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Summary Alpha-1 antitrypsin (A1AT) is a serine anti-
protease produced chiefly by the liver. A1AT defi-
ciency is a genetic disorder characterized by serum
levels of less than 11 pmol/L and is associated with
liver and lung manifestations. The liver disease, which
occurs in up to 15% of A1AT-deficient individuals, is a
result of toxic gain-of-function mutations in the A1AT
gene, which cause the A1AT protein to fold aberrantly
and accumulate in the endoplasmic reticulum of
hepatocytes. The lung disease is associated with loss-
of-function, specifically decreased anti-protease pro-

Communicating editor: Guy Besley

Competing interests: None declared

References to electronic databases: Alpha 1-antitrypsin
deficiency: +107400.

C. M. Greene (<) - S. D. W. Miller - T. Carroll +

C. McLean - M. O’Mahony - S. J. O’Neill - N. G. McElvaney
Respiratory Research Division,

Department of Medicine, Royal College of Surgeons

in Ireland, Education and Research Centre,

Beaumont Hospital, Dublin 9, Ireland

e-mail: cmgreene@rcsi.ie

M. Lawless

Hepatology Research Division,

Institute of Molecular Medicine,

Trinity Health Science Building, Trinity College,
St. James Hospital, Dublin 8, Ireland

C. C. Taggart
School of Medicine and Dentistry,
Queen’s University Belfast, Northern Ireland

tection on the airway epithelial surface. The so-called
‘Z’ mutation in A1AT deficiency encodes a glutamine-
to-lysine substitution at position 342 in A1AT and is
the most common A1AT allele associated with dis-
ease. Here we review the current understanding of the
molecular pathogenesis of A1AT deficiency and the
best clinical management protocols.

Abbreviations
A1AT  alpha-1 antitrypsin

ATRA all trans-retinoic acid

BAL bronchoalveolar lavage

COPD  chronic obstructive pulmonary disease

EDEM ER degradation-enhancing
o-mannosidase-like protein

elF2a  translation initiation factor e2-a

EOR ER overload response

ER endoplasmic reticulum

ERAD ER-associated degradation

ERSE  ER stress response element

FENIB familial encephalopathy with neuroserpin
inclusion bodies

FEV1  forced expiratory volume in 1 second

FVC forced vital capacity

GOLD Global initiative for Chronic Obstructive
Lung Disease

HRCT  high-resolution computed tomography

Irel inositol-requiring kinase 1

NE neutrophil elastase

PERK PKR-like ER kinase
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PR-3 proteinase-3

RNAi  RNA interference

siRNA  small interfering RNA

TMAOQO trimethylamine oxide

UPR unfolded protein response

UPRE unfolded protein response element
Introduction

Alpha 1-Antitrypsin (A1AT) deficiency (OMIM
+107400) is a lethal hereditary disorder characterized
by low plasma levels of A1AT (Laurell and Eriksson
1963). The condition is associated with a substantially
increased risk for the development of pulmonary
emphysema by the third or fourth decade of life and
is also associated with risks for development of hepatic
disease, cutaneous panniculitis, arterial aneurysm,
bronchiectasis, and renal disease. A1AT deficiency is
a genetic disorder characterized by misfolding of the
A1AT protein and it belongs to a class of genetic
diseases associated with aberrant protein folding which
are collectively known as conformational disorders.

Al1AT

The A1AT gene is a 12.2-kilobase-pair gene composed
of 7 exons and 6 introns, encoded by the protease
inhibitor (Pi) locus located on chromosome 14q32.1
(Darlington et al 1982; Schroeder et al 1985). The gene
is expressed in cells of several lineages, with expression
being highest in hepatocytes (Rogers et al 1983). This
is consistent with the fact that A1AT is an acute-phase
reactant. Translation of the gene results in a 418-
amino-acid protein that includes a signal peptide. The
A1AT protein is glycosylated and posttranslationally
modified in the endoplasmic reticulum (ER) and its
carbohydrate side-chains are modified in the cis-Golgi
apparatus before being packaged and released. The
final product of the gene is a 52 kDa glycosylated
protein. Serum A1AT is almost totally derived from
hepatic production; however, A1AT is also actively
transcribed and secreted by other cells, including
mononuclear phagocytes, enterocytes, renal parenchy-
mal cells and intestinal epithelium (Carlson et al 1988;
Molmenti et al 1993).

A1AT is the archetype of the serine protease
inhibitor or serpin superfamily, members of which
have closely related structures and functions. A1AT
has a structural conformation that allows it to tightly
grasp and pseudo-irreversibly inhibit serine proteases
including neutrophil elastase (NE), cathepsin G and
proteinase 3 (PR-3) (Carrell 1986). A1AT functions by
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presenting its reactive centre residue on an exposed
loop of the molecule such that it forms an ideal
substrate for proteolytic enzymes. The exact fit be-
tween enzyme and inhibitor results in a tightly bound
complex, which inhibits the enzyme and allows it to be
eliminated from the circulation.

Genetics of A1AT deficiency

Since Laurell and Eriksson (1963) first made the
association between low levels of A1AT protein and
emphysema we have learned a considerable amount
about the genetic mechanisms underlying this under-
diagnosed disease. A1AT deficiency is a classic mono-
genic disorder. The ATAT gene is highly pleomorphic,
with approximately 100 alleles identified to date.
Variants are inherited in an autosomal co-dominant
fashion, i.e. the products of both alleles are expressed,
and the protein phenotype is classified according to the
‘P’ system, as defined by plasma isoelectric focusing.

A1AT genotypes that confer an increased risk for
developing pulmonary emphysema and/or liver disease
are those in which deficiency or null alleles are
combined in homozygous or heterozygous states, and
encode A1AT plasma levels below a protective
threshold of 11 pumol/L (Crystal 1998). On the basis
of plasma levels and function of A1AT, variants are
categorized as follows: (a) Normal: commonly M types
which account for 95% of alleles in caucasian individ-
uals and are characterized by normal plasma levels
(more than 20 umol/L); (b) Deficient: ZA1AT is a
common deficiency variant, with plasma levels of
homozygotes in the range of 5-6 pmol/L. The S’
variant is also common and PiSS individuals have
A1AT plasma levels of 8-11 umol/L; (c) Null: these
are variants associated with no detectable circulating
A1AT in the plasma and are not associated with liver
disease, e.g. QOjispon, @ Thr68Ile exon II mutant; or
(d) Dysfunctional: the unique Pittsburgh mutation
(Met358Arg) which converts A1AT into an inhibitor
of thrombin rather than elastase (Owen et al 1983).
Null and dysfunctional mutations are rare. The major-
ity of patients with A1AT deficiency are usually either
homozygous or heterozygous PiZ or PiS.

The distribution of A1AT variants probably reflects
the genetic origins of the disorder. The highest
incidence of A1AT deficiency is in Europe, with up
to 6% of people of European descent carrying at least
one copy of the S gene and 3-4% carrying at least one
copy of the Z variant (Hutchison 1990; de Serres
2002). The highest prevalence of the Z allele is in
northern and western European countries with a mean
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gene frequency of 0.014 or 14 per 1000, which using
Hardy-Weinberg principles would yield an estimated
ZZ homozygote prevalence of 1 in 5000 (de Serres
2002). The highest frequency of PiS is found in
southern Europe, particularly in the Iberian Peninsula,
suggesting that the mutation is likely to have arisen in
that region. The mean gene frequency of PiS in
southern Europe is 0.056 or 56 per 1000, yielding an
estimated SS homozygote prevalence of 1 in 320
(Hutchison 1998). It must also be remembered that
these gene frequencies vary widely as A1AT deficien-
cy is so under-recognized.

Molecular basis of A1AT deficiency

Specific mutations of the A1AT gene that occur
include base substitutions, in-frame deletions, frame-
shift mutations and exon deletions. The medically
interesting variants associated with deficiency, are
the S and Z genes commonly found in Europeans and
the uncommon Null (non-production gene). Both
S and ZAI1AT result from single amino acid sub-
stitutions. In the S variant there is a substitution
of a valine residue for glutamate at position 264
(Val264Glu) (Curiel et al 1989). The Z mutation
(Glu342Lys) results from the substitution of a posi-
tively charged lysine for a negatively charged gluta-
mine at the base of the reactive centre loop. This
mutation distorts the relationship between the loop
and the pB-pleated ‘A’ sheet that forms the major
feature of the molecule. The consequent perturbation
in structure allows the loop of one molecule to interlock
with the ‘A’ sheet of another to form fibril-like
polymers (Lomas et al 1992). The formation of these
loop—sheet polymers is temperature- and concentra-
tion-dependent and is likely to occur in the ER of
hepatocytes. Chains of polymers become interwoven
to form insoluble inclusions that are the pathological
hallmark of A1AT liver disease (Fig. 1). Recent
evidence has indicated the possibility of polymer

formation outside the hepatocyte (Elliott et al 1998;
Janciauskiene et al 2002; Mulgrew et al 2004).

