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Abstract: Alpha-1-antitrypsin (AAT) and fibrinogen are secretory acute phase reactant proteins.
Circulating AAT and fibrinogen are synthesized exclusively in the liver. Mutations in the encoding
genes result in conformational abnormalities of the two molecules that aggregate within the rough
endoplasmic reticulum (RER) instead of being regularly exported. That results in AAT-deficiency
(AATD) and in hereditary hypofibrinogenemia with hepatic storage (HHHS). The association of
plasma deficiency and liver storage identifies a new group of pathologies: endoplasmic reticulum
storage disease (ERSD).
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AAT, the major serine protease inhibitor (Pi), is encoded by two codominant inde-
pendent alleles. Heterozygous individuals (Pi MZ) synthesize two pools of the protein,
the normal M fraction is entirely exported, while 85% of the abnormal Z is retained in the
liver. Under conditions of clinical stimulation, the Pi MZ phenotype undergoes a unique
phenomenon, characterized by an increase of synthesis of both fractions, but a divergent
behavior in export. Moreover, 100% of the M fraction, but only 15% of the Z, are secreted
into the blood. That results in an elevation of serum AAT levels up to the normal range
associated with an increase of the amount of hepatic storage. The phenomenon has been
called “Recruitment-Secretory Block” (“R-SB”) and explains why heterozygous Pi MZ
individuals are not prone to develop the extrahepatic manifestations observed in Pi ZZ
homozygotes as a consequence of the severe serum AAT deficiency.

HHHS occurs only in the heterozygous state. The “R-SB” phenomenon neither apply
to homozygous Pi ZZ nor to heterozygous HHHS individuals, thus suggesting that the
homozygosity of HHHS could be incompatible with life.

In contrast to fibrinogen that is synthesized exclusively and selectively by the liver,
AAT can be synthesized by various tissues and cell types, a.0. macrophages, bile duct,
pancreatic islet and sperm cells. Simultaneous accumulation of AAT in the RER of both
hepatocytes and these cell types, indicates a mutation and a primary synthesis. Cells
other than hepatocytes do not respond to acute phase stimuli and do not contribute to the
circulating levels.

Indeed, Pi ZZ cirrhotic patients, after liver transplantation from a Pi MM donor, acquire
permanently the donor’s phenotype and correct the serum AAT deficiency. Based on
morphological, physiological, and serological correlations, it is suggested that AAT in
cells other than hepatocyte is packaged in condensing vacuoles, lysosomes, and endocrine
granules in the form of protease-antiprotease complexes and is playing an intracellular role.

The liver is the only source of fibrinogen. Therefore, the mutations causing conforma-
tional molecule abnormalities, result in exclusive hepatic storage.

The storage of mutant AAT and fibrinogen is toxic for the hepatocytes and causes
chronic liver disease and cirrhosis.
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Molecular analyses of the storing mutations and 3D modeling studies have localized
the mutations in critical sites for correct assembly and secretion and have clarified the
pathomorphogenesis of the aggregation process of the proteins within the RER.

In this article, we review clinical and experimental published data collected over
40 years. Taken together, the results appear to be of potential utility with regard to
therapeutic strategies aimed to cure ERSD. In particular, they discourage the use of drugs
that would increase the synthesis without a simultaneous increase of secretion. This article
also addresses future research directed at small molecules that can prevent intracellular
accumulation and increase the degradation of the mutant proteins.

1. Introduction

Endoplasmic reticulum storage diseases (ERSD) are genetic disorders affecting se-
cretory proteins. Due to mutations in the encoding genes, the proteins may acquire an
abnormal conformation of the molecule that aggregates within the rough endoplasmic retic-
ulum (RER) instead of being regularly exported [1]. The process results in plasma deficiency
and intracellular storage. The storage in turn causes chronic liver disease and cirrhosis.

The prototype of ERSD is alpha-1-antitrypsin deficiency (AATD). Its discovery repre-
sents a milestone in the medical field as it has led to clarify the pathogenesis of a subset of
liver cirrhosis previously considered cryptogenic [2]. It has also clarified the pathogenesis
of pulmonary emphysema in AATD [3] and that of emphysema in general [4,5].

The original recognition of AATD patients was done on the basis of identification
on serum isoelectric focusing (IF) on polyacrylamide gel [6] of a variant of AAT called Z
because of the slowest migration speed as compared to all other variants. The Z AAT was
subsequently found to carry a point mutation Glu342Lys in the AAT gene [7]. Thus far,
more than 100 polymorphisms have been identified and termed by alphabet letters from A
to Z, or by the name of the borne town.

The normal variant is called M and is present in about 88% of the general popula-
tion [8]. The deficient variants are classified as: (i) storing variants, the most frequent being
the Pi Z (estimated incidence in European populations, around 3%, except in Sweden,
where it is much higher, up to 7.6%) [9], and two rare variants (Mmalton—Phe52 /53 dele-
tion, and Siiyama—Ser52Phe). The three storing variants are characterized by aggregation
of the mutant AAT in the ER of hepatocytes and by liver disease; (ii) absence of gene
expression and of circulating protein (Pi Null); (iii) molecular lability and intracellular
degradation (Pi S that is the second most frequent variant, representing around 7-10% in
the general population) [6].

Pi S [10] and Pi Null [11] are neither susceptible to storage nor to the development of
liver disease.

AAT is expressed in several tissues and cell types. However, the role, as well as the
function of the protein in cells other than hepatocytes, need to be clarified.

The identification of the first mutation in the fibrinogen gamma chain gene [12] and
the demonstration that the hereditary hypofibrinogenemia, in analogy with AATD, was
due to the intrahepatic retention of the mutant protein [13-15], have led to the discovery of
a new disease, hereditary hypofibrinogenemia with hepatic storage (HHHS), and to the
concept of ERSD [1,15,16].

This review is an update of the immunomorphological, electron microscopic (EM),
and molecular studies on AATD and HHHS. The rationale was based upon the assumption
that finding a secretory protein stored in the RER of a given cell is a simultaneous indication
of an underlying mutation and of a primary synthesis of the protein.

In this paper, we revised all material from our previously published clinical and
experimental work carried out over the past forty years. Material, methods, patients, and
ethical approval had been reported in details in the pertinent articles cited in the References.

Before reviewing the pathophysiology of the causative mutations and the morpho-
logical hallmark for diagnosis, we will first introduce some aspects of the synthesis and
function of the two proteins.
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In addition, we will discuss the relationship between the intracellular and extracellular
AAT and fibrinogen in normal conditions and in ERSD, in view of their potential towards
future strategies finalized to the treatment of ERSD.

2. Alpha-1-Antitryppsin Deficiency (AATD)

According to the purposes of this review, we will summarize and discuss published
data from the literature related to the variants of AAT where serum deficiency is due to the
accumulation of the mutant protein variants (Z, Mmalton, and Siiyama) in the liver. The
hepatocytic storage of mutant AAT presents in the form of PAS diastase (PAS-D) resistant
inclusions immunoreactive to anti-AAT specific antibodies, corresponding to material in
the RER (Figure 1la—c).

Figure 1. Pi ZZ liver specimen. The vast majority of hepatocytes contain PAS-D inclusions of variable size (a: PAS-D x 10).
The inclusions are positive on immunostaining with the monoclonal AZT11 antibody (b x 100). The electronmicrophoto-
graph shows a hepatocyte with dilated cisternae of the RER containing A AT-like material (*) (c: EM x 15,725).

The molecular mechanism of Z AAT accumulation in the liver has been demonstrated
as due to a loop—sheet polymerization following a molecular interaction between the reac-
tive center loop of one molecule and the gap in the A-sheet of another [16]. The disruption
of the folding is caused by the mutation Glu342Lys. Polymerization and aggregation of
Mmalton and Siiyama follow a similar mechanism as their gross-mutations at positions
52/53 cause a displacement of the Beta helix that forms the base plate for the opening and
closing of the A-sheet [17].
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2.1. AAT: Source and Function

AAT is an acute phase reactant protein and the major inhibitor of serine protease
(Pi) [8,18]. In addition to inhibiting a number of proteolytic enzymes [8,18], AAT plays
a role in inflammation and tissue damage, coagulation, and fibrinolysis [19], immune
response [20], and cell proliferation [21]. AAT is a highly polymorphic, pleiotropic, and
protean protein [8,22].

The circulating AAT is synthesized by hepatocytes, exported into the blood [23-26]
and is widely distributed in body fluids and interstitial tissues. The normal AAT cannot be
visualized in hepatocytes because of its fast export that leaves the intracellular concentration
always very low [10]. Under the EM, the normal AAT is not detectable because of its
electron transparency and solubility in the ER milieu.

2.2. Hepatic Source and Function of AAT

Three cell types in the liver are capable of AAT synthesis: (i) hepatocytes, (ii) biliary,
and (iii) Kupffer cells.

(i) Hepatocytes synthesize AAT like all secretory proteins. The AAT mRNA transcribe
the message on polysomes attached to the granular endoplasmic reticulum (RER) that
translates, synthesizes, and discharges the polypeptide chain into the lumen of the RER.
The first sugar attachment (“core glycosylation”) occurs during translation. Then AAT
translocates from the RER to the SER where further glycosylation, trimming, and elongation
occur, and reaches the Golgi apparatus where terminal glycosylation takes place. Finally, the
mature protein is exported into the circulation with the cooperation of microtubules [23-26].

In case of storing mutations (Z, Mmalton, Siiyama), AAT polymers aggregate within
the RER cisternae and are visualized under the transmission EM (Figure 1c).

AAT is encoded by two codominant independent alleles, which can occur in various
combinations. The normal homozygous phenotype is designated Pi MM. The abnormal Z
allele can present in a homozygous (Pi ZZ) or heterozygous (Pi MZ) state, corresponding
respectively to severe or partial (intermediate) AATD. Each allele is responsible for the syn-
thesis of 50% of the entire pool. Under conditions of clinical stimulation, Pi MZ individuals
are capable of raising serum AAT levels by three—four fold, as the M fraction, due to the
acute phase reactant nature of the protein, undergoes an increased synthesis and secretion
rate, while 85% of the Z fraction is retained within the cell and contributes to increasing the
amounts of intracellular storage. This reaction of Pi MZ to acute phase stimuli has been
designated Recruitment-Secretory Block (“R-SB”) phenomenon [27]. In Pi ZZ individuals,
both Z fractions are not exported, thus AAT levels remain very low (Figure 2).

These data, together with the clinical observation that AATD (Pi ZZ) cirrhotic patients,
after liver transplantation from a Pi MM donor, acquire the phenotype of the donor and
normalize the serum levels [27], have definitely established that the liver is the only source
of the circulating AAT [28].

(ii) Biliary cells (Hering and bile duct cells) synthesize and export AAT into the biliary
system and contribute to the bile AAT pool that is estimated to represent 30% of the circu-
lating AAT [29]. The capability of biliary cells for AAT synthesis has been discovered from
studies of AATD deficient livers in which biliary cells have shown immunohistochemical
and EM evidence of simultaneous accumulation of Z AAT in hepatocytes and biliary cells
from the same liver [30] (Figure 3).

