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Abstract
Purpose of Review The aim of the study is to review the liver
disease caused by alpha-1 antitrypsin deficiency (A1ATD),
including pathogenesis, epidemiology, diagnostic testing,
and recent therapeutic developments.
Recent Findings Therapeutic approaches target several intra-
cellular pathways to reduce the cytotoxic effects of the
misfolded mutant globular protein (ATZ) on the hepatocyte.
These include promoting ATZ transport out of the endoplas-
mic reticulum (ER), enhancing ATZ degradation, and
preventing ATZ globule-aggregation.
Summary A1ATD is the leading genetic cause of liver disease
among children. It is a protein-folding disorder in which toxic
insoluble ATZ proteins aggregate in the ER of hepatocytes
leading to inflammation, fibrosis, cirrhosis, and increased risk
of hepatocellular carcinoma. The absence of the normal A1AT

serum protein also predisposes patients to pan lobar emphy-
sema as adults. At this time, the only approved therapy for
A1ATD-associated liver disease is orthotopic liver transplan-
tation, which is curative. However, there has been significant
recent progress in the development of small molecule thera-
pies with potential both to preserve the native liver and pre-
vent hepatotoxicity.

Keywords PiZmouse . Autophagy . ATZ . Liver
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Introduction

Alpha-1 antitrypsin deficiency (A1ATD) is a common
inherited cause of liver disease, with the most severe mutation
found in 1:3500 live births and currently 180,000 individuals
worldwide [1]. In children, A1ATD is the most frequent ge-
netic etiology for pediatric liver disease and transplantation
[2]. Caused by a mutation in chromosome 14, the disease is
inherited in an autosomal recessive manner with codominant
expression [3]. There are over 100 variants of the alpha-1
antitrypsin (A1AT) gene (SERPINA1) [4], which can be influ-
enced by other genetic and environmental factors [5], leading
to marked variation in the onset and severity of disease [6].
The most common variant forms were named as Fast (F),
Medium (M), Slow (S), and Very Slow (Z) based on molecu-
lar migration speed on an isoelectric pH gradient, with differ-
ences in charges attributed to the amino acid composition [7].
The normal gene product is PiM, and the most common mu-
tations are PiS and PiZ, which express 50–60 and 10–20% of
the A1AT protein, respectively. More rare deficient alleles
account for <5% of patients with the disease [8].

A1ATD is a proteinopathy (a disease resulting from the
abnormal synthesis, folding, post-translational modification,
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or deposition of protein in cells or tissues) that results in
proteotoxicity (impaired cellular function by aggregation
of misfolded protein). Normal human A1AT is a 52-kDa
glycoprotein of the serpin (serine proteinase inhibitor)
family, predominantly produced in the liver and released
into the blood. In affected patients, circulating levels of
mutant A1AT are ≤15% of normal protein levels. A1ATD
is unique in that it is a proteinopathy that impacts the
lungs and the liver by different mechanisms [9]. In the
lungs, it is a loss-of-function mutation, where A1AT is
an inhibitor of neutrophil elastase. Emphysema results
when A1AT is not present to inhibit the serine protein-
ase, allowing it to freely destroy the lung tissue [10]. The
liver disease associated with A1ATD is a gain-of-toxic
function mechanism. The misfolded insoluble globular
proteins (ATZ) accumulate in the endoplasmic reticulum
(ER), leading to hepatic fibrosis and even hepatocellular
carcinoma (HCC) [11].

While liver transplantation is the only curative treatment
available at this time, there have been several developments
towards alternative therapies that would preserve the native
liver. Autophagy has been a major target for therapeutic strat-
egies because of the key role that it plays in the intracellular
degradation of ATZ [12]. Both physical modifications and
drug targets are being utilized to explore mechanisms to in-
crease autophagy. Genetic therapies are also being developed,
either to enhance autophagy or directly modify the
mutated gene.

