) bacteria [33], and towards the human fungal 
pathogens Aspergillus jUmigatus and Candida albicans [34], was investi
gated. SLPI was found to display marked antibacterial and antiviral activi
ty at concentrations in which SLPI is present in mucosal secretions, in
cluding those of the lung. Using purified domains obtained by cleavage of 
intact rSLPI, it was shown that, whereas the antiproteinase activity of SLPI 
is localized in its carboxyl-terminal domain, the antibacterial and antifun
gal activities are localized in the amino-terminal domain. The antibacterial 
and antifungal activities of SLPI, like those of other cationic antimicrobial 
peptides, are inhibited at increased ionic strength [33, 34]. This is ofimpor
tance, because recently epithelial-derived, salt-sensitive, antimicrobial 
peptides, including human p-defensin-l (hBD-l), have been implicated in 
the recurrent pulmonary infections of cystic fibrosis; these peptides may 
not function optimally in the epithelial lining fluid of cystic fibrosis pa
tients as a result of the increased salt concentrations in this fluid [35, 36]. 
These results suggest that SLPI, in addition to other epithelial antimicrobial 
peptides including hBD-l [36,37], may contribute to host defence against 
infection at the mucosal surface. 

Two recent studies demonstrate that SLPI inhibits monocyte/macro
phage pro-inflammatory activities. Lipopolysaccharide (LPS) is a potent 
stimulator of gene expression in various cell types, including mononuclear 
phagocytes, and differences in LPS responsivenes have been noted be
tween various strains of mice. Using differential display to analyse gene 
expression in the LPS-responsive and LPS-hyporesponsive strains of 
mice, the murine homologue of human SLPI was cloned and shown to be 
overexpressed in a macrophage cell line derived from LPS-hyporespon
sive mice [38]. In contrast, cells from a macrophage cell line derived 
from LPS-responsive mice expressed little SLPI. Further support for an 
association between SLPI expression and LPS responsiveness was ob
tained by transfection of cells from LPS-responsive mice with the SLPI 
gene, reSUlting in a marked decrease in LPS-induced nuclear factor KB 
(NF-KB) activation and production of nitric oxide and TNF-a. In murine 
macrophages, SLPI expression was found to be induced by LPS and sup
pressed by interferon-yo SLPI also inhibits other functions of cells from 
the mononuclear phagocyte lineage, because it was recently demonstrated 
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that SLPI blocks the production of matrix metalloproteinases (MMPs) in 
human monocytes, suggesting that SLPI may also restrict MMP-media
ted connective tissue destruction [39]. Inhibition of monocyte MMP pro
duction was mediated in part by interference with signal transduction, 
because SLPI inhibited LPS- and concanavalin A-stimulated production 
of monocyte prostaglandin H synthase-2, which is a critical enzyme in 
the prostaglandin ErcAMP-dependent pathway of monocyte MMP pro
duction. Using SLPI mutants that lack antiproteinase activity, it was 
demonstrated that these inhibitory activities of SLPI are not mediated by 
proteinase inhibitory activity. Furthermore, SLPI did not affect TNF -a or 
IL-I0 production by monocytes stimulated with high concentrations 
(1 p.g/ml) of LPS. Taken together, these data indicate that SLPI not only 
displays anti-inflammatory activity by regulating the activity of released 
serine proteinases, but also contributes to the anti-inflammatory screen 
by regulating selected pro inflammatory activities of monocytes and 
macrophages. 

6. Aerosol Inhalation of Recombinant SLPI in Animals and Humans 

The therapeutic potential of rSLPI is underlined by the fact that at least 
three pharmaceutical companies are able to produce this protein by recom
binant DNA technology. Although several elastase inhibitors have been 
available for clinical studies during the past 3 years, few or no clinical 
effects in humans have been reported to date. This is largely related to the 
fact that these compounds are tested in chronic inflammatory diseases such 
as cystic fibrosis or pulmonary emphysema, which can only show benefits 
in long-term clinical trials. To date, short-term interventions in cystic fibro
sis with aerosolized rSLPI have not shown complete reduction of elastase 
activity (the presumed target) in epithelial lung lining fluid [40]. Thus the 
results do not indicate the clinical outcome of long-term studies in cystic 
fibrosis (CF). Moreover, the potential therapeutic effect of rSLPI in CF 
may be restricted by the fact that aerosolized rSLPI will only deposit in 
well-ventilated but only modestly inflamed areas [41]. It is not possible 
to administer rSLPI effectively either orally or intravenously because the 
compound is rapidly excreted by the kidneys, as demonstrated in rats 
[42]. Aerosol administration of rSLPI to sheep resulted in a marked 
increase in SLPI levels and anti-elastase activity in the epithelial lining 
fluid of sheep, but it also appeared to increase glutathione levels in 
epithelial lining fluid [43]. These results suggest that SLPI not only con
tributes to the formation of an antiproteinase screen, but also may increase 
antioxidant defences. 

We studied the distribution and disappearance of aerosolized rSLPI in 
humans [41]. Recombinant SLPI was coupled to technetium-99m (99mTc) 
and inhaled by normal volunteers, as well as by patients with emphysema 
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and cystic fibrosis. We found that only 10% of the aerosol was deposited in 
the lungs by using a Pariboy jet nebulizer. The remaining aerosol was 
deposited in the mouth and stomach (20%) and the outflow filter (70%). 
The inhaled portion of the aerosol deposited only in well-ventilated areas 
in the lung. In each of the three groups of volunteers, the SLPI aerosol dis
appeared biexponentially, with an initial rapid phase of about 2 h and a 
slow phase of more than 24 h. The results suggest that SLPI aerosol thera
py is likely to be of more value in emphysema to protect normal lung tissue 
against elastase, than in a bronchial disease such as cystic fibrosis where 
the aerosol is rapidly cleared from bronchi. 

7. SLPI in Models of Empbysema 

In our laboratory we used two models for induction of emphysema in ex
perimental animals. We induced emphysema in hamsters by a single 
intratracheal instillation of purified human NE [44]. After 21 days the 
animals were sacrificed and the emphysema was quantified by measuring 
mean linear intercepts in tissue sections of the lungs. We found that the 
development of emphysema was inhibited by SLPI in a dose-dependent 
way. Molar ratios ofrSLPI over NE of 0.86, 1.3 or 1.74 inhibited elastase
induced emphysema by 45,51 or 65%, respectively, which was similar to 
the results obtained by Lucey et al. [45]. When the interval of time 
between a single dose ofrSLPI and elastase (in a molar ratio of 1.74) was 
increased from 1 to 20 h, the development of emphysema was inhibited 
by 79% [46]. This improvement may be explained by a more efficient 
and relevant distribution of rSLPI in the lungs before the instillation of 
elastase. 

In a second model we induced emphysema by repeated intratracheal 
instillations of E. coli LPS [47]. In this way we recruited hamster neutro
phils into the lungs, mediated by macrophage-derived inflammatory 
stimuli. The neutrophils released elastase that caused emphysema and 
bronchial cell metaplasia. Intratracheal instillation of 0.5 mg LPS twice 
a week for 4 weeks resulted in marked emphysema, which was inhibited 
by 54% when 1 mg rSLPI was instilled either several minutes before LPS 
or even 7 and 31 h after LPS. The recruitment of neutrophils into the 
lungs was not inhibited by rSLPI so the result suggests that endogenous 
hamster neutrophil elastase activity was inhibited, thereby preventing the 
development of emphysema. We postulated that this model resembles the 
situation in smokers-related emphysema in humans, where neutrophils 
are recruited into the lungs directly by cigarette smoke and by proin
flammatory mediators from macrophages such as TNF-a', to release 
their elastase into the interstitium and bronchoalveolar airspaces. The 
results described above suggest that rSLPI would be of therapeutic value 
in a similar situation in humans. 
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8. SLPI in Models of Asthma 

The participation of neutrophils and neutrophil-derived elastase in allergen
induced airway inflammation in human asthma has yet to be fully resolved. 
A possible role for elastase inhibitors in antigen-induced airway hyperre
sponsiveness (AHR) was demonstrated by a study in sheep [48]. Continuous 
administration of an elastase inhibitor before antigen challenge of the lungs 
of sheep significantly inhibited the late bronchoconstriction reaction, neu
trophil recruitment in the airways and chemotactic activity of BAL. AHR had 
a tendency to be attenuated, but this did not reach statistical significance. 

Recently, Abraham and collagues showed, in a sheep model, that the 
enzyme tryptase plays an important role in Ascaris suum-induced asthma 
[49]. The early and late bronchoconstrictor response, as well as the non
specific bronchoconstriction following 24 h after allergen challenge, could 
be significantly inhibited by rSLPI [50]. The authors postulated that rSLPI 
had antiallergic and anti-inflammatory properties, with tryptase as an 
important target in this model. The inhibitor ai-antitrypsin had no effect in 
this model, suggesting that neutrophil elastase is of minor importance. 

We recently evaluated the effect of rSLPI on ozone-induced airway 
hyperresponsivenes in humans. It has been shown that ozone inhalation 
causes acute, predominantly neutrophil-mediated, inflammatory changes 
in the lung [51, 52]. Acute exposure to ozone in healthy and asthmatic sub
jects causes dose-dependent (but transient) decrements in lung volumes 
and flow rates [51]. Ozone inhalation causes methacholine-inducible AHR 
in healthy subjects and asthmatic patients [53]. Animal and human studies 
have shown ozone-induced airway inflammation and neutrophil influx 
after a single exposure to 0.2-0.6 ppm over 2 h [51], with up to an eight
fold increase in percentage neutrophils in BAL [52]. Immunoreactive neu
trophil elastase was elevated fourfold after exposure [51]. It was observed 
some time ago that the bronchial responses to inhaled methacholine and to 
histamine increase after acute exposure to ozone and return to control 
values by the following day [54]. The data suggested a correlation between 
elastase activity in the airways after ozone inhalation and induction of 
AHR. In our laboratory, we examined the effect of rSLPI treatment on 
ozone-induced AHR in people with mild asthma [55]. Sixteen hours after 
exposure to ozone in the laboratory, AHR to methacholine was increased 
after both placebo and rSLPI treatment. These results therefore indicated 
that neutrophil-derived serine proteinases do not play an important role in 
mediating ozone-induced hyperresponsiveness. 

9. Concluding Remarks 

In recent years, new information has been obtained concerning the in vitro 
properties of SLPI. Although SLPI was originally identified as a proteinase 
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inhibitor involved in the protection against proteinase-mediated tissue 
destruction, it has more recently been shown also to act as an antimicrobial 
protein and to inhibit monocyte/macrophage pro inflammatory activities. 
Furthermore, in vitro SLPI supports colony growth of human haemopoie
tic progenitor cells by neutralizing proteinases that are produced by acces
sory cells [56]. Studies in experimental animals support the therapeutic 
potential of rSLPI treatment in both pulmonary emphysema and asthma, 
but at present no data are available for the contribution of SLPI to host 
defence against infection in vivo. Although rSLPI has been used in short
term intervention studies in humans, the therapeutic efficacy of rSLPI in 
human disease remains to be demonstrated, and may require long-term 
intervention studies. The new information obtained recently on the in vitro 
and in vivo properties of SLPI may stimulate the development of new re
search programmes aimed to evaluate the therapeutic potential of SLPI in 
human lung disease. 
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1. Introduction 

The acute-phase response (APR) is thought to be the response of the body to 
initiation and development of inflammation. This is a beneficial response, 
aimed at limiting damage and restoring normal haemostasis. A well-orche
strated sequence of events starts at the site of injury, leading to the syste
mic release of biological mediators, principally via the liver. The major 
hepatic acute-phase reactants are composed of serum amyloid A, C-reac-
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tive protein (CRP), serum amyloid P component, metal-binding proteins 
such as haptoglobin and ceruloplasmin and proteinase inhibitors such as 
ai-proteinase inhibitor (also known as ai-antitrypsin) and al-antichymo
trypsin [I]. Proteinase inhibitors have been extensively studied, because of 
their ability to inhibit the deleterious effects of prot eases, secreted either by 
foreign bodies such as bacteria, or by endogenous cells such as tissue 
macrophages, blood monocytes and polymorphonuclear cells. 

The APR is a very tightly regulated process which is thought to be initi
ated locally by these inflammatory cells. Cytokines represent one of the 
major classes of chemical mediators responsible for initiating, regulating 
and terminating the APR. Their synthesis, switch-on and switch-off mech
anisms, as well as their mode of action, are tightly regulated in what is now 
classically entitled a cytokine network. Indeed, early cytokines, such as 
interleukin I (IL-I) and tumour necrosis factor (TNF), are synthesized very 
quickly within one hour of the onset of inflammation, stimulated, for exam
ple, by bacterial products such as lipopolysaccharides. These cytokines 
seem to be necessary for the induction of secondary cytokines, such as 
members of the IL-6 family, which are extremely important for the initia
tion of the systemic acute-phase response [2]. 

"Secondary cytokines", such as IL-4, IL-6 and IL-I 0, are also important in 
the process by which the APR is limited and resolution of inflammation 
achieved. IL-4 is primarily released by T-helper 2 (Tb2) lymphocytes and 
appears to have a significant role in modulating acute inflammation. In 
monocytes and macrophages, it causes the down-regulation of cytokines 
such as TNF, IL-I and IL-S. IL-4 also up-regulates the expression of the IL-
1 receptor antagonist (IL-lRA) thereby reducing further the IL-I effects [3]. 

IL-6 has direct anti-inflammatory effects on cytokines, down-regulating 
IL-I and TNF synthesis [3]. IL-IO has a broader origin because it is pro
duced by Th2 lymphocytes, monocytes, macrophages and B cells. It was 
originally described as an inhibitory factor of cytokine synthesis because it 
inhibits monocyte/macrophage synthesis of IL-I, TNF, IL-6, IL-S and 
colony-stimulating factors (CSFs), and up-regulates IL-IRA [3]. 

In a lipopolysaccharide (LPS) model of pulmonary neutrophilia, inflam
mation is more sustained in IL-6 knock-out mice than in wild-type mice 
[4]. Similarly, IL-IO can protect mice from the lethal effects of endotoxic 
shock [5, 6]. 

In parallel to the cytokine network, data are emerging which suggest the 
existence of an antiproteinase network; this involves sequential secretion of 
antiproteinases. Indeed, there is a close relationship between proteolysis 
and the acute-phase response to inflammation. Proteinases come from the 
infectious agents and the inflammatory host cells (neutrophils, macro
phages, mast cells) [7]. To protect itself against these potentially harmful 
agents, the host secretes high amounts of antiproteinases [7]. 

Particularly relevant to this chapter is the protection provided by anti
proteinases against the proteinases secreted by macrophages and neutro-
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phils such as metalloproteases and serine proteases (for example, human 
neutrophil elastase (HNE) and proteinase 3). 

It is not our objective to review exhaustively all the antiproteinases 
described to date (for a recent review, see Twining [8]). Seven inhibitor 
superfamilies have been described so far: the kunins, kazals, antileuko
proteases (ALPs), SERPINs, a-macroglobulin, cystatins and tissue in
hibitors of metalloproteinases (TIMPs) [9]. We propose classifying the 
antiproteases relevant to the lung in three groups: the first comprises 
early or alarm inhibitors, the second secondary or acute-phase inhibitors, 
and the third inhibitors of remodelling and repair processes such as the 
TIMPs and the plasminogen activator inhibitors (PAIs) [10]. We wish to 
focus on the first two groups ("alarm" and "acute-phase" inhibitors) in 
this chapter. 

Alarm inhibitors include the two-Iow-molecular-weight proteinase in
hibitors of the ALP family: antileukoprotease itself, also known as 
secretory leukocyte proteinase inhibitor (SLPI) [11], mucus proteinase 
inhibitor (MPI) or bronchial inhibitor (BrI) (this inhibitor will henceforth 
be referred to as SLPI) and elastase-specific inhibitor (ESI), also known as 
elafin or skin-derived antileukoprotease (SKALP) [12]. These molecules 
are synthesized and secreted locally at the site of injury. Interestingly, these 
molecules are produced in response to primary cytokines such as IL-l and 
TNF and might therefore be part of a first wave of local, inducible defence 
in the antiproteinase network [13]. The concentration of these inhibitors is 
very low in the circulation, of the order of a few nanograms per millilitre 
(J.-M. Sallenave et aI., unpublished data) [14] and they are not expressed in 
liver cells [15-17]. In addition, it was found that the serum concentration 
of SLPI rises very little during an acute-phase response [18], arguing 
against a prominent systemic anti-inflammatory role. 

In contrast to these "alarm" inhibitors, the "secondary" antiproteinases 
such as al-antichymotrypsin or aI-antitrypsin are produced in abundance 
by the liver and secreted in high concentration in the circulation as acute
phase reactants. 

The liver produces these antiproteinases in response to secondary cyto
kines such as members of the IL-6 family, including IL-6 itself, leukaemia 
inhibitory factor (UF) and oncostatin-M [3] (see below). Interestingly, 
"secondary" cytokines also up-regulate local synthesis of proteinase inhi
bitors, in inflammatory [19] and structural cells [20-22]. The existence of 
an integrated network between "alarm" and "acute-phase" inhibitors in 
vivo is inferred by in vitro data [23] showing that HNE can be transferred 
from SLPI to an aI-antitrypsin inhibitor. If the existence of such a network 
is confirmed, this transfer makes sense both physiologically and thermo
dynamically, in that the binding of SLPI to HNE is not as tight as that of 
aI-antitrypsin to HNE. It is therefore conceivable that SLPI (and possibly 
elafin) is present first at the scene of the crime and is able to bind HNE 
loosely and present it subsequently to aI-antitrypsin, which is a very tight 
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Figure I. Regulation of synthesis of "alarm" and acute-phase elastase inhibitors by cytokines. 
(I) After an initial insult (bacterial infection for example), early cytokines (lL-I, TNF) up-regu
late alarm elastase inhibitors (SLPI, elafin). (2) These inhibitors can bind human neutrophil 
elastase (HNE) when released in excess by neutrophils (NO). A second wave of cytokines, such 
as IL-6, LIF and OM up-regulate both (3) locally and (4) systemically acute-phase proteinase 
inhibitors such as ai-antitrypsin and al-antichymotrypsin. (5) ai-antitrypsin can then displace 
HNE from SLPI and transfer it to (6) a2-macroglobulin (A2-M) or (7-9) the complexes HNE
ai-antitrypsin and human NE - a2-macroglobulin can be cleared by monocytes and hepatocytes 
after binding to a SERPIN - enzyme complex receptor. 

inhibitor of HNE. The enzyme-inhibitor complex can then be cleared by 
monocytes and hepatocytes, through a SERPIN receptor-mediated path
way [24] (Figure 1). Interestingly, Dabbagh et al. [25] showed that ai-anti
trypsin might subsequently have a role in initiating repair processes by 
stimulating fibroblast proliferation and collagen deposition and could 
therefore be an intermediate between the early phase of the inflammatory 
response and the later phase involving repair and proliferation. 
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2. Alarm Antiproteinases 

2.1. Secretory Leukocyte Proteinase Inhibitor 

2.1.1. Protein, gene structure and anti proteinase activity: Secretary leu
kocyte protease inhibitor (SLPI) is one of the two members of the ALP 
superfamily of proteinase inhibitors (the other being elastase-specific 
inhibitor/elafin, see below). SLPI has been purified from different sources, 
including parotid, cervical, seminal and lung secretions [11]. It is a II. 7 -kDa 
protein, consisting of 107 amino acids [26], and comprising two domains 
assembled in a boomerang-like shape. It contains 16 cysteines and these 
form eight disulphide bridges [27]. This makes the molecule very compact 
and presumably very resistant to proteolytic cleavage. Indeed, protocols for 
SLPI purification often include treatments with strong acids such as 
perchloric acid. The gene, approximately 2.65 kilobases (kb) in length 
[28, 29] is composed of four exons and three introns and contains typical 
5' TATAA and CAAT boxes as well as regulatory sequences (activator pro
teins AP-I, AP-2 and the CCAAT/enhancer binding protein C/EBP) [30]. 
The SLPI gene appears to be a relatively non-polymorphic, stable gene 
which can be modulated at both the transcriptional and the translational 
levels [30]. DNAse I hypersensitivity sites have been found in epithelial 
cells and not in fibroblasts, consistent with its synthesis in epithelial cells 
but not fibroblasts. Transfection studies using fusion elements composed 
of fragments of up to 1.2 kb of the 5' -flanking region of the SLPI gene 
demonstrated a high promoter activity in a 131-bp fragment (- 115 to + 16) 
relative to the transcription start site [30]. Recently Kikuchi et al. [31] have 
delineated within this region a proximal 41-base-pair (bp) region which 
confers lung specificity for SLPI expression. Two nuclear factors that bind 
to a II-bp sequence within this region are being investigated (SLPI-BI and 
SLPI-B2) and the authors propose that they could be members of the hepa-
tocyte nuclear factor-3 (HNF-3) family. ' 

The N-terminal moiety of SLPI is responsible for stabilizing the mole
cule by binding proteoglycan components such as heparan sulphates 
[32-34], whereas the C-terminal domain of the molecule contains the anti
proteinase site [35-38]. SLPI has been shown to inhibit HNE, cathepsin G, 
trypsin, chymotrypsin and chymase [39,40]. Its major target is thought to 
be HNE in view of its high affinity and kinetic constants (Ki in the nano
moles/litre range and Kass in the micromolesllitre range) [41-43]. 

2.1.2. Synthesis and regulation: The mouse counterpart has recently been 
cloned [44] and was shown, like human SLPI, to be up-regulated at the 
transcriptional level by the early cytokines IL-I and TNF [45]. In addition, 
Abbinante-Niessen et al. [46] and our own group [13] showed that HNE 
can up-regulate the gene for SLPI. SLPI is produced by epithelial cells and 
has been found mainly at mucosal sites (hence its pseudonym mucosal pro-
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teinase inhibitor) [11,47]. In the case of the lung, it has been shown to be 
produced in vitro by tracheal, bronchial, bronchiolar and type II alveolar 
cells [15, 48-50]. It has also been produced in vivo by tracheal serous 
glands and bronchiolar Clara cells, and is closely associated with elastin 
fibres in the alveolar interstitium [51, 52]. 

However, SLPI can also be produced at other sites: Jin et al. [53] showed 
that mouse monocytes and neutrophils can produce SLPI, in agreement 
with studies in human neutrophils [54, 55]. Indeed, we have shown that 
these cells could potentially be a very significant contributor of SLPI in 
bronchial secretions [54]. Its role in inflammatory cells such as monocytes 
or neutrophils is uncertain but anti-bacterial or anti-inflammatory actions 
have been proposed. Hiemstra et al. [56] recently showed that SLPI was an 
effective antimicrobial against both Escherichia coli and Staphylococcus 
aureus, and they demonstrated that this activity depended upon the N-ter
minal domain of the molecule and not upon its C-terminal anti proteinase 
site [56]. The highly cationic nature of SLPI probably contributes at least 
partly to this activity; indeed, other antibiotic molecules such as lactoferrin 
and elastase are all cationic. 

2.3.1. SLP1 as an anti-inflammatory agent: Whether SLPI acts as an anti
inflammatory agent solely through its anti proteinase activity is unclear at 
present, but a recent report by Zhang et al. [57] showed that SLPI down
regulates LPS activity in monocytes independently of its antiproteinase 
activity. The authors also showed that treatment of human monocytes with 
human SLPI prevented production of pro-inflammatory reagents such as 
TNF and nitric oxide, and metalloproteinases upon stimulation with LPS. 
Similarly, Jin et al. [53] showed that a macrophage cell line derived from a 
mouse line naturally resistant to LPS (C3HlHeJ) consistently expressed 
SLPI, as opposed to C3HlHeN, a strain sensitive to LPS. However, sur
prisingly, this difference was not maintained when primary macrophages 
were examined in culture. If these findings were confirmed, this would be 
evidence for the concept that SLPI acts through a feedback mechanism and 
is protective in murine models of endotoxic shock involving LPS and 
downstream cytokines such as IL-I and TNF (precisely the cytokines that 
up-regulate SLPI both in humans [13] and in mice [45]). 

However, these models might be misleading and caution is necessary 
when extrapolating the results of these studies to interpretation of endo
toxic shock in humans. For example, although inhibition of IL-I or TNF 
results in reduced mortality in mice [58], inhibition ofTNF in humans may 
actually worsen the outcome. In humans, it is possible that the amount 
and/or the timing of SLPI secretion may be important in the outcome of 
sepsis. Indeed, whereas groups have shown that SLPI administered as a 
recombinant protein is protective in elastase-T and LPS-induced models of 
emphysema in hamsters [59, 60] and allergic alveolitis in rats [61], we have 
shown that increased levels of SLPI in bronchoalveolar lavage (BAL) fluid 
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correlates with a poor prognosis in the setting of overwhelming sepsis pro
gressing to the acute respiratory distress syndrome (ARDS) [62]. One 
potential explanation for this association stems from work by Docke et al. 
[63], which showed that monocytes from patients with sepsis and a poor 
prognosis were hyporesponsive to LPS, leading to a profound immunode
ficiency that the authors called immunoparalysis (which was shown to be 
reversible by interferon-y), a state probably caused by an initial exposure to 
LPS inducing relative refractoriness to a subsequent exposure. Clinical 
studies designed to inhibit IL-1 or TNF -a have failed to improve outcome 
and in some cases have shown worsening of symptoms [64]. 

LPS hyporesponsiveness has been atributed to SLPI in murine models 
[53] but requires confirmation in human monocytes. 

These data raise the intriguing possibility that SLPI is critically involved 
in regulating release of inflammatory mediators, but that excessive, dysre
gulated secretion of SLPI might equally be detrimental. These hypotheses 
are currently under investigation in our laboratory in murine models of 
inflammation where transient (using adenovirus, for example [65]) or con
stitutive (murine transgenic models) overexpression of elastase inhibitors 
is achieved. 

2.2. Elastase-Specific Inhibitor (ESI}/ElafinISkin-Derived 
Antileukoprotease (SKALP) 

2.2.1. Protein structure and anti proteinase activity: The neutrophil elastase 
inhibitor elafin (the other member of the ALP superfamily of proteinase 
inhibitors) was first described by Hochstrasser et al. [66] and Kramps and 
Klasen [67] in bronchial secretions under the name elastase-specific inhi
bitor. In the early 1990s, both Wiedow et al. [68] and our group [69] 
sequenced part of the protein, derived from skin and lung secretions, res
pectively. The molecule is composed of 117 amino acids, including a 
hydrophobic signal peptide of 22 amino acids. It can be divided into two 
domains: the C-terminal domain containing the antiproteinase active site 
and the N-terminal domain containing characteristic VKGQ sequences, 
which have been called cementoin [16]. These sequences allow the elafin 
molecule to glue itself into polymers and bind other interstitial molecules, 
through transglutamination [70-72]. This mode of binding has also been 
described in seminal vesicle protein 1 from guinea-pigs. Although this 
binding has been demonstrated in vitro and ex vivo, it still remains to be 
formally demonstrated in vivo. This particular binding characteristic may 
allow a close association of the inhibitor to the interstitium, conferring 
protection against degradation by neutrophilic enzymes at the site of 
inflammation. This feature could make elafin maximally effective as a 
tissue-bound inhibitor as opposed to aI-antitrypsin which is present in high 
amounts in the circulation. Interestingly, SLPI has also been suggested to 
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have a protective role locally, against neutrophilic damage, presumably 
because of its small size and negative charge [73-75]. The elafin molecule 
shows a 40% homology with the SLPI molecule and the active sites of both 
inhibitors are identical, except for the PI residue (alanine for elafin and 
leucine for SLPI), which probably explains its specificity. Elafin has been 
shown to be very specific in its spectrum of inhibition: it inhibits porcine 
pancreatic elastase, human neutrophil elastase and proteinase-3 [68, 69, 
76]. It is a fast acting inhibitor and association with the enzyme follows a 
bimolecular process, in the micromolesllitre range [68, 69, 77]. 

Like SLPI, elafin has a high content of cysteines (eight), which are arran
ged in four disulphide bonds in the C-terminal proteinase-inhibiting region 
and makes it, like SLPI, a very compact and proteolytically resistant mole
cule [78]. Small proteins such as SLPI and elafin are part of a "four-disul
phide" core protein family which includes such different proteins as whey 
acidic protein and the Na+/H+ ATPase inhibitor 1 (SPAI-l) [79, 80]. The 
crystal structure of a portion of the elafin molecule (57 amino acids) has 
recently been determined in a complex with porcine pancreatic elastase 
[81]. The 57 amino acid polypeptide chain of elafin has a planar spiral 
shape with an exposed external part and an internal core part which is very 
similar to the crystal structure of SLPI and the solution structure of SPAl
l. Importantly, the "full picture" will be obtained only when the complete 
inhibitor (95 amino acids excluding the signal peptide) is crystallized. 
Indeed, the N-terminus (for which the crystal structure is not available yet) 
contain the VKGQ sequences mentioned above which are a major feature 
of the whole molecule. 

2.2.2. Gene sequence, synthesis and regulation: We and others subse
quently sequenced the elastase-specific gene [71, 82], showing that it is 
approximately 2300 bp, and is composed of three exons and two introns 
and contains typical 5'-TATA and CAAT boxes, as well as 5'-regulatory 
sequences such as API and NF-KB sites [71, 83]. It is a member of the 
recently described REST family of genes, which are expressed principally 
in seminal vesicles [84, 85]. Zhang et al. [83] demonstrated that a positive 
regulatory cis-element present in the region between -505 to -368 bp is 
responsible for up-regulation of the elafin gene in normal breast epithelial 
cells. Whether this region is tissue specific or is also important for expres
sion in lung cells is currently under investigation in our laboratory. Con
sistent with the presence of putative NF-KB sites, we found that IL-l-f3 and 
TNF-a are potent inducers of the elafin gene [13]. In 1993, Molhuizen 
et al. [70] showed that SKALp, initially thought to be SLPI, was in fact 
the same molecule as ESI/elafin. They further demonstrated that the ESI
elafiniSKALP gene is localized in the q 12 and q 13 region of chromosome 
20 [86]. 

As mentioned above, elafin was first demonstrated in the skin and in 
lung secretions [66-69]. Its purification from sputum [66, 67, 69], its pre-
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sence in tracheal biopsies [16] and in BAL from normal subjects as well as 
patients [72], in addition to its synthesis by Clara cell and type II cells 
[13, 50], indicates a tracheobronchioalveolar origin. It is not, however, 
restricted to these tissues; interestingly, northern blot analysis and RNAse 
protection assays have shown that it is produced mainly in the trachea, 
stomach, tongue, pharynx and, to a lesser degree in lung, small intestine 
and duodenum, all tissues characterized by their richness in elastic fibres 
[16, 17]. We have recently investigated its presence in the peripheral lung 
and have shown by immunohistochemistry that macrophages are strongly 
positive (J.-M. Sallenave et aI., unpublished data). 