The exact amount of AAT exported by biliary cells in not known. The bile AAT is
mostly derived from transepithelial bypass of bile duct cells in human and hepatocytes
in rats. Circulating dimeric IgAs as well as those derived from mucosal plasma cells,
contain three ligands: J chain linking two IgA molecules, secretory component (SC) and
one available to bind AAT. The SC recognizes a receptor on the basolateral membrane of
epithelial cells. Subsequently, the complex (IgA/AAT/IgA/SC/] chain) is internalized via
endocytosis and, through a vesicular mediated system, discharged into the lumen of bile
ductules and ducts (Figure 4).
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Figure 2. Schematic representation of the “R-SB” phenomenon in heterozygous (Pi MZ) and homozygous (Pi ZZ) AATD.
Under basal conditions, Pi MZ individuals show a partial (intermediate) AAT deficiency because 85% of the Z fraction is
not exported. Under conditions of clinical stimulations, the M fraction is increased in synthesis and secretion and results
in serum AAT elevation. In Pi Z phenotype, the serum AAT levels are very low in both basal and stimulatory conditions
because both Z fractions are retained within the cells.
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Figure 3. Pi ZZ patient’s liver. An interlobular bile duct shows an intercalated lining cell with an enlarged cisterna of the

RER (big *) containing AAT-like material (EM x 11,500). The big arrow indicates a cytoplasmic area with communicating

SER channels containing A AT-like material (small *). The inset shows the immunohistochemical staining of a tissue section

from the same liver. A single large AAT inclusion is present at the apical pole of a bile duct cell (arrowhead). Periportal

hepatocytes contain, as usual, AAT immunoreactive globules (arrowheads) (immunostaining x 600).

AAT bound to IgA maintains its anti-protease activity and protects the immunoglobu-
lins from proteolysis [31].

IgA and AAT play an important role in neutralizing, within the biliary system and
intestine [32], bacterial, and intestinal proteases that otherwise would reach the liver via
the enterohepatic circulation. The resulting endotoxemia would damage Kupffer cells
and cause cholestatic liver damage. This scenario recapitulates the experimental model of
galactosemia-induced cholestatic hepatitis [33], and explains the pathogenetic mechanism
for neonatal cholestatic hepatitis in Pi ZZ newborns. An aggravating factor of neonatal
cholestasis in Pi ZZ newborns is the AAT deficiency in the mother’s milk if they are breast
fed to a Pi ZZ mother or receive only artificial milk. On the contrary, breastfed Pi ZZ
newborns to a Pi MZ mother, can escape cholestasis as the mother’s serum and milk
concentration is sufficiently protective, due to capability of the mother’s M fraction to raise
AAT levels in blood, bile, and milk, in response to acute phase as well as to hormonal
stimuli during pregnancy and lactation [10,34].
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Figure 4. Schematic representation of transepithelial bypass of AAT bound to dimeric IgA from circulation or interstitium

into the lumen of bile ducts. Mammary and salivary ducts follow the same mechanism for exporting AAT into milk and

saliva. A small amount of AAT is synthesized in the RER of bile duct cells and directly secreted into the lumen.

(iii) The third cell types capable of AAT synthesis in the liver are Kupffer cells. Kupffer
cells are sinusoidal lining cells belonging to the monocyte/macrophage system. Like all
macrophages, Kupffer cells express AAT either in normal Pi M (Figure 5a) or in Pi Z AATD
deficiency (Figure 5b).

In Kupffer cells from Pi Z specimens, AAT-like material has been detected in the
lumen of the RER and of the channel network of the SER, thus proving a primary synthesis
and capacity of translocation in these cells (Figure 6).

However, Kupffer cells do not contribute to the circulating AAT. Therefore its presence
in the ER but not in trans-Golgi SV suggests a different meaning than the hepatocytic one.

On the basis of the knowledge on protein synthesis and morphological observations,
AAT could be synthesized in the RER and reach the lysosomes via the Golgi Endoplasmic
Reticulum Lysosome (GERL) area, according to the “addressing organelle signal” inserted
early during translation of secretory proteins [23-26], or alternatively, by free ribosomes
and reach the lysosomes through the cytosol.

2.3. Extrahepatic Source and Function of AAT

AAT immunoreactivity has been demonstrated in monocytes/macrophages [35,36]
polymorphonuclear leukocytes [37], mast cells [38], small intestinal cells [39] later on
identified as Paneth cells [40], gastric mucosa [41], and pancreas endocrine cells [42].

Immunoreactivity however, per se, is not proof of primary synthesis. In this study we
have assumed that finding a mutant protein within the RER of a given cell, is a proof of
primary synthesis in analogy with the presence of a given protein in a monolayer medium-
free cell culture, although the final proof would be the demonstration of functioning mRNA
in that cell.



Int. . Mol. Sci. 2021, 22, 5778 8 of 28

Figure 5. Liver tissue section from a Pi MM phenotype, stained with a polyclonal anti-AAT antibody. Hepatocytes are
negative. Kupffer cells are positive. The staining appears in elongated sinusoidal lining cells in the form of granules or small
globules (thin arrows), or coarse confluent globules (thick arrows) (a: AAT immunostaining x 100). Liver tissue section
from a Pi MZ patient. AAT immunostaining is positive in both hepatocytes (arrowhead) and Kupffer cells (arrows). (b: AAT
immunostaining x 100).
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Figure 6. Pi MZ liver. The electronmicrophotograph shows a Kupffer cell with a large cytoplasm containing electron dense
bodies (lysosomes) (arrowhead) and a rather well developed ER. The lumen of both RER and SER is slightly dilated and
contains amorphous fluffy AAT-like material (arrows). A portion of a perisinusoidal (Ito) cell is present on the top right
(EM x 31,025). (Figure obtained from Callea F. PhD thesis, Acco, Leuven, 1983: 1-153).

Gene expression of AAT has been demonstrated in human monocytes/macrophages
in both Pi MM normal phenotypes and AATD [43,44]. Therefore, our finding of ZAAT in
both RER and SER of AATD patients as shown in Figure 6, is in keeping with of the above
molecular analysis results.

Our EM observations have shown that Kupffer cells have not only the capability of
AAT primary synthesis but also of translocating the protein to the SER. As Kupffer cells
are not exporting AAT into the circulation, one can reasonably assume that they use the
protein for intracellular purposes. At the level of the GERL area, AAT would recognize
an endomembrane specific receptor and would be diverted to lysosomes, according to the
organelle addressing signal incorporated at the time of the early synthesis [23,24]. Inside
the lysosomes, the protein would bind proteolytic enzymes to form protease/anti-protease
(P/Pi) complexes that would subsequently be discharged by exocytosis outside the cell
after AAT cleavage (Figure 7).
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Figure 7. Schematic representation of the possible intracellular pathways of AAT in macrophages, polymorphonuclear

leucocytes, mast cells, Paneth cells, endocrine cells. AAT synthesized in the RER reaches the Golgi apparatus and is stocked

within condensing vacuoles (empty circle) or endocrine granules (black dots) or lysosomes (Ly). In the GERL area AAT

recognizes specific endomembrane receptors and is diverted to lysosomes. In condensing vacuoles, endocrine granules,

AAT is supposed to bind protease (Pi/P complex). After AAT cleavage (gate), proteases get activation. AAT synthesized by

free ribosomes can be addressed directly to lysosomes (Ly). The dark color of endocrine granules and lysosomes reflects the

electrondensity of their matrix.

AAT in polymorphonuclear leukocytes, mast cells, Paneth cells containing large
amounts of proteolytic enzymes, fulfills intracellular requirements, namely protection
against proteolytic self-digestion, and discharge the uncoupled P and Pi into the extracellu-
lar/interstitial matrix, after Pi cleavage.

The same pathway and function could be shared by endocrine cells. Once incorporated
into endocrine granules (equivalent of condensing vacuoles or lysosomes) at the GERL
level, AAT would temporarily form Pi/P complexes and inhibit the proteases that would
activate pro-hormones into hormones, after AAT cleavage (Figure 7) [45].

To synthesize, the consistently AAT positive staining in islet and paracrine pancreas
(Figure 8) and in Kuppfer cells (Figure 5b) of Pi MM individuals strongly supports the
interpretation that AAT is not a protein for secretion in those cells (44). On the other hand,
the simultaneous accumulation of Z AAT in hepatocytes, pancreatic islet (Figure 9) and
Kupffer cells (Figure 6), indicates a primary synthesis in all these cells.

On the other hand, the consistently M AAT positive staining in islet and paracrine
pancreas (Figure 8) and in Kupffer cells (Figure 5b) of Pi MM individuals, strongly supports
the interpretation that AAT is not a protein for secretion in those cells [45].

In this article, we provided new findings on the neglected role of AAT in cells other
than hepatocytes. The direct transfer of morphological findings into physiological or
pathological interpretations, requires always caution. That holds true especially if the
observations are new. A topical example is the different behavior of AAT in macrophages
of malakoplakia and Whipple’s disease, two diseases of the monocyte/macrophage system
that apparently share the pathomorphogenesis. Malakoplakia is a granulomatous histio-
cytic lesion mainly occurring in the urinary tract, resulting from a massive proliferation of
von Hansemann macrophages [46]. The cytoplasm of these macrophages is filled up with
PAS-D inclusions (Figure 10a) without or with calcifications (so called Michaelis—-Gutmann
bodies), positively stained by anti-AAT antibodies (Figure 10b).
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Figure 8. Histological section from a Pi MM phenotype pancreas stained with a polyclonal anti AAT
antibody. An islet (*) contains AAT positive cells mainly located at the periphery. A few AAT positive
paracrine cells are scattered in the exocrine pancreas acini (arrows) (AAT immunostaining x 100).

R
'\r ,:"&"‘éw

Figure 9. Pi ZZ cirrhotic patient. A pancreatic islet shows AAT positive cells mainly located at the
periphery (immunostaining x 100). An islet cell (head arrow) contains a large AAT immunoreactive
globule (arrow-head) corresponding to the PAS-D inclusion at the apical pole of the same cell (inset:
arrowhead, PAS-D x 100)). An analogous inclusion is present in a hepatocyte surrounded by
inflammatory cells, from the cirrhotic liver of the same patient (PAS-D, original magnification 100 x).
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Figure 10. Bladder malakoplakia (a,b). Plagues of PAS-D positive macrophages (a: PAS-D x 40) are strongly positive

for AAT (b: AAT immunostaining x 20). Whipple disease (c,d). Intestinal villi contain PAS-D positive macrophages

(c: PAS-D x 40). Goblet epithelial cells and glycocalyx are also positive on PAS-D. Whipple macrophages are negative on

AAT immunostaining (d: AAT immunostaining x 60).

Under the EM, malakoplakia macrophages are flooded by lysosomes and contain intact
non-membrane bound bacteria [46,47], especially E. coli. These findings concur to point out
a lysosomal loss of function possibly due to the lack of P/Pi complexes dissociation [48]. In
Whipple’s disease, the lamina propria of the small intestine is obscured by large amounts of
macrophages (Figure 10c) that look like malakoplakia macrophages and contain free-living
bacilli referred to as Tropheryma whippelii [47-49]. Whipple macrophages; however, in
contrast to malakoplakia macrophages, do not show AAT positivity (Figure 10d), thus
suggesting a different pathomorphogenesis [48-50]. AAT immunostaining with polyclonal
antibodies remains the hallmark for the diagnosis of malakoplakia [46].