Diagnosis

The diagnosis of A1ATD is confirmed with laboratory analysis.
Serum levels of A1ATcan result in a false positive result because
it is also an acute phase reactant and therefore elevated in the
setting of inflammation. Phenotyping by isoelectric focusing is
the gold standard of diagnosis [13]. Although liver biopsy is not
required for diagnosis, it may be helpful in difficult cases and/or
for prognostication. Histologically, insoluble ATZ proteins
are characterized by globules which stain bright pink
with periodic acid–Schiff’s reagent, but unlike glycogen
granules, they are resistant to diastase treatment
(Fig. 1a). Anti-human A1AT antibody can also confirm
the presence of ATZ globules (Fig. 1b). Electron mi-
croscopy studies can identify multiple globular inclu-
sions within dilated, congested rough ER cisterns, adja-
cent to secondary lysosomes (Fig. 1c–d) [14]. As the
ATZ globules accumulate, chronic hepatocyte injury
from ER stress and proteotoxicity leads to mitochondrial
damage and impaired protein clearance [11].

Data combined from multiple studies have estimated the in-
cidence of A1ATD as 1:1600 to 1:3500 cases, an incidence com-
parable to that of cystic fibrosis [15]. A1ATD is likely an
underdiagnosed condition because of its nonspecific presenta-
tion. It has been estimated that only 3.8% of severely affected
individuals are currently identified [16], and there is an average
delay in diagnosis of 5.6 years (±8.5 years) [17, 18]. There have
been attempts to improve the identification of patients both with

Fig. 1 Liver histopathology of
A1AT deficiency. a PASD stain
highlights ATZ globules (pink) in
a human explanted liver from a
pediatric patient with severe liver
disease (×400, scale bar 50 μM).
b Anti-human A1AT
immunohistochemistry of ATZ
globules from same patient as a
(×400, scale bar 50 μM). c, d EM
of pediatric liver explant shows
aggregation of insoluble
proteinaceous material (*) in
rough ER (c, ×40,000) and
accumulation of
autophagolysosomes (d,
×25,000). M mitochondria, N
nucleus, F fat. Images reproduced
with permission from Dr.
Sarangarajan Ranganathan (a, b)
and Dr. Donna B. Stolz (c, d)
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liver and lung disease by voluntary screening [19]. Universal
newborn screening has been implemented in Sweden. Out of
the 200,000 Swedish newborns reported to be tested, 127 were
found to be PIZZ homozygotes. As this cohort was followed and
compared to healthy controls, they were found to not only have
more clinically apparent liver disease but also more laboratory
abnormalities and symptoms that otherwise may have gone un-
detected [20, 21]. Even so, only 8–10% of these PiZZ homozy-
gotes developed severe liver disease in the first four decades of
life, suggesting the co-existence of other unknown disease mod-
ifiers [22]. As therapies evolve and more evidence emerges to
support the benefits of screening, other countries, including the
USA, may consider adding A1ATD to the newborn screen [15,
23, 24].

While there is a clear indication to screen patients with liver
disease of unknown etiology, there may also be benefit to screen-
ing select patients that carry an established diagnosis of any liver
disease. Although A1ATD is typically diagnosed in patients that
are homozygous for the mutation, Perlmutter and colleagues
found that a significant portion of patients transplanted for
A1ATD were actually heterozygous for the mutation (mostly
PiMZ), but found to have another “second hit” insult that could
have caused or contributed to more rapid progression of end-
stage liver disease [25, 26]. These risk factors include infections
(CMVand hepatitis B and C), genetic disorders (cystic fibrosis),
and other co-morbidities (obesity, alcoholism) [25, 27, 28].
Environmental factors such as cigarette smoking can propagate
ongoing lung injury [29–32]. Screening for patients that carry
one or both mutated alleles has been shown to have a positive
impact, by identifying those patients requiring genetic counsel-
ing, anticipatory guidance, and lifestyle modifications, along
with closer monitoring for progressive liver and lung dysfunction
[15]. In addition to these clinical variables, a small subset of
genetic modifiers for disease susceptibility have also been report-
ed. These include single nucleotide polymorphisms (SNPs) in
the SERPINA1 gene, along with critical ER proteins (calnexin,
ERmanI) [33–37]. Interestingly, over two-thirds of all patients
requiring liver transplantation for A1ATD are male, suggesting
sex-dependent phenotypic variations [25]. The latter has also
been demonstrated in transgenic mouse models of A1ATD,
where female PiZ mice have significantly less ATZ globules
compared tomales at baseline, butwill develop the classical form
of A1ATD-associated liver disease if they are treated with
testosterone [38]. Overall, these genetic and environmental dis-
ease modifiers may be useful to aid in the treatment and progno-
sis of A1ATD liver disease.