A1AT as a conformational disease

A1AT deficiency is classed among a group of disorders
referred to as ‘conformational diseases’ (Carrell and
Lomas 2002). Conformational diseases are caused by
mutations altering the folding pathway or the final
conformation of a protein. Many such diseases are
caused by mutations in secretory proteins and range
from metabolic diseases such as diabetes to neurolog-
ical conditions such as Alzheimer disease. Other
conformational diseases include cystic fibrosis and
hereditary haemochromatosis, which are also associat-
ed with intracellular accumulation of misfolded pro-
teins and ER stress (Knorre et al 2002; Kudo et al
2002; Lawless et al 2007). A subclass of conformational
disease includes the serpinopathies and is associated
with abnormal B-strand linkages in serine proteinases.
ZA1AT deficiency is the paradigm for these diseases,
which include thrombosis, angio-oedema and emphy-
sema due to loss-of-function of antithrombin, C1
inhibitor and alpha-1 antichymotrypsin, respectively,
and the recently characterized gain-of-function demen-
tia ‘familial encephalopathy with neuroserpin inclu-
sion bodies’ (FENIB) (Miranda et al 2004).

ER stress occurs as a result of an imbalance
between the ER protein folding load and the ability
to process the load, and is characterized by a number
of intracellular responses (Fig. 2). These are distinct
but not exclusive, and include the ER overload
response (EOR), the unfolded protein response
(UPR) and apoptosis (Fig. 2).

EOR
The EOR pathway culminates in activation of the

transcription factor NFxB. Latent NFxB resides in the
cytosol, complexed to its inhibitor IxkB. Activation by a

Fig. 1 Diastase-resistant
periodic acid-Schiff-stained
liver section from a ZA1AT-
deficient individual showing
A1AT deposits
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Misfolded
ZA1AT

Endoplasmic
/ Reticulum \
Unfolded Protein ER Overload
Response Response
Apoptosis

Fig. 2 Stress responses induced by accumulation of misfolded
proteins in the ER

variety of stimuli, including accumulation of misfolded
proteins in the ER, leads to phosphorylation and
degradation of IxB and nuclear translocation of NFxB.
This culminates in expression of NFxB-regulated genes.
Expression of ZA1AT has been shown to activate
NF«xB and induce expression of interleukin-6 and
interleukin-8 (Lawless et al 2004).

UPR

The UPR is a tripartite protective system including
(i) the translational attenuation of global protein
synthesis (Ron 2002); (ii) transcriptional induction of
UPR target genes (Mori 2000) and (iii) ER-associated
degradation (ERAD) in the proteasome (Kopito 1997)
(Fig. 3).

Translational attenuation occurs as an immediate
response that reduces the load of host protein synthe-
sis in the ER and prevents further accumulation of
unfolded proteins (Harding et al 2002). The type I
transmembrane protein PKR-like ER kinase (PERK)
phosphorylates translation initiation factor 2 (eIF2) on
its alpha subunit (eIF2a) at serine-51, thus inhibiting
the initiation of global translation and paradoxically

Fig. 3 Signals activated by
the unfolded protein response

promoting the translation of ATF4 mRNA, a bZIP
transcription factor (Harding et al 2000). Targets of
ATF4 include CHOP, GADD?34, and ATF3 (Jiang
et al 2004; Ma et al 2002). Transcriptional induction of
UPR target genes involves the ER transmembrane
protein inositol-requiring kinase 1 (IRE1) which can
regulate chaperone induction, ERAD, and expansion
of the ER in response to ER stress (Schroder and
Kaufman 2005). IRE1 is an endoribonuclease that
targets the basic leucine zipper (bZIP) transcription
factor XBP-1 causing it to translocate into the nucleus
and bind to ER stress response elements (ERSE) and/
or unfolded protein response elements (UPRE), acti-
vating the transcription of ER chaperone genes, ER
quality control genes, and folding enzymes (Yoshida
et al 2001). The function of these gene products is
to enhance correct folding of misfolded proteins
and restore ER homeostasis. In a later phase of the
UPR, components of ERAD are activated. This is
the process whereby misfolded ER proteins are
detected, prevented from progressing along the secre-
tory pathway, and degraded by the ubiquitin—protea-
some system (Kopito 1997; Travers et al 2000). The
IRE1-XBP-1 pathway stimulates ERAD, increasing
the capacity of ER-stressed cells to degrade irrevers-
ibly misfolded proteins. EDEM (ER degradation-
enhancing o-mannosidase-like protein) is a type II
transmembrane protein localized to the ER and is a
key component of the ERAD machinery (Yoshida
et al 2003). Rather than being separately dispensable,
the UPR and ERAD are delicately coordinated,
complementary pathways that eliminate unfolded
protein accumulation and prevent its toxic effects.
The degradation of misfolded A1AT has been shown
to be mediated by EDEM, a postulated Man8B-
binding protein that can accelerate degradation of
terminally misfolded proteins by promoting their

/\

y
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release from calnexin in an N-glycan dependent
manner (Hosokawa et al 2003; Oda et al 2003).

Apoptosis

Apoptosis is important for normal development and
tissue homeostasis; however, alterations in the rate of
apoptosis in certain tissues can cause disease. Pro-
longed ER stress leads to cell death, and is linked to
the pathogenesis of a number of neurodegenerative
conformational disorders, polycystic kidney disease
and ischaemia. ER accumulation of ZA1AT is known
to induce mitochondrial damage and caspase activa-
tion and is likely to play a role in ZA1AT-induced
liver cell injury. Recent studies have reported evidence
of cleavage and activation of the ER-specific caspase,
caspase-4, in vivo in ZA AT-deficient patients (Hidvegi
et al 2005), but a number of studies have failed to
detect terminally apoptotic cells in vivo, probably
owing to robust survival mechanisms in hepatocytes
(Perlmutter 2002; Teckman et al 2004). The mecha-
nism by which ZATAT ER accumulation can activate
the apoptotic process has recently been delineated
(Miller et al 2007). siRNA studies demonstrated that
caspase-4, although activated, is not essential for
ZA1AT-induced apoptosis. P-I-3 kinase and Bad do
play a role and the bile acid tauroursodeoxycholic
acid can target this pathway to promote cell survival
in ZA1AT-expessing cells. Further studies comparing
the effects of ZA1AT on apoptosis in liver and lung
cells will no doubt provide new insights into the
mechanisms and outcomes involved.

A1AT deficiency-associated liver disease:
clinical manifestations and pathology

A1AT deficiency associated with the PiZ and PiM-
malton (APhe52) (Fraizer et al 1989) mutations is most
frequently associated with liver disease. In PiZZ
individuals 10-15% develop clinically significant liver
disease in their first 20 years of life (Sveger and
Eriksson 1995) and are susceptible to liver damage as
a result of the accumulation of ZA1AT polymers in
the ER of hepatocytes. With the null mutation of
A1AT there is no intracellular accumulation and
therefore no hepatotoxicity or resulting liver damage.

The liver damage occurs through a gain-of-function
mechanism, unlike the lung disease, which is due to
loss-of-function. This gain-of function is also evident
in ZA1AT transgenic mice where liver disease is
apparent although normal levels of anti-elastases are
still present (Perlmutter 2002). Sharp and colleagues

(1969) first described cirrhosis in ATAT deficiency in
10 children from six families and later reported intra-
hepatocyte periodic acid-Schiff diastase-resistant
inclusions, which occur owing to polymer formation
of ZA1AT in the ER (Sharp et al 1971). In Sweden
between 1972 and 1974, 200 000 neonates were
screened for A1AT deficiency. 120 PiZZ, 2 PiZ—, 54
PiSZ and I PiS— children were found. Of these only
14 PiZZ children had prolonged jaundice, 9 of whom
had severe liver disease. All infants appeared healthy
at 6 months of age. Infants with a PiSZ phenotype had
no signs of liver disease (Sveger 1976).