In synthesis, we have provided evidence for a simultaneous accumulation of Z AAT in
hepatocytes, Kupffer and endocrine pancreatic cells. Further, we have shown that Kupffer
and pancreatic endocrine cells synthesize M AAT in normal Pi MM individuals but do
nor secrete it in the blood. In those cells, the protein is concentrated within electron dense
organelles (Figure 7), is detected by specific antibodies, but not visualized under the EM
because it is masked by the electron density of the organelle matrix. The M AAT is not
visualized neither in light microscopy due to its low intracellular concentration, or under
the EM because of its solubility in the ER milieu and its intrinsic electron translucency.
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For the sake of completeness, two additional cellular locations of AAT should be
mentioned: sperm cells and proximal renal tubules. In sperm cells, AAT immunoreactivity
depicts the acrosomal cup [10], most probably coupled with proteolytic enzymes, mainly
acrosin [51]. The AAT staining pattern in sperm cells, indeed, reproduces the morphology
of the acrosome (Figure 11a). This structure envelops the head of sperm cells in the
form of a Phrygian hat. The acrosome is a highly specialized structure resulting from
the coalescence of pro-acrosomal granules, which originate from the Golgi complex [52].
After AAT cleavage and P-Pi dissociation, acrosin would be activated and allow sperm cell
capacitation and fertilization [10,53].

Figure 11. Immunofluorescence staining for AAT on an autopsy testis (a) and kidney (b) specimen from a Pi Z patient.

A few spermatozoa are seen in the lumen of the epididymal duct. Heads of sperm cells shows AAT immunoreactive dots.

The immunoreactive dots correspond to the acrosome (arrows) (a x 516). Immunofluorescence staining for AAT on a

kidney from the same patient. Two proximal tubules show a very strong granular-globular positivity for AAT (b x 320).
(Figures reprinted from Callea F. PhD thesis. Acco, Leuven 1983: 1.153).

AAT immunoreactivity has been demonstrated in the kidney of both rats [54] and
human (10]. However, the primary synthesis of AAT in proximal renal tubules has not
been proven. AAT immunoreactive inclusions can be observed in any kidney tubular cells,
regardless of the Pi phenotype. Therefore, a reabsorption process for degradation could
be the explanation even when the phenomenon occurs in AATD individuals as we found
(Figure 11b) [10].

2.4. Hepatic Manifestations in AATD

Two codominant alleles encode the synthesis of AAT; therefore, the deficiency can
present either in heterozygous (Pi MZ) or homozygous (Pi ZZ) condition. The two other
deficient variants, Mmalton and Siiyama, share the same behavior. In histological sections,
the stored AAT appears in the form of round eosinophilic cytoplasmic inclusion bodies
that are strongly positive on PAS-D stain (Figure 1a) due to the high carbohydrate content.
Confirmation of the nature of the inclusions is obtained with polyclonal [55] or mono-
clonal [56] anti-ZAAT antibodies (Figure 1b). The discriminating immunomorphological
and EM features between the three forms have been described in previous work [57,58].
Based upon epidemiological studies, the storage process per se has been considered for
long time insufficient to cause liver disease and endogenous or exogenous co-factors have
been searched for.

Nowadays there are no more doubts about the intrinsic toxic capacity of the stored
AAT [16,58,59]. Although AATD individuals, either hetero- or homo-zygotes, may not
show clinical or biochemical signs of liver disease, all of them undergo accumulation of the
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mutant protein Therefore, the storage process represents the true elementary lesion of the
disease and reflects the phenotype-genotype correlation [16,58].

The retained protein within the RER causes cell engorgement and dysfunction. Ultra-
structural damage to other cell organelles has been described [60]. Dilated cisternae of the
RER may break or coalesce (Figure 12) into large inclusions that can occupy the entire cell
volume (Figure 13).

The cell damage may progress to apoptosis (Figure 14), dropout of parenchymal liver
cells, inflammation, fibrosis, and cirrhosis.

In addition to these features, we have observed that the intraluminal AAT, which usu-
ally appears as amorphous fluffy material detached from the ER membranes, can gradually
become dense, compact (Figure 15), can entrap remnants of disrupted membranes and
grow up to large dimensions, acquiring the appearance of a stone-like material (Figure 16).

Figure 12. Pi ZZ liver. The cytoplasm of the hepatocytes is engulfed by Z AAT storage. Dilated cisternae of the RER contain
AAT in the form of amorphous fluffy material and coalesce after disruptor of membranes and occupy the entire volume of

the cell (thin arrow). Excess mitochondria (thick arrow) and glycogen rosettes (dot) indicate the periportal location of the

cells (EM x 9200).
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Figure 13. Liver tissue section from a Pi ZZ patient. Hepatocytes contain PAS-D inclusions of a variable size. A few occupy
the entire cell volume (PAS-D x 40).

The conventional fluffy appearance of ZAAT suggests either the potential for pro-
gression along the secretory pathway, albeit at a lower speed than normal protein, or the
availability for proteolytic action by ER enzymes, retrotranslocation and degradation via au-
tophagy or proteasome systems [61,62]. The EM fluffy appearance of ZAAT in the RER can
represent the morphological counterpart of the Z polymers identified in circulation [63,64].

In contrast, the compact mummified ultrastructural appearance would reflect incom-
patibility either with progression along the secretory pathway or with degradation.

We had the opportunity to evaluate successive liver biopsies of Pi Z patients during
the follow-up. In a few of them, we observed a significant decrease in the amounts of
AAT storage. The observation was confirmed in multiple autopsy liver specimens, thus
excluding the possibility of sampling errors [10]. The reduction of AAT storage was
first observed by Starzl [65] in Pi Z patients following portacaval shunts. This clinical
observation reflects an interesting phenomenon, especially in view of the ongoing research
efforts to obtain the same results by drugs. The clinical and histopathological experience
strongly suggests that portacaval shunt can reduce the storage by preventing further
overload as a result of the diversion of the blood flow that deviates acute phase stimuli
and pancreatic hepatotrophic products away from the liver [10,65].

With regard to the toxicity of the storage, the mineralization process occurring with
the Mmalton AAT inclusions could be an additional cause of cell damage as calcium is a
potential effector of cell death [58].

The pathogenesis of neonatal cholestasis in Pi ZZ newborns has been discussed in
paragraph 1.2 of this article. A minority of cholestatic newborns develop childhood or
infantile cirrhosis. The remaining patients may develop chronic hepatitis or cirrhosis in the
adult age.
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Figure 14. Pi ZZ cirrhotic liver. The electronmicrophotograph shows two adjacent hepatocytes with a dark appearance of

the cytoplasm and severe organelle damage. The picture corresponds on light microscopy to apoptotic bodies. AAT-like

material is present within dilated cisternae of the RER (**). In a few inclusions, the AAT appearance is dense, compact with

remnants of membrane inside (*). Inflammatory cells and bundles of collagen type I are seen all around the apoptotic cells
(EM x 6160). (Figure obtained from Callea F. PhD Thesis. Acco, Leuven 1983: 1-153.

AATD deficiency significantly increases the risk of the developing hepatocellular
carcinoma (HCC) [66]. An intriguing phenomenon has been described in Pi Z and Mmalton
livers developing HCC. Tumor cells do not accumulate the mutant protein whilst non-
tumorous hepatocytes are continuing to store the Z protein [67]. Interestingly, the same
phenomenon occurs in HCC arising in Z transgenic mice [68]. This phenomenon was
initially interpreted as an effect of retromutation in analogy to HCC arising in tyrosinemia
type 1 [69]. A recent molecular study has shown that neoplastic hepatocytes carry the same
mutation (Z or Mmalton) as the non-tumorous hepatocytes, thus suggesting a mechanism,
possibly epigenetic, rather than a retromutation, to explain the lack of AAT expression [70].

The development of liver tumors in rodents, either spontaneous or experimentally
induced, is characteristically age-related [71]. An increasing number of HCC has been
reported in Z-transgenic mice [72,73]. In our series, we have observed more numerous
HCC in older Pi Z mice than in wild type mice of the same age. In addition to HCC, we
have found hepatic angiosarcoma and abdominal lymphoma never reported before [68].
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Figure 15. The EM-photograph from a Pi ZZ liver shows a hepatocyte whose ER cisternae are plenty of AAT-like material.
AAT appears as amorphous fluffy material detached from the limiting membranes (*), or as a compact, dense material
associated with disrupted ER membranes (**) (EM x 12.000). Figure obtained from Callea F. PhD Thesis. Acco, Leuven

1983: 1-153.

Our observations appear to confirm the utility of transgenic Pi Z mice as a model
for HCC development also in human. AAT globule depletion seems to be the common
denominator and may reflect dedifferentiation, loss of function, re-expression of fetal
markers and proliferation [68]. In contrast to other models [72-75], we did not observe
inflammation, fibrosis or cirrhosis in our series of Pi Z mice [68].

2.5. Extrahepatic Manifestations of AATD

AATD deficiency has been reported in association with a number of diseases such as
asthma, rheumatoid arthritis, anchylosing spondylitis, Weber-Christian panniculitis [8,18],
Wegener granulomatosis [76], ANCA-positive systemic vasculitis [77], diabetes [78]. Most
studies have been performed in small series on serum phenotyping [8]. However, for those
carried out by AAT genotyping, like systemic vasculitis [79], however it is not definitely
established whether the Z gene may predispose to the disease or act as a determinant
of outcome [79].
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Figure 16. Pi ZZ liver specimen. The electronmicrophotograph shows a single large hepatocytic cytoplasmic inclusion
with a compact, mummified appearance suggesting an intracellular stone. Broken ER membranes are seen at the periphery
(arrows) (EM x 9200). Figure obtained from Callea F. PhD Thesis, Acco, Leuven 1983: 1-153.

The most important extrahepatic manifestation in AATD is pulmonary emphysema.

The development of emphysema is attributed to the insufficient protection of elastic
alveolar tissue due to low serum AAT levels occurring only in Pi ZZ individuals. Het-
erozygous MZ individuals, due to the “Recruitment secretory block phenomenon” [27], are
capable of raising AAT serum concentration up to protective levels. However, they become
at risk if they are smokers. The cigarette smoke indeed causes direct oxidation of the single
reactive methionine center [80,81] and inactivation of the inhibitory capacity of AAT that is
by far the dominant antiprotease in the lower respiratory tract [82].

In the lungs of AATD individuals, AAT can be inactivated also by proteolytic cleavage
and polymerization [83]. Polymerized ZAAT plays a distinct pro-inflammatory role by
acting as a strong neutrophil chemoattractant [83]. By applying a 2C1 monoclonal antibody,
specific for polymerized AAT, ZAAT polymers have been detected in alveolar macrophages
of individuals with AATD as well as in smokers with normal AAT levels with or without
chronic obstructive lung disease (COPD) [84]. According to the latter observation, the
similarities in the pathophysiology of COPD in individuals with or without AATD, could
help in the understanding of the mechanism of COPD [84].

The relationship between intra and extracellular AAT in both normal and patholog-
ical conditions is highlighted in diabetes. Carbohydrate intolerance and relative insulin
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deficiency in AATD was published as an abstract in the early seventies [85]. A role of the
pancreas AAT in diabetes has been further discussed [86] and is becoming topic in view of
the claimed prevalence of AATD and its comorbidities, including diabetes [87]. In addition,
AAT treatment has shown a beneficial effect on diabetes and on beta cell regeneration in
autoimmune diabetes [87].