Interestingly, several forms of the ESIIelafin molecule have been demon
strated in lung secretions, including the native lO-kDa molecule [66, 71], 
a 45-kDa species probably consisting of ESI bound to an as yet uncharac
terized molecule [72], and 2.5- and 6-kDa proteolytic fragments of the 
molecule [67,69, 71]. Whether these fragments represent products ofphy
siological activation of the molecule or merely artefactual products after 
purification is unknown at present, but it is conceivable that they could 
represent a portion of the physiological ESI. 

2.3. SLPI and ESIIElafin In Vivo 

Although a genetic deficiency such as the one for ai-antitrypsin has not yet 
been described for the low-molecular-weight elastase inhibitors, the pre
sence and role of SLPI in the lung has been assessed in chronic obstructive 
pulmonary disease (COPD) (see Chapter 4) and recently in ARDS [62]. 
Comparatively less information is available concerning the physiological 
role of ESIIelafin in the lung. We have found that it is increased in the acute
phase of hypersensitivity pneumonitis [72]. In chronic conditions, such as 
COPD and cystic fibrosis, we found that SLPI and elafin were regulated in 
a different fashion; SLPI levels were augmented whereas elafin levels were 
down-regulated (Figure 2). 

Although the mechanism for this is unclear, this suggests that SLPI and 
elafin are regulated differently in acute and chronic inflammation. 

3. Acute Phase Antiproteinases 

3.1. ai-Antitrypsin in Lung Disease 

ai-Antitrypsin deficiency is one of the most common hereditary disorders 
in white Europeans [87]. The physiological role of ai-antitrypsin was first 
observed when it was noted that, in patients with pulmonary emphysema, 
there was a deficiency of ai-globulin [88]. Subsequently, the major com
ponent ai-globulin was found to be ai-antitrypsin. The major physiologi-
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Figure 2. Secretory leukocyte proteinase inhibitor (SLPI) and eJafin levels (as assessed by 
enzyme-linked immunosorbent assay in sputa from normal smokers, patients with COPD and 
cystic fibrosis. Results are expressed as a molar ratio to albumin. 

cal function of aI-antitrypsin is to inhibit neutrophil elastase, which is 
released by neutrophils recruited to the lung during inflammation, and thus 
prevent excessive damage to lung tissue [89]. aI-Antitrypsin is the arche
typal member of the serine protease inhibitor (SERPIN) supergene family 
which includes a number of other proteins that inactivate serine proteinases 
by forming stable covalent complexes [90]. Severe deficiency of aI-anti
trypsin is also associated with chronic liver disease in early childhood [91, 
92]. Chronic obstructive airway disease (COAD), which includes diseases 
such as pulmonary emphysema, affects about 3% of the population in 
Western countries [93], and as more people live longer it is expected that 
its associated morbidity will increase. Around 20% of patients with COAD 
have a familial component which is predominantly genetic in origin [94]. 
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Genetic deficiency of ai-antitrypsin leads to progressive lung damage in 
early adult life for cigarette smokers [91] and accounts for about 2% of all 
patients with COAD [92]. The deficiency states are caused by mutations in 
the ai-antitrypsin gene with the two most common forms being the S and 
Z variants. Clinical manifestations (increased susceptibility to emphysema) 
occur when the mean serum concentration of ai-antitrypsin is less than 
35% of normal [95]. The Z variant arises from a glutamic acid to lysine 
substitution at amino acid position 342 in the mature protein [96]. The 
Z protein is synthesized at a normal rate but it accumulates in the rough 
endoplasmic reticulum of hepatocytes; the clinical consequence of this is 
that around 10% of patients develop severe cirrhosis and liver failure. MZ 
heterozygotes have a relatively low risk of developing COAD compared 
with ZZ homozygotes. The other common cause of deficiency is the result 
of valine at position 264 being replaced by glutamic acid giving rise to the 
S variant [97]. In addition, over 75 rare molecular variants have been 
described; some of these are the null alleles. 

Other studies [98, 99] have identified a mutation in the 3' -flanking 
sequence of the ai-antitrypsin gene which is associated with COAD and 
occurs in around 15 -18% of patients. This mutation occurs in a motif that 
demonstrates weak intrinsic enhancer activity with the wild-type sequence, 
which is abolished by the mutant sequence [100]. However, after IL-6 
stimulation, the 3' enhancer assumes a major role in conjunction with the 
5' enhancer [101]. The mutation results in a markedly diminished IL-6-
induced acute-phase response [101] and may therefore contribute to disease 
at a time when ai-antitrypsin is most needed, i.e. during an inflammatory 
response such as occurs during a lung infection. The 3' enhancer mutation 
does not segregate with a specific protein type and it occurs only very 
rarely with the Z allele [102]. In fact these patients have normal basal cir
culating levels of ai-antitrypsin. It appears therefore that this mutation is 
an independent risk factor for COAD. Heterozygotes with the enhancer 
mutation appear to be predisposed to disease with a higher risk than that 
associated with the MZ heterozygotes. The reason for this is not complete
ly clear but it may be that a diminished acute-phase response in individuals 
who harbour the mutation results in lower ai-antitrypsin concentrations 
during inflammation in comparison with MZ patients (where the M allele 
is regulated normally), particularly at local sites. 

Genetic deficiencies of another closely related SERPIN al-antichymo
trypsin, have also been found to be associated with lung function abnor
malities in some rare instances [103]. Individual family studies have revea
led that a leucine to proline substitution at position 55 causes a defective 
al-antichymotrypsin allele as does a proline to alanine at position 229 [104]. 
The target for al-antichymotrypsin is cathepsin G which like neutrophil 
elastase is capable of damaging lung tissue [105]. It is evident that pro
tease/antiprotease (SERPIN) imbalance has a central role to play in the 
pathogenesis of lung disease. 
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3.2. a)-Antitrypsin and the Acute-Phase Response 

a)-Antitrypsin is a positive acute-phase reactant, its serum concentration 
rises three- to fourfold during inflammation [106] and a major function is 
to protect the lower respiratory tract from damage by neutrophil elastase 
[91]. a)-Antitrypsin is synthesized in human liver cells, blood monocytes 
and bronchoalveolar macrophages [107-109]. a)-Antitrypsin synthesis in 
human hepatoma cells (HepG2/Hep3B) is modulated by IL-6 [19, 110] 
whereas in monocytes it is modulated by LPS and IL-6 [19, Ill]. 

3.3. Organization of the Human a)-Antitrypsin Gene 

The a)-antitrypsin gene (Figure 3) is located on the long arm of chromo
some 14 at position q31-31.2 [112]. The gene is within 12.2 kilobases (kb) 
of genomic sequence [1l3] and the full length liver cDNA is 1.6-kb. The 
gene consists of five exons with the first exon being split into three seg
ments: A, Band C. The translational start site is at the beginning of exon 
2 and the active site of the molecule is in exon 5. Two promoter regions are 
utilized: one specific for hepatocytes and the other over 3.7-kb upstream 
(unpublished observation) which is specific for monocytes and other tissues 
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Figure 3. Organization of the ai-antitrypsin gene. Pm and Ph represent the monocyte and 
hepatocyte promoters, respectively and the exons are shown as numbered boxes. The locations 
of the tissue-specific element (TSE), 5' enhancer (5'ENH) and 3' enhancer (3'ENH) are also 
shown. The lower portion of the figure indicates the spatial arrangement and organization of 
exon I (A, Band C) in relation to the monocyte and hepatocyte promoters. 
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[114]. Two transcription initiation start sites have been mapped. The hepa
tocyte-specific start site is located within exon 1 C and the macrophage
specific start site is in exon lA. Monocyte AAT has been reported to be 
expressed as four alternatively spliced transcripts with lengths of 1.8-kb, 
1.9 kb, 1.95 kb and 2.0 kb [114, 115]. Monocyte transcripts contain four 
mRNAspecieswhichincludeallofexon lA, IBand lC,exon lA-50bp, 
1 Band 1 C, and the transcripts in which all of exon 1 A or all of exon 1 B is 
missing (Figure 4). IL-6 stimulation of U937 cells (leukaemic monocyte 
cell line) results in the preferential exclusion of exon IB from monocyte 
transcripts [116]. 

3.4. Basal Regulation of aI-Antitrypsin by the 5' Enhancer 

The region 500-bp upstream of the liver-specific start site contains three 
regulatory elements including a minimal promoter element within 261 
nucleotides of the transcription initiation site [117-119]. The hepatocyte 
promoterTATA box (actual sequenceTTAAATA) is 15 bp upstream, i.e. at 
nucleotide positions -15 to -21, of the hepatocyte transcription start site in 
exon 1 C (numbering starts at the first base in exon 1 C). Tissue-specific 
expression is predominantly modulated by the 100 bp tissue-specific ele-
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Figure 4. ai-antitrypsin transcripts generated by alternative processing of the ai-antitrypsin 
gene in the liver and monocyte/macrophage cells. Sizes for each transcript are given in kilo
bases (kb). 
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ment (TSE) located between nucleotidees -37 to -137. The presence of this 
element is sufficient to activate a heterologous promoter in hepatoma cells 
[114]. The TSE has a two-domain structure, both of which are necessary for 
efficient transcription [120]. The distal domain, located at -110 to -137, 
also acts as a tissue-specific repressor in non-hepatic cells [121]. Deletion 
of this region with the remainder of the element intact results in increased 
transcriptional efficiency when placed upstream of the SV40 (simian virus 
40) promoter in a reporter gene system with near equivalent expression in 
both hepatic and HeLa cells [120]. A second element, which has the 
characteristics of an enhancer, is located between nucleotides -210 to -261 
and can increase transcription four- to fivefold but not in a tissue-specific 
manner [117]. This sequence is of a modular nature and has binding sites 
for the transcription factors AP-1, hepatocyte nuclear factor-3 (HNF -3) and 
those in the C/EBP family [122]. The region increases transcriptional 
activity indepenent of distance and orientation which are two of the 
characteristic features of eukaryotic enhancers [117]. It has recently been 
demonstrated that, under basal conditions, this enhancer is dominant [101]. 
The third regulatory element, also an enhancer, is located between nucleo
tides -356 to -488 and is capable of increasing transcriptional activity 
three- or fourfold [122]. 

3.5. IL-6 Stimulation of aI-Antitrypsin by the 3' Enhancer 

The 3' -enhancer is located 1.2 -1.3 kb from the end of exon 5 and within 
these 100 bp are binding sites for AP-1, octamer-1 protein (Oct-I) and 
CIEBP isoforms [100]. We have recently shown that this region modulates 
the expression of the CAT reporter gene when transfected into HepG2 cells 
which have been treated with IL-6; under basal conditions the 3' enhancer 
has a minimal effect on expression whereas the 5' enhancer is dominant 
[101]. However, the up-regulation by IL-6 relies on the presence of both the 
5' and 3' enhancers; this suggests a synergistic interaction between these 
two regions, one possibility being via looping out of the intervening DNA 
between the 5' and 3' enhancers, thereby making the gene more accessible 
to the transcription machinery. 

To elucidate the molecular mechanism for the IL-6 stimulation of the aI
antitrypsin gene, the interaction of transcription factors with the 3' en
hancer has been explored in some detail. Using electrophoretic mobility 
shift assays (EMSA) and antibody supershift assays we have demonstrated 
that the ubiquitous transcription factor Oct-1 and the tissue-specific factor 
NF-IL-6, one of the key mediators of the effects of IL-6, bind to neigh
boring sites in the 3' enhancer. There appears to be a cooperative interac
tion between these two transcription factors such that binding at the Oct-l 
site assists the binding of NF-IL-6. Interestingly, this cooperation is lost 
when the previously described COAD-associated mutation [98, 99] at the 
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Oct site is present [101]. It is not known at this stage if the interaction 
between Oct-l and NF-IL-6 is direct or if the cooperation is assisted by an 
additional integrator molecule which bridges these two factors. Recently 
[123, 124], a B-cell co-activator, termed Bob 1/0BF-I, which interacts 
with Oct factors has been identified so it is possible that such a moiety 
exists in other cell types. 

3.6. Functional Consequence of Oct-l Binding to the 
3' a I-Antitrypsin Enhancer 

The interaction of a ubiquitous factor and a factor that regulates tissue
specific expression is intriguing and similar mechanisms may exist for 
regulation of other members of the SERPIN family/acute-phase genes. 
Oct-I is capable of regulating genes in both a positive and a negative man
ner. As is seen with the aI-antitrypsin gene the predominant effect of bind
ing of Oct -1 transcription factor is to promote transcription [125]; however, 
there are instances where negative regulation of transcription has been 
described. Oct-I negatively modulates mouse p-opioid receptor (MOR) 
gene expression by binding to an element in the promoter region of the 
gene [126]. The 5' flanking region of the rat CYP IAI gene contains a nega
tive response element that binds Oct-I [127], and Oct-I also binds to the 
negative response element of the rat 3a-hydroxysteroid/dihydrodiol dehy
drogenase gene [128]. In the human insulin gene promoter Oct-l possibly 
interacts with an adjacent positive element to form a silencer complex 
[129]. Several other studies have shown that Oct proteins have the ability 
to recruit factors into the pre-initiation complex and examples include the 
recruitment of Jun protein to the IL-2 promoter octamer site upon antigenic 
stimulation [130] and OBF-I co-activator to the immunoglobulin octamer 
sites [131]. It has also been demonstrated that the binding of Oct-I /2 to the 
lipoprotein lipase gene promoter octamer site was stimulated by transonphon 
factor lIB (TFIIB) [132], raising the possibility that the octamer site in this 
gene replaces the TATA box. It is conceivable that Oct-I-induced confor
mational changes aid the recruitment of additional transcription factors and 
in this way playa major role in gene regulation [132]; this phenomenon has 
been described in the steroid hormone family of transcription factors [133, 
134]. It appears that Oct-I harbours a number of effects that are gene specific 
and hence explain its diverse regulatory potential. 

3.7. LPS and the a I-Antitrypsin Gene 

Lipopolysaccharide stimulation results in an increase in the synthesis of al
antitrypsin in monocytes by around five- to tenfold but aI-antitrypsin 
mRNA levels only increase by 1.5- to 2.5-fold [115], suggesting that both 
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transcription and the efficiency of translation playa role in aI-antitrypsin 
expression. The LPS effect on rabbit monocyte S2 aI-antitrypsin levels is 
mediated by NF-KB [135]. We have identified two potential LPS ele
mentsINF-KB-binding sites within the vicinity of the human monocyte pro
moter, but as yet it is not known if this region is functionally active. IL-l 
does not induce the aI-antitrypsin acute-phase response, either alone or in 
combination with other cytokines. However, like LPS it induces the acute
phase response of al-antichymotrypsin in astrocytes [136] and epithelial 
cells [137]. All of these data suggest a possible alternative pathway for the 
activation ofNF-KB by LPS in the aI-antitrypsin gene; the potential role, 
if any, of regulation of human monocyte aI-antitrypsin by NF-KB needs to 
be explored. 

3.8. Cytokine Regulation of Acute-Phase Proteins 

The changes in concentrations of the secondary acute-phase proteins reflect 
changes in gene expression and it is clear that the cytokine network, espec
ially IL-6 and IL-l, also plays a central role in the induction of these genes 
as was seen for the "alarm" antiproteinases elafin and SLPI. It is probable 
that, as well as regulation by cytokines, steroid hormones such as oestro
gens playa role. An oestrogen response element has been identified in the 
angiotensinogen gene [138]. Levels of aI-antitrypsin are reported to 
increase during pregnancy so it is feasible that this gene is capable of re
sponding in a similar manner. Several other regulators, besides IL-l and 
IL-6, have been shown to have an effect on expression of acute-phase genes. 
Leukaemia inhibitory factor (LIF, previously called hepatocyte-stimulating 
factor III) has major stimulatory activity on fibrinogen and haptoglobin 
[139] and appears to mediate this effect via the response element for IL-6 
(IL-6-RE) [140]. Oncostatin M (OM) has a potent effect on al-antichymo
trypsin, fibrinogen and haptoglobin in HepG2 cells and again this effect 
appears to be mediated by IL-6-RE [140]. Thus, although LIF and OM bind 
to different receptors they induce similar signal transduction pathways to 
that seen with IL-6. Recently, OM has been shown to be a potent cytokine 
for inducing aI-antitrypsin expression in the alveolar epithelial cell line 
A549 [22]. IL-l has also been shown to regulate the hepatic expression of 
the same plasma protein genes as IL-6 [141]. Our current understanding of 
the molecular mechanisms involved during the cytokine-induced acute
phase response are outlined below. 

Acute-phase genes can be divided into two major classes: class 1 genes 
are regulated mainly by IL-l or combinations ofIL-l and IL-6 [142] and 
class 2 genes are regulated mainly by IL-6 and include AAT [143]. 

3.8.1. Interleukin-l: IL-l mediates its stimulatory effect via the transcrip
tion factor NF-KB [144] which binds to the AP-3/enhancer core DNA con-
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sensus sequence GGGRHTYYC, also termed the KB site. NF-KB sites 
have been identified in the serum amyloid A (SAA), CRP and angioten
sinogen genes. In rabbit blood monocytes the S2 form of aI-antitrypsin can 
be induced by LPS and a distal enhancer located 2000 bases upstream of 
the hepatocyte transcription start site accounts for this LPS-induced in
crease in rabbit aI-antitrypsin [135]. LPS mediates its effect via NF-KB 
[135] as does TNF [145]. 

The typical form ofNF -KB, which exists as a result of activation of extra
cellular signals, is a heterodimer consisting of two proteins, namely a p65 
(ReI A) subunit and a p50 subunit [146]. The transcriptional activity ofNF
KB resides with the p65 subunit [147, 148]; both subunits contribute to the 
DNA-binding capability. Other subunits include v-ReI, c-Rel, RelB and 
p52, and almost all combinations of homo- and heterodimer can exist 
[149]. In unstimulated cells NF-KB is found in the cytoplasm bound to the 
inhibitor I1,BaIb which precludes its entry into the nucleus [150]. Upon 
stimulation I1,B is phosphorylated thereby releasing NF-KB and allowing 
it to pass into the nucleus [151, 152]. Activation of gene expression by 
NF -KB is terminated as a result of a feedback loop whereby NF -KB induces 
synthesis of IKB that enters the nucleus, binds to activated NF-KB and 
carries it back to the cytoplasm [153]. 

3.B.2. Interleukin-6: Two types of DNA sequences mediate the IL-6 re
sponse: type I and type II, each via distinct mechanisms. 

3.B.2.1. Type I/L-6 response. This response is mediated by members of the 
CIEBP family of transcription factors through type I IL-6-REs which have 
the DNA consensus sequence TKNNGNAAK. These elements have been 
found in several acute-phase genes including aI-antitrypsin, CRP and hapto
globin. Several members of the C/EBP family have been cloned and ex
pressed, namely CIEBPa, CIEBP{3 (also more commonly known as NF-IL-
6) and CIEBPy (NF-IL-6f3). All of these molecules share a high degree of 
homology and have a characteristic leucine zipper essential for dimerization 
and basic domains which bind to DNA [154]. IL-6 regulates the concentra
tion and/or activity of each of these isoforms by signal transduction me
chanisms routed through the IL-6 receptor. In some tissues, during the acute
phase response to IL-6, CIEBPa levels decrease, whereas CIEBP{3 (NF-IL-
6) and CIEBPy(NF-IL-6f3) levels increase [155, 156]. CIEBP{3undergoes a 
nuclear post-translational threonine specific phosphorylation by Mitogen
activated protein (MAP) kinases [157] which increases its binding capacity 
for the DNA consensus sequence. In contrast CIEBPy increases by 
transcriptional induction and has transcription activation potential [158]. It 
has been suggested that, during IL-6 induction of acute-phase genes, CIEBPa 
may be displaced by the other isoforms thus switching on transcription [155]. 

3.B.2.2. Type II IL-6 response. Type II IL-6-REs, also known as acute-phase 
response elements (APRE), are involved in the JAK (Janus kinase)-STAT 
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Table 1. Pathway for SERPIN gene regulation 

Transcription factor 

NF-KB 

CIEBP family 
C/EBPa 
C/EBP,B (NF-IL-6) 
C/EBPy (NF-IL-6,B) 

STAT 3 

Stimulus 

IL-l 
LPS 
TNF 

IL-6 
OM? 
LIF? 

IL-6 
OM? 
LIF? 

Gene 

SAA 
CRP 
Angiotensinogen 
a,-Antichymotrypsin 
a,-Antichymotrypsin 

AAT 
CRP 
Haptoglobin 

C3 complement 
arMacroglobulin 
Fibrinogen 
a,-Antichymotrypsin 

J.-M. Sallenave et al. 

Mechanism 

Binds to AP3/core 
enhancer site 

Type I IL-6-RE 
MAP kinase 

Type II IL-6-RE 
JAKISTAT 

(signal transducers and activators of transcription) pathway [159] and inter
act with the DNA consensus KTMYKGKAA. These elements have been 
identified in complement C3, armacroglobulin, fibrinogen and al
antichymotrypsin genes [159-161]. IL-6 has been shown to up-regulate 
the transcription factor STAT-3 in liver cells [162] which has a role in acute
phase gene expression [163]. Type II IL-6 responses are also mediated by 
the IL-6 receptor. In the case of STAT-3, homodimerization of the IL-6-
associated gp 130 subunits results in activation of JAK kinases followed by 
tyrosine- and serine-specific phosphorylation of STAT-3 [164], with sub
sequent translocation into the nucleus. 

Some acute-phase genes, e.g. al-antichymotrypsin, SAA and CRp, are 
capable of responding to both IL-l and IL-6, and this suggests that, al
though each cytokine evokes a distinct pathway, there is also the possibility 
of some degree of overlap between the molecular mechanisms responsible 
for induction. In this regard there is evidence for cooperation between NF
KB and NF-IL-6 in the SAA gene [165] which results in the synergistic 
effect seen with IL-l and IL-6. The pathways by which IL-l and IL-6 in
duce acute-phase gene expression are summarized in Table 1. 
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1. Introduction 

Proteinases playa central role in the degradation of proteins by hydrolyzing 
peptide bonds. Originally thought to fulfill primarily digestive functions, it 
now is believed that these enzymes are the principal regulators of a multi
tude of crucial and diverse physiologic processes and have a central role in 
pathologic tissue destruction of many organs. Their role in tissue destruc
tion has been investigated in the greatest detail in the lungs, especially in 
relationship to the pathogenesis of emphysema. Recent investigations sug
gest prominent roles for proteinases in growth and development and in 
intracellular signaling. 

Proteolytic activity in tissues is controlled at multiple levels. Three prin
cipal regultory mechanisms have been devised by nature to control pro
teinase activity: (1) regulation of their gene expression; (2) activation of 
their inactive precursors (zymogens) by limited proteolysis; and (3) inac
tivation by complexing with inhibitors. The relative importance of these 
various mechanisms differs for different proteinases. In addition to the 
principal regulatory mechanisms, several factors may modify the activity 
of proteinases including phosphorylation and glycosylation, storage in 
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vesicles, localization on membranes, pH, and the concentrations of calcium 
ions and ATP. This chapter addresses the regulation of gene expression and 
activation of neutrophil proteinases focusing, in particular, on the granule
associated neutral serine proteinases, proteinase-3 (PR-3), human leukocyte 
elastase (HLE), and cathepsin G (Cat G). 

2. Transcriptional Regulation of Granule-Associated 
Neutral Serine Proteinases 

A distinctive feature of granule-associated neutral serine proteinases is the 
striking cell and development specificity of their distribution and synthesis. 
The genes of these cells are expressed only in cells of myeloid lineage, and 
their expression is confined to the late myeloblast and promyelocytic stages 
of maturation. A single report ofPR-3 expression in endothelial cells has not 
as yet been confirmed [1]. Regulation of gene transcription is primarily via 
transcriptional factors binding to specific 5' -regulatory elements and appears 
to be coordinated for the granule-associated neutral serine proteinases. 
Transcriptional factors often function together. For the PR-3, HLE and Cat 
G genes to be coordinately expressed they require common 5' -regulatory 
elements. In the following section, a descriptive overview of the or
ganization of the 5'-regulatory elements ofPR-3, HLE and Cat G is given, 
and common elements identified and discussed. 

A schematic summary is given in Figure 1. A more detailed discussion 
of the properties of the 5' -regulatory elements and the transcriptional 
factors that are common to the genes of the azurophil serine proteinases 
follows. 

3. Granule-Associated Neutral Serine Proteinase Promoters 

3.1. Proteinase 3 

Analysis of the first 680 base-pairs (bp) of the proximal promoter ofPR-3 
reveals several putative 5' -regulatory elements (Figure 1). A TATA [2] box 
is present at -44, although there is no CAAT box [3]. The core element of 
the ets family (GGAA [4]) occurs at -101 and on the complementary 
strand at -366 and -418. The sequence at -101 corresponds to a PU-l 
regulatory element [5, 6]. The immediate 5'-region of the PR-3 promoter 
also contains a potential binding site for the CAAT/enhancer binding pro
tein (C/EBP, -82 [7, 8]) and for c-Myb transcription factors [9]. Other 
recognized elements include a nuclear factor KB (NF-KB) element [10] at 
-606 on the antisense strand and five j3-g10bin elements (-16, -361, -539, 
-565, and -622). Three of the j3-g10bin elements (-361, -539, and -565) 
are preceded by a T forming the retinoic regulatory element, TCACC [11]. 
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Figure 1. Putative transcriptional elements in the proximal promoters of granule-associated 
neutral serine proteinases. 

The proximal 200 bp of the PR-3 promoter, the region that contains iden
tifiable TATA, c-Myb, CIEBP and PU-l regulatory elements, is sufficient 
to give maximal activity. However, an element upstream ofPU-l accounts 
for 75% of the PR-3 promoter activity when transiently transfected into 
myeloid cells as a pGL3-luciferase reporter construct. The regulatory ele
ment responsible for this increased activity has been identified as 
CCCCGCCC (-190) and was initially termed the CG element; it is now 
referred to as the Cn element since replacing the central G nucleotide with 
anA or aT does not affect activity [12]. The PU-I element (-101) accounts 
for 50% of the remaining activity. About 10% of maximal activity remains 
after step deletion of both the PU-l and Cn elements. This probably results 
from trans-activation of one or a combination of the C/EBp, c-Myb, and 
TATA elements present in the first 85 bp of the PR-3 promoter. The first 
200-bp of the PR-3 promoter has no activity when transfected into He La 
cells, suggesting that this region is sufficient to confer myeloid specificity. 
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Some of the transcriptional factors binding to the putative 5' -regulatory 
elements of the PR-3 gene have been identified. The protein that binds to 
the PU-l element at -101 has a molecular mass of about 45 kDa and is 
"supershifted" upon addition of PU -1 antibody in a gel retardation assay. 
The binding of the transcriptional factor can be blocked by addition of the 
CDllb PU-l element [13] to the gel retardation assay suggesting that, in 
myeloid cells, PU-l protein is the transcriptional factor binding to the site. 
The transcriptional factor binding to the Cn element is unknown. Cross
linking studies indicate that the protein has a molecular mass of about 
40 kDa and that it is present in cells of the myeloid lineage as well as non
myeloid cells such as HeLa. Differentiation of HL60 promyelocytic cells 
towards granulocytes with dimethyl sulfoxide (DMSO), or HL60 and U937 
cells towards monocytes with phorbol myristate acetate (PMA), reduces 
the level of the protein that binds to the Cn element, indicating a potential 
role for the protein in development-specific gene expression [12]. The 
minus strand sequence of the Cn element is similar to the binding sequence 
for SP-l. However, neither SP-l protein nor SP-l binding sequence blocks 
the binding of the 40-kDa protein to the Cn element [12]. The sequence of 
the minus strand is also similar to the sequence GGGTGGG that corre
sponds to a PuFINM23 sequence [14], which is known to regulate c-myc 
transcription in vitro [15]. The factor binding to the PuFINM23 site is a 
protein of 17 kDa and is therefore unlikely to be the 40-kDa factor describ
ed above [14]. 

Transcriptional factors may also act as suppressors. A reduction in lu
ciferase activity occurs when the first 300 bp of the PR-3 promoter are 
transiently transfected into myeloid cells. This suggests that there is a sup
pressor region present within the sequence between - 200 and - 300 bp. 
The importance of this region in directing development- and cell type
specific expression ofPR-3 is not currently known. 

3.2. Leukocyte Elastase 

The promoter ofHLE contains several 5' -regulatory elements and maximal 
myeloid-specific activity also occurs within its first 200-bp [16]. Putative 
5'-regulatory elements include: an SP-l [17] site at -47, a TATA box at 
-59, a c-Myb-like element at -81, a C/EBP CAAT element at -91, a 
PU-l element at -120, a c-Myb element at -138, a cytidine-rich element 
at - 160, and a Cn element at -187. Initial experiments indicate that the 
PU-l regulatory element, but not the Cn element, is important for expres
sion of the HLE gene. A cytidine-rich site (CTCCCCC)) at -160 has also 
been identified as important for activation of the HLE gene [18] and our 
unpublished data. 

In HLE, control of gene expression is not confined to the proximal pro
moter. Sequences further upstream of the gene can enhance the activity 
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conferred by the proximal promoter. As one example, a 53 bp repetitive 
element located at - 716 to -1032 confers a two- to threefold increase in 
HLE promoter activity in a reporter construct assay. Typical of an enhancer 
sequence, the increased activity occurs independently of the orientation of 
the sequence. Moreover, enhancement is not myeloid specific because a 
similar degree of enhancement occurs in HeLa cells as in myeloid K562 
cells [19]. 

The murine LE (MLE) promoter has been studied extensively by Nuch
prayoon and colleagues [20] and shows similarities to as well as differences 
from its human counterpart. Analysis of 1800 bp of MLE flanking sequence 
indicates that only the proximal 100 bp contains functional elements and 
that this region confers myeloid specific activity (activity of the proximal 
100 bp is several hundred-fold greater in induced 320 c13 myeloid cells 
than in non-myeloid mouse L cells) [20]. A comparison of the MLE 
promoter region with the first 100 bp of the human promoter reveals con
served regulatory elements for PU-1, PEBP2/CBF (polyoma enhancer
binding protein/core-binding factors [21, 22]) C/EBp, c-Myb, and TATA. 
The PEBP2/CBF site is, however. disrupted in the HLE promoter. 