Hepatic disease associated with A1AT deficiency is
most common in children. Of the 127 newborn PiZZ
infants studied by Sveger (1976), all showed increased
liver enzyme concentrations, 10% had prolonged
neonatal jaundice and 1 in 10 of these developed
cirrhosis and required liver transplantation. In early
childhood the most common presentation of A1AT
deficiency’s effect on the liver is prolonged jaundice.
The stools generally contain no yellow or green
pigment, indicating cholestasis and mimicking biliary
atresia. All patients have hepatomegaly and about
50% also have splenomegaly. Approximately 5% of
the patients present with an increased bleeding ten-
dency. This is due to vitamin K deficiency caused by
the cholestasis-induced malabsorption. Less commonly
children present later in childhood with hepatospleno-
megaly or with cirrhosis (Kok et al 2007). Overall 10%
of PiZZ neonates develop hepatitis and cholestasis.
Cholestasis usually occurs in the first two months,
though it may persist for up to eight months. Breast-
feeding and vitamin E supplements are recommended
for cholestatic children (Sokol et al 1985).

In Italy routine neonatal screening found that 5% of
PiSZ children were affected by liver involvement with
elevated liver enzymes in early childhood. By the ages of
5 and 10 years, none had liver disease (Kok 2007).
Abnormal liver function is largely self-limiting, but it
can sometimes persist into adolescence. Of the neonates
screened in Sweden at the age of 16 years, elevated liver
enzymes were found in 17% of PiZZ adolescents and in
8% of PiSZ adolescents. The adults with liver disease in
infancy were clinically healthy (Sveger and Eriksson
1995). At the age of 26 years the PiZZ subjects were
compared to PIMM individuals. The PiZZ subjects had
normal lung function but 4-9% of them had mild liver
abnormalities (Pittulainen et al 2005).

In adults, liver damage can manifest itself as chronic
liver disease or hepatocellular carcinoma. Cirrhosis
may develop and hepatocellular carcinoma will result
in advanced cases; 5-10% of A1AT-deficient patients
over the age of 50 years will develop cirrhosis. A study
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examining 19 adult patients with A1AT deficiency and
chronic liver disease revealed a late onset of symp-
tomatic hepatic abnormalities. Thirteen patients
(68%) were 60 years or older when the liver disease
was discovered. The mean ages of the patients with the
PiZZ, PiSZ, and PiMZ phenotypes were 58, 66, and
72.5 years, respectively; this suggested a later onset of
the liver disease in heterozygotes. At the time of
diagnosis, the hepatic condition was usually advanced
(Rakela et al 1987). According to Massi (1996),
cirrhosis may be accelerated by incorrect repair of
hepatic connective structures damaged by inflamma-
tory proteases More recently, Rudnick and Perlmutter
(2005) have proposed a model whereby the accumula-
tion of ZA1AT in the ER activates a number of ER
stress responses but apoptosis is blocked at terminal
steps, generating a population of globule-containing
hepatocytes that are ‘sick but not dead’. A trans-signal
generated by these cells stimulates proliferation of
adjacent globule-devoid hepatocytes. A cancer-prone
state is thus engendered by some cells that are unable
to die and others that are chronically dividing in an
inflamed milieu.

It is relatively uncommon for hepatic and pulmo-
nary disease to co-exist in the same individual. Liver
disease is thought to be caused by the retention of the
mutant, presumably hepatotoxic, ZA1AT molecule in
the ER of liver cells, as previously explained, with only
10-15% of PiZZ individuals developing clinically
significant liver disease. With the use of fibroblast cell
lines from PiZZ patients with liver disease
(‘susceptible’ hosts) compared with those from PiZZ
individuals without liver disease (‘‘protected’’ hosts),
it was found that more efficient ER degradation of
retained mutant ZA1AT correlated with protection
from liver disease (Teckman et al 2001a). A detailed
elucidation of the mechanisms by which mutant
aggregated ZA1AT is degraded in the ER is essential
for understanding how the quality control apparatus of
the ER works in general and for understanding the
specific issue of how a subgroup of A1AT-deficient
individuals become susceptible to liver injury and
carcinogenesis. There are three main methods of degra-
dation. The first is proteasomal degradation (Teckman
et al 2001b) in a ubiquitin-dependent or ubiquitin-
independent manner (Teckman and Perlmutter 2000),
and there is also evidence that nonproteasomal mech-
anisms may contribute in part to ER degradation of
some substrates. In the case of A1AT the main non-
proteasomal method of degradation seems to be
autophagy (Teckman and Perlmutter 2000).

The consistent overt liver disease in newborns in
comparison with the occasional occurrence in young
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adults may be explained by the lower capability of the
liver cells of infants to degrade the polymerized
protein (Carrell and Lomas 2002). Other factors can
also predispose Al1AT-deficient individuals to liver
disease such as male sex and obesity (Bowlus et al
2005). The role of hepatitis is less clear. A study in
Austria looking at A1AT-deficient patients with chron-
ic liver disease found that of those with cirrhosis 62%
were HCV positive, 33% showed evidence of HBV
infection, 41% had a history of alcohol abuse, and
12% had features of autoimmune liver disease. Out of
53 cirrhotic A1AT-deficient patients, only 5 had no
co-existing liver disease. These authors suggested that
the risk for chronic liver disease is increased in patients
with the PiZ gene, because they may have increased
susceptibility to viral infection or additional factors
(Propst et al 1992). Another study looking patients
with end-stage liver disease found that the prevalences
of PIMZ and PiMS were 7.3% and 8.2%, respectively,
compared with 2.8% and 4.2% in the control popula-
tion. The odds of having a heterozygous Z phenotype
were significantly increased in patients with hepatitis C
virus, primary hepatic malignancy, and cryptoge-
nic cirrhosis compared with the control population.
Patients with hepatitis C or B virus were 3.6 times more
likely to have a heterozygous Z phenotype than a
normal phenotype compared with patients with dis-
eases of autoimmune aetiology (Eigenbrodt et al 1997).
However, some studies have found no association
between hepatitis C infection and A1AT deficiency
(Elzouki et al 1997). In particular, a study looking at
the PIMZ phenotype found that the prevalence of
A1AT PiMZ was no greater in hepatitis C patients than
in the general population—2% compared with 4% in
the Northern European population. Furthermore, there
was no difference in the prevalence according to the
degree of fibrosis on liver biopsy. Since PiMZ is
common it was expected that PIMZ would be over-
represented in either the group with fibrosis or with
cirrhosis if it was a major co-factor with HCV (Scott and
Egner 2006). Other co-morbidities such as autoim-
mune liver disease, alcoholic cirrhosis and non-alco-
holic steatohepatitis are all factors that can enhance
the phenotypic expression of liver disease in PiIMZ
heterozygotes (Banner et al 1998; Bell et al 1990;
Bergwitz et al 2002; Bowlus et al 2005; Czaja 1998).
The clinical course of liver disease within siblings
with PiZZ A1ATD is not clear. Some studies have
demonstrated varying patterns of disease progression
within siblings (Cox and Mansfield 1987; Psacharopou-
los et al 1983). Hinds and colleagues (2006) retrospec-
tively analysed 29 families in which more than one
child was diagnosed with PiZZ A1AT deficiency and
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compared the pattern of liver disease between affected
siblings: 72% of PiZZ siblings of the probands had
liver disease, which was equally severe in 29% of cases,
while 28% had no liver involvement. Also, 5 of 7
children requiring liver transplantation had siblings
with no persistent liver dysfunction, suggesting that
there is a variable degree of liver involvement in
siblings with ZA1AT-related liver disease and that
environmental and genetic factors are likely to be
involved in determining disease severity.

Polymerization of ZA1AT is accelerated with
increasing temperature. As A1AT is an acute-phase
reactant its expression also is regulated by tempera-
ture. Thus febrile episodes lead to increased A1AT
synthesis and, in the case of ZA1AT, a likely increase
in polymerization. Changes in temperature have the
potential to affect multiple steps in the pathways by
which ZA1AT is translocated through secretory and
degradative pathways. The variability in expression of
liver damage may be explained in part by individual
variations in episodes of systemic inflammation and
the concomitant increase in temperature. This was
recently also shown in vitro by Lawless and colleagues
(2004), who reported an increase in ER stress in a
model system of ZA1AT expression in the presence of
increased temperature.