3. Hereditary Hypofibrinogenemia with Hepatic Storage (HHHS)

Congenital fibrinogen disorders are caused by mutations that affect the synthesis and
the secretion of fibrinogen, causing quantitative (afibrinogenemia or hypofibrinogenemia)
or qualitative defects (dysfibrinogenemia). Mutations can occur in all three coding genes
(FGA, FGB, FGG) [88]. Interestingly most cases of either a- or hypofibrinogenemia are
not associated with fibrinogen accumulation in hepatocytes. Apparent exceptions are
missense mutations or a single large deletion in the fibrinogen gamma chains [89,90] and
in a single case report a missense mutation of the FGA gene [91] previously documented to
be associated with dysfibrinogenemia but not with hypofibrinogenemia [92].

In this article, after shortly reviewing the synthesis and function of fibrinogen, we will
focus on the variants of hypofibrinogenemia due to hepatic storage that are now classified
as ERSD.

3.1. Fibrinogen Sources and Function

Fibrinogen is a highly pleiotropic protein involved in the final step of the coagula-
tion cascade, in wound healing, inflammation and angiogenesis. Fibrinogen is primarily
synthesized in hepatocytes from three homologous polypeptide chains (A-alpha, B-beta,
gamma), encoded respectively by three genes, alpha FGA-, beta FGB-, gamma FGG-. The
assembly of the three component chains into the six chain dimers occurs in the RER. After
the terminal glycosylation in the Golgi complex, the mature molecule is exported into the
blood [93-95]. Unassembled chains are not secreted and are degraded [93-95] by lysosomes
or by the proteasome ubiquitin system [61,62].

Hepatocytes are the only recognized source for plasma fibrinogen. Megakaryocytes
and platelets contain fibrinogen gamma chains within alpha granules. It has been histori-
cally controversial if the source of platelets’ fibrinogen is exogenous with incorporation by
endocytosis from the circulation or if the source is a primary synthesis [96]. The presence
of specific receptors for fibrinogen gamma chain on platelet membrane and the absence in
bone marrow megakaryocytes or in circulating platelets of alpha and beta mRNA chains
on PCR testing, suggest that the only possible mechanism responsible for the presence of
fibrinogen in alpha granule platelets is endocytosis from plasma [96]. Of course, the final
proof would come from RNA-PCR gamma chain studies

The platelet fibrinogen is believed to play a role in platelet aggregation and clot
formation [96].

3.2. Hepatic Manifestations in HHHS

Mutations in any of the Fibrinogen gene (FGA, FGB, FGG) can result in hypofib-
rinogenemia [97]. However, only eight fibrinogen gamma chain mutations: Brescia
(Gly384Arg), Aguadilla (Arg375Trp), Al du Pont Thr314Pro), Angers G316_Q350del),
Beograd (Gly336Ser), Pisa (Asp316Asn), Ankara (His340Asp), Trabzon 8Thr3711le) [89]
and a single mutation on the A alpha chain (c.103C > T) [91] have been proven to result
in hepatic storage and in a new disease, called hereditary hypofibrinogenemia with hep-
atic storage (HHHS) [1,15,16]. In all cases with hepatic storage, the gamma mutations
were located at the end-to-end region of the globular D domain of the gamma chain and
were hampering the D-dimer formation, causing aggregation of the protein within the
RER [97,98]. In all other cases of congenital hypofibrinogenemia, the mutations were lo-
cated far away from the crucial interface of the globular D-domain of the gamma monomers.
The failure of correct polymerization leaves each monomeric gamma chain with exposed
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hydrophobic patches that give rise to undue interaction with lipids and with hydrophobic
regions of APO-B-lipoprotein and other lipids [16,98,99].

For the single FGA mutation with hepatic storage [90], the information is limited.
Lee et al. have used a bioinformatics tool without further characterization. The identified
mutation (c.1036 > T) at codon 35 of the gene (FGA) was predicted to be probably damaging
with a score of 1 by the Polymorphisms Phenotyping v2 (PolyPhen2) software.

Congenital hypofibrinogenemia can result from a variety of mutations in the three
fibrinogen genes but does not produce clinically significant conditions. The mutations can
affect transcription, mRNA processing, translation, post-translational processing, decreased
proteolytic stability [97]. Most of the times, they are incidentally discovered during routine
blood check or because of mild to moderate coagulation test abnormalities. Bleeding is
rare and can occur after trauma or post-partum congenital hypofibrinogenemia patients do
not have signs of liver disease and, as far we now, there is no single case in which the liver
morphology has been studied. The only exception is the HHHS in which eight gamma chain
mutations causes hypofibrinogenemia through the formation of intrahepatocytic inclusion
bodies, similar to AATD [12,89]. All reported patients were diagnosed by histopathological
examination of liver tissue specimens obtained for abnormal liver test of unknown origin.
In the single case by Lee et al. [91], in which the mutation was located in the FGA chain,
the liver biopsy was obtained after the incidental discovery of hypofibrinogenemia during
a routine bloodwork as part of a preoperative evaluation. In that child hypofibrinogenemia
was associated with abnormal transaminase levels [91].

The above-mentioned association between hereditary hypofibrinogenemia and APO-
B-lipoproteinemia represents a new syndrome, characterized by a mutation in the fibrino-
gen gamma chain gene that provokes a secondary acquired obligatory retention of another
protein that per se is normal [16,89,98,99].

Fibrinogen storage in liver cells appears in the form of eosinophilic inclusions that are
negative on PAS-D stain due to the low carbohydrate content, and strongly positive with
specific anti-fibrinogen antibodies. The inclusions display a round/polygonal or acicular
shape, the latter better visualized in immunostaining preparations (Figure 17, inset).

Apo-B-lipoprotein and other lipids are observed within fibrinogen inclusions
(Figure 18) [99].

Under the EM, the stored fibrinogen presents as densely packed tubular structures ar-
ranged in curved bundles (fingerprint like) or in parallel metameric arrays (fiber glass like)
(Figure 17) [12-16]. It is interesting and intriguing that this picture is vaguely reminiscent
of the appearance of extracellular fibrin.

Like in AATD, the storage of fibrinogen in HHHS represents the elementary lesion of
the liver pathology and is invariably associated with liver cell necrosis, hepatitis, fibrosis,
and cirrhosis, mostly in early childhood.

The mechanism of liver damage in HHHS is poorly understood. In analogy with
AATD, one may argue that the cell engorgement and the over-distension of RER cisternae
could interfere with other organelles and cell function.

So far, in contrast to AATD, no single HHHS patient has developed HCC. However,
it is important to underline that any poorly differentiated tumor, either in primary or
metastatic sites, showing immunohistochemical positivity for fibrinogen can be diagnosed
as HCC [10,67], due the fact that hepatocytes are the only fibrinogen synthesizing cells in
the body [93-95].

3.3. Extrahepatic Manifestations in HHHS

The discovery of HHHS has allowed to identify the cause of a number of cases of liver
cirrhosis that were previously considered cryptogenic, especially in children.

The new disease has been first described by pathologists in liver tissue specimens
from patients with signs of chronic liver disease, unsuspected for suffering from fibrinogen
abnormalities [15]. Initially, the disease has drawn the interest of pathologists and hepatol-
ogists, while hematologists have accepted with skepticism the new entity for two reasons:
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(i) it was the first time that hypofibrinogenemia resulted from hepatic storage, (ii) it was
hardly believable that a severe hypofibrinogenemia could exist in a patient without overt
coagulation problems or impairment of the main functions of fibrinogen [15].

In that respect, indeed, the first case report is paradigmatic. The patient was a 64-year-
old female undergoing surgical cholecystectomy, a duodenal polypectomy and a surgical
wedge biopsy because of unexpected liver cirrhosis [15]. After the histological diagnosis,
fibrinogen plasma level was assessed and resulted to be very low (20 mg/dL). The patient
had no bleeding and no delay in wound healing. On genotyping the mutation gamma284
Gly-Arg (Fibrinogen Brescia) was identified few years later [12].

Figure 17. HHHS liver. The electronmicrophotograph shows a hepatocyte with dilated RER containing densely packed
tubular structures arranged in curved bundles (fingerprint-like inclusions (thin arrow) or elongated fibers with a metameric
array (arrowhead), corresponding to fibrinogen, reminiscent of extracellular fibrin (EM x 8000). On light microscopy the
elongated fibers appear as acicular fiber glass-like inclusions (double arrows) (inset: fibrinogen immunostaining x 1200).
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Figure 18. Liver tissue section from a patient with HHHS and hypo-APO-B- lipoproteinemia. All
hepatocytes contain fibrinogen immunoreactive inclusions (red color). Round brown inclusions
(arrows) represent lipid material inside fibrinogen inclusions. The periphery of lipids shows a
positive immunoreaction to an anti-APO-B-lipoprotein antibody (double immunostaining, original
magnification x 60). Figure obtained from Callea F et al. IJMS 2021; 22: 2899.

Since then, seven more mutations on fibrinogen gamma chain with similar features
have been found over the world [89]. In addition to fibrinogen Brescia, by using a stan-
dardized diagnostic methodology [1], we discovered two new mutations, Ankara [98]
and Trabzon [89], and contributed to describe the first Italian [100], Japanese [101] Saudi
Arabian [102], and Turkish [103] Aguadilla mutations. In total, 16 families with HHHS
have been described. All patients undergoing a liver biopsy presented evidence of liver
pathology. A minority of cases showed signs of mild bleeding (noise bruising) or hemor-
rhage in the post-partum period. A coagulation test showed mild alterations, thus leading
to the statement that the low fibrinogen level and the mild derangement of coagulation test
in HHHS are not at significant risk of bleeding. According to Asselta et al., coagulation
problems in HHHS are less frequent than in hypo- or dysfibrinogenemia due to other chain
mutations [104].

An intriguing phenomenon has been repeatedly reported with a few A-alpha chain
mutations that result in systemic and especially renal amyloidosis [105,106]. This phe-
nomenon appears to make a link between intracellular and extracellular conformational
diseases and between two distant organs, liver and kidney. Interestingly, renal alpha-
amyloidosis is successfully cured by liver transplantation [107].

4. Conclusions and Perspectives

AAT and fibrinogen can undergo molecule conformational abnormalities as a conse-
quence of gene mutations and accumulate within the RER of hepatocytes. These features
characterize ERSD [1] and conformational diseases [108], and are now included into the
molecular organelle disease group [109] and into the chapter on metabolic errors and liver
disease [110]. AAT and fibrinogen share also physiological properties that are relevant to
the main purposes of this review: both circulating proteins are synthesized exclusively in
the liver, are acute phase reactants and are highly pleiotropic proteins.

In addition, the two related diseases, AATD and HHHS, share cytotoxic liver cell
damage and cirrhosis due to the storage. The latter is the hallmark of either diseases
and represents the elementary lesion thus strengthening the genotype-phenotype corre-
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lation [16,58]. Liver disease occurs in both homozygous and heterozygous AATD. Het-
erozygous AATD (Pi MZ) cannot be considered carriers any longer as all of them have
hepatic liver lesions [10,16,59] unavoidably leading to clinical liver diseases that cover the
entire spectrum from chronic hepatitis to cirrhosis [111-115] and increases the risk of HCC
development [111,113,115,116].

Interestingly, AATD and HHHS delineate a link between intracellular and extracellular
conformational diseases and between liver and kidney with regard to renal amyloidosis that
is cured by replacing the patient’s liver which, despite its normal structure and function,
indirectly causes the renal pathology by producing an abnormal A alpha fibrinogen chain.