Cooperative regulation of the MLE promoter is conferred by transcrip
tional factors that bind the c-Myb, C/EBp, and PU-1 elements. The pro
moter is activated via c-Myb and C/EBP in both non-myeloid (NIH3T3) 
and myeloid (320 c13) cells. These factors, together with PU-1, direct 
restricted expression ofthe MLE promoter to immature myeloid cells [23]. 
Deletion of the PU-l site in the MLE promoter reduces promoter activity 
by 90%. However, recent studies show that the PU-1 regulatory element 
only moderately activates the MLE promoter. This element therefore 
should be considered a more general ets regulatory element. The ets factor 
GABPa from myeloid cells avidly binds the MLE ets element and in
creases transcription sevenfold in U937 cells. Again cooperation with 
c-Myb and CIEBP sites has been demonstrated [24]. 

3.3. Cathepsin G 

The organization of the proximal promoter of the human Cat G gene shows 
interesting similarities and differences to PR-3 and HLE genes. The com
mon 5' -regulatory elements TATA and CAAT are located within the first 
100 bp of the promoter [25]. The putative myeloid-specific elements, PU-I 
and a Cn element are present within the first 200 bp of the Cat G promoter, 
indicating similarities to the promoters of PR-3 and HLE. However, the 
organization of these elements in the proximal promoter of Cat G differs 
from that ofPR-3 and HLE. Most striking is the fact that the PU-1 site is 
downstream of the TATA box. Several 8-bp sequences within the first 
300 bp of the Cat G promoter are homologous to regions within the HLE 
promoter. The relevance of these sequences for cell type- and development-
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specific regulation is not known because no transcriptional factors for 
these sequences have been identified. Unlike the PR-3 and HLE genes the 
Cat G proximal promoter does not contain the full CIEBP [T(T/G) 
NNGNAA(T/G)] consensus sequence. There is, however, a CAAT sequence 
in the Cat G promoter that can bind C/EBPa. The presence ofPU-l, Cn, 
CIEBPa and c-Myb regulatory elements in the proximal promoter of Cat 
G provides a possible basis for coordinate gene regulation of the granule
associated neutral serine proteinases of myeloid cells. To date, the func
tional importance of these elements and the proteins that bind them has not 
been characterized for the Cat G gene. 

There is now information about the activity of the Cat G promoter in 
vivo. The human Cat G gene has been transgenically expressed in mice 
[26]. A 6-kb fragment comprising 2.7 kb of the coding sequence, about 
2.5 kb of the 5'-flanking sequence and 0.8 kb of the 3'-flanking sequence 
contains regulatory elements sufficient to direct the cell type-specific 
expression of human Cat G. Furthermore, these elements target the ex
pression of human Cat G exclusively to cells of the myeloid lineage. 
Expression is integration site dependent and relatively low compared with 
endogenous murine Cat G gene. This implies that the 6-kb human Cat G 
gene fragment lacks regulatory information (locus control) which insulates 
the gene from effects of the surrounding chromatin [27, 28]. 

4. Regulatory Elements Common to the Granule-Associated Neutral 
Serine Proteinase Promoters 

From the above descriptions of the proteinase promoters several functional 
elements appear to be common and are probably central to the regulation 
of the genes for the granule-associated neutral serine proteinases of myeloid 
cells (Table 1). These regulatory elements include the Cn element, a mem
ber of the ets family (probably PU-l), c-Myb, and C/EBP. TATA, although 
present in all three promoters in the expected position for forming a basal 
RNA polymerase II complex (within about 10 -30 bp of the initiation site), 

Table I. Elements likely to be important in regulation of granule-associated neutral serine 
proteinases 

Protein DNA-binding domain Consensus sequence 

Cn protein (40 kDa) ? CCCCNCCC 

TGGGGAAGT 
Pu-l ets AA 

Basic leucine 
C/EBP Zipper TTNNCCAAC 

CAACGG 
c-Myb Myb T T 
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is not myeloid specific; although important, it is not essential for regulation 
of the genes with respect to myeloid differentiation. In the following sec
tions we address each regulatory element individually with respect to its 
role in the regulation of myeloid genes during differentiation. 

4.1. en-element 

The Cn element is within 200 bp of the initiation site in all three granule
associated neutral serine proteinase promoters and within 100 bp of a 
PU-I (ets) element. In the PR-3 promoter the central nucleotide is a gua
nidine, whereas in HLE and Cat G it is an adenosine. Mutational studies 
show that interchange between a G or an A is irrelevant to the binding of 
the element of the 40-kDa protein in myeloid nuclear protein extracts [12]. 
Moreover, the core element and flanking sequence of the Cn elements in 
PR-3, HLE, and Cat G can compete with each other for the binding of the 
specific 40-kDa protein, suggesting that it is the same protein that binds to 
the Cn element in all three promoters. 

Mutation of the cytidines on either side of the central guanidine or 
adenosine nucleotide abrogates binding of the factor to the specific 40-kDa 
protein in the Cn elements ofPR-3, HLE, and Cat G. This leads to a signi
ficant loss of promoter function (close to 50% in the PR-3 promoter) [12]. 
The importance of the Cn element is also suggested by its presence in the 
promoters of other azurophil granule-associated proteins including 
myeloperoxidase (MPO). It accounts for 50% of the MPO promoter 
activity in transient transcription studies [29]. Thus, control of gene 
activity via a Cn element appears to be important in the regulation of 
the granule-associated neutral proteinase genes and perhaps azurophil 
granule constituents in general. Identification of the specific 40-kDa 
protein that binds this site will lead to greater understanding of the regu
lation of granule-associated neutral serine proteinase expression and 
azurophil granule formation. 

4.2. Pu-l (the ets Family) 

PU-I was first isolated as the Spi-l oncogene about a decade ago [5]. It was 
subsequently identified as a regulator of myelopoietic development and as 
a member of the ets family of regulatory elements [30]. Its central role in 
myelopoiesis is emphasized by its presence in the promoters of the M-CSF, 
GM-CSF and G-CSF receptors (M, macrophage; G, granulocyte; CSF, 
colony-stimulating factor), and it is involved in the maturation processes 
governed by these growth factors [31-33]. 

There is evidence that the consensus sequence for binding PU-I in the 
proximal promoter of PR-3 [12] does indeed bind PU-l. Similar studies 
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characterizing the proteins binding to the PU-l elements in the HLE and 
Cat G promoters have yet to be done. However, it is known that the PU-l 
element in the MLE promoter binds PU-l. A second ets protein GA
binding protein a (GABPa) also binds to the PU-l element of the MLE 
promoter. GABPa and PU-l compete with each other for the binding to 
this site, but the GABPa protein is a more powerful activator ofMLE than 
PU-l [24]. These results suggest that the PU-l elements in the proteinase 
promoters can bind other members of the ets family of regulatory ele
ments in addition to PU-l. Additional studies are needed to determine the 
relative importance of PU-l compared with other members of the ets 
family of transcription factors in granule-associated neutral serine pro
teinase regulation. 

PU-l shows a specific pattern of hemopoietic expression. It is expressed 
in myeloid and B cells but not in T cells [5, 30]. Interesting from the 
perspective of expression of granule-associated neutral serine proteinase is 
the fact that PU-l is specifically up-regulated with myeloid differentiation 
at a time that coincides with early myeloid maturation [34, 35]. There is no 
further increase in either PU-l mRNA or its binding to DNA during the 
maturation of the promyelocyte to more mature stages [5, 36], but high 
levels of PU-l mRNA remain in human monocytes and neutrophils [36]. 
Binding of PU-l protein to specific DNA sequences has been found in 
mature neutrophils [36] and PU-l mRNA has been detected in eosinophils 
[37]. Thus, the initial assertion that PU-l expression is confined to B cells 
and monocytes is now in doubt. 

One feature of the ets family members of transcriptional factors is the 
requirement to interact with other factors in order to stimulate transcrip
tion. A candidate for such interaction in the promoters of the granule-as
sociated neutral serine proteinase is the Cn element because it is always 
within 100 bp of the PU -1 (or ets) regulatory element, allowing physical 
interaction between the two factors. PU-l also interacts with other regula
tory elements. In B cells, for example, PU-l is associated with a second 
B-cell-specific factor, NF-EM5 or Pip [38-40]. 

Increased specificity of PU-l may occur via a mechanism other than 
interaction with additional regulatory elements. One hypothesis is that 
PU-l interacts with TATA transcriptional factors in vitro to use the basal 
transcriptional machinery on myeloid promoters and replace the function 
of the TATA box which is often absent in myeloid genes [37,41,42]. This 
function of PU-l is unlikely to be important in the regulation of the gran
ule-associated neutral serine proteinases because they possess a TATA box, 
but it should be noted that PU-l is downstream of the TATA box in the Cat 
G promoter. The importance of this is not known. Phosphorylation and 
dephosphorylation of PU-l itself or a protein it interacts with are another 
level of control. PU-l is unphosphorylated in both multipotential and 
granulocyte-committed cells but it is phosphorylated in B cells [43]. PU-l 
can physically interact with the retinoblastoma protein, which in turn can 
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negatively regulate another ets regulatory element, Elf-I, during T cell 
activation [44]. Moreover, retinoblastoma protein becomes hyperphos
phorylated during myeloid differentiation and is therefore a possible regu
lator ofPU-l [45,46]. 

The importance ofPU-1 in myeloid differentiation has been examined in 
models of loss of function. Inhibition by the addition of competitor oli
gonucleotides to human CD34+ cells blocks differentiation if added before 
the up-regulation ofPU-l [34]. Additional information on the role ofPU-l 
comes from inhibition of PU-l function on murine development using 
targeted disruption ofthe PU-l gene. In one knockout the -/- embryos died 
in utero. The animals had anemia, and did not produce leukocytes. The lack 
ofmonocytes, neutrophils, and B cells was predictable, but surprisingly the 
animals also lacked T cells. PU-l is not known to be expressed in T cells 
[47]. A second knockout produced results that differ from the first. The -/
animals lived for 5 days, lacked monocytes and mature B cells, but 
produced B-cell progenitors. After birth T cells and cells similar to 
neutrophils were observed [48]. The basis for the difference in the two -/
models is not known. 

4.3. CIEBP 

CIEBPs are members of a family of leucine zipper trans-acting proteins 
that appear to promote differentiation. They bind as dimers (either homo
or heterodimers) and are differentially regulated during cell maturation [7, 
49]. In the hemopoietic system they are specifically expressed in myeloid 
cells [50] which express at least four CIEBPs: a, f3 (NF-IL-6), [) and E. 

CIEBPE expression appears to be confined to myeloid cells [51,52]. 
The CIEBP transcriptional factors must playa role in myeloid differen

tiation as suggested from their pattern of expression in murine 32D cells, 
and human HL60 and U937 cells [50, 53]. In proliferating cells CIEBPa is 
highly expressed and its level is subsequently down-regulated with matura
tion, whereas C/EBP f3 and C/EBP[) are up-regulated. More recent studies 
indicate that CIEBPa expression is maintained during granulocytic diffe
rentiation [37] and its level up-regulates as single CD34+/CD38- cells dif
ferentiate into granulocytic colonies. In contrast, no up-regulation occurs 
during macrophage colony formation [35]. These studies imply that 
CIEBPa plays a role in granulocyte but not monocyte development. 

A knockout of CIEBP a is lethal (-/-) within a few hours of birth and 
analysis of the hemopoietic system shows no mature neutrophils, although 
immature myeloid cells are present in blood. Eosinophils are also absent 
but peripheral blood monocytes, peritoneal macrophages, erythrocytes, 
platelets, and lymphoid cells are normal [54, 55]. In these mice the G-CSF 
receptor mRNA is selectively and significantly reduced [56]. This finding 
suggests that much of the phenotype may result from decreased or absent 
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G-CSF signaling. However, G-CSF receptor knockout animals produce 
mature granulocytes, implying that there must be important CIEBPa target 
genes in myeloid progenitors in addition to the G-CSF receptors. Disrup
tion of the CIEBP f3 gene does not adversely affect myelopoiesis, sug
gesting that C/EBPf3 is not involved in myeloid development [57, 58]. 

C/EBP regulatory elements, such as PU-I, are critical for the activity of 
a number of myeloid CSF -receptor promoters, including the M -CSF recep
tor [31], the GM-CSF receptor a [32], and the G-CSF receptor [33]. 

In summary, the relevance of CIEBP regulatory element in gene regula
tion of granule-associated neutral serine proteinase is inferred because 
C/EBP proteins are differentially expressed and interact with other family 
members as well as other regulatory elements such as c-Myb and PU -1. At 
least one family member, CIEBPa, is intimately involved in granulocyte 
maturation and although this effect is exerted via the regulation of the 
G-CSF receptor it involves other unidentified myeloid genes. 

4.4. c-Myb 

Myb was first isolated as a retroviral oncogene and shown to transform 
chicken hemopoietic cells [59, 60]. The form c-Myb is expressed in pro
liferating immature hemopoietic cells and is down-regulated upon dif
ferentiation [61]. It is expressed in myeloid cells but not confined to 
myeloid lineages [62]. Down-regulation of c-Myb is required for differen
tiation of myeloid cells [63, 64]. Knockout of the c-Myb gene confirms its 
central role in hemopoiesis. The mice die in utero with a failure of hemo
poiesis in the fetal liver [65]. 

A direct effect of c-Myb on expression of granule-associated neutral 
serine proteinase is suggested by studies demonstrating that c-Myb is 
synergistic with CIEBP in the MLE promoter [23]. The c-Myb regulatory 
element, has not, however, been identified as central to promoter activity in 
the HLE [16,18] or the PR-3 promoter [12]. However, as it is present in the 
proximal promoter of all three of the granule-associated neutral serine 
proteinases, it is likely to be important in regulation of these genes. Further 
studies are required to delineate the role of c-Myb in expression of granule
associated neutral serine proteinase. 

5. A Model for the Distribution of Granule-Associated Neutral Serine 
Proteinases Based on Gene Regulation 

The granule-associated neutral serine proteinases are stored in the azuro
phil (primary) granules ofneutrophils [66, 67]. These granules are hetero
geneous and have been classified by size, morphology, electron density, 
and protein content [66-68]. Not all azurophil granules contain each pro-
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teinase and a spectrum of distribution is observed [69]. However, 
most azurophil granules do contain PR-3, HLE, and Cat G along with MPO 
[70]. Any model for regulation of granule-associated neutral serine 
proteinase has to account for their confinement to the azurophil granule as 
well as their heterogeneity of distribution within the population of azurophil 
granules. 

Neutrophil granules are formed starting at the transition from the myel
oblast to the promyelocyte [66, 67] and extending to the later stages of 
differentiation to the mature granulocyte [71]. Azurophil granules, the first 
granules to be formed, develop during the late myeloblast and the promy
elocytic stages of development. All neutrophil granules are formed from 
the aggregation of small vesicles that bud from the cis or trans-networks in 
the Golgi apparatus [66, 67]. How granule contents are sorted to the "cor
rect" granule population has been studied extensively by Borregaard and 
Berliner and recently reviewed [72, 73]. Borregaard has demonstrated that 
the destination of a neutrophil granule protein is dependent upon its time 
of expression and is not a result ofthe complex sorting information present 
on individual proteins [74]. This hypothesis is supported by the work of 
Sigurdsson and colleagues who demonstrated that the expression of secon
dary (specfic) granule protein genes is coordinately regulated at the level 
of mRNA transcription and occurs only during the transition to myelocytes 
concomitant with secondary granule formation [75]. 

Proteinase-3 [12, 76], HLE [77, 78], and Cat G [79] mRNA expression 
is largely confined to the promyelocytic stage of neutrophil development. 
Maturation to either a monocyte or granulocyte down-regulates their gene 
expression. The temporal pattern for this down-regulation, upon differen
tiation of U937 and HL60 cells towards either monocyte-type cells or a 
granulocyte, is similar for all three genes (A. B. Sturrock, unpublished 
observation). Thus, the granule-associated neutral serine proteinases, 
PR-3, HLE, and Cat G are also coordinately expressed at the level of 
mRNA transcription and this expression occurs at the same time as the 
development of azurophil granules. It is probable that this regulation at the 
transcriptional level is responsible for the coordinate stage-specific expres
sion of granule-associated neutral serine proteinases and their packaging 
into azurophil granules. We have described the promoters of PR-3, HLE, 
and Cat G, and identified the common regulatory elements to be Cn, 
PU-I, C/EBp, and c-Myb. These then are the putative regulatory elements 
responsible for this coordinate expression. We have discussed these regula
tory elements in relation to myelogenesis and it is evident that none of the 
regulatory elements alone is sufficient for the temporal and myeloid
specific expression of granule-associated neutral serine proteinases. It is 
likely to be the interaction of these four relevant regulatory elements that is 
responsible for the coordinated and stage-specific expression of the granule
associated neutral serine proteinase genes. The precise interplay and 
relative importance of each regulatory element is not, however, known. 
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We have primarily limited our examination of granule-associated neutral 
serine proteinase genes to the proximal promoter regions. It is certain that 
the regulation of expression is more complex and involves distal enhancer 
and suppressor elements. A 6-kb genomic fragment containing the entire 
human Cat G gene and 2.5-kb fragment of the 5'-flanking sequence was 
used to direct cell type-specific expression of human Cat G in mice [26]; 
however, it is not known whether a smaller fragment would suffice. Distal 
locus control regions may control gene expression in both PR-3 and HLE 
because they reside within 3 kb of each other on chromosome 19 at p 13.3 
[76,80). A common locus that controls all three genes is unlikely because 
human Cat G resides on chromosome 14 at ql1.2 [79]. 

If the hypothesis that Cn PU-l, C/EBp, and c-Myb regulatory elements 
in the proximal promoters of PR-3, HLE, and Cat G are central to the 
expression of the genes, and if the timing of the expression of these genes 
determines their packaging into azurophil granules, it could be predicted 
that the same regulatory elements would occur in the proximal promoter of 
other proteins contained within the azurophil granules. An examination of 
the proximal promoter ofMPO shows this to be the case. The proximal pro
moter of human MPO contains a Cn and a PU-l regulatory element and 
both sites are functional [29). Moreover, the murine MPO proximal pro
moter contains two functional c-Myb regulatory elements [20, 81, 82). 

Indirect support for the role of these common, proximal, promoter regu
latory elements in controlling expression and distribution of granule-asso
ciated neutral serine proteinases comes from the observations that cooper
ative interaction of a different group of regulatory elements is responsible 
for the coordinate expression and distribution of specific granule proteins 
[75]. Although the putative regulatory elements for secondary granule pro
tein expression include PU-l, it is the GATA element and a down-regula
tion of CAAT displacement protein that appear to be the partners ofPU-l in 
controlling gene expression of proteins contained in specific granules [83]. 

How does one account for the heterogeneous distribution of granule
associated neutral serine proteinases if expression of all three genes is tight
ly coordinated at the level of transcription? One suggestion is that this het
erogeneity is possible because, although transcription is coordinate, there may 
be variations in the timing of translation of proteins [75]. All the regulatory 
elements that are involved in translational regulation of granule-associated 
neutral serine proteinases are unknown, and so the inference of translational 
control accounting for the distribution differences remains to be proved. 

6. Post-Translational Processing of Granule-Associated Neutral Serine 
Proteinases 

In addition to their tightly regulated development- and cell type-specific 
gene expression, a distinctive feature of the granule-associated neutral serine 
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proteinases of leukocytes and mast cells is that they are stored fully active 
in secretory granules. In contrast, the more extensively characterized serine 
proteinases of non-hemopoietic origin, such as trypsin, chymotrypsin, or 
pancreatic elastase, are stored as inactive zymogens in secretory vesicles of 
cells and are activated only after secretion into the intestinal lumen. Never
theless, based on their cDNA sequences, and studies of synthesis and pro
cessing, the immune/inflammatory cell proteinases are initially translated 
as zymogens. The processing of the granule-associated neutral serine pro
teinases requires three proteolytic cleavages: two on the amino-terminal 
side and one on the carboxyl-terminal side (Figure 2) [84-87]. The initial 
amino-terminal cleavage is produced by a signal peptidase and results in 
the removal of an endoplasmic reticulum-targeting of sequence 25 amino 
acids. An additional cleavage removes a carboxyl-terminal extension from 
the mature enzyme. The enzyme responsible for removal of the carboxyl
terminus has not been identified. The result of these two cleavage steps is 
that the mature enzymes are attached to two amino acid properties. The 
processing of the propeptides, which occurs in a post-Golgi compartment, 
is unusual in that it occurs at an acidic residue, in contrast to most pro
teinase zymogens which are processed at a basic or, rarely, an aromatic 
residue. We view this processing step as a potential central point for con
trol of granule-associated neutral serine proteinases that is of both basic 
and clinical importance. Recent studies suggest that the enzyme respon
sible for removal of the activation dipeptide is a cysteine protease, most 
probably dipeptidyl-peptidase I. The hydrolytic action of dipeptidyl-pepti
dase I probably represents the final control point in the formation of the 
mature enzymes. 
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Figure 2. Biosynthesis and processing of granule-associated neutral serine proteinases. 



108 A. B. Sturrock und 1. R. Hoidal 

In summary, the regulation of granule-associated neutral serine pro
teinases of myeloid cells is complex. There is coordinate expression at the 
transcriptional level. There may be discoordinate expression at the trans
lationallevel which accounts for the heterogeneity of the distribution ofPR-3, 
HLE, and Cat G proteins in azurophil granules, but this has not been proved. 
After translation, a number of proteolytic processing steps occur before the 
proteinases are stored in azurophil granules as active enzymes. Each of these 
steps offers a potential site to control the expression of the proteinases. 
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1. Introduction 

The connective tissues of the lung consist of fibrous components such as 
the collagens, elastin, and nonfibrous components including proteogly
cans, laminin, tenascin, and other proteins. The major goal of this chap
ter is to describe the ways in which the expression of these components 
is controlled, and the relationship of these control mechanisms to normal 
development and pathologic processes. This is a large area with an ex
tensive literature and, because of space limitations, coverage cannot be 
comprehensive. Emphasis is, therefore, placed on consideration of type I 
collagen, elastin, and fibronectin as examples that illustrate general 
principles of regulation of gene expression. Expression of the macro
molecular constituents of the extracellular matrix is tightly regulated 
both spatially and temporally. Although post-transcriptional mechanisms 
play an important role in some instances, the major focus of this chapter 
is on transcriptional control which is the most frequent way by which this 
regulation is achieved. 
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2. General Considerations of Transcription 

All protein-encoding genes are transcribed by RNA polymerase II (Pol II), 
and these genes usually contain common core-promoter elements that are 
recognized by general transcription initiation factors, as well as gene
specific DNA elements, which are recognized by specific regulatory factors 
that modulate the function of the general initiation factors. Core-promoter 
elements are defined as those minimal DNA elements that are necessary 
and sufficient for accurate transcription initiation in reconstituted cell-free 
systems [1]. The most common of these elements are the TATA box (con
sensus TATAaitAait and located at about position -30 relative to the 
transcription start site) and a pyrimidine-rich initiator (lnr, consensus 
YYANt/aYY)). Basal transcription is mediated through the assembly of an 
initiation complex containing Pol II and several general transcription 
factors which collectively interact with these cis elements. Currently, six 
general initiation factors, TATA-binding protein (TBP), TFIIA, TFIIB, 
TFIIE, TFIIF, and TFIIH, have been characterized and cloned [1, 2]. These 
factors probably assemble into a promoter initiation complex (PIC) in an 
ordered step-wise fashion. This process begins with the recognition and 
binding ofTBP to the TATA box (Figure 1). TFIIB then interacts directly 
with TBP and with DNA sequences up- and down-stream of the TATA box. 
TFIIB plays an essential role in transcription start site selection [3]. TFIIA 
can enter the forming PIC at any time after TBP is bound and, although 
TFIIA is not essential for in vitro basal transcription, it probably has an 
important in vivo role in stabilization of weak TBPITATA interactions. A 
Pol II1TFIIF preformed complex is then recruited. TFIIF has the critical 
function of targeting Pol II to legitimate initiator complexes and suppres
sing non-specific DNA binding [3, 4]. TFIIE then interacts directly with 
Pol II and possibly with TFIIF and TBP. A portion ofTFIIE is localized near 
the start of transcription and it is essential for the recuitment of the last 
component, TFIIH [4]. TFIIH manifests helicase activity and the final 
result of PIC formation is the loosening of the DNA duplex and initiation 
of transcription [5, 6]. 

Although the basal elements are similar in almost all promoters and 
organisms, the regulatory elements through which specific gene expression 
is achieved are highly variable. These elements may be located near or at a 
great distance up-stream or down-stream of the core elements, and they 
interact with a wide variety of DNA-binding regulatory proteins. These 
proteins are the final common pathway whereby regulatory signals are 
transduced into effects on transcription. These transcription factors may 
enhance (activate) or inhibit (repress) transcription by targeted interactions 
with the general initiation factors. In vivo, TBP is not found as a free 
protein but bound to a number ofTBP-associated factors (TAFs) to form a 
large complex designated TFIID. TFIID is the foremost target of the activa
tors/repressors which act by modulating the binding ofTFIID to DNA, with 
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Figure I. Diagrammatic model of preinitiation complex: This is a schematic illustration of the 
pre initiation complex composed of the general initiation factor and Pol II interacting with 
co-factors (TAFs and others) and activators/repressors. Note that such interactions may involve 
intermediary adaptor molecules interposed between the activator/repressor and TAFs or general 
factors. 

subsequent alteration in the recruitment of other general factors and tran
scription rate [7, 8]. The interaction of these activators can involve either 
TBP or the TAFs that make up the TFIID complex [2, 9]. In this type of 
interaction, the TAFs can be regarded as co-activators and in some 
instances additional co-factors may be required as intermediaries between 
the activators and the target general factors, as illustrated in Figure 1 [10]. 

3. Regulation of Collagen Gene Expression 

There are now at least 19 different types of collagen, the polypeptide chains 
of which are encoded by more than 30 genes [11], although only a limited 
number of these are quantitatively important in the lung. Within the par
enchymal extracellular matrix, the most abundant is type I, with smaller 
amounts of types III, V, and VI being present. Type II is found within the 
supporting cartilage of the airways, whereas type IV forms a large portion 
of the basement membrane separating the epithelia from the underlying, 
mesenchymally derived tissue. As a result of its predominant role and 
because it was the first collagen to be cloned, the most information is avail
able on the regulation of type I collagen expression. 
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3.1. Regulation of Type I Collagen Gene Promoters 

Regulation of type I collagen expression must of necessity be complex 
because of the requirement for tight control during development and the 
widespread tissue distribution of the protein. Furthermore, expression of 
the a 1 (I) and a2(1) genes is modulated by a variety of cytokines, hormo
nes, and pharmacological agents, and expression of type I collagen is 
disturbed in disorders such as pulmonary fibrosis and scleroderma. Al
though post-transcriptional mechanisms playa role in some circumstances, 
transcription is the major level at which regulation is usually achieved. 
Important cis-acting elements on either side of the transcription start site 
have been identified. A relatively short sequence between -220 and + 116 
of the a 1 (I) promoter has been shown to exhibit strong transcriptional 
activity, whereas addition of more up-stream sequences tends to decrease 
activity [12]. Besides the general TATA box element, this short promoter 
fragment contains four cis-acting elements which bind three different tran
scription factors (Figure 2). The element located between -96 and -100 
contains a CCAAT sequence which binds a multimeric activator called 
CBE CBF is widely expressed and differs from other CCAAT-binding pro
teins such as CTFINFI and C/EB [13, 14]. To achieve specific expression 
of the al (I) gene, CBF must interact with other transcription factors. On 
either side of the CCAAT motif there are GC-rich 12-base-pair (bp) 
elements which bind a factor homologous to Sp 1 [15]. Mutation of these 
sites abolishes Sp 1 binding, resulting in a large increase in promoter activi
ty, which suggests that these elements in some circumstances may act as 
an inhibitor of transcription [12]. Up-stream of CCAAT, there are G-rich 
elements which bind a member of a large family of transcription factors 
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Figure 2. Diagram of the type I a chain promoters in which cis elements are identified. Both 
promoters contain contain TATA and CCAAT boxes. TbRE, TGF-,B response element. 
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called Krox; these possess a zinc finger and are related to the Drosophila 
transcription factor, Kriippel [16]. This new factor has been called c-Krox 
and has been shown to increase transcription for the al(I) promoter in 
co-transfection of fibroblasts [17]. Significantly, c-Krox is most abundant 
in skin, but appears to be absent in other collagen-producing tissues such 
as bone. This suggests that c-Krox may playa specific critical role in regu
lating type I collagen expression in the skin, in normal as well as in patho
logical situations. Its role in the lung, if any, remains to be determined. 

Other segments of the type I collagen genes undoubtedly participate in 
regulation of expression in particular situations. Several cis-acting elements 
have been identified in the mouse a2(1) promoter. One, located at -250, 
acts as an activator of transcription as does a second located at -300 which 
binds nuclear factor I (NFl) [18]. A third element, located at -400, binds 
a factor that has not yet been characterized. In addition, results from several 
laboratories have indicated that both enhancer and silencer elements may 
be present within the first intron of the al(I) gene [19, 20]. The most dra
matic evidence for tissue-specific regulation came about when a transgenic 
strain of mice (Mov13), containing an inserted Moloney murine leukemia 
virus (M-MuLV) in the first intron of the collagen al gene, was found to 
have the a 1 gene completely shut off in fibroblasts and other mesenchymal 
tissue [21]. Changes in chromatin conformation and methylation of pro xi
mal promoter sequences accompanied and perhaps caused the transcriptio
nal block [22]. These findings support a regulatory role for the first intron. 
Surprisingly, odontoblasts and osteoblasts in the Mov13 strain continued to 
express al mRNA normally [23]. These data strongly suggest that odonto
blasts and osteoblasts utilize cis-acting elements which are far up-stream 
from the proximal promoter. An element that apparently specifically regu
lates type I expression in osteoblasts has been identified in the al(l) pro
moter between -1.7 kilobases and -2.3 kb [24]. 

3.2. Modulation o/Expression by Hormones, Growth Factors, and Cytokines 

Excessive collagen accumulation is the cardinal hallmark of all fibrotic 
diseases, including those affecting the lung [25]. The fibrotic pathophysio
logic process is undoubtedly mediated by several cytokines which modulate 
the expression of a variety of matrix genes. However, transforming growth 
factor f3 (TGF-f3) is preeminent among these cytokines because of its 
central and critical role in up-regulating expression of collagen and inhibi
tors of metalloproteinases (TIMPs) while down-regulating the expression 
of metalloproteinases themselves. In spite of numerous studies, the mole
cular mechanisms whereby TGF -f3 exerts its effects are only now becoming 
better understood. Based on transient transfection experiments ofthe mouse 
a2(I) promoter constructs, it was originally postulated that TGF-f3 acted 
through an NF 1 site [26]. However, in these studies no difference in bind-
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ing activity was observed between nuclear extracts prepared from control 
and TGF-,B-treated cells, leaving unresolved the means by which the 
stimulation was achieved. More recent detailed studies of the human a2(1) 
promoter have clarified the mechanism [27]. Functional assays identified 
a 131-bp sequence (designated TGF-f3 response elements or TbRE, see 
Figure 2) containing two segments designated Box A and Box B which 
were absolutely required for the TGF-f3 response. The 3' portion of Box A 
was shown to contain a Sp I binding site, but the trans-acting factor binding 
to Box B has yet to be identified. 