Autophagy

Autophagy is the primary means for the degradation
of cytoplasmic constituents within lysosomes and is
the process by which cells recycle cytoplasm and
dispose of excess or defective organelles. Morpholog-
ical changes associated with autophagy, including
marked expansion and dilatation of the ER, are
characteristic of fibroblasts overexpressing ZA1AT
and liver cells from ZA1AT individuals (Teckman et
al 2004). ZA1AT molecules have been detected in
autophagosomes by electron microscopy and intracel-
lular degradation of ZA1AT can be partially reduced
by chemical inhibitors of autophagy, showing that ER
retention of ZA1AT is associated with a marked
autophagic response. It has also been reported that
the autophagic response induced by ER retention of
ZA1AT involves the mitochondria, with specific
patterns of both mitochondrial autophagy and mito-
chondrial injury seen in cell culture models of A1AT
deficiency, in PiZ transgenic mouse liver, and in
liver from A1AT-deficient patients (Perlmutter 2002;
Teckman and Perlmutter 2000; Teckman et al 2002).
Although the majority of PiZZ individuals are pro-
tected from liver injury by efficient mechanisms of

intracellular degradation of ZA1AT, it has been
suggested that patients susceptible to liver injury may
have inefficient mechanisms to deal with the aberrant
accumulation of misfolded ZA1AT. This may lead to a
net increase in ER accumulation of ZA1AT, and thus
chaperone dysfunction may have a role in susceptibil-
ity to development of A1AT-associated liver disease.
Calnexin, Grp78, Grp94, and Grpl70 have all been
shown to interact with ZA1AT. Approximately 85%
of ZA1AT forms heterogeneous soluble complexes
with multiple chaperones, with the other 15% forming
large polymers or aggregates devoid of chaperones
(Schmidt and Perlmutter 2005).

Therapeutics for the liver disease

Currently liver transplantation provides the only
effective means of intervention for A1AT-deficient
patients with liver disease. Whilst transplantation has
been shown to successfully achieve A1AT serum
conversion, its usefulness as a treatment is confound-
ed by a lack of suitable donors and concomitant
immunosuppressive therapy. There is a 70-80%
survival rate in children, and up to 70% in adults.
One-year survival rates have improved over the past
several years to approximately 90% with the devel-
opment of improved immunosuppressive drugs. Xeno-
genic hepatocyte transplantation from living donors is
under investigation as an alternative to full liver
transplantation. In stem cell research, allogenic and
autologous stem cell transplants are also under devel-
opment. It has been suggested by Novoradovskaya
and colleagues (1998) that proteasome inhibitors such
as lactacytsin, an agent that binds covalently to the
active-site N-terminal threonine residue in certain
beta-subunits of the proteasome, may increase delivery
of ZA1AT to the extracellular milieu and provide a
potential treatment for ZA1AT deficiency and other
diseases associated with misfolded proteins. Unfortu-
nately, others failed to detect an increase in secretion
of ZA1AT from fibroblasts, hepatoma cells and
HeLa cells treated with lactacystin and furthermore
observed a marked increase in the formation of
insoluble aggregates of ZA1AT, which lessens enthu-
siasm for this agent as a therapeutic (Teckman et al
2001b). Chemical chaperones can reverse the cellular
mislocalization or misfolding of several mutant plasma
membrane, lysosomal, nuclear, and cytoplasmic pro-
teins. Compounds such as trimethylamine oxide
(TMAO), 4-phenylbutyric acid (4PBA) or glycerol have
potential to reverse the cellular mislocalization or
misfolding of ZA1AT. TMAO can stabilize both M
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and Z A1AT in an active conformation, but rather
than aiding the refolding of denatured A1AT instead
enhances its polymerization (Devlin et al 2001). 4PBA
alters secretion of ZA1AT without apparently increas-
ing its de novo synthesis or decreasing ER degradation
(Sharp et al 2006), while glycerol and erythritol,
trehalose and glucose can all decrease the rate of
ZA1AT polymerization but are unable to refold the
misfolded conformer. The mechanism by which this
occurs remains unclear, but it is not thought to be
due to an increase in viscosity, rather to act via a spe-
cific interaction between glycerol, for example, and
ZAT1AT that can slow down conformational transitions
of the protein (Burrows et al 2000).

As ZA1AT deficiency occurs owing to a single gene
defect, inhibiting expression of the ZA1AT gene
represents a promising therapeutic strategy. Ribo-
zyme-mediated specific gene replacement is a dual
therapy that aims to treat the manifestations of A1AT
deficiency by inhibiting the expression of the mutated
gene with a ribozyme at the same time as replacing the
defective gene the with a normally functioning A1AT
gene in the liver (Ozaki et al 1999). Unfortunately, this
approach has not been successful to date. Although
antisense technology held much promise initially, its
usefulness in vivo for diseases other than A1AT has
been confounded by the inherent instability of anti-
sense molecules. Second- and third-generation oligo-
nucleotides based on a peptide nucleic acid backbone
are now available that have considerably improved
stability and recent advances in gene knockdown
technology (also known as RNA interference or
RNAIi) have superseded these other approaches to
some extent. There are hopes that RNA, using siRNAs
targeting A1AT may have therapeutic potential for
A1AT deficiency (Cruz et al 2007).

Prevention of polymerization of ZA1AT may result
in the release of mutant ZA1AT and relieve ER
perturbations (Mahadeva et al 2002). Parfrey et al
(2003) designed a synthetic peptide capable of insert-
ing into a hydrophobic cavity of the A1AT molecule
and preventing polymer formation. Obstacles that
must be overcome for the future development of such
inhibitors include efficient intracellular delivery sys-
tems and the ability to reversibly remove the bound
peptide from ZA1AT. Several imino sugar compounds
have also been suggested to be useful for chemopro-
phylaxis of the liver disease. For example, castano-
spermine, kifunesine and deoxymannojirimicin have
been shown to have positive effects in mediating an
increase in secretion of ZA1AT protein (Marcus and
Perlmutter 2000).
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Lung disease: clinical manifestations

Patients with A1AT deficiency characteristically devel-
op pulmonary disease in the third and fourth decades of
life. Recent estimates suggest that 75-85% of patients
with severe A1AT deficiency develop chronic obstruc-
tive pulmonary disease (COPD) (Ranes and Stoller
2005) and the majority of patients with A1AT
deficiency have a history of cigarette smoking. In the
National Heart Lung and Blood Institute (NHLBI)
registry of A1AT deficiency, 8% were current smokers,
72% were ex-smokers and 20% never smoked
(McElvaney et al 1997). Common symptoms include
shortness of breath on exertion, wheezing (with or
without respiratory tract infection) and chronic cough.
Individuals are usually diagnosed on the basis of
pulmonary symptoms, but a substantial percentage,
up to 20%, may only be detected through family
screening, as many people with A1AT deficiency
are asymptomatic without lung function impairment
(Silverman et al 1989). Occasionally individuals are
identified as a result of abnormal chest radiographs or
pulmonary function tests (2%), liver disease (2%) or
blood screening tests (1%) (Gadek and Crystal 1983).
The clinical signs of A1AT-related lung disease are
those of obstructive lung disease and emphysema. They
include hyperinflation of the chest and reduced inten-
sity of breath and heart sounds as well as wheezing in up
to 20% of cases (Cox 1999; Tobin et al 1983). The
association between A1AT deficiency and the devel-
opment of emphysema was first described in 1963
(Eriksson 1963). The typical pattern shows lower zone
predominance, although emphysema may affect all
zones. The characteristic pulmonary pathological
abnormality is diffuse emphysema. This contrasts with
centrilobular emphysema characteristic of cigarette
smoking, which predominantly affects the respiratory
bronchioles in the central portion of the lobule. These
pathological abnormalities are reflected in a charac-
teristic appearance on plain chest radiographs. There
is a hyperlucent appearance with a basal predilection
and oligaemia because of destruction of the pulmo-
nary parenchyma and progressive loss of vascularity
(Brantly et al 1988; Gishen et al 1982).
High-resolution CT (HRCT) scan of the chest
demonstrates widespread abnormally low-attenuation
areas resulting from a lack of lung tissue. There
are also increased air spaces and bullous formation
(Guest and Hansell 1992). These changes predate the
associated abnormalities of pulmonary function
(McElvaney et al 1989; Simon et al 1989). In moderate
disease the panlobular nature of the process and the
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characteristic lower zone predominance are more
obvious. Very severe forms may be indistinguishable
from severe centrilobular emphysema (Fig. 4).