There are however several differences between the two proteins and the two dis-
eases. In contrast to fibrinogen, AAT can be synthesized by several cell lines and tissues:
macrophages, polymorphonuclear leukocytes, mast cells, Paneth cells, pancreatic islet, and
sperm cells. As none of these cells contribute to the circulating AAT levels, it is argued that
AAT in those cells plays a different role than the circulating one. This means that while
AAT remains a preeminently secretory protein, it can be localized in lysosomes, condensing
vacuoles, endocrine granules, and plasma membrane in cells other than hepatocytes. This
intracellular AAT can be synthesized in the RER and proceed along the secretory pathway
to the GERL area where it is diverted towards organelles, or it can be synthesized by free
ribosomes with an addressing signal inserted during translation.

The intracellular AAT maintains the antiprotease activity and, within the cells, is
presumably bound to proteases. The P-Pi complex would protect cell and organelles from
self-digestion. The cleavage of AAT would allow the activation of pro-hormones into
hormones as well as of proteolytic enzymes such as acrosin thus priming sperm cells to
penetrate the zona pellucida of ovum.

The reason way in AATD, all hepatocytes can show accumulation of the mutant
protein, while other cells appear to undergo storage rarely, is explained by the different role
played by the protein. In the liver, AAT is per excellence an acute phase reactant protein
and, as such, is recruited for a major synthesis and export to raise the serum level, whilst in
other cell types which do not contribute to the circulating level, AAT plays an intracellular
role and its synthesis takes place at a steady-state rate.

In conclusion, this paper has reviewed the results from original experimental studies
for a Ph.D. thesis [10], and further developments published along a period of more than
forty years. The initial rationale of those studies was based upon the assumption that the
presence of a secretory protein inside the RER is a proof of an in situ primary synthesis.
In that respect, AATD with the Pi MZ phenotype [10,27] has appeared as an experiment
of nature and has finally led to forward the concept of ERSD, to discovery HHHS, and to
clarify the intracellular role of AAT in extrahepatic locations.

The protean behavior of AAT is granting AAT as “a protein for all seasons”. Further
studies are needed to demonstrate AAT mRNA in extrahepatic locations and to confirm
the relationship between intra and extracellular protease inhibitor activity.

The striking similarity of intrahepatocytic aggregated fibrinogen and extrahepatic
polymerized fibrin as well as the lack of overt hematological manifestations despite the
very low fibrinogen level in HHHS, represent a challenge. The presumptive incompatibility
with life of homozygous fibrinogen gamma chain mutations causing HHHS [17,94] requires
extensive epidemiological studies and collection of additional HHHS families. It is hoped
that the body of data collected over four decades of laboratory and clinical work, could
serve as an useful background for future research. The final aim would be the treatment of
ERSD with strategies aiming to reduce or prevent the hepatocytic/hepatotoxic storage of
the genetically malformed proteins.

Useless and harmful could be the use of drugs, such as hormones or anabolizing
steroids [27], as for any given amount of supplementary Z AAT-induced synthesis escaping
into the serum, much more of it will be retained in the liver cells [10,27]. Obviously, these
considerations cast doubts on the advantage of any procedure resulting in an increase of
synthesis not accompanied by a parallel increase in the rate of secretion of the Z protein.
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Recent observations on small molecules predicted to bind Z AAT [117-119] or mutant fib-
rinogen at the interface of the aggregation sites, thus increasing degradation and inhibiting
intracellular accumulation, appear to be promising and in line with the observations from
the present study.

Author Contributions: F.C. conducted the study design and wrote the manuscript; I.G. and P.F.
performed the immunohistochemical and molecular analysis studies. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors wish to thank Bernadette Tips-Smets, Lucia Salvi, Stefano Pizzorni,
Riccardo Mariani, Akwilina Pangani, and Esther Reuben from the Departments of Pathology St.
Raphael of Leuven, Spedali Civili of Brescia, Gaslini Institution Genova, Ospedale Bambino Gesu
Rome, and Bugando Medical Centre Mwanza, for skillful technical assistance, Michel Rooseleers,
and Gabriele Bacile for preparing the microphotographs, and Mario Njeim for the English review.
The authors are grateful to the Italian non-profit association “Friends Raising” for Tanzania and to
the Alpha-1-lantitrypsin Deficiency Italian Association for continuous support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Callea, E; Brisigotti, M.; Fabbretti, G.; Bonino, F.; Desmet, V.J. Hepatic endoplasmic reticulum storage disease. Liver 1992, 12,
357-362. [CrossRef]

2. Sharp, H.L.; Bridges, R.A.; Krivit, W.; Freier, E.F. Cirrhosis associated with alpha-1-antitrypsin deficiency: A previously unrecog-
nized inherited disorder. J. Lab. Clin. Med. 1969, 73, 934-939. [PubMed]

3. Eriksson, S. Pulmonary emphysema and alphal-antitrypsin deficiency. Acta Med. Scand. 1964, 175, 197-205. [CrossRef] [PubMed]

4.  Lieberman, ]. Heterozygous and hoNAmozygous alphal-antitrypsin deficiency in patients with pulmonary emphysema. N. Engl.
J. Med. 1969, 281, 279-284. [CrossRef]

5. Editorial: Pathogenesis of emphysema. Br. Med. ]. 1974, 5007, 527-528.

6. Laurell, C.B.; Eriksson, S. The electrophoretic x1-globulin pattern of serum in al-antitrypsin deficiency. 1963. COPD 2013, 10
(Suppl. 1), 3-8. [CrossRef] [PubMed]

7. Yoshida, A.; Lieberman, J.; Gaidulis, L.; Ewing, C. Molecular abnormality of human alphal-antitrypsin variant (Pi-ZZ) associated
with plasma activity deficiency. Proc. Natl. Acad. Sci. USA 1976, 73, 1324-1328. [CrossRef] [PubMed]

8. Fagerhol, M.K. Cox DW: The Pi polymorphism; genetic, biochemical and clinical aspects of human alphal-antitrypsin. In
Advances in Human Genetics; Harris, H., Hirschhorn, K., Eds.; Plenum Press: New York, NY, USA, 1981; Volume 11, pp. 1-62.

9.  Wallmark, A,; Alm, R.; Eriksson, S. Monoclonal antibody specific for the mutant PiZ alpha 1-antitrypsin and its application in an
ELISA procedure for identification of PiZ gene carriers. Proc. Natl. Acad. Sci. USA 1984, 81, 5690-5693. [CrossRef]

10. Callea, F. Immunohistochemical Study on alpha-1-antitrypsin. Ph.D. Thesis, KUL, Acco Leuven, Belgium, 1983; pp. 1-153.

11.  Feldmann, G.; Martin, J.P; Serboue, R.; Popartz, C.R.; Perelman, R.; Netahanson, M.; Seringe, P.; Benhameu, J.P. The ultrastructure
of hepatocytes in alpha-1-antitrypsin deficiency with the genotype Pi. Null. Gut 1975, 16, 796-799. [CrossRef]

12.  Brennan, S.O.; Wyatt, J.; Medicina, D.; Callea, F.; George, PM. Fibrinogen Brescia: Hepatic endoplasmic reticulum storage and
hypofibrinogenemia because of a gamma284 Gly—>Arg mutation. Am. J. Pathol. 2000, 157, 189-196. [CrossRef]

13. Pfeifer, U.; Ormanns, W.; Klinge, O. Hepatocellular fibrinogen storage in familial hypofibrinogenemia. Virchows Arch. B Cell
Pathol. Incl. Mol. Pathol. 1981, 36, 247-255. [CrossRef]

14.  Wehinger, H.; Klinge, O.; Alexandrkis, E.; Shurman, J.; Witt, ].; Seydevitz, H.H. Hereditary hypofibrinogenemia with fibrinogen
storage in the liver. Eur. J. Pediatr. 1983, 141, 109-112. [CrossRef] [PubMed]

15. Callea, E; De Vos, R.; Pinackat, J.; Favret, M.; Facchetti, F.; Fiaccavento, S.; Ascari, E.; Tortora, O.; Albertini, A.; Henschen, A.; et al.
Hereditary hypofinogenemia with hepatic storage of fibrinogen: Anew endoplasmic reticulum storage diseases. In Fibrinogen 2,
Biochemistry, Physiology and Clinical Relevance; Lowe, G.D.O., Ed.; Elsevier: Amsterdam, The Netherlands, 1987; pp. 75-78.

16. Callea, F; Desmet, V.J. The discovery of Endoplasmic reticulum storage diseases. Connection between a H&E slide and the brain.
Int. J. Mol. Sci. 2021, 22, 2899.

17. Lomas, D.A,; Evans, D.L; Finch, J.T.; Carrell, R W. The mechanism of Z alpha 1-antitrypsin accumulation in the liver. Nature 1992,
357, 605-607. [CrossRef] [PubMed]

18. Morse, ].O. Alphal-antitrypsin deficiency (first of two parts). N. Engl. ]. Med. 1978, 299, 1045-1048. [CrossRef] [PubMed]

19. Crawford, G.P.,; Ogston, D. The influence of alpha-1-antitrypsin on plasmin, urokinase and Hageman factor cofactor. Biochim.
Biophys. Acta 1974, 354, 107-113. [CrossRef]

20. Breit, S.N.; Robinson, J.P.; Luckhurst, E.; Clark, P; Penny, R. Immunoregulation by alpha 1 antitrypsin. J. Clin. Lab. Immunol. 1982,

7,127-131. [PubMed]


http://doi.org/10.1111/j.1600-0676.1992.tb00589.x
http://www.ncbi.nlm.nih.gov/pubmed/4182334
http://doi.org/10.1111/j.0954-6820.1964.tb00567.x
http://www.ncbi.nlm.nih.gov/pubmed/14124635
http://doi.org/10.1056/NEJM196908072810601
http://doi.org/10.3109/15412555.2013.771956
http://www.ncbi.nlm.nih.gov/pubmed/23527532
http://doi.org/10.1073/pnas.73.4.1324
http://www.ncbi.nlm.nih.gov/pubmed/1083527
http://doi.org/10.1073/pnas.81.18.5690
http://doi.org/10.1136/gut.16.10.796
http://doi.org/10.1016/S0002-9440(10)64530-0
http://doi.org/10.1007/BF02912070
http://doi.org/10.1007/BF00496800
http://www.ncbi.nlm.nih.gov/pubmed/6662138
http://doi.org/10.1038/357605a0
http://www.ncbi.nlm.nih.gov/pubmed/1608473
http://doi.org/10.1056/NEJM197811092991905
http://www.ncbi.nlm.nih.gov/pubmed/360063
http://doi.org/10.1016/0304-4165(74)90058-0
http://www.ncbi.nlm.nih.gov/pubmed/6978407

Int. J. Mol. Sci. 2021, 22, 5778 25 of 28

21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Hatcher, V.B.; Oberman, M.S.; Wertheim, M.S.; Rhee, C.Y.; Tsien, G.; Burk, P.G. The relationship between surface protease activity
and the rate of cell proliferation in normal and transformed cells. Biochem. Biophys. Res. Commun. 1976, 76, 602—-608. [CrossRef]
Callea, F,; Fabbretti, G.; Bonetti, M.; Brisigotti, M.; Desmet, V.J. Alpha-1-Antitrypsin Deficiency in Extrahepatic Manifestations in Liver
Diseases; Schmid, R., Ed.; Kluwer Academic Publisher: Dordrecht, The Netherland, 1993; pp. 315-330.

