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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 



Elastase Inhibitors in the Lung: Expression and Functional Relationships 75 

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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EJ-AAAA Uver 1.6kb 

~lAllB Ilcl II-V ~AAAA l.95kb 

EJ)<}c I II - V ~AAAA 1.9kb 

lIB Ilcl II-V ~AAAA 1.8kb 

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 
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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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