Pulmonary function in patients with established
disease reveals evidence of reduced forced expiratory
volume in 1 second (FEV;), whereas the forced vital
capacity (FVC) is generally preserved or modestly
reduced (Brantly et al 1988). Both residual volume and
total lung capacity are increased. The diffusing capac-
ity of the lung for carbon monoxide is diminished and
the alveolar-arterial oxygen gradient is widened. Flow—
volume curves demonstrate coving of the expiratory
portion of the curve, reflecting expiratory flow limita-
tion (Fig. 5). Pulmonary function can be preserved
until the fifth or even sixth decade of life in those who
have never smoked and generally until the third or
fourth decade of life in most other patients (Wall et al
1990). Airflow limitation seen on pulmonary function
testing is not always fixed and the symptoms and signs
in A1AT deficiency can be similar to features of
asthma. Patients can often be given this diagnosis in
childhood or early adulthood. Indeed, 15% of patients
in a Swedish cohort identified by neonatal screening
had been diagnosed as having asthma by the age of
22 years (Piitulainen and Sveger 2002).

Other than emphysema and airflow obstruction,
patients may also have chronic bronchitis or bron-
chiectasis. Patients with chronic bronchitis tend to
have more severe airflow obstruction and more
extensive emphysema than those without chronic
bronchitis, despite similarities in age and smoking
history (Dawson et al 2002). Exacerbations occur
more frequently in patients with chronic bronchitis,
in index patients identified as a result of their lung
disease, and in those with more severe disease as
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Fig. 4 Slice through lung bases from HRCT of the thorax of a
56-year-old woman with A1AT deficiency, showing widespread
emphysematous change bilaterally

Flow
161

121

12+
-2 0 2 4 6 8

Volume
Fig. 5 Flow-volume loop of a 61-year-old man with A1AT
deficiency. There is coving of the expiratory portion of the curve
(see arrow), reflecting expiratory flow limitation. A normal expi-
ratory curve is shown in green

assessed by the GOLD (Global Initiative for Chronic
Obstructive Lung Disease) criteria (Pauwels et al
2001). A tentative association with Wegener granulo-
matosis has also been suggested and a number of
other conditions, including rheumatoid arthritis and
hepatocellular carcinoma, have been reported to
occur with increased frequency in patients with
A1AT deficiency.

Therapeutics for A1AT-related lung disease

A1AT has been purified from the plasma of healthy
individuals and delivered intravenously to patients
with A1AT deficiency since 1987 (Wewers et al
1987). This intravenous augmentation therapy used a
dose of 60 mg/kg body weight weekly, and successfully
raised levels of serum A1AT above the putative
protective threshold of 11 pmol/L throughout the
duration of therapy. Furthermore, serum anti-neutro-
phil elastase capacities increased from 5.4+0.1 to
13.3£0.1 umol/L. and there were concomitant signifi-
cant increases in A1AT levels in BAL fluid. A number
of plasma-derived intravenous augmentation products
have been developed but, as yet, conclusive evidence
of their effectiveness in preventing A1AT deficiency-
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associated lung disease is lacking. As yet none has
been evaluated in randomized placebo-controlled
trials to show effectiveness in treating or preventing
emphysema.

Alternative routes of administration of augmenta-
tion therapy, most notably delivery by inhalation, are
being explored. The ease of administration compared
with the intravenous route, as well as the use of
smaller doses, makes delivery by inhalation an attrac-
tive option. It has been shown that the airways of
individuals with ATAT deficiency are under a constant
inflammatory barrage (Rouhani et al 2000) and that
administration of exogenous inhaled A1AT can recon-
stitute the lower respiratory tract anti-protease screen
and potentially reduce inflammation (Hubbard and
Crystal 1990; Hubbard et al 1989). Polymerization of
locally produced ZA1AT acts as a neutrophil chemo-
attractant in A1AT deficiency and is a contributory
factor to the lung inflammation (Mulgrew et al 2004),
thus standard anti-protease therapies alone may not
address the problem fully.

There is increasing evidence that A1AT has anti-
inflammatory activity independent of its anti-protease
effects. This suggests that the administration of aug-
mentation therapy may do more than simply restore
the protease/anti-protease balance. Monocytes that
have been induced to express surface PR-3 release
significant amounts of biologically active IL-8 when
exposed to either monoclonal anti-PR-3 IgG or IgG
from Wegener granulomatosis patients with high titres
of cANCA. Interestingly, this interaction is prevented
by the addition of A1AT (Ralston et al 1997),
suggesting that A1AT may indirectly regulate inflam-
mation by suppressing the inflammatory cascade
induced by cANCA. A1AT has also been shown to
inhibit lipopolysaccharide-mediated human monocyte
activation in vitro. (Janciauskiene et al 2004).

Worries surrounding the potential transmission of
infectious agents by a human plasma-derived product
have led to the development of transgenic/recombi-
nant sources of human A1AT and the evaluation of
synthetic inhibitors of neutrophils elastase (NE).
Transgenic production of human A1AT protein has
been achieved in goats (Ziomek 1998) and sheep
(Wright et al 1991), and human A1AT has also been
produced in yeast using recombinant technology
(Casolaro et al 1987). Unfortunately, all these proteins
are cleared rapidly from the human circulation. Those
raised in yeast are non-glycosylated, with a resultant
short plasma half-life, while those produced from
transgenic animals have different glycosylation pat-
terns also leading to alterations in half-life and making
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their intravenous use impractical. The inhaled route,
however, is a possibility for the future. Several
inhibitors of NE have been evaluated in humans but
not in A1AT deficiency to date (Cadene et al 1997,
Edwards and Bernstein 1994; Kawabata et al 1991;
Luisetti et al 1996; Williams et al 1991).

Other treatments, although not all specific for
A1AT deficiency emphysema, are under investigation.
The administration of all-frans retinoic acid (ATRA) is
being studied in relation to pulmonary emphysema in
the general COPD population and may have a
potential application in A1AT deficiency. Retinoids
can activate genes involved in lung development and
promote alveolar septation and growth. Clinical trials
to date are disappointing, however (Mao et al 2002).
Trials of inhaled hyaluronic acid in individuals with
A1AT deficiency are based on the fact that animals
administered hyaluronic acid are protected from exo-
genous NE-induced emphysema (Cantor et al 1995,
1998). Drugs with antioxidant potential are also being
considered. A number of gene therapeutics for A1AT
deficiency have been developed. For example, the
normal A1AT gene has been successfully introduced
into the striated muscle cells of animals using an
adeno-associated virus vector (Song et al 1998; Flotte
2002). However, this approach does not address the
problems associated with endogenous production of
abnormal A1AT, making the role of gene-targeted
therapies more appealing.

The future and A1AT deficiency

The past 40 years have seen a huge increase in our
understanding of the molecular basis of the lung
and liver manifestations of A1AT deficiency. This
knowledge, in conjunction with significant technolog-
ical and pharmacological advances, has led us to
a point where it is possible to manage and relieve
many of the clinical manifestations associated with
this disorder. However, our goal as clinicians and
scientists is to develop an effective cure, and as yet
there are still many unanswered questions. Given the
emerging complexity of signalling cascades regulating
protein folding, intracellular stress responses and
inflammation, it appears that the way to achieve this
goal will be by gaining even greater insights into the
key factors regulating the different aspects of this
complex disorder. What is known to date regarding
A1AT deficiency is likely to have implications for
other conformational diseases, in particular the serpi-
nopathies and neurological disorders associated with
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aberrant protein folding. Reciprocally, it is likely that
therapeutics developed for these diseases may, in turn,
have use for A1AT deficiency.

Acknowledgements We would like to thank The US Alpha
One Foundation, The Medical Research Charities Group, The
Health Research Board, The Charitable Infirmary Charitable
Trust, The Children’s Research Centre Crumlin Hospital and
the Programme for Research in Third Level Institutes adminis-
tered by the Higher Education Authority for funding research in
this laboratory.