Palade, G. Intracellular aspects of the process of protein synthesis. Scienice 1975, 189, 347-358. [CrossRef]

Sabatini, D.D.; Kreibich, G.; Morimoto, T.; Adesnik, M. Mechanisms for the incorporation of proteins in membranes and organelles.
J. Cell. Biol. 1982, 92, 1-22. [CrossRef]

Blobel, G. Regulation of intracellular protein traffic. Cold Spring Harb. Symp. Quant. Biol. 1982, 46 Pt 1, 7-16. [CrossRef] [PubMed]
Sharon, N.; Lys, H. Glycoproteins: Research booming on long-ignored ubiquitous compounds. Mol. Cell Biochem. 1982, 42,
167-187. [CrossRef]

Callea, F; Fevery, J.; Massi, G.; Lievens, C.; de Groote, ].; Desmet, V.J. Alpha-1-antitrypsin (AAT) and its stimulation in the liver
of PIMZ phenotype individuals. A “recruitment-secretory block” (“R-SB”) phenomenon. Liver 1984, 4, 325-337. [CrossRef]
[PubMed]

Hood, ].M.; Koep, L.J.; Peters, R.L.; Schroter, G.P.; Weil, R., 3rd; Redeker, A.G,; Starzl, T.E. Liver transplantation for advanced liver
disease with alpha-1-antitrypsin deficiency. N. Engl. J. Med. 1980, 302, 272-275. [CrossRef] [PubMed]

Kyaw-Myint, T.O.; Howell, A.M.; Murphy, G.M.; Anderson, C.M. Alpha-1-antitrypsin in duodenal fluid and gallbladder bile.
Clin. Chim. Acta 1975, 59, 51-54. [CrossRef]

Callea, F.; Fevery, J.; Massi, G.; de Groote, J.; Desmet, V.J. Storage of alpha-1-antitrypsin in intrahepatic bile duct cells in
alpha-1-antitrypsin deficiency (Pi Z phenotype). Histopathology 1985, 9, 99-108. [CrossRef]

Musiani, P.; Lauriola, L.; Piantelli, M. Inhibitory activity of alpha-1-antitrypsin bound to human IgA. Clin. Chim. Acta 1978, 85,
61-66. [CrossRef]

Sung, ].Y.; Costerton, ].W.; Shaffer, E.A. Defense system in the biliary tract against bacterial infections. Dig. Dis. Sci. 1992, 37,
689-696. [CrossRef]

Griin, M.; Liehr, H.; Rasenack, U. Significance of endotoxaemia in experimental “galactosamine-hepatitis” in the rat. Acta
Hepatogastroenterol. (Stuttg) 1977, 24, 64-81.

Labrune, P; Odievre, M.; Alagille, D. Influence of sex and breastfeeding on liver disease in alpha l-antitrypsin deficiency.
Hepatology 1989, 10, 122. [CrossRef] [PubMed]

Cohen, A.B. Interrelationships between the human alveolar macrophages and alpha-1-antitrypsin. J. Clin. Investig. 1973, 52,
2793-2799. [CrossRef]

Isaacson, P; Jones, D.B.; Judd, M.A. Alpha 1-antitrypsin in human macrophages. Lancet 1979, 2, 964-965. [CrossRef]
Benitez-Bibriesca, L.; Freyre Horta, R. immunofluorescent localization of alpha-1-antitrypsin in human polymorphonuclears. Life
Sci. 1978, 21, 99-104. [CrossRef]

Benitez-Bibriesca, L.; Freyre Horta, R.; De La Vega, G. Alpha-1-antrypsin in human mast cells. Immunofluorescent localization.
Life Sci. 1973, 13, 631-638. [CrossRef]

Geboes, K.; Ray, M.B.; Rutgeerts, P; Callea, F.; Desmet, V.].; Vantrappen, G. Morphological identification of alpha-1-antitrypsin in
the human small intestine. Histopathology 1982, 6, 55-60. [CrossRef]

Molmenti, E.P,; Perlmutter, D.H.; Rubin, D.C. Cell-specific expression of alpha 1-antitrypsin in human intestinal epithelium.
J. Clin. Investig. 1993, 92, 2022-2034. [CrossRef] [PubMed]

Ray, M.B.; Geboes, K.; Callea, F.; Desmet, V.J. Alpha-1-antitrypsin immunoreactivity in gastric carcinoid. Histopathology 1982, 6,
289-297. [CrossRef]

Ray, M.B.; Desmet, V.J.; Gepts, W. alpha-1-Antitrypsin immunoreactivity in islet cells of adult human pancreas. Cell Tissue Res.
1977, 185, 63-68. [CrossRef]

Perlmutter, D.H.; Cole, ES,; Kilbridge, P.; Rossing, T.H.; Colten, H.R. Expression of the alpha 1-proteinase inhibitor gene in human
monocytes and macrophages. Proc. Natl. Acad. Sci. USA 1985, 82, 795-799. [CrossRef] [PubMed]

Mornex, J.F,; Chytil-Weir, A.; Martinet, Y.; Courtney, M.; LeCocq, J.P.; Crystal, R.G. Expression of the alpha-1-antitrypsin gene in
mononuclear phagocytes of normal and alpha-1-antitrypsin-deficient individuals. J. Clin. Investig. 1986, 77, 1952-1961. [CrossRef]
Callea, F,; Fevery, J.; Desmet, V.J. Simultaneous alpha-1-antitrypsin accumulation in liver and pancreas. Hum. Pathol. 1984, 15,
293-295. [CrossRef]

Callea, F; Van Damme, B.; Desmet, V.J. Alpha-1-antitrypsin in Malakoplakia. Vircows Arch. (Pathol. Anat.) 1982, 395, 1-8.
[CrossRef]

Lewin, K.J.; Harrel, G.S.; Lee, A.S.; Crowley, L.G. Malakoplakia. An electron microscopic study demonstration of bacilliform
organisms in malakoplakia macrophages. Gastroenterology 1974, 66, 28. [CrossRef]

Lou, TY.; Teplitz, C. Malakoplakia: Pathogenesis and ultrastructural morphogenesis. A problem of altered macrophage
(phagolysosomal) response. Hum. Pathol. 1974, 5, 191. [CrossRef]

Moos, V.; Schneider, T. Changing paradigms in Whipple’s disease and infection with Tropherima wippleii. Eur. J. Clin. Microbiol.
Infect. 2011, 30, 1151-1158. [CrossRef] [PubMed]

Jung, Y.S.; Chung, D.Y,; Kim, E.F,; Cho, N.H. Ultrastructural evidence of the evolutionary process in Malakoplakia. Histol.
Histopathol. 2020, 35, 177-184. [PubMed]


http://doi.org/10.1016/0006-291X(77)90766-5
http://doi.org/10.1126/science.1096303
http://doi.org/10.1083/jcb.92.1.1
http://doi.org/10.1101/SQB.1982.046.01.004
http://www.ncbi.nlm.nih.gov/pubmed/6955091
http://doi.org/10.1007/BF00238511
http://doi.org/10.1111/j.1600-0676.1984.tb00945.x
http://www.ncbi.nlm.nih.gov/pubmed/6334213
http://doi.org/10.1056/NEJM198001313020505
http://www.ncbi.nlm.nih.gov/pubmed/6985708
http://doi.org/10.1016/0009-8981(75)90217-X
http://doi.org/10.1111/j.1365-2559.1985.tb02973.x
http://doi.org/10.1016/0009-8981(78)90101-8
http://doi.org/10.1007/BF01296423
http://doi.org/10.1002/hep.1840100130
http://www.ncbi.nlm.nih.gov/pubmed/2786833
http://doi.org/10.1172/JCI107475
http://doi.org/10.1016/S0140-6736(79)92665-5
http://doi.org/10.1016/0024-3205(78)90417-4
http://doi.org/10.1016/0024-3205(73)90280-4
http://doi.org/10.1111/j.1365-2559.1982.tb02701.x
http://doi.org/10.1172/JCI116797
http://www.ncbi.nlm.nih.gov/pubmed/8408656
http://doi.org/10.1111/j.1365-2559.1982.tb02723.x
http://doi.org/10.1007/BF00226668
http://doi.org/10.1073/pnas.82.3.795
http://www.ncbi.nlm.nih.gov/pubmed/3871944
http://doi.org/10.1172/JCI112524
http://doi.org/10.1016/S0046-8177(84)80195-1
http://doi.org/10.1007/BF00443481
http://doi.org/10.1016/S0016-5085(74)80076-4
http://doi.org/10.1016/S0046-8177(74)80066-3
http://doi.org/10.1007/s10096-011-1209-y
http://www.ncbi.nlm.nih.gov/pubmed/21461659
http://www.ncbi.nlm.nih.gov/pubmed/31298302

Int. J. Mol. Sci. 2021, 22, 5778 26 of 28

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Fritz, H.; Heimburger, N.; Meier, M.; Arnhold, M.; Zaneveld, L.J.; Schumacher, G.F. Humanakrosin: Zur Kinetik der Hemmung
durch Human-Serum inhibitoren [Human acrosin: Kinetics of the inhibition by inhibitors from human sera]. Hoppe Seylers Z.
Physiol. Chem. 1972, 353, 1953-1956. [CrossRef] [PubMed]

Bloom & Fawcett Textbook of Histology; W.B. Saunders Co.: Philadekphia, PA, USA, 1968; pp. 685-709.

Zaneveld, L.J.D.; Dragole, B.M.; Schumacher, G.E.B. Acrosomal proteinase and proteinase inhibitor of human spermatozoa.
Science 1972, 177, 702. [CrossRef]

Ishibashi, H.; Shibata, K.; Okubo, H.; Tsuda-Kawamura, K.; Yanase, Y. Distribution of alpha 1-antitrypsin in normal, granuloma,
and tumor tissues in rats. J. Lab. Clin. Med. 1978, 91, 576-583. [PubMed]

Callea, F; Fevery, J.; De Groote, J.; Desmet, V.J. Detection of Pi Z phenotype individuals by alpha-1-antitrypsin (AAT) immunohis-
tochemistry in paraffin-embedded liver tissue specimens. |. Hepatol. 1986, 2, 389—401. [CrossRef]

Callea, F,; Brisigotti, M.; Faa, G.; Lucini, L.; Eriksson, S. Identification of PiZ gene products in liver tissue by a monoclonal
antibody specific for the Z mutant of alpha 1-antitrypsin. J. Hepatol. 1991, 12, 372-376. [CrossRef]

Janciauskiene, S.; Eriksson, S.; Callea, F.; Mallya, M.; Zhou, A.; Seyama, K.; Hata, S.; Lomas, D.A. Differential detection of
PAS-positive inclusions formed by the Z, Siiyama, and Mmalton variants of alphal-antitrypsin. Hepatology 2004, 40, 1203-1210.
[CrossRef]

Callea, F.; Giovannoni, I.; Francalanci, P.; Boldrini, R.; Faa, G.; Medicina, D.; Nobili, V.; Desmet, V.J.; Ishak, K.; Seyama, K; et al.
Mineralization of alpha-1-antitrypsin inclusion bodies in Mmalton alpha-1-antitrypsin deficiency. Orphanet |. Rare Dis. 2018, 13,
79. [CrossRef]

Lomas, D.A. The selective advantage of alpha-1-ntitrypsin deficiency. AJRCCM 2006, 173, 1072-1077.