Interestingly, the same TbRE region appears to mediate the inhibitory 
effects of tumor necrosis factor a (TNF-a) [28]. Nuclear proteins prepared 
from cells treated with TNF -a bind to the TbRE more strongly than those 
from untreated cells. In addition, TNF -a increases binding of a second pro
tein complex that recognizes a negatively cis-acting element located in the 
5' portion of Box A. However, the effects of TNF-a are complex and 
perhaps dependent upon the cell type, culture conditions, and state of dif
ferentiation. Many studies using fibroblasts [29, 30] or bone culture [31] 
have reported inhibition, whereas several others have found stimulation 
[32,33]. In mouse silicosis and bleomycin models of pulmonary fibrosis, 
lung TNF-a mRNA levels (probably derived from macrophages) were 
found to be markedly elevated in association with increased collagen com
pared with controls [34, 35]. This elevation in collagen content was almost 
completely prevented by anti-TNF-a antibody administration. In addition, 
bleomycin caused a significantly smaller fibrotic reaction in lungs of mice 
deficient in TNF-a [36]. Although indirect and circumstantial, these 
studies argue strongly for a causal link between elevated TNF-a and colla
gen expression in an in vivo situation. 

Interleukins IL-I a and IL-I f3 have been reported to increase collagen 
protein and mRNA levels in cultured skin and lung fibroblasts [32, 33, 37] 
as well as chondrocytes [38]. However, IL-I induces the production of 
prostaglandin E2 (PGE2) which complicates the interpretation of the results 
because PGE2 can itself modulate collagen expression [39]. Other studies 
have indicated that IL-l a can reduce collagen transcription [40], possibly 
acting through protein kinase C modulation of activator protein I (AP-l) 
activity [41]. 

Interferon-y down-regulates type I collagen expression in all systems in 
which it has been tested, probably through a post-transcriptional mecha
nism involving mRNA destabilization because transcription appears to be 
unaffected [42]. In in vivo wound healing and fibrosis models, INF-y in
hibited the deposition of collagen [43,44]. Although this could be an indi
rect effect by decreasing the inflammatory response and down-regulating 
other cytokines such as TGF-fi [45], it does suggest that IFN-y can inhibit 
fibrosis in vivo. 

Glucocorticoids inhibit type I collagen production in cultured fibroblasts 
[46, 47], osteoblasts [48], and hepatocytes [49]. In some reports, type I 
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transcription in the fibroblast cultures was unaffected and the inhibition 
appeared to be achieved by mRNA destabilization [46, 47], although in 
other cases transcriptional inhibition was observed [49, 50]. These diverse 
results suggest that, although glucocorticoids uniformly decrease collagen 
expression, the mechanism may vary depending upon the cell type and 
conditions. 

4. Regulation of Elastin Gene Expression 

4.1. Sequence and Functional Analysis of the Elastin Promoter 

Unlike the collagens, the elastin promoter does not contain a canonical 
TATA sequence and it is likely that the CAAT sequence (located at -57 to 
-60 relative to the ATG translation start codon) is not functional (Figure 3). 
The proximal promoter region is also G+C-rich (66%) with a high 
frequency of CpG dinucleotides [51, 52]. These features have been pre
viously associated with promoters of so-called "housekeeping genes", but 
more tissue-specific genes are being found to have them as well, so that the 
distinction between these classes is now breaking down [53]. As with many 
genes, the elastin promoter contains a remarkable constellation of potential 
binding sites for transcription regulatory factors indicative of complex 
regulation. These binding sites include multiple SP1- and AP-2-binding 
sites, glucocorticoid responsive elements (GREs), and tetradecanoyl phor
bol acetate (TPA) and cyclic AMP (CRE) responsive elements. The ab-
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Figure 3. Diagram of the elastin promoter in which cis elements are identified. The promoter 
does not contain a TATA box and multiple transcription start sites have been identified. As a 
result of its distance from the start of transcription, it is unlikely that the indicated CCAAT box 
at - 600 is functional. GRE, glucoocrticoid response element; IRE, insulin-like growth factor I 
response element. 
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sence of a TATA box in the putative promoter region suggested that there 
may be multiple sites of transcription initiation and S 1 protection and 
primer extension analyses have shown this to be so [52]. It remains to be 
determined whether the multiple initiation has any physiologic signifi
cance, and whether there is any relationship between the position of tran
script initiation and the pattern of alternative splicing. 

Transient transfection analyses using promoter/reporter gene constructs 
have demonstrated the presence of multiple positive and negative regula
tory elements within 5.2 kbp of the elastin promoter, and indicated that the 
core promoter necessary for basal expression is contained within the region 
-128 to -1 [54]. The positive regulatory and core-promoter activities may 
be explained, at least in part, by the presence of multiple SP 1- and AP-2-
binding sites within these regions, which may act as general enhancer 
elements, and DNAse footprinting experiments have indicated that SP 1 
and AP-2 sites interact with their respecitve trans factors. This notion is 
supported by the observation that deletion ofthe segment -134 to -87 con
taining three putative SP1-binding sites reduced the activity to 10-20% of 
the reference -475 to -1 construct. Significantly, when tissues of trans
genic mice utilizing 5.2 kbp of the human elastin promoter were analyzed, 
there was reasonable correspondence between expression of the endoge
nous gene and the transgene within the tissues [55]. Nevertheless, because 
of some inconsistencies between expression of transfected or transgenes 
and the endogenous gene, these collective observations suggest that all 
elements for tissue- and development-specific expression of the elastin 
gene may not reside within the 5.2-kb promoter region tested. It has been 
observed in a number of genes, including three collagen genes, that the 
first intron contains segments that act as enhancer or silencer elements of 
promoter activity. Comparison of the intron sequences of the bovine, rat, 
and human elastin genes revealed regions of strong homology only in 
the first intron, suggesting that these regions may contain regulatory 
elements. 

4.2. Modulation of Expression by Hormones, Growth Factors, and Cytokines 

The elastin promoter contains three putative GREs which may be func
tionally active because glucocorticids were shown to increase elastin 
expression in the developing chick aorta, fetal rat lung, and cultured fetal 
bovine nuchal ligament fibroblasts [56-58]. Transient transfection of cell 
cultures of fetal bovine pulmonary smooth muscle with an elastin promo
ter/reporter construct containing these putative GREs resulted in a greater 
than three-fold increase in reported activity in response to dexamethasone 
treatment [57]. In agreement with these studies, transgenic mice possessing 
a -5200 to +2 elastin promoter/CAT reporter transgene exhibit signifi
cantly greater levels of CAT activity in lung tissue in response to the 
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intraperitoneal injection of dexamethasone [59]. However, it is clear that 
glucocorticoid effects on elastin production are context dependent and 
the hormone can either up- or down-regulate elastin production, depend
ing on the developmental stage and tissue. For example, glucocorticoids 
have been reported to down-regulate elastin synthesis in normal cultured 
human fibroblasts but not in those from keloids [60]. Direct proof that 
any of these effects are regulated at the transcriptional level is still 
lacking and Vee et al. [61] have presented evidence that glucocorticoids 
may act through modulation of production ofTGF-fJ3 in cultured fetal rat 
lung fibroblasts. 

Insulin-like growth factor-I (IGF-I) has been shown significantly to 
enhance elastin gene expression in rat neonatal aortic smooth muscle cells 
both in vitro and in vivo [62]. Transient transfection experiments with 
elastin promoter constructs demonstrated that the IGF-I was acting at the 
transcriptional level [63]. Gel shift and DNA footprinting analyses sug
gested that IGF-I acts by releasing a transcriptional repressor, possibly Sp3, 
which binds to an element located between -137 and -123; this has homo
logy to a retinoblastoma control element [64]. In contrast, recombinant 
TNF-a markedly suppressed elastin mRNA levels in cultured human skin 
fibroblasts and rat aortic smooth muscle cells, and also suppressed the 
expression of elastin promoter constructs in transiently transfected cells, 
again indicating regulation at the transcriptional level [65]. Detailed analy
ses of the mechanisms involved strongly suggested that the down-regula
tory effect ofTNF-a was mediated throughjun/fos binding to an AP-l site 
located at -223 to -229 in the elstin promoter. Basic fibroblast growth fac
tor has also been shown to reduce elastin mRNA and protein levels signi
ficantly and the effect appears to be achieved at the transcriptional level 
[66]. Conflicting evidence has been presented on the effects ofIL-lfJ. One 
group reported that the cytokine inhibited elastin synthesis and decreased 
elastin mRNA steady-state levels in cultures of a particular subtype of 
neonatal rat lung fibroblasts [67], whereas another group reported that the 
cytokine increased elastin gene expression in cultured human skin fibro
blasts, apparently at the transcriptional level [68]. 

4.2.1. Post-transcriptional regulation: Currently, there is no evidence for 
translational control of elastin mRNA, but there is strong evidence for both 
up- and down-regulation of tropoelastin expression through alteration of 
elastin mRNA stability by several modulators. Elastin production, as deter
mined by enzyme-linked immunosorbent assay (ELISA), was increased 
approximately threefold when porcine smooth muscle cells were incubated 
with TGF-fJl [69]. Although the human promoter may respond to TGF-fJ 
[70], its major effect is to increase elastin production by message stabiliza
tion [71, 72]. Treatment of cultured human fetal lung fibroblasts with TGF-fJ 
produced a more than tenfold increase in steady-state elastin mRNA levels 
with no alteration in transcription, but with increased message stability 
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[72]. A phosphatidylcholine-specific phospholipase C and protein kinase C 
were involved in mediating the elastin message stabilization. When cultu
res of elastogenic fetal bovine chondrocytes were exposed to 0.1 j.lmo1l1 
TPA, tropoelastin mRNA levels decreased more than tenfold and this was 
paralleled by a decline in the production of tropoelastin [73]. As deter
mined by nuclear runoff assay and transient transfection with a human gene 
promoter-CAT construct, tropoelastin transcription was unaffected by 
exposure to TPA. The half-life of tropoelastin mRNA in conrol cells was 
estimated to be about 20 h, but exposure to TPA reduced the half-life to 
2.2 h. Similarly, 0.1 j.lmo1l1 1,25-dihydroxyvitamin D3, a rather high non
physiologic dose, produced a marked decrease in steady-state and functional 
levels of tropoelastin mRNA, but transcription was not affected [74]. 
Collectively, these data indicate that tropoelastin expression can be con
trolled by post-transcriptional mechanisms. 

5. Regulation of Fibronectin Gene Expression 

Fibronectin is one of the most widely distributed and best characterized 
extracellular matrix molecules acting as a substrate for cell migration and 
adhesion through cell surface integrin receptors [75, 76]. Fibronectin and 
its receptors are involved in a wide variety of important biologic pro
cesses, including branching morphogenesis in the lung, response to 
injury and wound healing, and many fibroproliferative lesions resulting 
in profound alterations in lung structure and function. Expression of 
fibronectin is modulated by a variety of cytokines, growth factors, and 
hormones, which may themselves by involved in development and re
sponse to injury. 

5.1. Promoter Structure and Function 

The human, rat, and mouse genes have been cloned and the promoters 
shown to have segments of great homology to one another [77 - 79]. A 
TATA box is located at approximately position -25 and a CCAAT box at 
-150. The proximal promoter region is GC rich and contains several SP1 
boxes at-102 and-45 and two AP-2 sites at-120 and-67 (Figure 4). Cyc
lic AMP-responsive elements are located at -170, -260, and -415. The 
-170 site may be important in maintaining basal transcription and has been 
shown to be responsible for the strong induction of fibronectin gene tran
scription by serum [80, 81]. It also appears that the site located at -170 is 
of higher affinity and appears to interact with the CCAAT box. Nuclear 
protein extracts from liver strongly protect the -150 CCAAT box when the 
-170 CRE is also occupied [82]. Disruption of binding to the -170 CRE 
results in deprotection of the CCAAT box, but not vice versa. This inter-
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Figure 4. Diagram of the fibronectin promoter in which cis elements are identified. The pro
moter contains canonical TATA and CCAAT boxes. Interaction between the CRE at -170 and 
the CCAAT box may be an important feature of transcriptional regulation (see text). 

action appears to be functionally important, because alteration of the 
spacing between the CCAAT and CRE also disrupted the cooperative 
binding and decreased the transcriptional efficiency of the promoter. The 
trans-acting factors involved in these interaction have yet to be character
ized. 

5.2. Modulation oJExpression by Hormones, Growth Factors, and Cytokines 

TGF-j3 stimulates transcription of the fibronectin gene, which is possible 
through an NFl site located near the CCAAT element [83]. However, 
further work is necessary to substantiate this possibility and to define 
precisely the trans-acting factors and mechanisms involved. Fibronectin 
transcription is also enhanced by agents that raise cAMP levels and this 
effect appears to be mediated by one or more of the three CREs. Although 
each of these has been shown to confer cAMP responsiveness on a hetero
logous thymidine kinase promoter and form multiple complexes with 
nuclear protein extracts, only the -170 element has been extensively 
studied [84]. Currently, more than 20 CRE-binding proteins have been 
described which can form heterodimers, thus dramatically increasing the 
potential complexity. Several of these proteins have been well character
ized [85]. Nuclear proteins from a variety of tissues and cells form different 
complexes with the -170 CRE which may contribute to tissue-specific 
regulation of expression [82, 86]. 

Glucocorticoids increase the biosynthesis of fibronectin and mRNA 
levels, but transcription appears to be unaltered [83]. Fibronectin mRNA is 
stabilized through a mechanism requiring protein synthesis, indicating that 
induction of one or more proteins is required. The nature of these proteins 
and the site of presumptive interaction on fibronectin mRNA have not been 
determined. 
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6. Role of Matrix Proteins in Lung Development 

The complex process of lung development involves epithelial/mesen
chymal interactions, many cytokines and growth factors, and a variety of 
matrix molecules. The matrix may function through cellular adhesion or 
modulation of cell motility, proliferation and differentiation. Several matrix 
components have been implicated in morphogenic events. Laminins are 
cell-adhesion glycoproteins found in basement membranes [87] and they 
have been shown to have a critical role in lung-branching morphogenesis. 
The region of the laminin mediating this activity has been localized to the 
globular segments of the f3 and y chains [88]. The tenascins comprise a 
family oflarge matrix molecules characterized by epidermal growth factor 
(EGF) repeats, fibronectin type III-like repeats and a carboxyl-terminal 
fibrinogen domain. Antibodies to tenascin C also blocked branching mor
phogenesis as did recombinantly produced segments of tenascin C which 
consist offibronectin type III repeats; this suggests a functional role for the 
protein [89]. It is also likely that fibronectin itself is involved in branching, 
because it is found at high levels at branch points during the pseudoglan
dular stage, and fibronectin fragments known to diminish fibronectin 
matrix assembly greatly in fetal lung fibroblasts cultures also prevented 
normal branching, whereas other fragments did not [90]. 

6.1. Role of Elastin 

Although most of the available information concerning elastin expression 
in the lung comes from studies on experimental animals, particularly the 
rat, it is likely that the pattern of expression is similar in all mammals, 
including humans, at comparable stages of morphologic development. 
Elastin is produced primarily in the late fetal and neonatal periods. Expres
sion of elastin starts in the pseudoglandular stage, increases in the canali
cular and saccular stages, and reaches a maximal level during alveolariza
tion in the neonate. Normally, there is little expression in the adult. Immu
nohistochemical and in situ hybridization techniques have localized ex
pression to particular sites during the different developmental periods. In 
the pseudoglandular stage, minimal expression is seen in the loose mesen
chymal connective tissue and in the smooth muscle of the intralobar 
pulmonary arteries. In the canalicular stage, smooth muscle cells subjacent 
to the differentiting airway epithelium express tropoelastin mRNA and fine 
elastic fibres can be detected surrounding terminal bronchioles. This pro
cess is accentuated in the saccular stage when clusters of cells close to the 
differentiating epithelium of terminal airspaces produce tropoelastin, 
resulting in a complex of well-developed elastic fibers which surround the 
terminal airspaces, particularly at branching sites. Subsequently, expression 
is highest in the forming alveolar walls, particularly at the tips of newly 
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forming septa. At this stage, substantial elastic fibers are also found in the 
bronchioles and lamina of elastic arteries. 

The localization of a condensed elastic matrix at the apex of forming 
alveolar septa suggested that this matrix might have a critical role in alveo
lar morphogenesis, as opposed to a purely structural one [91-93]. Recent 
studies in which the platelet-derived growth factor A chain (PDGF-A) has 
been knocked out have substantiated this idea [94]. Postnatally surviving 
PDGF-A-deficient mice developed emphysema secondary to failure of 
alveolar septation. The data suggested that PDGF-A synthesized by the 
alveolar epithelium is essential for the functional differentiation of PDGF 
receptor-a-positive alveolar myofibroblasts, which are responsible for the 
synthesis of the associated elastic fiber matrix. Thus, the deposition of ela
stic fibers in the prealveolar saccule wall may well be a critical morpho
genic event. 

The potential morphogenic role of elastin may be critical in developing 
strategies to treat complex destructive diseases affecting the lung. Masaro 
and Masaro [95] recently reported that treatmet with all-trans-retinoic 
acid reversed the destructive effects of pancreatic elastase administration 
in a rat emphysema model. It had previously been shown that retinoic 
acid could increase elastin production in neonatal rat lung fibroblast 
cultures [96]. 

7. Conclusions and Perspectives 

Definition of the factors controlling the expression of genes that encode the 
extracellular matrix proteins is fundamental to understanding the role of 
these proteins in lung development and disease processes. Although the 
general features of the regulatory elements of the promoters of several of 
these genes have been reasonably well delineated, in most instances our 
understanding of many aspects of control is at a relatively primitive level. 
Considerably more studies are required to define the interactions of trans
acting factors and their cognate cis-acting-elements. It is very likely that, 
in many instances, more than one element is utilized to achieve a given 
effect (for example, see the modulation of transcription of the collagen 
a2(I) promoter by TGF-fJ). In in vivo situations, it is to be expected that 
multiple factors (cytokines, hormones, cell/matrix interactions) act in com
bination to achieve temporal and tissue-specific regulation of transcription 
of individual genes. Definition of such complex interactions is extremely 
challenging, but necessary, if we are to understand lung development and 
pathologic processes in molecular terms. An example of the potential prac
tical usefulness of such knowledge is the effects of retinoids in treatment of 
emphysema. 

Although transcriptional regulation has been stressed in this chapter, it is 
likely that other levels of control of gene expression (mRNA stability, alter-
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native splicing) will assume greater importance as our understanding 
deepens. 
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1. Introduction 

The lung is a point of intimate contact of the host with its environment and 
as such is a key point of interaction between animals and microbes. A range 
of host defence mechanisms exists to protect the lung from infection. These 
defence mechanisms include physical defences such as the filtration of air 
and the mucociliary escalator as well as the innate immune mechanisms 
such as the alveolar macrophage. The activity of these cells is augmented 
by the presence of various opsonins within the lung, including complement 
components and immunoglobulins. The inflammatory response and speci
fic immune response in the lung are controlled by a range of cytokines and 
other immune mediators. To cause disease an invading pathogen must be 
able to subvert these normal defences. 

Respiratory pathogens produce a range of virulence factors that interact 
with the immune system. To understand how pathogens and their products 
interact with the immune system in the lung it is useful to have mutants of 
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both bacteria (as discussed in Chapter 9) and host. The use of genetic 
models to evaluate the contribution of host factors involved in protection 
can involve either the use of naturally occuring mutations (in either humans 
or animals) or the construction of mutations in animal systems via the use 
of transgenic technology. 

Naturally occurring mutations are obviously of use in defining the role 
played by the immune response in humans. The role of the complement 
pathway and the importance of immunoglobulin in the protection against 
specific pathogens can be inferred from studies in deficient patients. The 
role of specific components of receptors can be studied in detail by use of 
appropriate manipulations of the genetic systems of animals for subsequent 
use in animal models. As the pathogenesis of respiratory infection in humans 
and animals depends on the interaction between the immune system and 
virulence factors of the pathogen, use can be made of mutants to probe these 
interactions. There is now a wide range of transgenic animals available for 
investigation of the pathogenesis of infection. However, there has been sur
prisingly little use of these animals in the study of pulmonary infection. 

2. The Immune Response in the Lung 

The immune response in the lung can be divided into innate immune defen
ces, which clear microbes and prevent infection, and adaptive immunity 
which involves the production of specific antibody and cell-mediated 
responses to infection with the pathogen (Figure 1). The lung contains 
several protein components that are involved in defence including sur
factants and proteinase inhibitors. One of the main mechanisms of innate 
immunity is the alternative complement pathway. This pathway can be con
sidered as the first line of defence against many extracellular microbes [1]. 
Bronchoalveolar lavage fluid contains all the components of the alternative 
pathway [2, 3]. The classic complement pathway may also be activated by 
micro-organisms binding to antibody or other opsonins. Activation of the 
complement pathway leads to opsonization of pathogens and also to the 
generation of anaphylatoxins which have a range of biological activities in
cluding chemotaxis and vasodilatation. The exact role of antibody in pro
tection of the lung from infection is less clear. The major antibody species 
in the lung is the immunoglobulin IgA, but the role played by this antibody 
in protection still remains to be defined. Activation of complement also 
leads to the generation of the membrane attack complex which is capable 
of destroying Gram-negative bacteria. During an immune response in the 
lung, cytokine production and the generation of chemotaxins result in the 
recruitment of cells to the site of infection via interaction with various cell 
adhesion molecules. 

Once at the site of infection, cells interact with the opsonized particle via 
specific receptors and engulf and kill the invading microbe. Antigens asso-
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Figure I. An outline of the immune response in lung. Bacteria entering the lung can be opson
ized by complement components, collectins or antibody. The primary cell involved in immuni
ty in the lung is the macrophage. Alveolar macrophages take up and kill bacteria. They also pro
duce a range of cytokines which can be chemotactic (IL-8) or activate other cells (interferon-y). 
Chemotaxic factors such as IL-8 and complement components result in the recruitment of poly
morphonuclear cells (PMNS) from the bloodstream. Antigen draining from the lungs is present
ed to T cells which are either CD4 or CD8. CD4 cells will be activated by antigen presented in 
the context ofMHC class II while CD8 cells are activated via the MHC class I pathway. CD4 
cells can be further divided into Thl and Th2 types. The ThllTh2 profile will be determined by 
the cytokine milieu at the time ofT cell activation. 

ciated with pathogens in the lung are presented to T cells in associated 
lymphoid tissue by dendritic or other antigen-presenting cells. This leads to 
the production of adaptive immunity with the generation of antibody and 
specific cell-mediated immunity. Defects in all these processes are known 
and their study allows us to define their importance in the protection of the 
lung from infection. There are various transgenic models of infection, al
though these have not been widely used in the study of lung infections. 
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I use selected examples to define what systems are available for the study 
of each stage of the host-pathogen interaction in the lung. 

3. Naturally Occurring Immune Deficiencies 

3.1. The Complement Pathway 

Many complement deficiencies exist in both humans and animal models of 
infection. There are genetic deficiencies in all components of the classic 
and alternative pathways except for factor B of the alternative pathway. 

3.1.1. The role of complement C3: The most crucial component of the 
complement pathway is C3, and deficiency renders both classic and alter
native pathways inactive. The role of C3 can be investigated in a variety of 
systems which include analysis in inherited complement deficiency, com
plement depletion models such as animals treated with cobra venom factor 
or transgenic knock-out mice. 

Complement component C3 is important in protection from encapsulat
ed bacteria such as Streptococcus pneumoniae (the pneumococcus). Ani
mals depleted of C3 by treatment with cobra venom factor (CvF) show 
decreased ability to phagocytose encapsulated as opposed to non-encapsu
lated pneumococci. Using formalized pneumococci sensitized with rabbit 
anti-capsular antibody, it was shown that Ct, C4, C2 and C3 are needed for 
optimal phagocytosis. There is complete abolition of phagocytosis in 
human serum depleted of C3. If guinea-pigs are depleted of C3 with CvF, 
clearance of pneumococci after intravenous injection is significantly delay
ed and the organisms replicate to the point of sustained bacteraemia leading 
to death. Depletion of C4 in these animals has no effect. 

Studies performed using CvF-treated animals have shown that comple
ment is one of the major factors contributing to the early clearance ofpneu
mococci from the lungs [1, 4, 5]. After intratracheal challenge of depleted 
animals with pneumococci the clearance of organisms is reduced but not 
abolished. Mechanisms of clearance that do not involve complement, such 
as antibody-mediated clearance or surface phagocytosis, may be respon
sible for this effect [6]. After the initial stages of clearance, C3-depleted 
animals develop a more extensive pneumonia, more viable bacteria per 
lung and higher incidence and level ofbacteraemia [5, 7,8]. 

C3 deficiency is a rare condition in humans and can occur by a variety of 
mechanisms (Table 1). Inherited C3 deficiency can result from decreased 
mRNA levels of the C3 gene in some cases caused by abberant splicing 
of the RNA, decreased secretion of C3 or production of altered C3 [9]. 
There can be homozygous inheritance of a null gene on chromosome 19 
which leads to decreased synthesis from the liver and levels ofC3 ar 0.1 % 
of control levels. This deficiency does not seem to affect extrahepatic 
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Table 1. Complement deficiencies of humans 

Component 

Clq, Clr, Cis 
C4 
C2 
C3 

Defective function 

Activation of classic pathway 
Activation of classic pathway 
Activation of classic pathway 
Activation of classic and alter
native pathways 

Defective opsonization 
and phagocytosis 

Factor D Activation of alternative 
pathway 

Factor P Activation of alternative 
pathway 

C5, C6, C7, C8, C9 Membrane attack complex 
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Infectious disease 

Susceptible to pyogenic infections 
Susceptible to pyogenic infections 
Susceptible to pyogenic infections 
Frequent and fatal pyogenic 
infections 

Susceptible to pyogenic infections 

Frequent pyogenic infection 

Enhanced susceptibility to neisseria 
infection 

synthesis of C3, so synthesis of complement components in the lung 
would not be affected. There can also be a genetic deficiency of regula
tory factor I, which leads to continual activation of the alternative com
plement pathway and immediate degradation of C3 and factor B. Levels 
of C3 in these patients are 5% of normal and factor B is undetectable 
[10]. These patients suffer from recurrent pneumococcal and meningo
coccal infection. Aquired C3 deficiency has been implicated in increased 
susceptibility to infection in patients with alcoholic cirrhosis [11]. In 
this study there was a clear correlation between decreased levels of C3 
and infection and the majority were pneumonia, caused in the main by 
S. pneumoniae. 

There is a rarity of animal models for C3 deficiency, although C3-
deficient guinea-pigs have been described. In these animals, the nucle
otide sequence of the cDNA is normal, levels of C3 mRNA are normal, 
both pro-C3 and C3 proteins are secreted but the C3 lacks the reactive 
thiol-ester bond [12]. It has been suggested that there may be a deficiency 
in a specific enzyme required for the formation of the C3 thiol ester. How
ever, whatever the cause, these animals are functionally deficient 
in C3. 

A colony of beagles completely deficient in C3 has also been described 
[13, 14]. DNA sequence analysis of the C3 gene from the deficient animals 
showed that there is frameshift mutation which leads to a premature stop 
codon [15]. This mutation results in decreased levels of normal sized 
mRNA. The animals have an increased susceptibility to infection, in
cluding pneumonia. 

3.1.2. The role ofC5: Mice with a genetic deficiency ofC5 are unable to 
clear S. pneumoniae from the lungs [16]. The role of C5 appears to be re-



138 T.J. Mitchell 

lated to its role in generating chemotactic activity and a local inflammatory 
reaction. The bronchoalveolar lavage fluid of C5-deficient mice fails to gene
rate as much chemotactic activity as that from C5-sufficient mice. More
over, the number of polymorphonuclear leukocytes in the alveoli of C5-
deficient mice is less than in C5-sufficient mice. However, this is in con
trast to mice that have a defined deletion of the C5a receptor [17], and an 
increased recruitment of neutrophils after challenge with Pseudomonas 
aeruginosa. 

3.1.3. Complement receptors: Complement receptor 3 (CR3) plays an 
important role in immune defence. The importance ofCR3 in host defence 
against infection has been demonstrated by descriptions of patients with 
deficiencies in this receptor. Children with CR3 deficiency develop severe 
periodontitis, persistent leukocytosis, and fatal bacterial infections with 
organisms such as Escherichia coli, P. aeruginosa and Salmonella spp. 
[18 - 21]. The nature of the infections seen suggests that CR3 may play less 
of a role in primary defence against respiratory pathogens common in pa
tients deficient in C3 (e.g. the pneumococcus). 

3.2. Immunoglobulin 

Studies of deficient patients suggest that immunoglobulin plays a critical 
role in protecting the mucosal surface from bacterial infection. Patients 
with panhypogammaglobulinaemia suffer from recurrent infections of the 
respiratory tract. Specific the immunoglobulins deficiencies in IgG2 and 
IgG4 [22] and IgG2 or IgG3 with IgA deficiency [23] also predispose to 
recurrent respiratory tract infections. The contribution of the different 
immunoglobulins to protection from infection may differ according to the 
site of the respiratory tract. For example, although IgA predominates in the 
upper respiratory tract [24], the major immunoglobulin in the lower respi
ratory tract is IgG [25]. Immunization can enhance antibacterial defences 
in the lower respiratory tract in animal models of bacterial infection. Immu
nization enhances the clearance of P. aeruginosa, Proteus mirabelis and 
Haemophilus injluenzae from the lung [26-30], which correlated with the 
appearance of specific antibodies in the bronchoalveolar lavage [26-30]. 
Antibody derived from the serum contributes to the protection because it 
has been shown that bacterial proliferation in the lung can be prevented by 
passive systemic administration ofIgG [30]. The permeability of the alveo
lar capillary barrier is known to change during bacterial infection and this 
may allow leakage of serum proteins into the air spaces. However, the local 
production of IgG also increases in the presence of bacterial colonization 
[31] and this may also playa role. 