References

Banner BF, Karamitsios N, Smith L, et al (1998) Enhanced
phenotypic expression of alpha-1-antitrypsin deficiency in
an MZ heterozygote with chronic hepatitis C. Am J
Gastroenterol 93: 1541-1545.

Bell H, Schrumpf E, Fagerhol MK (1990) Heterozygous MZ
alpha-1-antitrypsin deficiency in adults with chronic liver
disease. Scand J Gastroenterol 25: 788-792.

Bergwitz C, Brabant G, Trautwein C, Manns MP (2002) A
patient with autoimmune hepatitis type I, Addison’s dis-
ease, atrophic thyroiditis, atrophic gastritis, exocrine pan-
creatic insufficiency, and heterozygous alphal-antitrypsin
deficiency. Am J Gastroenterol 97: 1050-1052.

Bowlus CL, Willner I, Zern MA, et al (2005) Factors associated
with advanced liver disease in adults with alphal-antitrypsin
deficiency. Clin Gastroenterol Hepatol 3: 390-396.

Brantly ML, Paul LD, Miller BH, et al (1988) Clinical features
and history of the destructive lung disease associated with
alpha-1-antitrypsin deficiency of adults with pulmonary
symptoms. Am Rev Respir Dis 138: 327-336.

Burrows JA, Willis LK, Perlmutter DH (2000) Chemical
chaperones mediate increased secretion of mutant alpha
1-antitrypsin (alpha 1-AT) Z: A potential pharmacological
strategy for prevention of liver injury and emphysema
in alpha 1-AT deficiency. Proc Natl Acad Sci U § A 97:
1796-1801.

Cadene M, Duranton J, North A, et al (1997) Inhibition of
neutrophil serine proteinases by suramin. J Biol Chem 272:
9950-9955.

Cantor JO, Cerreta JM, Keller S, et al (1995) Modulation of
airspace enlargement in elastase-induced emphysema by
intratracheal instillment of hyaluronidase and hyaluronic
acid. Exp Lung Res 21: 423-436.

Cantor JO, Cerrata JM, Armand G, et al (1998) Aerosolized
hyaluronic acid decreases alveolar injury induced by
human neutrophil elastase. Proc Soc Exp Biol Med 21T:
471-475.

Carlson JA, Rogers BB, Sifers RN, et al (1988) Multiple tissues
express alpha 1 antitrypsin in transgenic mice and man.
J Clin Invest 82: 26-36.

Carrell RW (1986) Alpha 1-Antitrypsin: molecular pathology,
leukocytes, and tissue damage. J Clin Invest 78: 1427-1431.

Carrell RW, Lomas DA (2002) Alpha-1-antitrypsin deficiency—
a model for conformational diseases. New Engl J Med 346:
45-53.

Casolaro MA, Fells G, Wewers M, et al (1987) Augmentation of
lung antineutrophil elastase capacity with recombinant
human alpha-1-antitrypsin. J App!l Physiol 63: 2015-2023.

Cox DW (1999) ol-antitrypsin deficiency. In: Scriver CR,
Beaudet AL, Sly WS et al, eds. The Metabolic Basis of
Inherited Disease. New York: McGraw-Hill, 2409-2437.

Cox DW, Mansfield T (1987) Prenatal diagnosis of alpha-1
antitrypsin deficiency and estimates of fetal risk for disease.
J Med Genet 24: 52-59.

Cruz PE, Mueller C, Cossette TL, et al (2007) In vivo post-
transcriptional gene silencing of alpha-1 antitrypsin by
adeno-associated virus vectors expressing siRNA. Lab
Invest 87: 893-902.

Crystal RG (1998) Alpha-1-antitrypsin deficiency, emphysema
and liver disease: genetic basis and strategies for therapy.
J Clin Invest 85: 1343-1352.

Curiel DT, Chytil A, Courtney M, et al (1989) Serum alpha-1-
antitrypsin deficiency associated with the common S-type
(glu264-to-val) mutation results from intracellular degrada-
tion of alpha-1-antitrypsin prior to secretion. J Biol Chem
264: 10477-10486.

Czaja AJ (1998) Frequency and significance of phenotypes for
alphal-antitrypsin deficiency in type 1 autoimmune hepati-
tis. Dig Dis Sci 43: 1725-1731.

Darlington GJ, Astrin KH, Muirhead SP, et al (1982) Assign-
ment of human alpha 1 antitrypsin to chromosome 14 by
somatic cell hybrid analysis. Proc Natl Acad Sci U S A 79:
870-873.

Dawson LJ, Guest PJ, Stockley RA (2002) The relationship of
chronic sputum expectoration to physiologic, radiologic,
and ealth status characteristics in alpha(1)-antitrypsin defi-
ciency (PiZ). Chest 122: 1247-1255.

de Serres FJ (2002) Worldwide racial and ethnic distribution of
1-antitrypsin deficiency. Summary of an analysis of pub-
lished genetic epidemiology surveys. Chest 122: 1818-1829.

Devlin GL, Parfrey H, Tew DJ, Lomas DA, Bottomley SP
(2001) Prevention of polymerization of M and Z alphal-
Antitrypsin (alphal-AT) with trimethylamine N-oxide.
Implications for the treatment of alphal-at deficiency. Am
J Respir Cell Mol Biol 24: 727-732.

Edwards PD, Bernstein PR (1994) Synthetic inhibitors of
elastase. Med Res Rev 14: 127-194.

Eigenbrodt ML, McCashland TM, Dy RM, Clark J, Galati J
(1997) Heterozygous alpha 1-antitrypsin phenotypes in
patients with end stage liver disease. Am J Gastroenterol
92: 602-607.

Elliott PR, Bilton D, Lomas DA (1998) Lung polymers in Z
alphal-antitrypsin deficiency-related emphysema. Am J
Respir Cell Mol Biol 18: 670-674.

Elzouki AN, Verbaan H, Lindgren S, Widell A, Carlson J,
Eriksson S (1997) Serine protease inhibitors in patients with
chronic viral hepatitis. J/ Hepatol 27: 42—-48.

Eriksson S (1963) Pulmonary emphysema and alpha-1-antitrypsin
deficiency. Acta Med Scand 175: 197-205.

Flotte TR (2002) Recombinant adeno-associated virus gene
therapy for cystic fibrosis and alpha(1)-antitrypsin deficiency.
Chest 121: 98-102S.

Fraizer GC, Harrold TR, Hofker MH, et al (1989) In-frame
single codon deletion in the M(Malton) deficiency allele of
alpha-1-antitrypsin. Am J Hum Genet 44: 894-902.

Gadek JE, Crystal RG (1983) Alpha 1-Antitrypsin deficiency.
In: Stanbury JB, Wyngaarden JB, Frederickson DS, et al,
eds. The Metabolic Basis of Inherited Disease. New York:
McGraw Hill, 1450-1467.

Gishen P, Saunders AJS, Tobin MJ, et al (1982) Alpha-1
antitrypsin deficiency: the radiological features of pulmonary
emphysema in subjects of Pi-type Z and Pi-type SZ: A survey
by the British Thoracic Association. Clin Radiol 33: 371-377.

@ Springer

956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999 Q11
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020



1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082

J Inherit Metab Dis

Guest PJ, Hansell DM (1992) High resolution computed
tomography (HRCT) in emphysema associated with alpha-
1-antitrypsin deficiency. Clin Radiol 45: 260-266.

Harding HP, Zhang Y, Bertolotti A, et al (2000) Perk is essential
for translational regulation and cell survival during the
unfolded protein response. Mol Cell 5: 897-904.

Harding HP, Calfon M, Urano F, et al (2002) Transcriptional
and translational control in the Mammalian unfolded
protein response. Annu Rev Cell Dev Biol 18: 575-599.

Hidvegi T, Schmidt BZ, Hale P, et al (2005) Accumulation of
mutant alphal-antitrypsin Z in the endoplasmic reticulum
activates caspases-4 and -12, NFkappaB, and BAP31 but
not the unfolded protein response. J Biol Chem 280:
39002-39015.

Hinds R, Hadchouel A, Shanmugham NP, et al (2006) Variable
degree of liver involvement in siblings with PiZZ alpha-
1-antitrypsin deficiency-related liver disease. J Pediatr
Gastroenterol Nutr 43: 136-138.