Hultcrantz, R.; Mingarelli, S. Ultrastructure liver pathology in patients with minimal liver disease and alpha-1-antitripsin
deficiency: A comparison between heterozygotes and homozygotes. Hepatology 1884, 4, 937-945. [CrossRef]

Perlmutter, D.H. Alpha-1-antitrypsin deficiency: Importance of proteasomal and autophagic degradative pathways in disposal of
liver disease-associated protein aggregates. Annu. Rev. Med. 2011, 62, 333-345. [CrossRef]

Feng, Y.; Klionsky, D.J. Receptors make the pathway choice for protein degradation. Autophagy 2017, 13, 1617-1618. [CrossRef]
Janciauskiene, S.; Dominaitiene, R.; Sternby, N.H.; Piitulainen, E.; Eriksson, S. Detection of circulating and endothelial cell
polymers of Z and wild type alpha 1-antitrypsin by a monoclonal antibody. J. Biol. Chem. 2002, 277, 26540-26546. [CrossRef]
[PubMed]

Tan, L.; Perez, J.; Mela, M.; Miranda, E.; Surling, K.B.; Bouhani, EN.; De Meo, D.; Hagq, I; Irving, ].A.; Ordodiiez, A,; et al.
Characterizing the association of latency with alpha-1-antitrypsin polymerization using a novel monoclonal antibody. Int. |.
Biochem. Cell Biol. 2015, 58, 81-91. [CrossRef]

Starzl, T.E.; Porter, K.A.; Terblanche, J. Interorgan communications: With Particular Reference to Hepatotrophic Factors and Intrinsic
Liver Growth Factors; Communications of Liver Cells; Popper, H., Ed.; MTP Press Division Kluwer Academic Publishers: Norwel,
MA, USA, 1980; p. 93.

Eriksson, S.; Moestrup, T.; Hagerstrand, I. Liver, lung and malignant disease in heterozygous (Pi MZ) alphal-antitrypsin
deficiency. Acta Med. Scand. 1975, 198, 243-247. [CrossRef]

Callea, F. Natural history of hepatocellular carcinoma as viewed by the pathologist. Appl. Pathol. 1988, 6, 105-116.

Giovannoni, I.; Callea, F; Stefanelli, M.; Mariani, R.; Santorelli, EM.; Francalanci, P. Alpha-1-antitrypsin deficiency: From genoma
to liver disease. PiZ mouse as model for the development of liver pathology in human. Liver Int. 2015, 35, 198-206. [CrossRef]
[PubMed]

Kvittingen, E.A.; Rootwelt, H.; Berger, R.; Brandtzaeg, P. Self-induced correction of the genetic defect in tyrosinemia type I. J. Clin.
Investig. 1994, 94, 1657-1661. [CrossRef] [PubMed]

Francalanci, P; Santorelli, EM.; Saccani, S.; Bonetti, M.F.; Medicina, D.; Coni, P; Faa, G.; Callea, F. Z and Mmalton-1-antitrypsin
deficiency-associated hepatocellular carcinoma: A genetic study. Liver Int. 2009, 29, 1593-1596. [CrossRef]

Thoolen, B.; Maronpot, R.B.; Harada, T. Proliferative and non- proliferative lesions of the rat and mouse hepatobiliary system.
Toxicol. Pathology 2010, 38 (Suppl.), 55-81S. [CrossRef]

Rudnick, D.A; Liao, Y.; An, ] K.; Muglia, L.J.; Perlmutter, D.H.; Teckman, J.H. Analyses of hepatocellular proliferation in a mouse
model of alpha-1-antitrypsin deficiency. Hepatology 2004, 39, 1048-1055. [CrossRef]

Carlson, J.A.; Rogers, B.B.; Sifers, R.N.; Finegold, M.].; Clift, S.M.; De Mayo, E].; Bullock, D.W.; Woo, S.L. Accumulation of PiZ
alpha 1-antitrypsin causes liver damage in transgenic mice. J. Clin. Investig. 1989, 83, 1183-1190. [CrossRef]

Geller, S.A.; Nichols, W.S.; Kim, S.; Tolmachoff, T; Lee, S.; Dycaico, M.].; Felts, K.; Sorge, ].A. Hepatocarcinogenesis is the sequel
to hepatitis in Z#2 alpha 1-antitrypsin transgenic mice: Histopathological and DNA ploidy studies. Hepatology 1994, 19, 389-397.
Marcus, N.J.; Brunt, E.M.; Blomekamp, K. Characteristics of hepatocellular carcinoma in a murine model of alpha-1-antitrypsin
deficiency. Hepatol. Res. 2010, 40, 641-653. [CrossRef]

Elzouki, A.N.; Segelmark, M.; Wieslander, J.; Eriksson, S. Strong link between the alpha 1-antitrypsin PiZ allele and Wegener’s
granulomatosis. J. Intern. Med. 1994, 236, 543-548. [CrossRef] [PubMed]

Esnault, V.L,; Testa, A.; Audrain, M.; Rogé, C.; Hamidou, M.; Barrier, ].H.; Sesbotié, R.; Martin, ].P; Lesavre, P. Alpha 1-antitrypsin
genetic polymorphism in ANCA-positive systemic vasculitis. Kidney Int. 1993, 43, 1329-1332. [CrossRef]


http://doi.org/10.1515/bchm2.1972.353.2.1953
http://www.ncbi.nlm.nih.gov/pubmed/4675375
http://doi.org/10.1126/science.177.4050.702
http://www.ncbi.nlm.nih.gov/pubmed/305945
http://doi.org/10.1016/S0168-8278(86)80050-2
http://doi.org/10.1016/0168-8278(91)90842-Y
http://doi.org/10.1002/hep.20451
http://doi.org/10.1186/s13023-018-0821-7
http://doi.org/10.1002/hep.1840040526
http://doi.org/10.1146/annurev-med-042409-151920
http://doi.org/10.1080/15548627.2017.1356553
http://doi.org/10.1074/jbc.M203832200
http://www.ncbi.nlm.nih.gov/pubmed/12023970
http://doi.org/10.1016/j.biocel.2014.11.005
http://doi.org/10.1111/j.0954-6820.1975.tb19535.x
http://doi.org/10.1111/liv.12504
http://www.ncbi.nlm.nih.gov/pubmed/24529185
http://doi.org/10.1172/JCI117509
http://www.ncbi.nlm.nih.gov/pubmed/7929843
http://doi.org/10.1111/j.1478-3231.2009.02091.x
http://doi.org/10.1177/0192623310386499
http://doi.org/10.1002/hep.20118
http://doi.org/10.1172/JCI113999
http://doi.org/10.1111/j.1872-034X.2010.00663.x
http://doi.org/10.1111/j.1365-2796.1994.tb00842.x
http://www.ncbi.nlm.nih.gov/pubmed/7964431
http://doi.org/10.1038/ki.1993.186

Int. J. Mol. Sci. 2021, 22, 5778 27 of 28

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.
96.

97.

98.

99.

100.

101.

102.

Greulich, T.; Nell, C.; Hohmann, D.; Grebe, M.; Janciauskiene, S.; Koczulla, A.R.; Vogelmeier, C.F. The prevalence of diagnosed
al-antitrypsin deficiency and its comorbidities: Results from a large population-based database. Eur. Respir. ]. 2017, 49, 1600154.
[CrossRef]

Callea, F; Gregorini, G.; Sinico, A.; Consalez, G.G.; Bossolasco, M.; Salvidio, G.; Radice, A.; Tira, P.; Candiano, G.; Rossi, G.; et al.
alpha 1-Antitrypsin (AAT) deficiency and ANCA-positive systemic vasculitis: Genetic and clinical implications. Eur. ]. Clin.
Investig. 1997, 27, 696-702. [CrossRef] [PubMed]

Johnson, D.; Travis, J. Structural evidence for methionine at the reactive site of human alpha-1-proteinase inhibitor. J. Biol. Chem.
1978, 253, 7142-7144. [CrossRef]

Carp, H.; Janoff, A. Possible mechanisms of emphysema in smokers. In vitro suppression of serum elastase-inhibitory capacity
by fresh cigarette smoke and its prevention by antioxidants. Am. Rev. Respir. Dis. 1978, 118, 617-621.

Gadek, J.E,; Fells, G.A.; Zimmerman, R.L.; Rennard, S.I; Crystal, R.G. Antielastases of the human alveolar structures. Implications
for the protease-antiprotease theory of emphysema. J. Clin. Investig. 1981, 68, 889-898. [CrossRef]

Strnad, P.; McElvaney, N.G.; Lomas, D.A. Alphal-Antitrypsin Deficiency. N. Engl. ]. Med. 2020, 382, 1443-1455. [CrossRef]
[PubMed]

Bazzan, E.; Tine, M.; Biondini, D.; Benetti, R.; Baraldo, S.; Turato, G.; Fagiuoli, S.; Sonzogni, A.; Rigobello, C.; Rea, F; et al.
al-Antitrypsin Polymerizes in Alveolar Macrophages of Smokers With and Without a1-Antitrypsin Deficiency. Chest 2018, 154,
607-616. [CrossRef]

Santiago, J.V.; Dew, T.A.; Haymond, M.; Williamson, J.R.; Kilo, C.; Kipnis, D.M.; Pierce, ].A. Carbohydrate intolerance and relative
insulin deficiency in alpha-1-anti-trypsin deficiency. J. Clin. Investig. 1974, 53, 70.

Callea, F.; Geboes, K.; Goddeeris, P.; Desmet, V.J. Endocrine pancreas and alpha-1-anti-trypsin deficiency. In The Endocrines and the
Liver; Langer, M., Chiandussi, L., Chopra, 1.]., Martini, L., Eds.; Academic Press: London, UK; New York, NY, USA, 1982.
Koulmanda, M.; Bhasin, M.; Hoffman, L.; Fan, Z.; Qipo, A.; Shi, H.; Bonner-Weir, S.; Putheti, P.; Degauque, N.; Libermann,
T.A.; et al. Curative and beta cell regenerative effects of alphal-antitrypsin treatment in autoimmune diabetic NOD mice. Proc.
Natl. Acad. Sci. USA 2008, 105, 16242-16247. [CrossRef] [PubMed]

De Moerloose, P.; Casini, A.; Neerman-Arbez, M. Congenital Fibrinogen Disorders: An update. Semin. Thromb. Hemost. 2013, 39,
585-595.