Immunoglobulin A is the major immunoglobulin found in the lung [24] 
and IgA deficiency is the most common primary immune deficiency [32]. 
IgA is present on the mucosa as secretory IgA, which is a dimer bound to 
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secretory component. It has been suggested that secretory IgA binds to 
bacteria to inhibit their motility, or adherence to the mucosa. The fact that 
mucosal IgA is dimeric makes its role is host defence more difficult to 
understand. The lack of a free Fc domain precludes interaction with Fc 
receptors on phagocytic cells and may even serve to interfere with 
opsonization by other antibody classes. The role of IgA in protection of 
the lung remains an open question. Levels of IgA certainly increase after 
mucosal stimulation with antigen [32 a] and the fact that mucosal patho
gens produce proteases specific for human IgA [32 b] also suggests that 
this immunoglobulin has a role to play. Immunoglobulin-deficient mice 
[33] may allow further investigation into the role of IgA in pulmonary 
infection. 

4. Transgenic Mice in the Study of Lung Infection 

The construction of transgenic mice allows defined mutations to be intro
duced into the genome to investigate the role of a particular gene product. 
Since the first generation of transgenic mice in 1980 [34], there has been a 
explosion in the use of these approaches in biomedical research. However, 
despite the impact of transgenic technology in many areas of biomedical 
research, its application to the study of the pathogenesis of lung infection 
still remains in its infancy. Transgenic mice can be produced by several 
different methods and there are several excellent reviews on the technical 
details [35 - 3 7]. Many lines of transgenic mice have been generated and 
their application of transgenic models for the study of lung biology and 
disease has been reviewed [38]. Some of the knock-out mice used in the 
study of lung infection are summarized in Table 2. 

Table 2. Transgenic animal models used in the study of lung infection 

Gene Respiratory pathogen Effect References 

SP-A Group B streptococci Exacerbation [50] 
Complement C3 Group B streptococci Exacerbation [51] 

(systemic challenge) 
Complement C5a Pseudomonas aeruginosa Exacerbation [17] 
receptor 
IL-4 C. trachoma tis None [52] 
IFN-y C. trachomatis Increased resistance [52] 

M. tuberculosis Exacerbation [66] 
S. pneumoniae Exacerbation [64] 

IgM M. tuberculosis Exacerbation [63] 
Perforin M. tuberculosis No effect [59] 
MHC class I M. tuberculosis Exacerbation [58] 

C. trachoma tis No effect [52] 
MHC class II M. tuberculosis Exacerbation [57] 

C. trachoma tis Exacerbation [52] 
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4.1. Collectins 

Collectins are a subgroup of the mammalian C-type lectin family and 
include surfactant proteins SP-A and SP-D and the serum proteins mannose
binding protein (MBP) and conglutinin. These lectins are structurally similar 
to the first component of the complement pathway (Clq) and are thought 
to play a role in host defence as part of the innate immunity [39-42]. 
Children deficient in MBP are susceptible to recurrent infection [43] 
and SP-A levels are reduced in patients with bacterial pneumonia [44] and 
children with respiratory failure [45]. SP-A gene transcription may also 
be reduced by tumour necrosis factor a (TNF-a) during the inflammatory 
process [46], which may predispose individuals to pneumonia and sepsis. 

SP-A is produced by alveolar type II cells and Clara cells in the lung. The 
lectin binds to macrophages through specific cell receptors [47] and this 
enhances the binding of serum-opsonized S. aureus and non-serum-opsonized 
S. aureus and E. coli to alveolar macrophages [48, 49]. The binding of Sp-A to 
the carbohydrates present on S. pneumoniae and S. aureus is mediated through 
the lectin domain present in the C-terminal part of the molecule [41]. 

There is compelling evidence that SP-A binds to respiratory pathogens 
in vitro but its role in vivo is less clear. To assess the role of SP-A in vivo, 
SP-A knock-out mice have been generated [50]. When these animals were 
challenged by intratracheal instillation in group B streptococci, pulmonary 
infiltration was more severe and was associated with increased numbers of 
bacteria in the lung. The numbers of macrophages were similar in knock
out and control animals but the numbers of bacteria associated with macro
phages was were decreased. Systemic dissemination of bacteria was greater 
in the knock-out mice compared with the controls. 

4.2. The Complement System 

4.2.1. C3 and C4: The first published studies of the construction of trans
genic mice deficient in C3 or C4 involved the examination of the role of 
these components in innate and aquired immunity to group B streptococ
cal (GBS) infection [51]. This study used a systemic model of infection and 
showed that the alternative pathway is sufficient to mediate effective opso
nophagocytosis and protective immunity to GBS in the presence of speci
fic antibody. The increased susceptibility to infection of non-immune ani
mals deficient in either C3 or C4 suggested that the classic pathway plays 
an essential role in host defence against GBS infection in the absence of 
specific immunity. The role of C3 and C4 in protection against pulmonary 
infection has not yet been investigated in these animals. 

4.2.2 C5a receptor: The C5 molecule and its degradation products are 
important chemotaxins in the lung during inflammatory responses to 
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S. aureus, S. pneumoniae, H. injluenzae and P. aeruginosa. The degrada
tion product C5a has an important role in the inflammatory process as a 
vasodilator and a chemotaxin. The importance of the C5a chemoattractant 
receptor in mucosal defence has been demonstrated by Hopken et al. [17]. 
The murine C5a receptor (C5aR) gene was deleted by homologous recombi
nation and when C5aR-deficient mice were challenged with P. aeruginosa 
the majority succumbed to the infection whereas none of the control ani
mals died. The effect was dependent on challenge with viable bacteria 
because C5aR-deficient mice survived challenge with formalin- or heat
killed bacteria. Analysis of bacerial counts in the lungs of animals showed 
that the C5a receptor is essential for the clearance of bacteria from the lung. 
When the inflammatory response was examined it was clear that the num
ber ofneutrophils in the lungs ofC5aR-deficient mice was higher. This is 
contrary to what would'be expected if the function ofC5a as a chemoat
tractant was critical and suggests that the recruitment of neutrophils is not 
dependent on C5a. It was also shown that there was increased vascular leak 
in the C5aR-deficient mice. Therefore, despite the large neutrophil influx 
and increased permeability of the alveolar capillary barrier, C5aR-de
ficient mice are unable to clear P. aeruginosa and there is progression to 
pulmonary injury and death. 

C5aR-deficient mice were also susceptible to infection with other Gram
positive bacteria such as Streptococcus and Staphylococcus spp. after clear
ance of a sublethal infection with P. aeruginosa. 

It is interesting to note from this study that, when mice were challenged 
with P. aeruginosa via the intraperitoneal route, both wild-type and C5aR
deficient mice cleared the infection within 24 h. Thus, the C5a receptor 
appears to be critical at the mucosal surface of the lung but not in the 
peritoneum. 

4.3. Immunoglobulin 

Transgenic mice with a mutation that deletes B cells have been constructed 
by targeted disruption of the membrane exon of the immunoglobulin 
p chain [33]. These mice have not been used extensively to investigate the 
role of immunoglobulin in protection from lung infection. Studies using 
these mice have shown that immunoglobulins, including IgA, are not an 
absolute requirement for successful host defence in a model ofpneumoni
tis caused by secondary infection with Chlamydia trachoma tis [52]. 

4.4. TCelis 

T cells are the central mediators of inflammation and recognize antigen 
through the T cell receptor (TCR). The TCR is a heterodimer composed of 
either an a and f3 chain or a yand 8 chain. Most (90%) T cells in humans 
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and mouse are of the af3 type. Transgenic mice lacking chains have been 
constructed so that mice are available which lack either af3 T cells or y6 
T cells [53, 54]. Transgenic mice lacking CD4+ T cell function (major 
histocompatability complex (MHC) class II function) [55] and CD8+T cell 
function (MHC class I function) have been generated [56]. To recognize a 
variety of antigens, a broad repertoire ofTCR is required. The generation 
of this repertoire involves gene rearrangements via the recombinase-activat
ing genes RAG-1 and RAG-2. Deletions in RAG-lor RAG-2 result in total 
loss of T and B cells [53, 54]. The mice can be used to define the roles 
played by different T cell subsets in the pathogenesis of infection. In the 
context of respiratory infection, these mice have been used mainly in the 
study of tuberculosis (see below). 

4.5. Cytokines 

Communication between cells of the immune system is mediated largely 
by cytokines. The nature of an immune response (humoral or cellular) is 
determined by the cytokine profile; af3 T cells are divided into CD4 and 
CD8 phenotypes and CD4 T cells can be further divided into Thl and Th2 
(T-helper) types. Thl cells promote cellular immunity and the production 
of interferon-y (IFN-y) and interleukin 2 (IL-2) while Th2 cells produce 
cytokines that promote humoral immunity, such as IL-4. The macrophage 
product IL-12 and the T cell products IFN-yand IL-2 promote Thl acti
vities whereas the macrophage products IL-l and IL-l 0 and the T cell pro
duct IL-4 promote Th2 activity. The use of cytokine or cytokine receptor 
knock -out mice allows this balance to be shifted in the Th 1 or Th2 direction. 
However, although a range of cytokine- and cytokine receptor-deficient 
mice is now available, they have so far only been used in limited studies of 
pulmonary infection (see Table 2). Perhaps the most use of these mice has 
been made in the study of infection with Mycobacterium tuberculosis. 

5. Specific Examples of Genetic Models Used to Study Lung Infection 

5.1. Mycobacterium tuberculosis 

The use of genetic models has greatly facilitated the study of pathogenesis 
of infection with M tuberculosis. Studies with MHC class 1- and class 11-
deficient mutants have been used to define the role of MHC restriction in 
infection with M tuberculosis. Both MHC deficiencies dramatically 
impair immunity to M. tuberculosis infection [57, 58]. Interestingly, gra
nulomas in MHC class I-deficient mice become necrotic and resemble the 
lesions from patients who have active tuberculosis (TB) [58]. The fact that 
MHC class I is essential for resistance to M. tuberculosis indicates an 
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involvement of CD8+ cells. It is intruiging that mice with a disrupted per
forin gene (perf orin is involved in cytoxicity by CD8 cells) do not show any 
change in resistance to M. tuberculosis, suggesting that either perforin does 
not contribute to immunity to TB or that there is another pathway that can 
compensate for the lack of perf orin [59]. During the course ofTB, before 
the development of a specific T cell response, IFN-y is produced (probably 
by natural killer (NK) cells or a subset of yoT cells). Production ofIFN-y 
by NK cells is promoted by IL-12 which is produced by infected macro
phages [60]. IFN-yand TNF-a stimulate the secretion ofIL-12 by infected 
macrophages, thus creating a positive feedback loop for macrophage 
activation [61]. 

Administration of1L-12 to mice with TB prolonged survival of the ani
mals, whereas the protective effect ofIL-12 was not seen in transgenic mice 
defective for the production ofIFN-y [62]. Thus, the use of transgenic mice 
in the study ofTB has shown that both CD4 and CD8 T cells are required 
for immunity and that immunity is not dependent on the production of per
forin by CD8+ T cells. Protective immunity is provided by IL-12 and this is 
dependent on the ability to produce IFN-y. It has also been suggested that 
B cells and/or antibody may playa role in immunity to M. tuberculosis 
because trangenic mice deficient for B cells and antibody production 
(p chain knockouts) are significantly more susceptible to the development 
of disease [63]. It may be, therefore, that antibodies and B cells playa 
crucial role in antigen presentation in TB. 

5.2. Streptococcus pneumoniae 

Although INF-y is critical to host defence against many intracellular bac
teria (as for M tuberculosis described above) it is now clear that it also 
regulates inflammatory responses to extracellular bacteria. IFN-yplays an 
important role in the protection of mice from the extracellular pathogen 
S. pneumoniae [64]. INF-y levels in the lung do not rise in response to 
pneumococcal infection and infection of IFN knock-out mice results in 
greater levels ofbacteraemia. It may be that IFN-yis having its effect in the 
serum rather than in the lung. It would be informative to evaluate bacterial 
growth in the lung and antibacterial activity of alveolar macrophages 
against S. pneumoniae in these animal models. 

5.3. Chlamydia trachomatis 

Genetic models have been used to probe the basis for humoral and cellular 
immunity in secondary infection caused by C. trachomatis. Mice deficient 
in CD4 T cells, CD8 T cells, B cells, IFN-yor IL-4 have been used to de
fine the nature of the immune response [52]. Resistance to infection with 
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C. trachomatis is heavily dependent on CD4 T cells and B cells are not 
essential for the development of immunity, indicating that antibody and 
antigen presentation by B cells is irrelevant in infection of the lung with 
this pathogen. It is possible that B-cell-deficient mice compensate for their 
deficiency by an increase in cell-mediated immune reponses (lFN-y and 
TNF-a) as has been described in other models for B-cell-deficiency [65]. 
IL-4 appears to have no role in the development of protective immunity to 
C. trachomatis, suggesting that immunity is mediated by Thl-based mecha
nisms. Interestingly, however, mice deficient in IFN-yare more resistant to 
infection with C. trachomatis, showing that IFN-y is not an absolute requi
rement for resistance and implying the presence of a very effective com
pensatory system for overcoming the lack ofIFN-y. 

6. Conclusion 

There is now a range of genetic tools available for the investigation of 
infection in the lung. A wide range of genetically deficient animals exist 
including complement, antibody, a whole range of cytokines and cytokine 
receptors, T cells (CD4+ and CD8+), T cell receptors, surfactant proteins and 
other components of the immune system. The availability of these models, 
in conjunction with the availability of bacterial pathogen genome sequen
ces that facilitate the construction of bacterial mutants, will allow study of 
the interaction of the host with pathogen during pulmonary infection. The 
study of respiratory infections using these approaches, however, still in its 
infancy. 
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1. Introduction 

A strong relationship exists between specific bacterial species and the 
ability to cause infection of the lower respiratory tract in human hosts with 
particular underlying conditions. For example, Pseudomonas aeruginosa 
causes potentially devastating infections in people with cystic fibrosis. 
Chronic bronchitis is strongly associated with infections caused by Haemo
phi/us injluenzae, Branhamella catarrhalis, and Streptococcus pneu
moniae. Pneumonia caused by Staphylococcus aureus is seen after in
fluenza but is rarely seen in other clinical settings. 

The striking relationships between specific bacterial respiratory patho
gens and particular hosts indicates that a high degree of specificity exists 
in the interaction between the two. The application of powerful molecular 
techniques to studies of bacterial pathogenesis has led to the identification 
and initial characterization of some of the surface bacterial molecules 
which mediate various steps in the pathogenesis of infection and account 
for the specificity observed in the relationships between pathogen and host. 

2. Nontypable Haemophilus injluenzae 

Nontypable H injluenzae colonizes the lower respiratory tract of adults 
with chronic obstructive pulmonary disease (COPD) and causes periodic 
episodes of lower respiratory tract infections in these patients [1]. The 
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lower airways of healthy adults remain free of colonization with nontypable 
H. injluenzae. Of interest, H. injluenzae neither colonizes nor naturally 
causes infection in other mammalian species; therefore, H. injluenzae is an 
exclusively human pathogen. These observations illustrate the high degree 
of the specificity of the interaction of nontypable H. injluenzae with the 
human respiratory tract in patients with COPD. 

Studies of the molecular mechanisms of pathogenesis of infection cau
sed by nontypable H. injluenzae and the human immune response to the 
bacterium have led to the identification of several classes of surface mole
cules, which account for the remarkable ability of nontypable H. injluen
zae to cause persistent colonization and intennittent infection of the lower 
respiratory tract of adults with COPD. 

In this chapter, we use nontypable H. injluenzae as a model human respi
ratory tract pathogen to discuss four concepts dealing with molecular 
mechanisms of bacterial pathogenesis: 

1. Expression of redundant adhesin molecules with a variety of binding 
specificities conferring the ability to bind to host cells. 

2. Features of a major outer membrane protein which accounts for the 
ability of the bacterium to persist in the respiratory tract, including a 
high degree of antigenic heterogeneity among strains, the presence of an 
immunodominant epitope, and the ability to undergo mutations under 
immune selective pressure. 

3. Phase variation and sialylation of surface glycolipid molecules and the 
concept of molecular mimicry of host molecules. 

4. The availability of the sequence of the genome of a strain of H. injlu
enzae and the effect of this infonnation on approaches to the study of 
molecular pathogenesis. 

3. Expression of Multiple Adhesion Molecules 

The paradigm of infection can be broadly thought to occur in three steps: 
attachment of the organism to the surface of the host, colonization, and in
vasion. A respiratory tract pathogen must be able to survive in the respira
tory tract secretions, and then colonize by adhering to the surface of the 
epithelial cells and replicating there. The mechanisms of bacterial adhe
rence to the respiratory epithelial cell have been elucidated only in the last 
10 years. 

Adherence of H. injluenzae involves several different interactions with 
the host. H. injluenzae expresses pili (also known as fimbriae), fibrils, and 
adhesin proteins which mediate adherence of the organism to the epithelial 
cell surface. The strain phenotype and function of these various components 
may be redundant or complementary, depending on the local environment 
in which the bacterium resides and the genetic capability of the organism. 
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The respiratory tract secretions function as a nonspecific host defence 
mechanism. The most abundant constituents of these secretions are the 
mucins, a class of high-molecular-weight glycoproteins. Mucins may serve 
to facilitate the removal of bacteria by binding bacteria and promoting 
removal by ciliary action. The production of mucins in guinea-pig tracheal 
explant models is stimulated by some strains of H. injluenzae [2]. The 
interaction between mucins and H. injluenzae are specific. Three outer 
membrane proteins (P2, P5, and a third, as yet unidentified, protein) bind 
mucins [3]. Sialic acid containing oligo saccharides of human mucins 
might also be the receptors for H. injluenzae [3]. 

The bacterium-mucin interaction promotes adherence of H. injluenzae 
to respiratory tract cells in vitro [4]. Bacterial cells of many species, includ
ing H. injluenzae, express surface appendages called pili or fimbriae. Pilia
ted strains of H. injluenzae adhere better to mucins in vitro, than do non
piliated strains [5]. Piliated strains incubated with mucins showed increa
sed binding to nasopharyngeal cells compared with piliated strains that 
were not pre-incubated with mucins [4]. Therefore, pili may facilitate the 
interaction of H. injluenzae with mucin and subsequent epithelial binding. 

Pili cause hemagglutination by specifically binding to the blood group 
antigen, AnWj [6]. Piliated strains of H. injluenzae show differential adhe
rence to cell lines, binding directly to a variety of respiratory cell lines in 
vitro, but not, for instance, to HeLa cells, which are not derived from the 
respiratory tract. These observations illustrate the specificity of adherence 
with host cells. 

Phase variation occurs in the expression of pili on the bacterial surface. 
In natural infection, isolates of H. injluenzae type b recovered from muco
sal surfaces are usually piliated whereas isolates from systemic sites are 
generally not piliated [7]. The ability to tum off expression of pili is an 
adaptive mechanism because pili are advantageous for the bacterium when 
it is on the mucosa but are potentially detrimental in the bloodstream or 
cerebrospinal fluid. 

The genetic basis of this phenotypic change has been elucidated recent
ly. There are five genes, hifA to E, in the pilus gene cluster [8]: the gene 
hifA encodes the major structural protein, hifB a periplasmic chaperone, 
hifC an outer membrane usher and hijD and hifE encode minor protein 
subunits and participate in the biogenesis of pili. Although similar to 
pilus gene clusters found in other organisms, the H. injluenzae gene 
cluster is unique in its regulation by multiple repetitive palindromic 
sequences. The promoter sites of hifA and hifB are overlapping and the 
two genes are divergently transcribed. In the overlapping promoter re
gions there are repeating TA units. Variation in the number of repeating 
units alters the spacing between the promoter regions. If there are 10 or 
11 TA units, both promoters function properly and pili are formed. If the 
number ofTA units is changed from 10 or 11, by slipped-strand mispair
ing, pili are not expressed [7, 9]. 
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Strains of nontypable H. injluenzae isolated from children with otitis 
media express a nonhemagglutinating surface appendage, which has been 
called fimbriae by Sirakova et al. [10]. This 36-kDa protein (fimbrin) 
shares homology with the OmpA family of proteins and is therefore distinct 
from pili or what is referred to as fimbriae by other authors. Disruption of 
fimbrin gene expression reduced adherence to human oropharyngeal cells, 
and reduced induction of otitis media in the chinchilla model. Passive and 
active immunization of chinchillas was protective in the animals challeng
ed with the homologous strain [10]. 

Nonpiliated and pilin-deficient mutant strains are still capable of attach
ment to human epithelial cells in tissue culture. Using electron microscopy, 
St Geme and Cutter [11] described short, thin structures on the surface of 
H. injluenzae type b. These structures, named fibrils, are distinct from pili 
and are composed of an approximately 240-kDa protein, which is the hsf 
gene product. The hsf gene is found in all type b strains and a quarter of 
nontypable strains of H. injluenzae. Low-level homology exists with other 
bacterial adhesins, although there is a highly conserved N-terminal domain 
of 24 amino acids shared among some of these adhesins. Fibrils may be 
important for adherence in the lower respiratory tract or the middle ear 
[12, 13]. 

Several outer membrane proteins function as adhesins without forming 
surface appendage structures. Barenkamp and Bodor [14] described two 
high-molecular-weight outer membrane proteins, HMWI and -2, with 
molecular masses of 125 and 120 kDa, respectively. The sequences of 
HMWI and -2 are about 80% identical to one another and share sequence 
homology with the filamentous hemagglutinin (FHA) of Bordetella 
pertussis [15]. These proteins are involved in the binding of H. injluenzae 
to the surface of epithelial cells and macrophages, similar to FHA-mediat
ed macrophage interactions with B. pertussis. Unlike FHA, HMW-depen
dent binding to the macrophage is not mediated by the CR3 receptor [16]. 
Immunoelectron microscopy of H. injluenzae reveals that these two pro
teins tend to aggregate or cap and these caps are released into the medium 
as disk-like aggregates, similar to FHA. The human oropharyngeal cell 
membrane has a desmosome-like structure associated with a bacterial pro
tein cap in tissue culture [17]. FHA is involved in the entry of B. pertussis 
into eukaryotic cells. Nontypable H. injluenzae enter human epithelial 
cells [18, 19]. Bakaletz and Barenkamp [17] infer, given the similarities 
between the HMW proteins of H. injluenzae and the FHA of B. pertussis, 
that eukaryotic cell entry of H. injluenzae may be mediated by these pro
teins. Viable intracellular H. injluenzae is present in adenoidal tissue from 
children with chronic otitis media or adenoidal hypertrophy [20]. These 
observations indicate that epithelial cell invasion occurs in vivo. Bacteria 
residing intracellularly are protected from the host immune response. This 
may explain the extended periods of nasopharyngeal colonization seen in 
adults with chronic bronchitis or otitis-prone children. 
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Table 1. Adhesins of Haemophilus injluenzae 

Adhesin Gene Structural characteristics References 

Pili hifA-E Hair-like appendages [7-9,54,55] 
Hemagglutination 

Haemophilus surface fibrils hsf Surface fibrils by electron [11-13] 
microscopy 240-kDa protein 

Fimbrin (outer membrane ompP5 36-kDa OMPA-like protein [10] 
protein P5) surface structure 

HMWl,HMW2 hmwJ, 125 and 120-kDa outer membrane [16, 17,56,57] 
hmw2 proteins. Adherence to epithelial 

cells and macrophages 

Hia (H. injluenzae adhesin) hia 114-kDa outer membrane protein [21] 
Allele of hsf 

Hap (Haemophilus adherence hap 160-kDa outer membrane protein [22] 
and penetration) Homology with IgA protease 

HMWI and HMW2 are present in 70-75% of strains of nontypable 
H injluenzae. Most strains that lack these proteins express another protein 
adhesin called Hia (H injluenzae adhesin) [21]. The hia gene encodes a 
114-kDa protein which binds avidly to Chang conjunctival cells. The hia 
gene may be an allele of the hsfgene described above [12]. 

Another gene, which encodes a 160-kDa nonpilus adhesin called Hap 
(haemophilus adhesion and penetration), was described by St Geme et al. 
[22]. Hap is involved in bacterial adherence and internalization. The 
sequence shows homology with the immunoglobulin A (IgA) protease of 
Neisseria gonorrhoeae but the hap gene is distinct from the IgA protease 
gene of H injluenzae. Although the role of Hap on the cell surface is not 
yet clear, a protease that is present on the bacterial cell surface or secreted 
may alter the eukaryotic cell surface to promote bacterial cell entry [22]. 

The adherence of H. injluenzae to the respiratory tract epithelial cell is a 
complex interaction which utilizes multiple adhesin molecules and append
ages (summarized in Table 1). The precise function of and interaction 
among these various factors remain an intense area of research. Lessons 
learned from H injluenzae will be applicable to other pathogens, just as 
motifs from B. pertussis, Escherichia coli, and other pathogens have been 
found repeated in H injluenzae. 

4. Mechanisms of Antigen Variation of Surface Protein Antigens 

Nontypable H injluenzae expresses six to eight major proteins in its outer 
membrane. Studies in the 1980s demonstrated that a high degree of varia
bility in the molecular weights of these outer membrane proteins existed 
among strains ofnontypable H injluenzae [23,24]. Outer membrane pro-
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tein P2, which comprises about half the protein content of the outer mem
brane, showed a particularly high degree of size variability among strains 
[24]. P2 is the major porin protein of H. injluenzae, allowing small hydro
philic molecules to pass through the outer membrane [25]. Analysis of the 
sequence ofthe gene that encodes P2 revealed that portions of the protein 
which are buried within the outer membrane are relatively conserved 
among strains, but several of the eight loops that are exposed on the bacte
rial surface show a high degree of sequence variability among strains 
[26-28]. As antibodies to P2 elicit strain-specific protection [29-31], 
these observations suggested that antigenic heterogeneity of the major sur
face protein plays a role in the ability of nontypable H. injluenzae to cause 
recurrent respiratory tract infections in humans. 

Analysis of outer membrane protein patterns from strains of nontypable 
H. injluenzae recovered prospectively from patients with COPD reveals a 
high degree oftumover of strains in some patients and persistent infection 
by the same strain in other patients [32]. Among the strains that show per
sistence in the respiratory tract, variants which have changes in the 
molecular weight of P2 but identical DNA fingerprints are observed [29, 
32]. To determine the mechanism ofthis antigenic drift, Duim et al. [33] stu
died the sequences of the genes encoding the P2 of these variants. The anti
genic drift resulted from single base changes in the P2 gene, all generating 
amino acid changes in surface-exposed loops of the P2 protein [33]. Similar 
single base changes were observed in the P2 gene from variants selected in 
subcutaneous cages implanted in rabbits and from a variant that survived 
antibody-mediated killing in vitro [33-35]. All of the point mutations in the 
P2 gene were non-synonymous because they resulted in amino acid 
changes. As all of the substitutions resulted in amino acid changes, these 
mutations produced a selective advantage for the bacterium. These observa
tions strongly suggested that the accumulation of point mutations under 
immune-selective pressure resulted in antigenic drift of surface-exposed 
regions of a major outer membrane protein. This mechanism of evading an 
immune response by the host could allow persistent H. injluenzae infection. 

Outer membrane protein P2 is strongly immunogenic in experimental 
animals and humans [29,36-38]. Analysis of monoclonal antibodies to P2, 
which were generated by immunizing mice with whole bacterial cells, 
revealed that most antibodies were directed toward a single surface-ex
posed loop on the P2 protein [39, 40]. All of these antibodies were highly 
specific for the immunizing strain. This observation suggested that non
typable H. injluenzae expresses an immunodominant, strain-specific 
epitope on the bacterial surface. To test the hypothesis that the expression 
of such epitopes on the bacterial surface induces a strain-specific immune 
response, mice and rabbits were challenged with whole cells of a strain of 
nontypable H. injluenzae [37]. Analysis of the antibody response with 
immunoblot, bactericidal, and immunoprecipitation assays revealed a pro
minent antibody response almost exclusively to a single surface-exposed 
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loop of the P2 molecule [37]. These observations, along with those involv
ing non-synonymous point mutations in the P2 gene described above [33], 
support the notion that the surface-exposed loops of the P2 protein are 
under intense immune-selective pressure. The expression of strain-speci
fic, immunodominant epitopes represents a mechanism by which the bac
terium induces antibodies that will protect against recurrent infection by 
the homologous strain but will not protect against infection by heterolo
gous strains. Point mutations in the P2 gene which correspond to the immu
nodominant loops provide a mechanism for the bacterium to evade the host 
immune response and persist in the respiratory tract. 

Recent studies of an Aboriginal community in the Northern Territory of 
Australia reveal a second mechanism by which nontypable H. injluenzae 
alters its P2 molecule to evade host defenses. Rural Aboriginal children are 
heavily colonized by nontypable H. inJluenzae in the nasopharynx at an 
early age [41]. Ribotyping of prospectively recovered isolates has revealed 
that the children are colonized by multiple strains of H. inJluenzae simul
taneously, and that strains are acquired and cleared frequently resulting in 
a high rate of turnover [42]. By determining the sequences of P2 genes 
from selected strains, Smith-Vaughn et al. [43] demonstrated the presence 
of identical P2 genes in strains with different genetic backgrounds. In view 
of the wide diversity of P2 gene sequences, the authors concluded that 
horizontal transfer of the P2 gene occurred among strains. The presence in 
the human respiratory tract of simultaneous, multiple strains of a bacterium 
that is competent for DNA uptake provides a powerful mechanism for the 
bacterium to alter expression of surface molecules. This phenomenon is 
likely to occur in other settings in which multiple strains of nontypable 
H. injluenzae colonize the respiratory tract such as cystic fibrosis [44] and 
chronic bronchitis (our unpublished observations). 

In summary, antigenic heterogeneity of P2 among strains, expression of 
immunodominant epitopes, point mutations in the P2 gene, and horizontal 
transfer of the P2 gene among strains are adaptive molecular traits which 
allow the bacterium to evade the host immune response and persist in the 
human respiratory tract. 

5. Phase Variation and Sialylation of Surface Glycolipid Molecules 

Endotoxin, or lipopolysaccharide (LPS), is the major glycolipid in the outer 
membrane of Gram-negative bacteria and is essential to the integrity and 
functioning of the bacterial cell wall. Non-enteric Gram-negative mucosal 
pathogens, including H. inJluenzae, express an endotoxin molecule which 
lacks the long, repeating polysaccharide side chains that are typical oflipo
polysaccharide of enteric Gram-negative bacteria as E. coli and Salmonella 
spp. Therefore, the endotoxin of H. inJluenzae is more accurately called 
lipooligosaccharide (LOS). 
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LOS is involved at several stages in the pathogenesis of infection, includ
ing colonization of the respiratory tract and cytotoxic injury to target 
tissues. The importance of LOS in pathogenesis has generated considerable 
interest in studies of the biosynthesis and structure of the molecule. Such 
studies are complicated because it is necessary to study tertiary products of 
genes which are turned on and off at high frequencies. Nevertheless, con
siderable amounts of new information have been learned about LOS bio
synthesis and structure in the past decade. 