Hosokawa N, Tremblay LO, You Z, et al (2003) Enhancement
of endoplasmic reticulum (ER) degradation of misfolded
Null Hong Kong alphal-antitrypsin by human ER manno-
sidase 1. J Biol Chem 278: 26287-26294.

Hubbard RC, Crystal RG (1990) Strategies for aerosol therapy
of alpha-1-antitrypsin deficiency by the aerosol route. Lung
168: 565-578.

Hubbard RC, Brantly ML, Sellers SE, et al (1989) Anti-
neturophil elastase defenses of the lower respiratory tract
in alpha 1-antitrypsin deficiency directly augmented with an
aerosol of alpha 1-antitrypsin. Ann Intern Med 111: 206-212.

Hutchison DC (1998) Alpha-1 antitrypsin deficiency in Europe:
geographical distribution of Pi types S and Z. Respir Med
92: 367-377.

Janciauskiene S, Dominaitiene R, Sternby NH, et al (2002)
Detection of circulating and endothelial cell polymers of Z
and wild type alpha 1-antitrypsin by a monoclonal antibody.
J Biol Chem 277: 26540-26546.

Janciauskiene S, Larsson S, Larsson P, et al (2004) Inhibition of
lipopolysaccharide-mediated human monocyte activation,
in vitro, by alphal-antitrypsin. Biochem Biophys Res
Commun 321: 592-600.

Jiang HY, Wek SA, McGrath BC, et al (2004) Activating
transcription factor 3 is integral to the eukaryotic initiation
factor 2 kinase stress response. Mol Cell Biol 24: 1365-1377.

Kawabata K, Suzuki M, Sugitani M, et al (1991) ONO-5046, a
novel inhibitor of human neutrophil elastase. Biochem
Biophys Res Commun 177: 814-820.

Knorre A, Wagner M, Schaefer HE, et al (2002) DeltaF508-
CFTR causes constitutive NF-kappaB activation through an
ER-overload response in cystic fibrosis lungs. Biol Chem
383: 271-282.

Kok KF, Wahab PJ, Houwen RH, et al (2007) Heterozygous
alpha-I antitrypsin deficiency as a co-factor in the develop-
ment of chronic liver disease: a review. Neth J Med 65:
160-166.

Kopito RR (1997) ER quality control: the cytoplasmic connec-
tion. Cell 88: 427-430.

Kudo T, Katayama T, Imaizumi K, et al (2002) The unfolded
protein response is involved in the pathology of Alzheimer’s
disease. Ann N 'Y Acad Sci 977: 349-355.

Laurell CB, Eriksson S (1963) The electrophoretic alphal-
globulin pattern of serum in alphal-antitrypsin deficiency.
Scand J Clin Lab Invest 15: 132-140.

@ Springer

Lawless MW, Greene CM, Mulgrew A, et al (2004) Activation of
endoplasmic reticulum-specific stress responses associated
with the conformational disease Z alpha 1-antitrypsin defi-
ciency. J Immunol 172: 5722-5726.

Lawless MW, Mankan AK, White M, et al (2007) Expression of
hereditary hemochromatosis C282Y HFE protein in
HEK?293 cells activates specific endoplasmic reticulum
stress responses. BMC Cell Biol 8: 30.

Lomas DA, Evans DL, Finch JT, et al (1992) The mechanism of
Z alpha-1-antitrypsin accumulation in the liver. Nature 357:
605-607.

Luisetti M, Sturani C, Sella D, et al (1996) MR889, a neutrophil
elastase inhibitor, in patients with chronic obstructive
pulmonary disease: a double-blind, randomized, placebo-
controlled clinical trial. Eur Respir J 9: 1482-1486.

Ma Y, Brewer JW, Diehl JA, et al (2002) Two distinct stress
signaling pathways converge upon the CHOP promoter
during the mammalian unfolded protein response. J Mol
Biol 318: 1351-1365.

Mahadeva R, Dafforn TR, Carrell RW, et al (2002) 6-Mer
peptide selectively anneals to a pathogenic serpin confor-
mation and blocks polymerization. Implications for the
prevention of Z alpha(1)-antitrypsin-related cirrhosis. J Biol
Chem 277: 6771-6774.

Mao JT, Goldin JG, Dermand J, et al (2002) A pilot study of all-
trans-retinoic acid for the treatment of human emphysema.
Am J Respir Crit Care Med 165: 718-723.

Marcus NY, Perlmutter DH (2000) Glucosidase and mannosi-
dase inhibitors mediate increased secretion of mutant
alphal antitrypsin Z. J Biol Chem 275: 1987-1992.

Massi G (1996) Pathogenesis and pathology of liver disease
associated with alpha 1 antitrypsin deficiency. Chest 110:
251S-2558.

McElvaney NG, Feuerstein I, Simon TR, et al (1989) Compar-
ison of the relative sensitivity of routine pulmonary function
tests, scintigraphy, and computerised axial tomography in
detecting early lung disease associated with ol-antitrypsin
deficiency. Am Rev Respir Dis 139: A122.

McElvaney NG, Stoller JK, Buist AS, et al (1997) Baseline
characteristics of enrolees in the National Heart, Lung and
Blood Institute Registry of alpha-1-antitrypsin deficiency.
Alpha 1-Antitrypsin Deficiency Registry Study Group.
Chest 111: 394-403.

Miller SD, Greene CM, McLean C, et al (2007) Tauroursodeox-
ycholic acid inhibits apoptosis induced by Z alpha-1
antitrypsin via inhibition of bad. Hepatology 46: 496-503.

Miranda E, Romisch K, Lomas DA (2004) Mutants of
neuroserpin that cause dementia accumulate as polymers
within the endoplasmic reticulum. J Biol Chem 279:
28283-28291.

Molmenti EP, Perlmutter DH, Rubin DC (1993) Cell-specific
expression of alpha 1 antitrypsin in human intestinal
epithelium. J Clin Invest 92: 2022-2034.

Mori K (2000) Tripartite management of unfolded proteins in
the endoplasmic reticulum. Cell 101: 451-454.

Mulgrew AT, Taggart CC, Lawless MW, et al (2004) Z alphal-
antitrypsin polymerizes in the lung and acts as a neutrophil
chemoattractant. Chest 125: 1952-1957.

Novoradovskaya N, Lee J, Yu ZX, et al (1998) Inhibition of
intracellular degradation increases secretion of a mutant
form of alphal-antitrypsin associated with profound defi-
ciency. J Clin Invest 101: 2693-2701.

1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144



1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206

J Inherit Metab Dis

Oda Y, Hosokawa N, Wada I, et al (2003) EDEM as an acceptor
of terminally misfolded glycoproteins released from cal-
nexin. Science 299: 1394-1397.

Owen MC, Brennan SO, Lewis JH, et al (1983) Mutation of
antitrypsin to antithrombin -1 antitrypsin Pittsburgh (358-Met
Arg), a fatal bleeding disorder. N Engl J Med 309: 694—698.

Ozaki I, Zern MA, Liu S, Wei DL, Pomerantz RJ, Duan L
(1999) Ribozyme-mediated specific gene replacement of the
alphal-antitrypsin gene in human hepatoma cells. J Hepatol
31: 53-60.

Parfrey H, Mahadeva R, Ravenhill NA, et al (2003) Targeting a
surface cavity of alpha 1-antitrypsin to prevent conforma-
tional disease. J Biol Chem 278: 33060-33066.

Pauwels RA, Buist AS, Calverley PM, et al (2001) Global
strategy for the diagnosis, management and prevention of
chronic obstructive pulmonary disease. NHLBI/WHO
Global Initiative for Chronic Obstructive Lung Disease
(GOLD) workshop summary. Am J Respir Crit Care Med
163: 1256-1276.

Perlmutter DH (2002) Liver injury in alphal-antitrypsin defi-
ciency: an aggregated protein induces mitochondrial injury.
J Clin Invest 110: 1579-1583.

Piitulainen E, Sveger T (2002) Respiratory symptoms and lung
function in young adults with severe alpha(l)-antitrypsin
deficiency (PiZZ). Thorax 57: 705-708.

Pittulainen E, Carlson J, Ohlsson K, Sveger T (2005) Alpha-1
antitrypsin deficiency in 26-year-old subjects: lung, liver, and
protease/protease inhibitor studies. Chest 128: 2076-2081.