Burcu, G.; Bellacchio, E.; Sag, E.; Cebi, A.H.; Saygin, I.; Bahadir, A.; Yilmaz, G.; Corbeddu, M.; Cakir, M.; Callea, F. Structural Char-
acteristics in the y Chain Variants Associated with Fibrinogen Storage Disease Suggest the Underlying Pathogenic Mechanism.
Int. ]. Mol. Sci. 2020, 21, 5139. [CrossRef]

Bellacchio, E. Mutations Causing Mild or No Structural Damage in Interfaces of Multimerization of the Fibrinogen y-Module
More Likely Confer Negative Dominant Behaviors. Int. J. Mol. Sci. 2020, 21, 9016. [CrossRef]

Lee, ML].; Venick, R.; Bhuta, S.; Li, X.; Wang, H.L. Hepatic Fibrinogen Storage Disease in a Patient with Hypofibrinogenemia:
Report of a Case with a Missense Mutation of the FGA Gene. Semin. Liver Dis. 2015, 35, 439-443. [CrossRef]

Galanakis, D.; Spitzer, S.; Scharrer, I. Unusual A alpha 16 Arg—>Cys dysfibrinogenaemic family: Absence of normal A alpha-chains
in fibrinogen from two of four heterozygous siblings. Blood Coagul. Fibrinolysis. 1993, 4, 67-71. [CrossRef]

Mosesson, M.W. Fibrinogen and fibrin structure and functions. J. Thromb. Haemost. 2005, 3, 1894-1904. [CrossRef]

Redman, C.M,; Xia, H. Fibrinogen biosynthesis. Assembly, intracellular degradation, and association with lipid synthesis and
secretion. Ann. N. Y. Acad. Sci. 2001, 936, 480-495. [CrossRef] [PubMed]

Kopito, R.R.; Ron, D. Conformational disease. Nat. Cell Biol. 2000, 2, 524-530. [CrossRef]

Louache, F,; Debili, N.; Cramer, E.; Breton-Gorius, J.; Vainchenker, W. Fibrinogen is not synthesized by human megakaryocytes.
Blood 1991, 77, 311-316. [CrossRef] [PubMed]

Maghzal, G.J.; Brennan, S.0.; Homer, V.M.; George, PM. The molecular mechanisms of congenital hypofibrinogenaemia. Cell Mol.
Life Sci. 2004, 61, 1427-1438. [CrossRef] [PubMed]

Callea, F.; Giovannoni, I; Sari, S.; Aksu, A.U.; Esendagly, G.; Dalgic, B.; Boldrini, R.; Akyol, G.; Francalanci, P.; Bellacchio, E.
A novel fibrinogen gamma chain mutation (c.1096C>G; p.His340Asp), fibrinogen Ankara, causing hypofibrinogenaemia and
hepatic storage. Pathology 2017, 49, 534-537. [CrossRef]

Callea, F.; Giovannoni, L; Sari, S.; Guldal, E.; Dalgic, B.; Akyol, G.; Sogo, T.; Al-Hussaini, A.; Maggiore, G.; Bartuli, A.; et al.
Fibrinogen Gamma Chain Mutations Provoke Fibrinogen and Apolipoprotein B Plasma Deficiency and Liver Storage. Int. . Mol.
Sci. 2017, 18, 2717. [CrossRef]

Francalanci, P.; Santorelli, EM.; Talini, L.; Boldrini, R.; Devito, R.; Camassei, ED.; Maggiore, G.; Callea, F. Severe liver disease
in early childhood due to fibrinogen storage and de novo gamma375Arg—>Trp gene mutation. . Pediatr. 2006, 148, 396-398.
[CrossRef] [PubMed]

Sogo, T.; Nagasaka, H.; Komatsu, H.; Inui, A.; Miida, T.; Callea, F; Francalanci, P.; Hirano, K.; Kitamura, H.; Yorifuji, T.; et al.
Fibrinogen storage disease caused by Aguadilla mutation presenting with hypobeta-lipoproteinemia and considerable liver
disease. J. Pediatr. Gastroenterol. Nutr. 2009, 49, 133-136. [CrossRef] [PubMed]

Al-Hussaini, A.; Altalhi, A.; El Hag, I.; AlHussaini, H.; Francalanci, P.; Giovannoni, I.; Callea, F. Hepatic fibrinogen storage
disease due to the fibrinogen vy375 Arg — Trp mutation "fibrinogen Aguadilla" is present in Arabs. Saudi. ]. Gastroenterol. 2014,
20, 255-261. [CrossRef] [PubMed]


http://doi.org/10.1183/13993003.00154-2016
http://doi.org/10.1046/j.1365-2362.1997.1720717.x
http://www.ncbi.nlm.nih.gov/pubmed/9279535
http://doi.org/10.1016/S0021-9258(17)34475-7
http://doi.org/10.1172/JCI110344
http://doi.org/10.1056/NEJMra1910234
http://www.ncbi.nlm.nih.gov/pubmed/32268028
http://doi.org/10.1016/j.chest.2018.04.039
http://doi.org/10.1073/pnas.0808031105
http://www.ncbi.nlm.nih.gov/pubmed/18852471
http://doi.org/10.3390/ijms21145139
http://doi.org/10.3390/ijms21239016
http://doi.org/10.1055/s-0035-1567834
http://doi.org/10.1097/00001721-199302000-00011
http://doi.org/10.1111/j.1538-7836.2005.01365.x
http://doi.org/10.1111/j.1749-6632.2001.tb03535.x
http://www.ncbi.nlm.nih.gov/pubmed/11460506
http://doi.org/10.1038/35041139
http://doi.org/10.1182/blood.V77.2.311.311
http://www.ncbi.nlm.nih.gov/pubmed/1985697
http://doi.org/10.1007/s00018-004-3458-8
http://www.ncbi.nlm.nih.gov/pubmed/15197468
http://doi.org/10.1016/j.pathol.2017.03.007
http://doi.org/10.3390/ijms18122717
http://doi.org/10.1016/j.jpeds.2005.10.007
http://www.ncbi.nlm.nih.gov/pubmed/16615976
http://doi.org/10.1097/MPG.0b013e31817ed7ea
http://www.ncbi.nlm.nih.gov/pubmed/19458552
http://doi.org/10.4103/1319-3767.136985
http://www.ncbi.nlm.nih.gov/pubmed/25038212

Int. J. Mol. Sci. 2021, 22, 5778 28 of 28

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

Sari, S.; Yilmaz, G.; Gonul, L.I; Dalgic, B.; Akyol, G.; Giovannoni, I.; Francalanci, P.; Callea, F. Fibrinogen storage disease and
cirrhosis associated with hypobetalipoproteinemia owing to fibrinogen Aguadilla in a Turkish child. Liver Int. 2015, 35, 2501-2505.
[CrossRef]

Asselta, R.; Paraboschi, E.M.; Duga, S. Hereditary Hypofibrinogenemia with Hepatic Storage. Int. . Mol. Sci. 2020, 21, 7830.
[CrossRef]

Picken, M.M.; Linke, R.P. Nephrotic syndrome due to an amyloidogenic mutation in fibrinogen A alpha chain. J. Am. Soc. Nephrol.
2009, 20, 1681-1685. [CrossRef]

Chapman, J.; Dogan, A. Fibrinogen alpha amyloidosis: Insights from proteomics. Expert Rev. Proteomics 2019, 16, 783-793.
[CrossRef]

Stangou, A.J.; Banner, N.R.; Hendry, B.M.; Rela, M.; Portmann, B.; Wendon, ]J.; Monaghan, M.; Maccarthy, P.; Buxton-Thomas, M.;
Mathias, C.J.; et al. Hereditary fibrinogen A alpha-chain amyloidosis: Phenotypic characterization of a systemic disease and the
role of liver transplantation. Blood 2010, 115, 2998-3007. [CrossRef]

Carrell, RW.; Lomas, D.A. Conformational disease. Lancet 1997, 350, 134-138. [CrossRef]

Majno, G.; Joris, I. Cells Tissues and Disease; Oxford University Press: Oxford, UK, 2004.

Ishak, H.G.; Sharp, H.L.; Schwarzenberg, S.J. Metabolic Errors and Liver Disease in Pathology of the Liver RNM; MacSween, B.A.D.,
Portmann, B.C., Ishak, K.G., Scheuer, PJ., Anthony, PP, Eds.; Churchill Livingstone: Edimburgh, UK, 2003.

Carlson, J.; Eriksson, S. Chronic ‘cryptogenic’ liver disease and malignant hepatoma in intermediate alpha 1-antitrypsin deficiency
identified by a Pi Z-specific monoclonal antibody. Scand J. Gastroenterol. 1985, 20, 835-842. [CrossRef] [PubMed]

Pittschieler, K. Liver disease and heterozygous alpha-1-antitrypsin deficiency. Acta Paediatr. Scand. 1991, 80, 323-327. [CrossRef]
Eigenbrodt, M.L.; McCashland, T.M.; Dy, RM.; Clark, ].; Galati, J. Heterozygous alpha 1-antitrypsin phenotypes in patients with
end stage liver disease. Am. ]. Gastroenterol. 1997, 92, 602-607.

Rawlings, W., Jr.; Moss, J.; Cooper, H.S.; Hamilton, S.R. Hepatocellular carcinoma and partial deficiency of alpha-1 antitrypsin
(MZ). Ann. Intern. Med. 1974, 81, 771-773. [CrossRef]

Campbell, KM.; Arya, G.; Ryckman, F.C.; Alonso, M.; Tiao, G.; Balistreri, W.E; Bezerra, ].A. High prevalence of alpha-1-antitrypsin
heterozygosity in children with chronic liver disease. . Pediatr. Gastroenterol. Nutr. 2007, 44, 99-103. [CrossRef]

Lieberman, J.; Silton, R.M.; Agliozzo, C.M.; McMahon, ]. Hepatocellular carcinoma and intermediate alphal-antitrypsin deficiency
(MZ phenotype). Am. J. Clin. Pathol. 1975, 64, 304-310. [CrossRef]

Wewers, M.D.; Gadel, J.E.; Keugh, R.A; Fells, G.A ; Cristal, R.G. Evaluation of danazol for patients with Pi ZZ alpha-1-antitrypsin
deficiency. Am. J. Resp. Dis. 1986, 134, 476—480.

Zhang, X.; Pham, K,; Li, D.; Schutte, R.].; Gonzalo, D.H.; Zhang, P.; Oshins, R.; Tan, W.; Brantly, M.; Liu, C.; et al. A Novel Small
Molecule Inhibits Intrahepatocellular Accumulation of Z-Variant Alpha 1-Antitrypsin in Vitro and in Vivo. Cells 2019, 8, 1586.
[CrossRef]

Lomas, D.A; Irving, J.A.; Arico-Muendel, C.; Belyaskaya, S.; Brewster, A.; Brown, M.; Chung Chun-Wa Dave, H.; Denis, A.; Dodic,
N.; Dossang, A ; et al. Development of a small molecule that corrects misfolding and increases secretion of Z alpha-1-antitrypsin.
EMBO Molec. Med. 2021, 13, 13267. [CrossRef]


http://doi.org/10.1111/liv.12914
http://doi.org/10.3390/ijms21217830
http://doi.org/10.1681/ASN.2008070813
http://doi.org/10.1080/14789450.2019.1659137
http://doi.org/10.1182/blood-2009-06-223792
http://doi.org/10.1016/S0140-6736(97)02073-4
http://doi.org/10.3109/00365528509088831
http://www.ncbi.nlm.nih.gov/pubmed/2996119
http://doi.org/10.1111/j.1651-2227.1991.tb11856.x
http://doi.org/10.7326/0003-4819-81-6-771
http://doi.org/10.1097/01.mpg.0000243434.54958.21
http://doi.org/10.1093/ajcp/64.3.304
http://doi.org/10.3390/cells8121586
http://doi.org/10.15252/emmm.202013167

	Introduction 
	Alpha-1-Antitryppsin Deficiency (AATD) 
	AAT: Source and Function 
	Hepatic Source and Function of AAT 
	Extrahepatic Source and Function of AAT 
	Hepatic Manifestations in AATD 
	Extrahepatic Manifestations of AATD 

	Hereditary Hypofibrinogenemia with Hepatic Storage (HHHS) 
	Fibrinogen Sources and Function 
	Hepatic Manifestations in HHHS 
	Extrahepatic Manifestations in HHHS 

	Conclusions and Perspectives 
	References