LOS is composed of a membrane-anchoring lipid A portion which is 
responsible for its endotoxic-like properties, including mitogenicity, pyro
genicity, platelet aggregation, cytokine activation, and adjuvant activity. 
Lipid A is linked by a single 2-keto-3-deoxyoctulosonicacid (KDO) mole
cule to a heterogeneous oligosaccharide made up of glucose, galactose and 
heptose. Marked intrastrain and interstrain variation in the size of LOS is 
observed in sodium dodecylsulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). This variation is a result of differences in the quantity and 
assembly of the neutral sugars, particularly galactose [45]. 

Surface determinants, which are essential for the organism at one stage 
of colonization or infection, may be unnecessary or even detrimental at a 
later stage of infection. Bacteria have evolved adaptive mechanisms for 
phenotypic variation of surface molecules, including LOS [46]. 

The LOS of H. injluenzae shows considerable structural heterogeneity 
both between strains and within a clonal population derived from a single 
strain. This heterogeneity occurs as a result of several mechanisms. LOS is 
the end-product of a complex biosynthetic process and some variation 
occurs as a result of factors that influence interaction of enzymes, regula
tory proteins, and substrates [46]. Such factors may determine the number 
of phosphate substitutions, anomeric linkages, saccharide branching 
chains, and other structural modifications, so that LOS is expressed as a 
family of molecules on the bacterial surface. A variety of environmental 
factors influence LOS structure as well, including: exposure to serum; 
exposure to mixtures of glucose, lactate, urea, and bicarbonate in vitro; 
alteration of growth rate; and cystine limitation. 

Another mechanism by which H. injluenzae alters its LOS is phase 
variation, which is the ability to regulate the expression of molecules by 
turning on and off the expression of selected genes. The LOS of H. injlu
enzae demonstrates phase variation which occurs through a mechanism 
known as slipped strand mispairing [47]. The lie locus, which is responsi
ble for' synthesis of oligosaccharide structures, contains open reading fra
mes which are preceded by multiple tandem repeats of the tetramer 5'
CAAT-3'. Alterations in the number of repeats through the nonrecombina
tional mechanism of slipped strand mispairing shift upstream initiation 
codons into or out of frame, creating a translational switch that results in 
phase variation [47]. Multiple oligosaccharide structures undergo phase 
variation in a complex pattern. Some genes vary independently and some 
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vary in a coordinate fashion with other genes. As a result, the bacterium has 
the ability to display a varied array of LOS structures on its surface. This 
ability enables H. injluenzae to adapt to its environment in the various 
stages of colonization and infection. 

The LOS of many strains of H. injluenzae contains a terminal digalacto
side, Gal-a-(1--4)-J3-Gal, which is also present in human glycosphingoli
pids in the urinary tract, intestinal epithelium, and erythrocytes [48]. The 
mimicry of host tissue may be an adaptive mechanism which promotes bac
terial survival in the respiratory tract of the host. 

The LOS components which resemble moieties in human tissue can be 
altered by the addition of sialic acid both in vitro and in vivo [48]. Indeed, 
many strains of H. injluenzae contain sialylated LOS [49]. The oligo
saccharide portion of sialylated LOS may also resemble sialylated oligo
saccharides present in human glycosphingolipids. Sialylated LOS may play 
a variety of potential roles in the pathogenesis of colonization and infection 
by H. injluenzae [48]. These include: the anti-recognition of bacterial sur
face antigens by the host; the down-regulation of opsonophagocytosis by 
bacteria because bacteria with sialylated LOS are more resistant to pha
gocytosis; the decreased adherence of bacteria to host cells or to other bac
teria; the intracellular survival of bacteria; and the alteration of bacterial or 
host cell signaling pathways. 

In summary, H. injluenzae has an enormous capacity to alter the expres
sion of its LOS by a variety of mechanisms. The mechanisms that have 
evolved illustrate some of the adaptive potential of surface bacterial deter
minants and their role in colonization and infection of the human respira
tory tract. 

6. The Genome of Haemophilus Injluenzae and the Birth of Genomics 

In 1995, the DNA sequence of the entire genome of H. injluenzae, strain 
Rd, was published in Science [50] and placed into computerized databases. 
The 1.83 megabase-pair (Mbp) DNA sequence is accessible to any person 
with access to the Internet or to the printed version in the journal. This 
accomplishment launched, in earnest, a new form of scientific inquiry cal
led genomics. Genomics is the study of the DNA sequence of an organism. 
Before genomics, science could determine the function of a protein by 
studying its structure or devising experiments to determine its function. By 
the 1980s, genomics in the form of computer-assisted analysis of DNA 
sequence databases began. DNA sequences of individual genes could be 
compared with sequences of other genes in a database. This DNA sequence 
analysis helped to reveal a structure or function based on homology with 
other sequences in the database, but revealed less about mechanisms of 
control of gene expression or relationships of genes upstream or down
stream from the gene being studied. Now, scientists can look at the entire 
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DNA sequence of organisms and infer homology with known genes, look 
for genes that appear to be linked together in a biosynthetic pathway, and 
devise experiments to show if the function or structure of the unknown 
genes is similar to that of known genes. 

A genomics-based approach relies on the observation that functional and 
structural motifs recur in biological processes [51]. For example, the DNA 
sequence of an active site of an enzyme in a bacterium may be conserved 
across species or even kingdoms of living things. Pattern analysis of 
sequences can be used to analyze physiologic processes of the organism by 
determining which enzyme pathways are present or absent in the genome. 
For instance, H. injluenzae, strain Rd, is missing three of the enzymes 
needed to complete the tricarboxylic acid cycle. This surprising information 
could be used to determine the substrates that the bacterium needs to 
survive within the human host environment. Furthermore, based on the 
assumption that an important function requires more space in the genome, 
one can infer the relative importance of particular capabilities of the 
organism by identifying the amount of genome devoted to a specific func
tion [51]. Use ofthe complete genome sequence of H. injluenzae allowed 
Hood et al. [52] to identify and clone 25 genes involved in LOS biosyn
thesis. 

One can analyze codon usage of the genome to learn about genomic 
structure and function. Repeating patterns or variations in codon usage can 
be identified and studied. For example, phase variation of LOS of H. in
jluenzae is mediated by slipped strand mispairing of multiple tandem 
repeats of CAAT tetramers and phase variation of pili is related to repeats 
of TA. As phase variation is a mechanism of regulation of virulence factors, 
searching the genome for such motifs may identify virulence factors [53]. 
This approach was used by Hood et al. [53] who analyzed the H. injluen
zae genome for tandem repeats of the tetranucleotides CAAT or GACA. 
Twelve loci with multiple tetranucleotide repeats were identified, six of 
which were not previously known to be virulence genes. One of these 
genes, designated the IgtC homolog, was investigated. In Neisseria menin
gitidis, IgtC is a glycosyltransferase involved in LOS biosynthesis. Its 
function was investigated in H. injluenzae by transposon mutagenesis; the 
mutant strain had an altered LOS molecule and was less virulent in an 
infant rat model. This observation illustrates the power of genomics. By 
applying recognized virulence motif-tandem repeats, to an organism with a 
known DNA sequence, hitherto unrecognized genes were found and a func
tion was identified. 

Analysis of codon usage can also be used to determine whether portions 
of the genome have been acquired from other organisms. Bacterial viru
lence factors are known to be grouped in the genome in areas called patho
genicity islands. These islands may display codon usage which is different 
from the rest of the genome. This difference implies that these islands may 
have been acquired from other organisms. Genes encoding virulence fac-
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tors which move among bacterial species may result in entirely new disease 
manifestations. By evaluating a genome for distinct areas of different 
codon usage, putative pathogenicity islands can be identified and studied 
[51]. 

Genomics saves time, provides clues to gene function, and can lead to the 
discovery of new virulence genes, but it cannot ultimately substitute for 
studies of cellular protein function and interaction with the host. Sequence 
homology implies but does not confirm that the genes are functional homo
logs. The biological function may be entirely different from that of the 
genetic homolog. For example, enzymatic binding sites may have different 
substrates, even though the DNA sequences may be similar, and the oppo
site may also occur. Similar motifs or strategies in pathogenesis may be 
found in different organisms, but the proteins involved in these similar stra
tegies share little to no DNA homology [51]. 

The use of genomics has just begun. One promise of genomics in the 
study of bacterial pathogenesis lies in the ability to identify new genes that 
encode virulence factors which are expressed exclusively during human 
infection and not during in vitro growth. Newer techniques of probing gene 
expression in the host or other environmental milieus of the pathogen life 
cycle can then be applied. The impact of environmental factors on gene 
expression of a bacterial pathogen and survival strategies of the pathogen 
in different environments will lead to a better understanding of pathogene
sis of infections. Besides leading to better treatments and vaccines, this 
information will lead to understanding of the impact of environmental 
changes (perhaps caused by human intervention) which may create the 
opportunities for new infectious diseases to emerge [51]. 
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1. Introduction 

For many years, the cornerstone of the diagnostic armamentarium for 
respiratory infections has been culture, whether for bacteria, mycobacteria, 
fungi, or viruses. Relatively more recently, adjunctive tests, such as anti
body-based detection of microbial antigens in sptum, bronchoalveolar 
lavage fluid, and other biological specimens, have also been applied [1]. 
The limitations of these techniques for sensitive and specific diagnosis of 
upper and lower respiratory tract infections are well known. For example, 
many series have demonstrated that, despite extensive laboratory investi
gation, only about 50 % of cases of community-acquired pneumonia can be 
ascribed to a specific pathogen [2, 3]. For this reason, the evolution of the 
polymerase chain reaction (PCR) as a potential diagnostic tool in clinical 
medicine has been followed with great interest by those in pulmonary 
medicine [4]. Potentially, PCR offers unmatched diagnostic sensitivity and 
specificity: this technique can create millions of identical copies of unique 
DNA sequences from a single template (a single bacteria or virus, for 
example) in only a few hours. 

The need for improved diagnostic techniques in pulmonary infectious 
disease is clear. The range of pathogens now commonly encountered in 
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clinical practice is wider than ever before, for a variety of reasons. The 
increasing numbers of immunocompromised patients (whether as a direct 
result of an illness such as AIDS or as a complication of treatment for another 
condition, such as immune suppression used to treat organ transplantation or 
collagen vascular disease) has greatly expanded the range of microorganisms 
that are commonly associated with respiratory illness. In addition, frequent 
travel and migration of populations bring previously less commonly encoun
tered illnesses to a variety of settings. Many of these respiratory infections 
(Pneumocystis carinii pneumonia and tuberculosis, to name just two) can 
cause significant morbidity and mortality, and require specific therapy, 
making prompt and accurate diagnosis important in clinical practice. 

A strong argument can be made that specific diagnosis even of common 
bacterial pneumonias is urgently needed. Although some have urged a redu
ced emphasis on making precise etiologic diagnosis in community-acquired 
pneumonia, favoring instead the use of relatively broad-spectrum empiric 
antibiotic therapy chosen after considering clinical and demographic features 
of a given patient, this strategy probably reflects the limitations of currently 
available diagnostic techniques rather than a true ideal of medical practice [5, 
6]. In fact, the routine administration of broad-spectrum antibiotics is large
ly responsible for the emergence of drug-resistant pathogens such as penicil
lin-resistant Streptococcus pneumoniae [7]. Accurate and rapid bacterial dia
gnosis could allow narrowly tailored therapy which might slow the appear
ance of antibiotic resistance among common microorganisms. 

In addition to identifying specific causes of respiratory infection, there 
are instances in which an ideal diagnostic tool is needed to determine 
whether in fact any pulmonary infection is present at all. The patient re
ceiving mechanical ventilation in the intensive care unit, who has fever and 
infiltrates on a chest radiograph, mayor may not have pneumonia, but 
currently available techniques are poor at determining this [8]. As a result, 
broad-spectrum antibiotics are often administered, perhaps without effi
cacy but, again, undoubtedly contributing to the problem of drug resistance 
in virulent pathogens such as Gram-negative bacilli. 

As the foregoing discussion suggests, rapid and accurate diagnosis of 
pulmonary infectious diseases is not an end in and of itself. It must be 
demonstrated that improvements in diagnosis lead to improved patient 
outcomes, either directly by decreasing morbidity and mortality, or more 
indirectly perhaps, by retarding the development of drug-resistant micro
organisms. It is against these measures that PCR diagnosis of respiratory 
infections will be judged in this chapter. 

2. The Polymerase Chain Reaction 

This chapter is not intended to be a detailed review ofPCR technology, but 
a general overview of the principles of the technique and important con-
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siderations concerning sample preparation and selection of DNA templates 
is appropriate. 

The peR, as mentioned earlier, is a process by which literally millions of 
identical copies of specific nucleic acid sequences can be created through 
DNA amplification [9]. The steps involved in a typical peR reaction are 
demonstrated in Figure 1. First, the sample that contains the DNA to be 
analyzed is heated so that double-stranded DNA denatures into single
stranded DNA. Then, short pieces of previously synthesized DNA (pri
mers), which are complementary to the portion of DNA to be amplified and 
which have been previously added to a sample containing the target DNA, 
bind to the target of interest in a process known as annealing. Using a 
specific thermostable DNA polymerase and free nucleotides, which are 
present in the reaction mixture, the primers are extended to form long com
plementary strands of DNA. In this manner, each peR cycle doubles the 
number of preexisting DNA templates and the number of amplified copies 
grows exponentially, so that 30 cycles of peR amplification results in 
230 copies of the original region of interest. The amplified DNA is easily 
detected by agarose gel electrophoresis (or a variety of other methods), and 
the presence of the DNA target in the original sample is verified (Figure 2). 
The peR products (amplicons) should be the same size as the target that 
was amplified; conformation of the result can also be obtained with restric
tion enzyme analysis or DNA sequencing, although this is usually only car
ried out when the reaction is initially standardized. 

denaturation 

primer annealing 

primer extension 

Figure I. To amplify specific DNA sequences (templates) using the polymerase chain reaction, 
the template DNA is first denatured by heating, to a temperature between 92 and 95ee. Primers 
are annealed to the template at temperatures ranging from 45 to 60e C, and primer extension is 
carried out using a heat-stable DNA polymerase operating typically at a temperature of nee. 
Each step takes between 30 and 60 seconds. The steps together constitute a single cycle, and in 
a typical assay, 30-40 cycles are performed. 
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Figure 2. After the PCR reaction is perfonned, PCR products are typically detected with 
agarose gel electrophoresis. In this schematic example, lane A contains a DNA ladder to be used 
as a size marker. Lane I contains positive control template DNA which yields an amplicon of 
the desired size, as indicated by the arrow. Lanes 2-4 contain clinical samples: lane 4 shows a 
positive result, whereas lanes 2 and 3 are negative. 

Although PCR is a technique of DNA amplification, it can also be used 
to assess the presence of RNA in a sample through a process known as 
reverse transcriptase PCR (RT-PCR). In this technique, RNA in a sample is 
first extracted and converted into cDNA using the enzyme reverse tran
scriptase. This cDNA is then used as the template for a PCR reaction which 
proceeds in the manner described above. 

The ability of PCR to detect specific microorganisms depends on the 
ability to use primers which will bind DNA sequences that occur uniquely 
in particular organisms. For example, a DNA sequence known as IS611 0 
has been shown to occur in Mycobacterium tuberculosis, but not in any 
other mycobacteria or other class of microbe [10]. Thus, the sequence is a 
useful amplification target ofa PCR reaction: if the IS6110 DNA sequence 
is present in a biological sample, M. tuberculosis must be present in that 
sample. It follows therefore that, before PCR reactions can be used in 
diagnosis, unique DNA sequences from a variety of pathogens must be 
identified. This has in fact been carried out for a large number of bacteria, 
viruses, parasites, and other microorganisms that cause respiratory tract 
illness [4]. The specificity of the reaction can also be affected by several of 
the reaction conditions, including the temperature at which the primers 
anneal to the template and the composition of the buffer solution in which 
the reaction takes place. 

The sensitivity of the assay is exquisite in theory: under optimal condi
tions, a single copy of DNA can be identified and amplified to create more 
than 10 million identical copies which can easily be seen on gel electro-



Polymerase Chain Reaction in the Diagnosis of Respiratory Tract Infections 167 

phoresis. In actual practice, however, biological specimens such as sputum 
or blood often contain peR inhibitors, so that the sensitivity of the assay is 
less than ideal. The amount of target DNA in the sample and the presence 
of inhibitors can also be affected by methods used to extract that DNA for 
use in peR (for example, heating, freeze-thawing, organic extraction). 
Thus, in creating an optimal peR assay many technical details need to be 
worked out before clinical utility can even be considered. 

3. Use ofPCR in Diagnosis of Respiratory Infections 

The remainder of the chapter addresses the utility of peR in diagnosis of 
specific pulmonary infectious diseases and highlights the caveats for using 
the test in routine clinical practice. 

3.1. Tuberculosis 

peR technology has generated great interest as a potential advance in the 
diagnostic approach to tuberculosis. Despite the magnitude of the public 
health problem caused by tuberculosis (nearly 2 billion people infected 
world wide and 8-12 million new cases of active disease each year), 
methods of diagnosis have changed little (in a qualitative sense) since the 
tubercle bacillus was first identified by Robert Koch in 1882 [11]. In devel
oped countries culture is routinely performed, and 85% of cases of 
pulmonary tuberculosis are eventually confirmed in this manner, with the 
remainder being clinically diagnosed after a response to therapy. Advances 
in culture techniques, particularly the introduction of broth-based culture, 
has had a significant impact on diagnosis, because a substantial number of 
cases of smear-positive tuberculosis can be confirmed with broth-based 
culture in 7 -14 days. In poor countries, however, culture is not routinely 
performed, and cases are diagnosed based on a combination of symptoms, 
chest radiographs, and acid-fast smears. Thus, potential applications of 
peR diagnosis in wealthy countries would primarily allow more rapid 
diagnosis, whereas, in poor countries, overall case detection rates and 
diagnostic accuracy might be expected to improve, assuming that the tech
nology for peR could be put in place and is affordable (two rather sub
stantial assumptions). 

As noted above, most early work in peR diagnosis of tuberculosis was 
based on amplification of the DNA insertion sequence IS6110 [10]. This 
DNA sequence is common to be M. tuberculosis complex of organisms 
(M. tuberculosis, M. bovis, M. africanum, and M. microti), but is not found 
in any other species of mycobacteria, making it a useful amplification 
target for potential clinical use. More recently developed commercial peR 
assays for diagnosis of tuberculosis amplify ribosomal RNA (rRNA) genes 
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whose specificity is equal to that ofIS611O. In theory, rRNA sequences are 
much more abundant in cells than single copy DNA sequences and are 
therefore attractive as DNA templates in peR assays. However, the publish
ed literature indicates little difference in diagnostic performance of peR 
for tuberculosis with these two amplification targets, and they will be dis
cussed interchangeably. 

A large number of studies have been published concerning the use of 
peR assays for the detection of M. tuberculosis [12-17]. The vast majori
ty of these studies have focused on the laboratory perspective rather than 
the clinical perspective, making the results somewhat difficult to translate 
into routine clinical use, and this has been a concern of expert panels 
assembled to evaluate the role of currently available DNA amplification 
tests in actual practice. In addition, published studies to date (as well as 
unpublished data presented to licensing agencies such as the US Food and 
Drug Administration) span a wide range of DNA amplification techniques. 
Remarkably, however, there has been fairly substantial agreement among 
several studies regarding the overall sensitivity and specificity of these 
assays, so that reference to the two commercially available assays, the 
GenProbe MTD and the Roche Amplicor, can stand as typical values [18]. 
Overall sensitivity with these two assays ranges from 77% to 80%, with 
specificity ranging from 98% to 99%. However, the performance charac
teristics of the tests differ in smear-positive and smear-negative tuberculosis. 
In smear-positive cases, sensitivity and specificity of the commercial peR 
assays are in the 95 -1 00% range, but in smear-negative tuberculosis, sen
sitivity of peR is of the order of 48-53% (specificity remains in 
the 96-99% range). For these reasons, in the USA, these commercial 
assays are felt to be indicated only for rapid confirmation that a smear-posi
tive sample is in fact M. tuberculosis and not an atypical mycobacterium. 
This may be a useful application, particularly in areas where isolation of 
M. avium complex organisms is common. 

Put in other terms, peR wil reliably and rapidly detect nearly all cases of 
smear-positive tuberculosis and about half of the smear-negative, culture
positive cases. Although there has been some disappointment that peR 
does not detect all cUlture-positive tuberculosis, it should be kept in mind 
that the overal sensitivity of peR for tuberculosis is considerably better 
than acid-fast bacillus (AFB) smear alone, which is currently the only other 
widely available, rapid, diagnostic test for tuberculosis. If peR were to 
replace sputum smear examination completely for the diagnosis of active, 
previously untreated cases of tuberculosis, more patients would be accura
tely diagnosed in less time than with any other currently available test. 
However, several limitations prevent peR from replacing AFB smears at 
this moment. These limitations include not only the cost of the assay but 
also the lack of data regarding the use of the assay to determine infec
tiousness of a given patient and response to therapy, two major uses of acid
fast smears. Several small studies indicate that peR assays may remain 
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positive long after smears and cultures have become negative, and these 
issues need to be evaluated prospectively in large clinical trials [19-21]. 
Finally, the optimal number of samples to be collected and assayed by PCR 
per patient remains to be determined [22]. 

Several small clinical studies have suggested that PCR can be used in 
novel ways to diagnose both pulmonary and extrapulmonary tuberculosis. 
Peripheral blood samples (often easier to obtain than sputum) from patients 
with pulmonary tuberculosis have been reported to contain M. tuberculosis 
DNA detectable by PCR, although the consistency of this finding is not 
clear, with studies reporting a sensitivity of between 35% and 89% using 
this approach [23-25]. Extrapulmonary cases of tuberculosis, often culture 
negative using current technology (especially cases of tuberculous menin
gitis), can certainly be diagnosed using PCR, although the exact overall 
sensitivity of DNA amplification in these settings requires further study 
[26]. Recently, Pfyffer and colleagues reported that, when applied to 322 
non-respiratory specimens (including cerebrospinal fluid), a commercial 
PCR assay had a sensitivity and specificity of 93.1 % and 97.7%, respec
tively [27]. It seems safe to say at this point in time that a positive PCR 
result on a non-respiratory specimen can reliably be taken as presumptive 
evidence of extrapulmonary tuberculosis. 

3.2. Pneumocystis carinii pneumonia 

In developed countries, P. carinii pneumonia (PCP) remains the most com
mon opportunistic pulmonary infection in patients with the acquired 
immune deficiency syndrome (AIDS) [28]. In addition, widespread use of 
immunosuppressive therapy for organ transplantation and other disorders 
has made PCP a more common problem in a variety of clinical settings 
[29]. As a good deal of evidence suggests that early treatment is associated 
with significant benefit, in terms of reducing morbidity and mortality, 
prompt diagnosis is important [30]. 

Diagnosis of PCP in patients with AIDS is usually straighforward. Pa
tients generally present with bilateral diffuse interstitial infiltrates, al
though a variety of radiographic manifestations, including cystic lesions, 
localized infiltrates, a miliary pattern, or pleural effusions, have been 
described [31]. Early on in the AIDS epidemic, PCP was frequently dia
gnosed with open lung biopsy, but bronchoalveolar lavage (BAL) with or 
without transbronchial biopsy quickly became the diagnostic procedure of 
choice, with a sensitivity of more than 95% [32]. More recently, staining of 
an induced sputum specimen (collected according to rigorous standards) 
with a variety of staging techniques or monoclonal antibodies has been able 
almost to match BAL for sensitivity [33]. It is in this setting that PCR 
assays for PCP have been developed. As bronchoscopy with BAL has an 
extremely high yield using conventional staining techniques, the greatest 
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impact of PCR would be on sputum samples, either induced or expecto
rated, which can be collected with less cost and risk to the patient than lavage 
specimens. 

A large number ofPCR studies for diagnosis of PCP have been publish
ed, a small number of representative studies are discussed here. Skot et aI. 
[34] found a sensitivity of 85% and a specificity of 100% for PCR in 117 
HIV-positive patients (40 of whom were eventually diagnosed with PCP) 
undergoing BAL; in a second group of33 patients, PCR performed as well 
on induced sputum samples as on BAL fluid. These results were not as 
good as those obtained with conventional staining. In a study that attempt
ed to examine the utility of PCR on induced sputum samples, Chouaid and 
colleagues [35] studied 49 HIV-positive patients who had sputum induction 
which, if negative, was followed by BAL. In a blinded fashion, PCR was 
performed on all induced sputum samples. With standard staining, six 
induced sputum samples and seven BAL samples revealed PCp, so that sen
sitivity of standard staining on induced sputum samples was 46.5% (6 of 
13). All 13 cases of PCP were detected using PCR in the induced sputum 
samples, for a sensitivity of 100%. It should be noted, however, that sever
al other studies have demonstrated a higher yield of conventional staining 
on induced sputum than was reported by Chouaid et aI., although their 
experience may actually be more representative of results in hospitals gen
erally. In a smaller study involving a mix of induced and expectorated 
sputum, Eisen and colleagues [36] also found that PCR had a higher sensi
tivity than conventional staining. Cartwright and colleagues compared 
PCR with fluorescent antibody staining for P. carinii and found that DNA 
amplification was again the more sensitive technique [37]. 

PCR for P. carinii has also been applied to serum samples of patients 
with presumed pneumonia, and several groups have reported that respira
tory illness can be accurately diagnosed in this matter, a finding that is also 
supported by animal models of this infection [38-40]. However, only rela
tively small studies have been published, and there is a lack of agreement 
regarding the optimal PCR amplification targets and techniques for detec
tion of P. carinii in peripheral blood samples. 

An interesting application of PCR in the study of P. carinii has been in 
the investigation of whether PCP results from direct transmission of the 
causative organism or by reactivation of long dormant pathogens that have 
colonized the host previously. Serological testing had suggested that most 
people are infected with P. carinii at a young age, but as the organism has 
been virtually impossible to grow reliably in culture, confirmation of the 
early colonization study has been lacking [41]. Peters and colleagues [42] 
performed PCR for P. carinii on lung tissues samples taken from autopsies 
of 15 non-immunosuppressed individuals, aged 15 -7 0, and were unable to 
detect the presence of the pathogen in any specimen. More recently, Leigh 
and co-worker [43] studied 90 subjects in an effort to address this same 
issue. Induced sputum samples were obtained from 20 HIV-positive men 
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with respiratory symptoms without PCp, 10 HIV-positive men with CD4+ 
cell counts of less than 60/mm3 receiving PCP prophylaxis, 20 HIV-posi
tive men with CD4+ cell counts of less than 400/mm3 not receiving PCP 
prophylaxis, 20 HIV-positive men with CD4+ cell counts of more than 
400/mm\ 10 HIV-negative homosexuals, and 10 HIV-negative hetero
sexuals. No P. carinii could be detected using PCR in either of the two HIV
negative control groups. Colonization (without any signs of illness) was 
detected in 40% of those with a CD4+ count ofless than 60, 20% of those 
with a CD4+ count ofless than 400, and 10% of those with a CD4+ count 
of over 400. The authors concluded that colonization with PCP is more 
common with increasing immunosuppression. It seems possible, however, 
that the failure to detect P. carinii in induced sputum samples from healthy 
controls may be still related to the level of detection of the assay as per
formed on respiratory samples, so that the hypothesis that colonization 
occurs in healthy persons cannot be discarded with complete confidence. 

Overall, it has been demonstrated that PCR for detection of P. carinii in 
clinical samples, including induced sputum, is a sensitive and specific 
means of making the diagnosis of PCP. However, the exact role of this dia
gnostic approach has not been evaluated alongside current diagnostic and 
treatment algorithms, and no reliable estimate of the impact of this test on 
outcome can be made at present. 

3.3. Community-Acquired Pneumonia 

As stated above, recent trends in management of community-acquired 
pneumonia have led to a reduced emphasis on extensive diagnostic investi
gations. This has occurred because currently available diagnostic techni
ques are successful in identifying a specific etiology in only about 50% of 
cases, and the availability of relatively safe, broad-spectrum antibiotic thera
py leads to a good outcome in most cases, even if an exact diagnosis is not 
made [44]. Thus, the true test of the value of PCR diagnostics for commun
ity-acquired pneumonia will be an improvement in outcome or a reduction 
in the development of drug-resistant bacteria. No studies addressing the 
efficacy of PCR for these two goals have been published, so the discussion 
below focuses only on the ability of PCR to make an accurate diagnosis. 

3.3.1. Chlamydia I respiratory infections: In recent years, pneumonia 
resulting from Chlamydia pneumoniae has been recognized with increas
ing frequency, and in some series this pathogen accounts for 10% of cases 
of community~acquired illness [45]. C. pneumoniae seems to occur more 
frequently in adults than in children. The clinical and radiographic presen
tations are non-specific, and diagnosis is made (though not reliably) with 
immunofluorescent serologic techniques. Culture is not widely available. 
Treatment is with tetracyclines, macrolides, or quinolones. 
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Several studies have demonstrated the feasibility of detection of C. pneu
moniae in resporatory specimens obtained from both adults and children. 
In an early study from Japan, Ouchi and colleagues [46] compared peR 
with the standard diagnostic technique (serum microimmunofluorescence) 
in 156 children between the ages of 2 months and 15 years admitted with 
lower respiratory tract symptoms. C. pneumoniae was detected in five 
children by microimmunofluorescence and in four of those five by peR. 
Pruckl et al. [47] tested peR performed on gargled water samples from 193 
children with a variety of acute and chronic respiratory illnesses, and detect
ed chlamydial organisms in three children, two of whom had chest radio
graphic changes consistent with pneumonia. These two studies do not 
allow firm conclusions about the use of peR as an epidemiologic or dia
gnostic tool for C. pneumoniae in children. 

Several larger studies have been carried out in adult populations. Thorn 
et al. [48] studied 743 patients (mean age 40.5 years) with respiratory 
illness and found 21 with positive serology by immunofluorescence. peR 
was positive in 15 of the 21, and in no additional patients. Dalhoff and 
Maass [49] prospectively studied 57 HIV-negative patients hospitalized 
with community-acquired pneumonia and performed extensive diagnostic 
evaluations for a variety of common pathogens on all of the subjects. This 
study also included 47 patients with HIV infection and 100 controls with 
non-infectious pulmonary illness. All patients underwent BAL to obtain 
samples for evaluation. C. pneumoniae was detected by peR in 16% of 
HIV-negative patients, 13% of HIV-positive subjects, and in none of the 
controls (total of 15 cases). Only four cases were decteted by culture, and 
the authors concluded that peR was superior to culture as a diagnostic aid. 