Propst T, Propst A, Dietze O, Judmaier G, Braunsteiner H,
Vogel W (1992) High prevalence of viral infection in adults
with homozygous and heterozygous alpha 1-antitrypsin
deficiency and chronic liver disease. Ann Intern Med 117:
641-645.

Psacharopoulos HT, Mowat AP, Cook PJ, et al (1983) Outcome of
liver disease associated with alpha-1- antitrypsin deficiency
(PiZ). Implications for genetic counselling and antenatal
diagnosis. Arch Dis Child 58: 882-887.

Ralston DR, Marsh CB, Lowe MP, et al (1997) Antineutrophil
cytoplasmic antibodies induce monocyte IL-8 release. Role
of surface proteinase-3, alphal-antitrypsin, and Fcgamma
receptors. J Clin Invest 100: 1416-1424.

Ranes J, Stoller JK (2005) A review of alpha-1 antitrypsin
deficiency. Semin Respir Crit Care Med 26: 154-166.

Rogers J, Kalsheker N, Wallis S, et al (1983) The isolation of a
clone for human alpha I-antitrypsin and the detection of
alpha l-antitrypsin in mRNA from liver and leukocytes.
Biochem Biophys Res Commun 116: 375-382.

Ron D (2002). Translational control in the endoplasmic reticu-
lum stress response. J Clin Invest 110: 1383-1388.

Rouhani F, Paone G, Smith NK, et al (2000) Lung neutrophil
burden correlates with increased pro-inflammatory cyto-
kines and decreased lung function in individuals with
alpha(1)-antitrypsin deficiency. Chest 117: 250S-251S.

Rudnick DA, Perlmutter DH (2005) Alpha-1-antitrypsin defi-
ciency: a new paradigm for hepatocellular carcinoma in
genetic liver disease. Hepatology 42: 514-521.

Schmidt BZ, Perlmutter DH (2005) Grp78, Grp94, and Grp170
interact with alphal-antitrypsin mutants that are retained in
the endoplasmic reticulum. Am J Physiol Gastrointest Liver
Physiol 289: G444-455.

Schroder M, Kaufman RJ (2005) ER stress and the unfolded
protein response. Mutat Res 569: 29-63.

Schroeder WT, Miller MF, Woo SL, et al (1985) Chromosomal
localization of the human alpha 1-antitrypsin gene (PI) to
14q31-32. Am J Hum Genet 37: 868-872.

Scott BB, Egner W (2006) Does alphal-antitrypsin phenotype
PiMZ increase the risk of fibrosis in liver disease due to
hepatitis C virus infection? Eur J Gastroenterol Hepatol 18:
521-523.

Sharp HL, Bridges RA, Krivit W, et al (1969) Cirrhosis associated
with alpha-1 antitrypsin deficiency: a previously unrecog-
nized inherited disorder. J Lab Clin Med 73: 934-939.

Sharp HL, Mathis R, Krivit W, et al (1971) The liver in
noncirrhotic alpha-1-antitrypsin deficiency. J Lab Clin
Med 78: 1012-1013.

Sharp LK, Mallya M, Kinghorn KJ, et al (2006) Sugar and
alcohol molecules provide a therapeutic strategy for the
serpinopathies that cause dementia and cirrhosis. FEBS J
273: 2540-2552.

Silverman EK, Pierce JA, Province MA, et al (1989) Variability
of pulmonary function in alpha-1-antitrypsin deficiency:
clinical correlates. Ann Intern Med 111: 982-991.

Simon TR, McElvaney NG, Feuerstein I, et al (1989) Quantita-
tive comparison of V-Q and CT for identifying emphysema
in al-antitrypsin deficiency. J Nucl Med 30: 10.

Sokol RJ, Balistreri WF, Hoofnagle JH, et al (1985) Vitamin E
deficiency in adults with chronic liver disease. Am J Clin
Nutr 41: 66-72.

Song S, Morgan M, Ellis T, et al (1998) Sustained secretion of
human alpha-1-antitrypsin from murine muscle transduced
with adeno-associated virus vectors. Proc Natl Acad Sci
U S A 95: 14384-14388.

Sveger T (1976) Liver disease in alphal-antitrypsin deficiency
detected by screening of 200,000 infants. N Engl J Med 294:
1316-1321.

Sveger T, Eriksson S (1995) The liver in adolescents with alpha
1-antitrypsin deficiency. Hepatology 22: 514-517.

Teckman JH, Perlmutter DH (2000) Retention of mutant
alpha(1)-antitrypsin Z in endoplasmic reticulum is associat-
ed with an autophagic response. Am J Physiol Gastrointest
Liver Physiol 279: G961-974.

Teckman JH, Gilmore R, Perlmutter DH (2001a) Role of
ubiquitin in proteasomal degradation of mutant alpha(1)-
antitrypsin Z in the endoplasmic reticulum. Am J Physiol
Gastrointest Liver Physiol. 278: G39-48

Teckman JH, Burrows J, Hidvegi T, Schmidt B, Hale PD,
Perlmutter DH (2001b) The proteasome participates in
degradation of mutant alpha 1-antitrypsin Z in the endo-
plasmic reticulum of hepatoma-derived hepatocytes. J Biol
Chem 276: 44865-44872.

Teckman JH, An JK, Loethen S, et al (2002) Fasting in
alphal-antitrypsin deficient liver: constitutive activation
of autophagy. Am J Physiol Gastrointest Liver Physiol 283:
G1156-1165.

Teckman JH, An JK, Blomenkamp K, et al (2004) Mitochon-
drial autophagy and injury in the liver in alpha 1-antitrypsin
deficiency. Am J Physiol Gastrointest Liver Physiol 286:
G851-862.

Tobin MJ, Cook PJL, Hutchinson DC (1983) Alpha-1-antitryp-
sin deficiency: the clinical and physiological features of
pulmonary emphysema in subjects homozygous for Pi type
Z. Br J Dis Chest T7: 14-217.

Travers KJ, Patil CK, Wodicka L, et al (2000) Functional and
genomic analyses reveal an essential coordination between

@ Springer

1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268



Ql

1269
1270
1271
21272
1273
1274
1275
1276
1277
1278
1279
1280

J Inherit Metab Dis

the unfolded protein response and ER-associated degrada-
tion. Cell 101: 249-258.

Wall M, Moe E, Eisenberg J, et al (1990) Long term follow up
of a cohort of children with alpha-1-antitrypsin deficiency.
J Pediatr 116: 248-251.

Wewers MD, Casolaro MA, Sellers SE, et al (1987) Replace-
ment therapy for alphal-antitrypsin deficiency associated
with emphysema. N Engl J Med 316: 1055-1062.

Williams JC, Falcone RC, Knee C, et al (1991) Biologic
characterization of ICI200,800 and ICI 200,355, novel
inhibitors of human neutrophil elastase. Am Rev Respir
Dis 144: 875-883.

@ Springer

Wright G, Carver A, Cottom D, et al (1991) High level
expression of active human alpha-1-antitrypsin in the milk
of transgenic sheep. Biotechnology (NY) 9: 830-834.

Yoshida H, Matsui T, Yamamoto A, et al (2001) XBP1 mRNA
is induced by ATF6 and spliced by IREL1 in response to ER
stress to produce a highly active transcription factor. Cell
107: 881-891.

Yoshida H, Matsui T, Hosokawa N, et al (2003) A time-
dependent phase shift in the mammalian unfolded protein
response. Dev Cell 4: 265-271.

Ziomek CA (1998) Commercialization of proteins produced in
the mammary gland. Theriogenology 49: 139-144.

1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292



AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES.

Ql.
Q2.

Q3.
Q4.

Qs.
Qeé.
Q7.
Qs.
Q9.
Q10.
Q11.
Q12.

Please check if affiliation was captured correctly.

Should this author also be shown as RCS Ireland [affiliation for the work presented]
since the Trinity address was given only as “current address”?

Only 1998 is listed: is that reference intended?

“substitution of a valine residue for glutamate ... (Val264Glu) — OK? Should it be
Glu264Val? Or “substitution of a valine residue by glutamate”? [Original residue
precedes number and changed residue follows it? See Glu342Lys next.]

“Elliott 1998~ was changed to “Elliott et al. 1998”. Please check if appropriate.
Reference not listed.

Is this the reference that was intended?

Reference not listed.

What is meant here? Just that 29% had severe disease?

Is this the reference that was intended?

Year amended. OK?

Year amended. OK?