Although the aforementioned studies do not establish a firm role for 
peR in routine clinical diagnosis of C. pneumoniae respiratory infections, 
it seems that the test might be roughly as sensitive as microimmunofluore
scence (MIF), the current standard. In addition, the criteria for making a 
diagnosis with MIF include collection of acute and convalescent serum 
(or a single IgM titer of 1 : 16 or greater, or an IgG of 1 : 512 or greater). 
peR can make a diagnosis in one sitting and can thus potentially be a more 
rapid means of detection. Routine clinical use of peR in this setting will, 
however, require more definitive clinical studies. 

3.3.2. Pneumonia caused by Legionella spp.: Legionella pneumophila is 
said to cause no more than 1 % of community-acquired pneumonia, al
though it is recognized as a somewhat more common cause of severe respi
ratory illness, accounting for as much as 10% of infections requiring 
hospitalization [50]. In several series, it is the second or third most com
mon cause of pneumonia severe enough to warrant admission to the inten
sive care unit. Although originally described as a cause of pneumonia in 
outbreak settings, many sporadic cases of legionella infections have been 
described. 
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Several methods of diagnosing pneumonia caused by L. pneumophila are 
available. Direct fluorescent antibody staining of sputum is positive in 
about 50% of cases [51]. Indirect immunofluorescence to detect antibodies 
in serum has a greater sensitivity, but the collection of acute and convales
cent titers makes this an impractical approach in the acute setting. Direct 
culture of the organism is possible using selective media. Culture should 
detect 80% of cases if enough specimens are collected and properly grown 
in the laboratory. The more recently developed urinary antigen detects 
L. pneumophila serogroup I only (which accounts for 80-90% of impor
tant L. pneumophila infections) with greater than 90% sensitivity and 99% 
specificity [52]. 

PCR assays for L. pneumophila have been developed and are commer
cially available, although extensive clinical investigation of the assays 
has not been done. Murdoch and colleagues used a PCR assay for a tRNA 
gene of L. pneumophila to detect the organism in stored serum and urine 
samples collected as part of a prospective investigation of the etiology of 
pneumonia [53]. The sensitivity ofthe legionella PCR was 64% (18 of28 
patients in whom a diagnosis of legionella infection was made by other 
methods), which improved to 73% if samples collected more than 4 days 
after the onset of symptoms were not tested. The specificity of PCR was 
100%. In another study, Ramirez and co-workers [54] detected five of six 
cases of legionella infection by performing PCR on throat swabs of pa
tients with pneumonia. Overall, data are insufficient to make recommen
dations for widespread introduction of legionella PCR into clinical prac
tice. Specifically, a prospective comparison of PCR and urinary antigen 
detection should be done in patients with severe community-acquired 
pneumonia. PCR may have a role in infection control independent of dia
gnosis of pneumonia, because one study has demonstrated that the assay 
can be used to identify infected water supplies which may the source of 
outbreaks. 

3.3.3. Mycoplasma pneumoniae pneumonia: Another of the so-called 
atypical pneumonias, mycoplasma pneumonia, is believed to be common, 
yet is fairly difficult to diagnosis routinely [55]. Culture is difficult and 
unreliable; the most widely used method of diagnosis is serologic testing. 
A fourfold increase in titers (using the complement fixation method) from 
acute to convalescent serum is believed to be diagnostic, although this is 
obviously a retrospcetive method of diagnosis. Other serologically based 
methods, including enzyme-linked immunosorbent assays (ELISA), have 
been developed as well. 

Direct species-specific probes for rRNA of Mycoplasma spp. have 
been developed and have sensitivities reported to be in the 75-100% 
range [56]. More recently, true DNA amplification assays using PCR 
have also become available, although clinical experience has been vari
able. In a study of 155 patients with lower respiratory illness who under-
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went extensive diagnostic evaluations, PCR performed on a single throat 
swab specimen detected eight of nine cases of serologically proven 
myocoplasma pneumonia [54]. Using samples obtained by transthoracic 
needle aspiration (a technique not routinely performed in most hospitals), 
Falguera and colleagues [57] diagnosed mycoplasma pneumonia using 
PCR in eight patients; however, an additional 10 patients were PCR 
negative and were diagnosed on serologic grounds. No false-positive 
diagnoses were made using PCR, so that the sensitivity was only 45%, al
though the specificity was high. Blackmore and colleagues [58] studied 
99 patients hospitalied for pneumonia and found that 24 adults and 
25 children had Mycoplasma pneumoniae detected from throat swab 
specimens using PCR. Although the overall sensitivity and specificity of 
this study were 92% and 98%, respectively, acute and convalescent serum 
samples were not available for all patients, so that some cases were 
diagnosed only with a combination of a single serum titer and clinical 
criteria. 

As M. pneumoniae pneumonia is usually a relatively benign illness easily 
treated with macrolide antibiotics that are commonly prescribed for pneu
monia, routine PCR diagnostic testing does not seem warranted at present 
in view of the lack of standardized assays and the variability of results in 
reported studies. 

3.3.4. Other bacterial pneumonias: Common pneumonia pathogens such 
as S. pneumoniae and Haemophilus injluenzae are routinely covered by 
broad-spectrum antibiotics used to treat community-acquired pneumo
nia, so improvements in outcome that are associated with more rapid and 
sensitive PCR assays for these organisms might be difficult to demon
strate or even postulate. A limited experience with PCR has been publish
ed in these settings. Rudolph et al. [59] detected S. pneumoniae DNA in 
buffy coat samples of five of eight patients with known pneumococcal 
bacteremia, and detected no DNA in samples from 13 of 14 patients with 
pneumonia from other causes (sensitivity 63%, specificity 93%). Has
san-King and colleagues [60] from the Gambia screened blood cultures 
of 295 children with pneumonia using a multiplex technique (i.e. two 
different PCR reactions carried out simultaneously) for detection of 
S. pneumoniae and H. injluenzae and found that PCRs compared favor
ably with blood culture results and were positive in four cases of H. in
jluenza pneumonia with negative blood cultures. Using sputum samples, 
Gillespie and colleagues [61] detected S. pneumonia DNA in sputum 
from 13 and 14 patients with a heavy growth of pneumococci; a C-poly
saccharide enzyme-linked immunosorbent assay (ELISA) was also posi
tive in the same number of patients. 

Other than demonstrating the technical feasibility of PCR for detecting 
common bacterial pneumonia pathogens, no clinical indications for routine 
use can be gleaned from the literature published to date. 



Polymerase Chain Reaction in the Diagnosis of Respiratory Tract Infections 175 

3.4. Viral Pneumonias 

Viral pneumonias occur in two settings: immunocompetent hosts who may 
become infected with respiratory syncytial virus (RSV), adenovirus, influ
enza virus, or, less commonly, measles or varicella virus; and immuno
compromised hosts, who may develop disease as a result of cytomegalovi
rus (CMV) or other opportunists. Distinguishing viral pneumonias from 
other causes of infection or inflammation is usually made on clinical and 
radiographic grounds. Laboratory diagnosis of these infections has rested 
on a variety of tests, including direct and indirect fluorescent antibody stain
ing, cultures, and ELISA [62]. In normal hosts, little specific therapy of 
great efficacy is available, although amantadine and ribavarin are occasio
nally used. For cytomegalovirus pneumonitis in patients with bone marrow 
transplantation, specific therapy has been shown to improve survival mar
kedly, and timely and accurate diagnosis is of considerable importance [63]. 

3.4.1. Viral infections affocting normal hosts: PCR assays have been devel
oped for detection of adenovirus, RSV, and influenza virus in a variety of 
clinical specimens, although most studies have focused on nasopharyngeal 
swab samples, because these are easy to obtain, particularly from children. 
Straightforward PCR technology has been used, although in the case of 
RNA viruses such as RSV, an RT-PCR method is needed. The published 
clinical experience with PCR in these settings has to date been fairly lim
ited. Morris and colleagues [64] attempted rapid diagnosis of adenoviral 
upper respiratory infections in adults and found that the sensitivity of the 
PCR method was 76% compared with culture of a variety of adenoviral 
subtypes. Some subtypes were more readily detected than others in this 
study, implying that genetic variability among various subtypes was 
responsible for false-negative results. Throat swabs or nasopharyngeal 
aspirates were used as substrates in this study. 

Studies of the utility of PCR for diagnosis of influenza and RSV infec
tions, particularly in children, have shown somewhat better results. In 
several relatively small studies, PCR has been found to have sensitivity for 
diagnosis in the 95 -1 00% range, compared with viral culture, which has 
been used as the gold standard in most trials. Two larger studies merit more 
detailed mention. Freymuth and co-workers [65] obtained nasal aspirates 
from 238 infants hospitalized with acute respiratory infections and com
pared PCR for RSV with viral isolation (culture) and immunofluorescence. 
PCR was found to have a sensitivity as high as 97.5% and a specificity of 
63.9% compared with the other methods. The positive predictive value of 
the assay was only 57.8%, however. In a similar study of influenza diagno
sis, Claas and colleagues evaluated 342 children in the Netherlands and 
found that PCR was at least as sensitive as culture for diagnosis, but could 
yield results in as little as 2 days, whereas culture combined with immu
nofluorescence took up to 14 days [66]. 
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3.4.2. Viral infections affecting immunocompromised hosts: A substantial 
advance in the treatment and outcome of patients with CMV pneumonitis 
was made several years ago when investigators at Memorial-Sloan Ketter
ing Cancer Center established criteria for diagnosis, which combined 
clinical and radiographic findings with results of monoclonal antibody 
staining of cells recovered by BAL [63]. With this approach, early dia
gnosis and treatment could be accomplished and mortality rates fell sub
stantially. Since then, many efforts have been made to speed and refine 
diagnosis of CMV using PCR further. In an early study, Cathomas and 
colleagues from Memorial-Sloan Kettering extended their earlier work and 
compared PCR, viral culture, and immunostaining of BAL cells in bone 
marrow transplant recipients [67]. Seventy-five transplant recipients with 
clinical and radiographic evidence of pneumonitis were studied, and the 
results of the diagnostic assays were correlated with outcome. Ultimately, 
seven patients were determined to have true CMV pneumonitis and eight 
others were found to have CMV infection without disease. PCR detected 
all cases of infection and disease, but monoclonal antibody immuno
staining of BAL cells was more specific for actual pneumonitis. The ex
cellent sensitivity of PCR for detecting CMV in lavage fluid of patients 
with CMV pneumonitis has been confirmed by several subsequent studies, 
and it seems likely that this approach to diagnosis will become clinically 
important in the coming years. Detection of CMV by PCR of serum sam
ples from at-risk patients has also been a promising approach, although the 
reported experience with this avenue of diagnosis has been limited 
[68-71]. 

4. Conclusion 

The development of the PCR has generated great excitement as new possi
bilities for rapid, sensitive, and specific diagnosis of respiratory infection 
have become apparent. The first phase of development of diagnostic PCR 
assays has been concluded, and it has been demonstrated that such assays 
are technically feasible and can be used to detect microorganisms in a wide 
variety of biological specimens under ideal laboratory conditions. On the 
other hand, the second phase of development, namely the large-scale eva
luation of PCR-based diagnostics for routine clinical use, is only just 
beginning. In addition, in areas where PCR assays seem to offer genuine 
clinical benefit, such as for improved diagnosis of tuberculosis, cost, and 
technology transfer to poor countries where the disease is common, remain 
significant issues. Nevertheless, it is likely that the next four years will see 
PCR assays move into more routine clinical use for a wide variety of res pi
ratory pathogens. 
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1. Introduction 

Cystic fibrosis (CF) is the most common lethal autosomal recessive single 
gene disorder in Caucasians, with an incidence of 1 in 1500 to 1 in 6500 in 
various populations [1]. The phenotype is complex with involvement of 
mUltiple organs. Chronic obstruction and infection of the respiratory tract, 
exocrine pancreatic insufficiency and elevated sweat electrolytes are 
typical features of the disease. The transport of sodium (Na+) and chloride 
(CI-) ions, particularly the latter, is central to the basic defect in CF. 

2. Clinical Manifestations 

CF affects a number of epithelial-lined organs, the most important being 
the lungs, responsible for most of the morbidity in this disease, and even
tually the usual cause of death from respiratory failure. Progressive mucus 
obstruction, infection and inflammation of the lower airways are the major 
pathological changes seen in the CF lung. Hypertrophy of submucosal 
glands and an increased number of goblet cells are mainly responsible for 
the increased mucus production. 
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The lungs of CF patients are often colonized with Staphylococcus aureus 
and Haemophilus injluenzae, but most characteristically with Pseudomonas 
aeruginosa [2]. Bacterial colonization usually occurs in childhood and pro
gresses to episodes of overt infection and subsequent lung damage. In addi
tion to chronic infection, inflammation is a major contributing factor in the 
pathogenesis of the lung disease in CF. Unusually high numbers ofneutro
phils in the airways cause lung destruction and an increase in pro-inflam
matory and a decrease in anti-inflammatory cytokines in the CF lung has 
been observed [3]. 

Exocrine pancreatic insufficiency occurs in the vast majority of CF pa
tients [4]. Obstruction and dilation of ducts and acini by mucus leads to 
suboptimal secretion of pancreatic enzymes in about 8S% of the patients 
[S]. Pancreatic enzyme supplementation is therefore necessary in most 
patients. Liver disease and gallbladder abnormalities are also frequently 
seen in CF patients but severity varies widely [6]. More than 9S% of male 
CF patients are infertile because the vas deferens, tail and body of the 
epididymis and seminal vesicles are atrophic, fibrotic or completely absent 
[7]. Although a significant number of female CF patients are fertile (> IS% 
[8], the overall reduced fertility appears to result from menstrual irregula
rities, as well as thick mucus plugs in the cervix preventing normal sperm 
migration [9]. 

In addition to the classic CF phenotype, several can be classified as 
atypical or mild cystic fibrosis. Infertile males, as a result of a congenital 
bilateral absence of the vas deferens (CBAVD), have a high incidence 
(80%) of mutations of CFTR, the gene product of cystic fibrosis. Specifi
cally the mutation Rl17H is more frequent in CBAVD than in the general 
population [1]. Recently it has been reported that azoospermic males (those 
not having CBAVD) also have an increased frequency ofCFTR mutations 
[10], and an increased incidence of CFTR mutations has also been found in 
patients with classic bronchiectasis [11]. 

3. Cystic Fibrosis Transmembrane Conductance regulator (CFTR): 
The Gene Product 

The human CF gene was identified in 1989 through positional cloning 
approaches [12, 13]. It is located on chromosome 7 q31.3 [14], spans 2S0 
kilobase-paiJs (kb) of genomic DNA and contains 27 exons [IS]. The 
mRNA is 62 kb and encodes a polypeptide of 1480 amino acids with a 
molecular mass of about 170 kDa [12]. Alternative splicing of the mRNA 
has been noted in several tissues [16], but the physiological role ofthe alter
natively spliced products, if any, is not known [17]. 

The gene product was named the cystic fibrosis transmembrane conduc
tance regulator (CFTR). The amino acid sequence of CFTR suggests a 
tandem repeat structure with two identical halves, each consisting of six 
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putative transmembrane a-helices and an intracellular nucleotide-binding 
domain. The two halves are linked through a highly charged intracellular R
domain which contains numerous potential phosphorylation sites (Figure I) 
[I2]. Numerous studies have indicated its role as a cAMP-regulated chlo
ride channel (see below). 

More than 600 mutations have been detected in the CFTR gene [18]. The 
major mutation, present in about 70% of CF chromosomes worldwide, is a 
deletion of phenylalanine at position 508 (~F508). The relative frequency of 
the other mutations varies among different populations, but most of them 
are very rare. 

Several factors might account for the high incidence of CF in the 
caucasian population. Increased fertility [19] and increased resistance to 
tuberculosis [20] or cholera [21] of heterozygote carriers have been sug
gested. However, founder effects and inbreeding have been shown to ac
count for the high incidence of CF in some populations [22]. 

CFTR mutations can be divied into five classes [23]. Class I mutations 
are nonsense, frameshift and splice mutations that lead to truncations or 
absence of CFTR protein synthesis. Class II mutations, including ~F508, 
are mutations that interfere with correct post-translational processing. The 

extracellular side 

Cell Membrane 

intracellular side 

Figure I. Topology of the CFTR protein. The CFTR gene encodes a protein of 1480 amino 
acids. The amino acid sequence suggests a tandem repeat structure with two identical halves, 
each consisting of six putative transmembrane a-helices (TMI - 6 and TM7- 12) and an intra
cellular nucleotide-binding domain (NBFI and 2). Two consensus N-linked glycosylation sites 
are present between membrane spanning segments 7 and 8. The two halves of the protein are 
linked through a highly charged intracellular domain (R-domain). The R-domain contains 
multiple phosphorylation sites and is important for chloride channel regulation. 
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vast majority of mutant protein does not reach the apical membrane, al
though the protein itself is likely to retain normal function [24]. Class III 
mutations, such as G551D, give rise to Cl- channels that show a reduced 
response to cAMP stimulation. Class IV mutations alter the ion selectivity 
or conductance of CFTR Cl- channels and class V mutations interfere with 
correct transcription or translation, resulting in reduced levels of functional 
CFTR. 

4. Chloride Channel and Other Functions of CFTR 

The predicted structure of CFTR shows homology with a large superfami
ly of proteins known as ABC (ATP-binding cassette) transporters which 
function as ATP-requiring pumps, exporting macromolecules from the cell 
interior [25]. Well-characterized members of this family include the multi
drug resistance (MDR) gene product P-glycoprotein [26] and the yeast 
a-mating factor STE6 [27]. Initially, several aspects of CFTR suggested 
that it would not itself be a Cl- channel, including its lack of resemblance 
to any known channel, the homology with known transporters and the pre
sence of ATP-binding sites generally not associated with, or required by, 
channels. 

To study its function, CFTR was expressed in a variety of cells known 
not to produce this protein endogenously. These included mammalian 
(fibroblasts, HeLa, Chinese hamster ovary) as well as non-mammalian 
(oocytes of Xenopus, Cf9, vero) cells. These studies unanimously demon
strated that CFTR expression produces a Cl- conductance which can be 
regulated through the cAMP-dependent protein kinase (PKA) pathway 
[28-33]. This strongly suggested that CFTR was actually a Cl- channel, or 
the more remote possibility that, in the presence of CFTR, these cells 
expressed a Cl- channel that had previously lain dormant. To distinguish 
these two possibilities, site-directed mutagenesis was used to mutate basic 
lysine to acidic amino acids at sites within the predicted membrane
spanning region of CFTR [34]. If CFTR is a Cl- channel, these changes 
should alter its ability to conduct Cl-. In particular the anion selectivity of 
the channel (relative permeability for example of Cl- and 1-) depends on 
both the hydrated size of the ion and the electrostatic forces between the 
interior of the channel and the ion. These mutations reversed this per
meability sequence from Cl- > 1- for unaltered CFTR, to 1- > Cl- for the 
mutated protein, clearly indicating that CFTR itself is a Cl- channel. Con
firmation of this was provided by the purification of the protein and its 
incorporation into lipid bilayers where it functions as a cAMP/PKA
regulated Cl- channel [35]. 

The CFTR Cl- channel is regulated through cycles of protein phos
phorylation and dephosphorylation and of ATP hydrolysis [36]. In normal 
epithelial cells, hormonal stimulation ofG protein-linked receptors leads to 
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activation of CFTR CI- channels via phosphorylation by PKA [37]. Mul
tiple consensus phosphorylation sites are located in the R-domain of the 
CFTR protein [12] and site-directed mutagenesis studies are under way to 
determine the importance of individual putative phosphorylation sites [38]. 

Apart from functioning as a CI- channel, CFTR has been implicated 
in the regulation of a number of other epithelial ion channels (Figure 2). 
Sodium absorption in CF tissues is two- to threefold higher than in normal 
controls [39] and can be corrected through transient expression of CFTR 
[40]. After cloning of the amiloride-sensitive epithelial Na+ channel 
(EN aC) [41], co-transfection of CFTR and EN aC directly demonstrated the 
negative modulation of ENaC by CFTR [42]. CFTR decreases the open 
probability ofENaC, rather than altering the channel number [43]. 

The outward-rectifying CI- channel (ORCC) [44] in epithelial mem
branes is regulated through cAMP and ATp, as well as by CFTR, which 
decreases CI- transport by the ORCC [45]. Furthermore, Ca2+ -dependent 
CI- secretion appears to be up-regulated in certain cells in the absence of 
CFTR [46]. Finally, K+ channels present on the basolateral surface of 
epithelial cells are probably also regulated by CFTR [47]. 

extracellular side 

cell 
membrane 

intracellular side 

cr 

ORCC 

~ 

Na+ 

cr 
ENaC Ca2+/CI 

CFTR 
Figure 2. Regulatory function of CFTR. CFTR has been shown to regulate the activity of other 
ion channels in the apical membrane of epithelial cells. CFTR inhibits sodium transport through 
amiloride-sensitive Na+ channels (ENaC) and chloride transport through calcium-dependent 
Cl- channels (Ca2+ICl-). CFTR activates the outward-rectifying Cl- channels (ORCC). The 
mechanism of interaction between CFTR and the other epithelial ion channels is not known. 
Direct protein-protein interaction through substances transported by CFTR is considered. 
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The mechanism of interaction between CFTR and other epithelial ion 
channels is not clear. Direct protein-protein interactions or modulation 
through substances transported by CFTR are considered most likely 
(reviewed in Stutts [48]). There is some evidence that CFTR transports 
adenosine-3' -phosphate-5' -phospho sulphate (PAPS) [49] and ATP out of 
cells [50], consistent with the observation that most members of this fami
ly of proteins actively transport substrates across the cell membrane. These 
findings have, however, been disputed by a number of studies [51]. 

Several studies have suggested that CFTR is also involved in a variety of 
intracellular processes such as membrane recycling [52], as well as the 
regulation of endocytosis and exocytosis [53]. In addition, it has been sug
gested that CFTR might be involved in regulating acidification within 
intracellular organelles [53], although this has been refuted by a number of 
subsequent studies [54]. 

5. Relationship of Basic Defect to Disease Pathology 

How the clinical phenotype in CF lungs links with abnormalities in CFTR 
is unknown. One simplistic suggestion relates to impaired mucociliary 
clearance (MCC) in the airways, because efficient clearance of mucus and 
inhaled micro-organisms is likely to depend on an optimal volume of air
way surface fluid in which the cilia involved in MCC beat. Thus, reduced 
Cl- secretion onto, and increased Na+ absorption from, the airway lumen 
may lead to a suboptimal volume of airway surface liquid and hence 
impaired MCC, increased bacterial colonization and repeated infection. 
However, other defects in host defence may also play a part, including 
increased bacterial adherence [55], reduced ingestion of bacteria by epithe
lial cells [56] and impaired antibacterial activity of surface defensins [57]. 
Recently, altered cytokine secretion has been detected in CF lungs and 
might in part explain the chronic inflammation seen in young CF patients 
in the absence of bacterial infection [3]. 

6. Animal Models 

A gene homologous to CFTR has been identified in rodents [58, 59], cows, 
sheep and monkeys [60], dogfish [61] and Xenopus laevis [62]. A high 
degree of evolutionary conservation is seen in the nucleotide-binding folds 
and in membrane-spanning segments. This is not the case for the R-domain 
apart from the putative phosphorylation sites [60]. 

Over the past 5 years, several mouse models have been created through 
gene-targeting strategies, including mice carrying the ~F508 mutation and 
the G551D mutation [63-71]. The phenotype of most mouse models is 
similar. Intestinal blockage caused by mucus accumulation and subsequent 
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rupture of the intestines leads to premature death in 50-95% of mice. In 
contrast to the severe intestinal pathology, all mouse models fail to develop 
the severe lung pathology that is characteristic of CF patients. The presence 
of an alternative non-CFTR Cl- channel in the lung, but not in the intestine, 
could explain these findings [72]. In addition, murine lungs largely lack 
submucosal glands, a major site ofCFTR expression in humans, and do not 
demonstrate the characteristic increase in Na+ absorption. Thus, a number 
of factors may be involved in this difference in phenotype. 

Despite their limitations, the CF mouse models are valuable for electro
physiological, pharmacological and gene therapeutic research. Further, 
breeding studies using the cftrtmIHsc mouse have identified a CFTR modifier 
locus on mouse chromosome 7 [65]. 

7. Therapy 

7.1. Conventional Therapy 

Conventional therapy for CF includes the use of physiotherapy, antibiotics 
and pancreatic supplements, the latter of which aid the malabsorption con
sequent on pancreatic damage. Many patients require treatment four times 
daily, including a considerable time spent on physiotherapy. This com
bination of treatment has helped increase life expectancy from about 1 year 
in the 1930s to the current 30 years of age. 

Recently, studies have begun to address whether modulation of the ion 
transport abnormalities may provide a novel approach to treatment. The Na+ 
channel blocker amiloride should theoretically reduce the hyperabsorption of 
sodium and hence improve MCC. Initial studies were encouraging, with nebu
lized amiloride producing an increase in MCC [73]. However, when amiloride 
was nebulized four times daily over 6 months in patients maintained on their 
usual medication, no benefit was seen in comparison to placebo [74]. 

More recently, activation of non-CFTR Cl- channels in the apical membra
ne of airway epithelial cells has been suggested as another possible therapeutic 
option. Thus, both ATP and UTP increase Cl- chloride transport in vitro [75] 
and in vivo [76] in CF patients. A clinical trial of UTP, in combination with 
amiloride, is currently under way. Extensive research is also under way to 
circumvent the processing defect of the ~F508 mutant using chemical cha
perones [77], as well as to up-regulate the function of residual CFTR by agents 
such as milrinone [78] or 8-cyclopentyl-l,3-dipropylxanthine (CPX) [79]. 

7.2. Gene Therapy 

Although small further improvements in both quality of life and life expec
tancy are likely to occur from conventional therapy, gene therapy may pro-
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vide an important next step up in clinical benefit. The lung is the obvious 
target organ for gene therapy. Pathology usually starts in the bronchioles, 
and eventually the more proximal airways are also affected, although the 
highest level of expression of CFTR occurs in the submucosal glands [80], 
which predominate in the more proximal airways. Expression is also seen 
in a sUbpopulation of both ciliated and non-ciliated cells more peripheral
ly, although the precise cell types have not yet been identified [81]. The 
development of pathology in this region provides circumstantial evidence 
that these cells should be the target. Currently available nebulizer techno
logy is able to reach this area of the lung, but a better knowledge of the cell 
type requiring transfection would undoubtedly by important. If, however, 
cells in submucosal glands playa role in initiating, or perhaps, exacerbat
ing, existing pathology, topical administration is unlikely to be successful. 

Overall expression of CFTR is very low in the lung [82]. This raises the 
question as to why CFTR malfunction is so important in this organ, and yet 
it is encouraging because only low levels of expression may be required for 
clinical benefit. The precise number of cells requiring transfection to 
demonstrate phenotypic correction is uncertain and much debated. 
Heterozygotes with 50% of normal CFTR levels demonstrate no lung 
pathology. The Cl- conductance of R347P and R117 H mutant CFTR has 
been assessed in vitro, and has been suggested as being about 30 % and 
15% of normal levels, respectively [83]. Thus, patients who are R347P/ 
L1F508 or RI17H/L1F508 compound heterozygotes should demonstrate 
about 15% and 7.5% of normal CFTR function, respectively. Although, in 
the few such patients studied, lung disease is still a prominent feature. The 
cftrmlHGU CF mice demonstrate a range of approximately 2-10% of wild
type CFTR mRNA, but still demonstrate an airway cAMP-mediated 
Cl- conductance that is reduced by about 50% compared with normal mice 
[84]. An in vitro study has shown that, if "corrected" and "uncorrected" CF 
cells are mixed within a monolayer, about 6-10% of the former produce 
the same effect as a monolayer of purely "corrected" cells [85]. Finally, 
interbreeding of compound heterozygote, wild-type and complete null CF 
mice has shown that the presence of 1-5% of normal CFTR mRNA within 
each cell is able to prevent the intestinal problems completely and to pro
duce marked correction of the Cl- defect [86]. These data start to suggest 
that only small increments in CFTR expression may be required in the air
ways to produce much larger changes in function. 

As for any attempt at gene transfer, the requirements include the com
plementary DNA (cDNA) with appropriate promoter, linked to a gene 
transfer agent (GTA). Currently, most studies have used "ubiquitous" viral 
promoters such as simian virus 40 (SV40), cytomegalovirus (CMV) and 
respiratory syntial virus (RSV), although lung-specific promoters such as 
surfactant protein C and Clara cell (CC 1 0) are available [87] and have been 
used in some studies [88]. Ideally, the endogenous CFTR promoter should 
be used to enusre tissue-specific regulation of the CFTR trans gene, but a 
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fully functional CFTR promoter has not yet been identified. Until the issue 
of which cell type to correct is resolved, and to a lesser extent until more 
cell-specific promoters are available, it is likely that most studies will use 
the more generalized promoters. 

A number ofGTAs are currently available [89,90], the two main systems 
being adenoviruses and cationic liposomes, although adeno-associated 
viruses have recently emerged as further candidates. Each GTA has certain 
advantages and problems and future systems may combine the best features 
of each. Adenovirus has a natural tropism for the lungs and the relatively 
high efficiency of gene transfer can be demonstrated both in vitro [91] and 
in vivo [92]. However, points of concern are safety and efficacy on repeat 
administration. Viral coat proteins are likely to be immunogenic, and may 
be responsible for the immune or inflammatory reactions commonly seen 
with these viruses [93, 94]. Extensive deletions of the virus's own genome 
are being undertaken to make the virus less immunogenic and to enable the 
uptake oflarger cDNA inserts [95,96]. 

Cationic liposomes are less efficient at gene transfer in vitro in compari
son with viral vectors, but have some major advantages. They have low 
toxicity and are unlikely to provoke inflammation or to initiate an immune 
reaction on repeat administration. However, their complex physicochemi
cal properties with respect to combination with both DNA and the sur
rounding ionic environment are poorly understood, and this probably con
tributes to their variable transfection efficiency in gene transfer studies 
[88]. Nebulization is likely to be the most acceptable delivery system for 
routine repeat applications to the lower airway in humans. It has the advan
tage of widespread deposition, which can, to a limited extent, be controlled 
by varying droplet size. Reports of pulmonary epithelial gene transfer after 
intravenous injection of a liposome-reporter gene complex [97, 98] are 
tantalizing, and suggest the possibility of other gene transfer strategies. 
One potential disadvantage is widespread gene transfer to other organs, but 
organ- or cell-specific promoters, or targeted gene transfer, may help to 
overcome this difficulty. 

7.2.1. In vitro CFTR gene transfer: The first reports of in vitro correction 
of the CF CI- channel defect came in 1990. Drumm et al. [99] used retro
viral-mediated transfer of CFTR cDNA to correct the CI- defect in a CF 
pancreatic carcinoma cell line. The presence of normal CFTR mRNA 
was demonstrated and cAMP-mediated chloride movement induced as 
shown by patch clamp and radio labelled efflux studies. This was followed 
by a second report in which vaccinia virus was used to transfect a CF air
way epithelial cell line [100]. Again, CI- movement was restored, as shown 
by epifluorescence and patch clamping, after transfection with normal but 
not mutant CFTR cDNA. Subsequently, many other groups have repeated 
these findings in cell lines with a variety ofGTAs. An interesting additional 
finding has been that restoration of the CFTR Cl- defect after CFTR cDNA 
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gene transfer is linked to correction of other CF ion transport defects, 
lending support to studies noted above which suggest that CFTR may have 
several functions [101]. 

7.2.2. CFTR gene transfer into animal models: A pioneering set of studies 
by Crystal and colleagues using gene transfer mediated by both adenoviru
ses [95] and liposomes [102] established that the CFTR gene could be 
expressed in the airways of mice in vivo. Instillation ofthe CFTR gene into 
the lungs was followed by the appearance of mRNA at day 1, which was 
sustained for up to 4 weeks. To extend these in vivo studies a number of 
useful animal models have been developed. Engelhardt et al. implanted 
human bronchial xenografts into immune-deficient mice and showed 
adenoviral-mediated gene transfer into the epithelium [103]. Whitsett et al. 
have generated transgenic mice incorporating the human CFTR gene under 
the control of a lung epithelial cell-specific promoter (surfactant protein C) 
[104]. Human CFTR was expressed in distal airway and alveolar cells with 
no adverse effects in terms oflung weight, morphology or somatic growth. 
These findings go some way to establishing that over-expression of CFTR 
is harmless, although recently both in vivo and in vitro data have suggested 
that this may not be so clear [105]. 

Transgenic CF mice, which have been generated by a number of labora
tories, are now being used in the assessment of GTAs. Hyde et al. [106] 
instilled a liposome (DOTMA) complexed with CFTR eDNA into the 
trachea of cftrmlCam transgenic mice showing restoration of cAMP-stim
ulated CI- secretion. Alton et al. [88] nebulized a liposome (DC-Chol: 
DOPE) CFTR eDNA complex into the cftrmlHGU mice and showed that 
correction of the CF CI- defect could be achieved by this method in some 
animals. However, the relatively large amount of DNA used and the varia
bility of correction suggest that inefficient gene transfer may be a problem 
with liposome-based systems. Direct comparison of the efficiency oflipo
some and adenoviral-mediated gene transfer systems has not been done, 
nor has the duration of correction been studied in CF mice. 

A number of studies using non-human primates have reported positive 
results, using both reporter genes and CFTR cDNA [107 -109]. Expression 
was seen throughout the airways, including the alveoli, but was generally 
patchy in distribution. One report has suggested gene expression for up to 
6 months in airways, including transfection of basal cells, using adeno
associated virus-mediated gene transfer [110]. 

7.2.3. Clinical trials: Human studies using both viral and non-viral 
systems have been carried out. Zabner et al. [111] studied adenovirus
mediated CFTR cDNA gene transfer to the nose of three CF volunteers. 
With respect to safety, a degree of localized inflammation around the site 
of application was seen, probably related to the method of delivery. CFTR 
mRNA could be demonstrated in two of the subjects. With respect to cor-
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rection of the bioelectric abnormalities, baseline potential difference (PD) 
was reduced into the normal range in all three subjects, whereas a 
,8-agonist (terbutaline) produced small changes, similar to those seen in 
non-CF subjects, after but not before gene transfer. These changes lasted 
up to 10 days after the single application, although the study was not desi
gned to assess duration of expression. Although these data are encouraging, 
it is important to note that inflammation can itself reduce baseline PD and 
that such in vivo measurements are not well suited to assessment of small 
changes in PD. 

Crystal et al. [112] administered an adenoviral vector containing normal 
CFTR cDNA to the nasal and bronchial epithelium of four CF patients and 
showed that the vector could express the CFTR cDNA in vivo. At 2 x 108 

plaque-forming unit (Pfu) there was no recombination/complementation or 
shedding of the vector or rise of neutralizing antibody titres. At 2 x 109 pfu, 
a transient systemic and pulmonary syndrome was observed in one subject, 
possibly mediated by IL-6. There were no long-term adverse effects. 

Knowles et al. [113] administered four logarithmically increasing doses 
of a CFTR containing adenovirus or vehicle alone, to the nasal epithelium 
of 12 patients with CF in a randomized double-blind study. The vector was 
detected in nasal fluid by culture, polymerase chain reaction (PCR) or both 
for up to 8 days after administration. There was molecular evidence of gene 
transfer by reverse transcriptase PCR (RT-PCR) or in situ hybridization in 
five of six patients treated with the two highest doses. However, less than 
1 % of cells were transfected and no significant changes in electrophysio
logical measurements were detected. At the highest dose there was muco
sal inflammation in two of three patients. 

Finally, Bellon et al. [114] administered escalating doses of a replication
deficient adenovirus expressing the human CFTR protein to the nose 
(instillation) and to the lung (aerosolization) of six CF patients. No acute 
toxic side effects were observed. CFTR mRNA was detected in all nasal 
samples at day 15 after virus administration, but only in one of six bron
chial brushing samples. Recombinant CFTR protein was also detectable in 
all nasal samples at day 15 after administration, but only in two of six bron
chial brushing samples. 

The results with non-viral systems are at least as promising as those 
using adenoviruses. Caplen et al. [115] reported a double-blind placebo
controlled trial of liposome-mediated CFTR cDNA gene transfer to the 
nasal epithelium in 15 LlF508 homozygous CF patients (nine CFTR cDNA, 
six placebo). No safety problems were encountered, either in the routine 
clinical assessment or by a blinded, semi-quantitative analysis of nasal 
biopsies. Both plasmid DNA and CFTR mRNA were detected from the 
nasal biopsies in five of the eight treated patients. Chloride secretion, 
assessed by perfusion with a low CI- solution (see above), showed a 
significant 20% increase towards normal values, a change well outside the 
variation in these measurements. In two subjects, these CI- responses 
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reached values within the non-CF range with the changes lasting for about 
7 days. 

In a similar double-blind randomized study, Porteous et al. [116] admi
nistered a single dose of a CFTR plasmid or buffer alone to 16 volunteers 
with CF. The plasmid contained a CMV promoter complexed with the 
cationic liposome DOTAP. There was no evidence of nasal inflammation 
on biopsy, circulating inflammatory markers or other adverse events 
related to active treatment. Transgene DNA was detected in seven of the 
eight treated patients up to 28 days after treatment and vector-derived 
CFTR mRNA in two of the seven patients 3 and 7 days after administra
tion. Partial correction ofCFTR-mediated chloride transport was detected 
in two treated patients, sustained for up to 4 weeks. These findings were con
sidered to be comparable to those reported previously using adenoviral 
vectors or the liposome study outlined above. 

A third double-blind placebo-controlled study was performed by Gill et 
al. [117] using a CFTR cDNA plasmid containing an RSV promoter. Eight 
patients received the plasmid complexed with DC-ChollDOPE and four 
received buffer alone. Biopsies of the nasal epithelium taken 7 days after 
dosing were normal. No signiifcant changes in any clinical parameters 
were observed. Functional expression of CFTR assessed by in vivo nasal 
potential difference measurements showed transient correction ofthe CF Cl
transport abnormality in two patients. Fluorescence microscopy showed 
evidence for CFTR function ex vivo in cells from nasal brushings in a 
further four patients. In total, evidence of functional CFTR gene transfer 
was obtained in six of the eight treated patients. 

8. Conclusion 

Cystic fibrosis is the most common lethal autosomal recessive disease in 
the caucasian population, with most patients dying as a result of lung 
obstruction. The CF gene was cloned through positional cloning and 
named the cystic fibrosis transmembrane conductance regulator. CFTR is 
a member of the ABC superfamily and expressed in the apical membrane 
of epithelial cells. Apart from its function as a Cl- channel, CFTR also 
appears to regulate other ion channels. Current treatments include physio
therapy, administration of antibiotics and pancreatic supplements with a 
current life expectancy of about 30 years. New pharmacological treatments, 
as well as gene therapy using viral or non-viral vectors, may further increa
se quality of life as well as life expectancy in CF patients. 
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1. Introduction 

Cystic fibrosis (CF) is one of the most common genetic disorders affecting 
white European populations with autosomal-recessive inheritance. It is 
characterized by abnormal exocrine gland secretion [I] a. As a result of 
mutations in a single gene of chromosome 7 which encodes the CF trans
membrane conductance regulator (CFTR). The CFTR protein is a mem
brane-bound cAMP-regulated chloride channel which is also thought to 
regulate other chloride (CI-) and sodium (Na+) channels. More than 700 
different mutations have been identified so far which affect epithelial ion 
and water transport mainly in cells in the respiratory, gastrointestinal, hepa
tobiliary and reproductive tracts. In CF airways intracellular chloride and 
water retention leads to viscous secretions and impaired mucociliary clear
ance (Figure 1 A). 

A hallmark of CF is respiratory infection [1]. A variety of Gram-positive 
and Gram-negative bacteria and fungi can be isolated from CF sputum or 
bronchoalveolar lavage (BAL) samples. The predominant bacterial species 
colonizing the respiratory tract in people with CF, however, are Pseudo
monas aeruginosa, Staphylococcus aureus and Haemophilus injluenzae [1, 
2]. Infections may start very early in the life of these patients and, up to the 
age of 5 years, about a quarter of CF patients are infected with P. aerugino
sa [2], this increases steadily with age. A North American analysis includ-
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Figure I. Schematic view of the development of bacterial lung infections in patients with cystic 
fibrosis. (A) As a result of abnormal viscous mucus, mucociliary clearance is impaired; (B) 
bacteria such as Pseudomonas aeruginosa and Staphylococcus aureus may colonize the CF 
airways by adhering to mucus components. Chemotactic factors for polymorphonucelar 
leukocytes (PMN) are generated from bacteria and host; (C) migrating PMNs become activat
ed and secrete reactive oxygen species, antimicrobial peptides, enzymes and serine proteinases, 
the last stimulate mucus hypersecretion; (D) reactive oxygen species trigger the change of 
non-mucoid P aeruginosa to a mucoid phenotype forming exopolysaccharide covered micro
colonies, which survive by taking advantage ofPMN proteinases; mucus hypersecretion remov
es bacteria from the epithelium into the airway lumen; (E) serine proteinase inhibitor therapy 
reduces mucus hypersecretion, restores PMN function and restricts bacterial survival condi
tions; (F) this leads to decreased numbers of bacterial pathogens in the airways and resolution 
of inflammation. 

ing almost 20000 CF patients revealed that the percentage of P. aeruginosa 
infections rose from 16.2% in the age group of 0-1 years to 82% in the age 
group of 35-44 years. The percentage of CF patients infected with 
S. aureus (37%) and H. injluenzae (15.4%), on the other hand, remains 
relatively constant in all age groups. These epidemiological data clearly 
reveal the importance of the P. aeruginosa lung infection in CF. Although 
several antibiotic regimens are used in CF, eradication of the infective 
pathogens from the airways is difficult to achieve. Antibiotic treatment ear
ly after onset of colonization/infection seems, however, to be successful: in 
an open study, the combined treatment with colistin and oral ciprofloxacin 
significantly reduced the onset of P. aeruginosa infection in treated com
pared with untreated patients (14% vs. 58%) [3]. A placebo-controlled, 
double-blind, randomized tobramycin inhalation study showed that the 
time of conversion to a P. aeruginosa-negative respiratory culture after 
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onset of P. aeruginosa colonization was significantly shortened by active 
treatment, suggesting that early tobramycin inhalation may prevent P. aeru
ginosa pulmonary infection in CF [4]. 

When antibiotic therapy fails to eradicate the pathogens, chronic respir
atory infection results. As a result of vigorous immune response of the 
immunocompetent CF patients, chronic inflammation leads to progressive 
obstruction and destruction of bronchioli and bronchi. The major cause of 
morbidity is loss of lung function and the 50% survival rate of patients in 
the US Registry was 3l.3 years in 1996 [2]. The importance of the secon
dary acquired bacterial lung infections for the prognosis and life expec
tancy in CF has led to considerable research activities about the mech
anisms of bacterial pathogenicity and host response in the last 25 years. 
Based on these results, several approaches to treat and to prevent lung 
infections in CF patients have been considered or applied. The purpose of 
this review is to summarize host-pathogen interactions in this context, 
emphasizing the role of bacterial and host proteinases and the therapeutic 
usefulness of proteinase inhibitors. 

2. Bacterial Colonization 

The exact route of entry of the bacteria into the lower airways of CF pa
tients is not known. It is generally believed that the pathogens colonize the 
upper respiratory tract and thereafter reach the lower airways. For example, 
genotyping of S. aureus strains from infected CF patients [5] revealed a 
high degree of strain identity between nose and sputum isolates [6], 
suggesting that initial colonization of the nasal mucosa with S. aureus 
precedes the development oflower respiratory tract infection. Such a route 
of transmission has also been proposed for other types of S. aureus in
fection [7 - 9] and P. aeruginosa in the CF lung [10]. 

It is still uncertain whether bacterial pathogens, once having entered the 
airways, adhere to the epithelium or to components of the mucus. Using 
immunofluorescence, scanning and transmission electron microscopy, 
adherence of S. aureus to membranes of airway epithelial cells in CF pa
tients was found to be negligible compared with adherence to components 
of the secreted mucous layer [11] (see Figure 1 B). Similarly, large numbers 
of S. aureus adhere to mucus on top of the cilia and overlying non-ciliated 
cells in a three-dimensional primary cell culture system, whereas only low 
numbers of S. aureus adhere to mucus-depleted vesicles (Figure 2). These 
data confirm results from previous in vitro and animal studies. Sanford et 
a1. [12] demonstrated that S. aureus was associated with the mucus gel 
coating the upper respiratory tract of ferrets and that S. aureus bound to 
purified mucins in vitro [12, 13]. Also Shuter et a1. [14] showed mucin 
binding of S. aureus in vitro and proved that adherence of S. aureus to 
mucus-coated cells was greater than to non-mucus-coated cells. 
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Figure 2. Scanning electron micrograph of primary nasal epithelial cells of a cystic fibrosis 
patient (A, C), and a healthy individual (B, D) grown as three-dimensional cell balls (A, B) or 
as monolayer on biocoat membranes (C, D). S. Aureus cells adhere to mucus on cell balls but 
not on cell membranes. Magnifications: (A) x 1750; (B) x 3500, (C) x 1750; (D) x 1750. Bars 
(A, C, D): 1.7 pm; (B): 0.84 !lm. (Courtesy of Martina Ulrich, Hygiene-Institute, University of 
Tiibingen, Germany). 

Similarly, P. aeruginosa, the other major pathogen in CF patients, may also 
adhere to mucins of the respiratory tract rather than to the epithelial mem
brane of these patients in vivo and in vitro [15 - 17]. As binding of S. aureus 
to cell balls from CF patients or controls did not differ significantly [11], 
impaired mucociliary clearance may explain the cause of endobronchial 
bacterial infection in CF patients better than factors such as an increased 
sulphation or increased concentrations of asialoganglioside 1 of the glyco
calix of epithelial cells [18]. As a result of mucus hypersecretion, bacteria are 
further removed from the epithelium (see Figure 1 C, D) (see below). It is 
possible that hypersecretion prevents tissue damage resulting from 
S. aureus toxins [19], as well as invasion and systemic infection with 
S. aureus, because S. aureus sepsis has never been described in CF patients. 
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3. Bacterial Persistence 

The successful persistence of P. aeruginosa is the result of its ability to 
avoid the host immune response by changing its phenotype. Whereas most
ly a non-mucoid P. aeruginosa is seen early after onset of infection (see 
Figure 1 B, C), mucoid P. aeruginosa, characterized by the formation of 
exopolysaccharide-coated microcolonies [17, 20], is present in chronic 
infection (see Figure 1 D). A microcolony mode of growth has considerable 
advantages for the survival of P. aeruginosa in the hostile CF environment. 
As a consequence of the abundant production of exopolysaccharide, the 
surface enlargement prevents effective phagocytosis by alveolar macro
phages or polymorphonuclear leukocytes (neutrophils) merely because of 
its size [21, 22]. Furthermore, reactive oxygen species such as the super
oxide anion radical, hydrogen peroxide (H20 2) and the hydroxyl radical 
produced and secreted by stimulated neutrophils may be inactivated by 
mucoid P. aeruginosa exopolysaccharide [23-26], which displays a large 
negatively charged sugar matrix around single bacteria. 

Also myeloperoxidase (MPO) could be trapped on the surface of the 
matrix; this is a cationic lysosomal enzyme that is released from activated 
neutrophils and transforms H20 2 into highly reactive oxygen metabolites 
[27]. In addition, catalase could be trapped - an enzyme that detoxifies H20 2 

to oxygen and water. MPO and catalase are both present in high concentra
tions and are enzymatically active in CF airways [28, 29]. Matrix binding 
most probably also affects cationic antimicrobial peptides produced by 
neutrophils [30] and epithelial cells [31], thereby reducing their efficacy. 
Another major weapon ofneutrophils, lysosomal serine proteinases, appa
rently do not harm P. aeruginosa but instead support its growth (see below). 
Thus, P. aeruginosa is sufficiently protected by its exopolysaccharide coat 
from the action of reactive oxygen species and other antimicrobial sub
stances in the CF lung. Although a lot is known about alginate biosynthesis 
[32], the signals that trigger the mucoid phenotype of P. aeruginosa are 
largely unknown. Recently, H20 2 was shown to induce the mucoid pheno

type of strain PAOl [33] in vitro suggesting that factors in airway in-
flammation may actually be responsible. CF is not the only disease charac
terized by mucoid P. aeruginosa lung infection since Japanese patients with 
diffuse panbronchiolitis often harbour this bacterial phenotype [34]. 

In contrast to P. aeruginosa, S. aureus seems to pursue a different stra
tegy in CF airways. Although the pathogen can produce several capsular 
polysaccharides, we recently demonstrated that S. aureus strains, pro
ducing capsular polysaccharide type 5 (CPS) in vitro, lack CPS when direct
ly examined by immunofluorescence in thin sections of airways from pa
tients with CF and that CPS was re-expressed when the isolates were grown 
under normal air conditions [35]. Addition of 1 % CO2 rendered the strains 
CPS negative. As, in the bronchioli, the mean value of the inspiratory and 
expiratory CO2 is about 4%, it is possible that CPS expression in vivo may 
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be inhibited as a result of the elevated pC02 (C02 partial pressure) com
pared with the pC02 in normal air. Although P. aeruginosa protects itself 
by a thick polysaccharide layer, S. aureus loses its micropolysaccharide 
capsule. Thus, secretion of teichoic acid or fixation of antibodies by pro
tein A seems to be sufficient to enable the bacterium to persist in the CF 
airways. 

4. P. aeruginosa Proteinases 

The virulence of P. aeruginosa is multifactorial, for example, it may secrete 
the three extracellular proteinases, elastase (Ela) [36], alkaline proteinase 
(AP) [37, 38] and LasA protease [39, 40], in addition to other virulence fac
tors [41-43]. Based on in vitro experiments, the detection of bacterial pro
teinases in bronchial secretions of CF patients [44] and experimental 
animal infection models [45 -49], extracellular toxins and other bacterial 
virulence factors have been shown to play an important role in human 
infectious diseases including CF. For instance, P. aeruginosa proteases 
cleave fibronectin leading to greater bacterial cell adherence [50, 51], and 
increase airway secretion [52] causing obstruction of airways. The pro
teinases also induce lung tissue damage thereby reducing lung clearance in 
rats [53] and make iron (an essential bacterial growth factor) available for 
the pathogen [54-56]. Thus, proteases may provide locally preferential 
growth substances for the bacteria by cleaving a variety of proteins. In 
addition, P. aeruginosa proteases may interfere with host defence, particu
larly opsonophagocytosis by cleaving immunoglobulins [57], complement 
components [58, 59] and cell receptors [60-62], thereby supporting bacte
rial persistence in the CF airways. 

During the chronic course of infection specific antibodies are, however, 
produced against a large number of bacterial antigens including P. aerugi
nosa proteinases [63], which neutralize their enzymatic activities in im
mune complexes [64]. Thus, the importance of P. aeruginosa proteinases in 
the pathogenicity of the chronic lung infection in CF patients in vivo may 
be minimal [65, 66]. Similarly, other bacterial protein toxins such as exo
toxin A are neutralized, or protoelytically cleaved, by host serine proteina
ses [67], again raising doubts about their relevance in vivo. In summary, 
P. aeruginosa in CF is characterized by a non-motile phenotype that over
expresses exopolysaccharides and which survives "passively" in the ob
structed airways, taking advantage of a highly proteolytic ally active en
vironment provided by the host (see below). Provided that this hypothesis 
is correct, serine proteinase inhibitor therapy might also decrease bacterial 
growth. 
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5. Polymorphonuclear Leukocyte Proteinases 

As mentioned earlier, neutrophils dominate the local inflammatory res
ponse to bacterial airway infection in CF. Recently, markers of inflamma
tion were detected in some infants with CF as young as 4 weeks with nega
tive bacterial cultures, suggesting that inflammation may actUally precede 
infection in CF [68]. Neutrophils are attracted from the vascular space into 
the CF tissues by bacterial products [69], activated complement com
ponents [70], leukotriene B4 [71-73], or interleukin-8 [68]. Binding of 
immune complexes (and other particles) to neutrophil surface receptors 
leads to cell stimulation, resulting in a fusion of intracellular granules or 
lysosomes with the neutrophil cell surface membrane [22]. Neutrophils 
contain many granules which can be differentiated into specific and 
primary (azurophilic) granules, the latter containing the serine proteinases 
elastase, cathepsin G and proteinase 3, as well as other enzymes involved 
in hydrolytic, proteolytic and oxidative breakdown of phagocytosed par
ticles [74]. As a result of continuous neutrophil recruitment mainly caused 
by the inability of neutrophils to phagocytose the large mucoid phenotype 
of P. aeruginosa, considerable quantities of neutrophil lysosomal enzymes 
are found in CF airways. As a result of the broad substrate specificities of 
lysosomal proteinases (particularly neutrophil elastase), they have been 
implicated in the pathogenesis of CF (and other diseases characterized by 
type III hypersensitivity reactions) by causing tissue damage and de
creasing lung functions [l]. Both P. aeruginosa and neutrophils are closely 
associated in the CF sputum at concentrations of about 107-108 cells/ml 
sputum or bronchial lavage [75]. 

The role of neutrophil serine proteinases in inflammation in general and 
in CF in particular is thought to be critical in pathogenesis [28, 73, 75-80]. 
All three proteinases (particularly elastase) damage various host structures 
including fibronectin [51], cilia [81] and elastin [75,82], immunoglobulins 
[83], complement components [84-86], and cell receptors on neutrophils 
[62,87,88] and T cells [89]. This would clearly have a major effect on the 
normal surrounding tissue and the protein pattern of an inflammatory 
focus. Specifically, the reduction in opsonophagocytosis and killing of 
P. aeruginosa, as well as other pathogens related to CF such as S. aureus, 
H. injluenzae and Streptococcus pneumoniae when neutrophils are pre
treated with neutrophil elastase [62, 87], has led to the concept that, in CF, 
free serine proteinase activity is deleterious for the host and serine 
proteinase inhibitor therapy may be useful (see below). As P. aeruginosa 
proteinases are neutralized in immune complexes, as mentioned earlier, the 
pathogen may rely on the enzymatic activity of secreted neutrophil 
proteinases to colonize and persist in the respiratory tract. A comparison of 
substrates for host serine proteinases and P. aeruginosa proteinases showed 
that they are very similar [90]. For example, both the P. aeruginosa 
metalloproteases and the neutrophil serine proteinases have been shown to 
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degrade and inactivate the host proteinase inhibitors aI-proteinase inhibitor 
(aI-PI) [28, 91, 92] and human bronchial mucosal proteinase inhibitor 
(synonym: secretory leukocyte protease inhibitor, SLPI) [93, 94] and 
P. aeruginosa metalloproteases also cleave al-antichymotrypsin [95]. 
During chronic P. aeruginosa lung infection in CF, sputum aI-PI function 
is minimal (3.8%) [28, 96] and thus the activity of released lysosomal 
proteinases from neutrophils would remain less well controlled, supporting 
the survival of P. aeruginosa in CF airways. Nevertheless, the net effect 
may not be totally harmful to the patient. 

The ability of neutrophil elastase as well as cathepsin G to stimulate air
way gland secretion [97, 98] may lead to airway obstruction which is not 
necessarily deleterious (see Figure 1C, D). The mucus hypersecretion, as 
mentioned earlier, may remove bacterial pathogens from airway epithelium 
and thus reduce the likelihood of systemic infection. In addition, although 
cleavage of phagocytic receptors may suppress the process of antigen re
cognition, it would also reduce amplification of the immune response by 
other cells and therefore may be regarded as beneficial for the patient by 
reducing an ineffective but harmful inflammatory response [99]. 

Besides neutrophil serine proteinases, other host proteinases may playa 
pathogenic role in CF lung disease. Neutrophil collagenase [100], a metal
loproteinase of specific granules [101], has been detected in sputum ofCF 
patients [102]. In addition to other substrates, it also cleaves and inactiva
tes aI-PI [103]. Other potential active proteinases include: human inter
stitial collagenase (matrix metalloproteinase-1), an enzyme the synthesis 
of which is widely distributed among endothelial, epithelial and mesen
chymal cells and which also cleaves serine proteinase inhibitors, including 
aI-PI [104], macrophage-derived metalloproteinase [105], and cysteine 
proteinases [106]. However, as serine proteinase inhibitors largely inhibit 
proteolytic activity in sputum samples from patients with CF, the role of 
metalloproteinases in the pathogenicity of the CF lung inflammation of host 
or bacterial origin may (at best) be minimal and indirect. These concepts, 
and in particular the role of neutrophil elastase, are summarized in Figure 3. 

6. aI-Proteinase Inhibitor Therapy 

To remove neutrophil-released elastase and other proteinases from the 
extracellular space, the host is provided with several receptor-mediated 
clearance mechanisms by the reticuloendothelial system. Alveolar macro
phages are capable of binding and internalizing elastase by binding the 
elastase-a2-macroglobulin complexes [107]. Human monocytes and hepa
tocytes have an abundant, high-affinity cell surface receptor that binds 
aI-PI elastase complexes, mediates endocytosis and lysosomal degradation 
of the complexes, and induces an increase in synthesis of aI-PI. A pen
tapeptide domaine in the carboxyl-terminal fragment of aI-PI is sufficient 
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for binding to this receptor which was named SERPIN enzyme complex 
(SEC) receptor [108]. Furthermore, a common receptor for elastase, ca
thepsin G and lactoferrin exists on alveolar macrophages which binds 
elastase with no need for a previous interaction with a proteinase inhibitor 
[109]. Apparently, these mechanisms are insufficient in chronic inflamma
tion in CF patients, because elastase activity is invariably present [28]. 
Therefore, aI-PI administration by inhalation has been considered as a 
therapeutic strategy in CF to reduce elastase activity and, hence, its poten
tially deleterious effects on host defences. 

aI-PI is the most abundant of the plasma proteinase inhibitors (30-
50-pmol/l) and the inactivation of neutrophil elastase by this inhibitor is 
one of the fastest biochemical reactions known [110]. Based on in vivo 
half-time inhibition data, aI-antichymotrypsin rather than aI-PI inhibits 
cathepsin G [110]. aI-PI is produced by hepatocytes, but also in small 
amounts by alveolar macrophages [111] and neutrophils [112]. The func
tion of the latter source is unknown, although it has been shown that elastase 
binds to CR3 (CDllb/CD18) on the surface ofneutrophils and thus me
diates detachment of CR3 from its ligand intercellular adhesion molecule 
1 (ICAM-l) during diapedesis [113]; it is possible that aI-PI secreted from 
neutrophils may modulate this migration process. 

As mentioned above, blood-derived aI-PI is mostly inactive in inflamed 
CF airways which may be the result of proteolytic cleavage by a surplus of 
neutrophil elastase [28] or other proteinases, as well as oxidation of the 
methionine residue in the active centre of the enzyme; Met-358 [114]. 
However, recently we have shown [29] that Met-358 oxidation by the 
MPO/H20 2/halide system does not occur in inflamed CF airways, even 
though considerable amounts of active MPO are present. Apparently, com
plexing of neutrophil elastase with aI-PI (which renders Met-358 inacces
sible for MPO-induced oxidation) is faster than MPO-induced oxidation of 
uncomplexed aI-PI. The findings that MPO is rendered immobile by the 
negatively charged DNA or glycoprotein matrix in sputum [29] may help 
explain this fact. Furthermore, high concentrations of catalase detoxifying 
H20 2 are present in this sputum [29]. Thus, proteolytic cleavage rather than 
oxidation of aI-PI is likely to be the major cause of inactivation in CF 
sputum. These findings may have considerable impact on trials of aerosol 
therapy with aI-PI in CF: aerosolized aI-PI may still actively complex with 
neutrophil elastase despite the presence of high concentrations and ac
tivities of MPO in CF airways. 

Only a few trials with human plasma-derived aI-PI have been carried out 
in CF patients mainly because of the shortage of available aI-PI for this 
patient group [115]. McElvaney and colleagues showed convincingly that 
the active neutrophil elastase concentrations in the epithelial lining fluid of 
12 CF patients were significantly reduced using 1.5-3.0 mg aI-PIlkg body 
weight twice daily for one week. The use of transgenic aI-PI produced in 
the milk of sheep may soon overcome the shortage of the inhibitor for 
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clinical studies [116]. Inhibition of neutrophil serine proteinases may also 
restore neutrophil function, render bacterial survival more difficult and 
lastly reduce mucus hypersecretion. Decreasing sputum volumes may then 
enable antibiotics to kill pathogens more effectively. The success of such 
specific studies and, more importantly, the clinical, bacteriological and 
inflammatory response, will clarify the true role of neutrophil elastase in 
the pathogenesis of CF and pseudomonas colonization. 
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