Current Management

Although intravenous augmentation therapy of pooled human
A1AT protein is available as a supportive therapy for adults with
lung disease, it is not considered appropriate treatment for liver-

affected patients. In patients with severe liver disease who are
awaiting transplantation, morbidity increases with the complica-
tions of cholestasis, portal hypertension, and cirrhosis, all of
which lead to end-stage liver failure. These patients can succumb
to life-threatening variceal bleeding, coagulopathy, and enceph-
alopathy. Proteotoxic stress also triggers malignant transforma-
tion toHCC. Liver transplantation is the only curative therapy for
A1ATD liver disease at this time [39]. A1ATD accounts for
3.51% of pediatric liver transplants, with 1-, 3-, and 5-year graft
survivals of 84, 81, and 78% respectively, and patient survivals
of 92, 90, and 90% respectively [40]. In contrast to children, a
recent analysis of threeUS transplantation databases reported that
77.2% of 1677 total liver transplants with a reported diagnosis of
A1ATD were adults (peak age 50–64), similar to other age-
dependent degenerative disorders [25]. Recipients express the
donor phenotype; therefore, the progression of lung disease is
halted, and they do not experience recurrence of liver disease
[40]. Overall, both adults and children with A1ATD appear to
have excellent survival post-liver transplant [40]. Nevertheless,
promising new small molecule therapies (Fig. 2) can be
developed to ease the public health burden from end-stage liver
failure and limited availability of donor organs.

Evolving Therapies

Chaperones

One approach to reduce the accumulation ATZ globules is to
increase their transport out of the ER with chemical chaper-
ones. Phenylbutyrate (PBA) is already used as an ammonia
scavenger in urea cycle disorders and has been used as a
chaperone in several other diseases [41–47]. Utilizing the
CJZ12B cell line genetically engineered to over-express
ATZ proteins, PBA resulted in a fivefold increase in the se-
cretion of A1AT into the extracellular fluid. The secreted
A1AT was likely functionally active as a serpin, because it
was able to form a complexwith elastase. PiZ transgenicmice,
which over-express human ATZ to recapitulate the liver dis-
ease found in A1ATD, were used as an in vivo model with
similar findings [48]. Unfortunately, when PBAwas given in
an open-label study to 10 patients with A1ATD for 2 weeks,
there was no increase in serum protein levels of A1AT, and
metabolic side effects were noted [49]. Clearly, more research
is needed to clarify the therapeutic role of such chaperones in
protein-folding, trafficking, and secretion of soluble A1AT.

Autophagy-Enhancing Agents

Autophagy allows for directed removal of dysfunctional intra-
cellular proteins, and therefore is an appropriate target for
therapy to process insoluble ATZ globules. Several medica-
tions currently used for other diseases have been found to also
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enhance autophagy. Caenorhabditis elegans have been used
as a high-throughput and high-content live animal screening
model because they are small, easy to grow, and transparent,
allowing proteins to be fluorescently labeled in order to
track outcomes [50–52]. Although C. elegans is a simple
roundworm that lacks respiratory, circulatory, and
hepatobiliary systems, it can be genetically engineered to
express wild-type (ATM) or mutant forms (ATZ) of the
human SERPINA1 gene fused to green fluorescent protein
(GFP) [53]. These animals secrete soluble ATM-GFP but
retain polymerized ATZ-GFP protein within dilated ER
cisternae. Utilizing a library of 1280 pharmacologically
active compounds, C. elegans demonstrated a decrease in
ATZ-GFP with the application of cantharidin, tamoxifen,
fluphenazine, and pimozide [54]. Although these results
are preliminary, they encourage the screening of approved
medications with known safety profiles to expedite devel-
opments in treatment.

Rapamycin and carbamazepine are other examples of
medications used for alternate diseases that could be
repurposed to treat A1ATD by targeting autophagic path-
ways. Rapamycin is an mTOR inhibitor used for immuno-
suppression, but it has also been shown to enhance autoph-
agy [55, 56]. Daily dosing had no impact in PiZ mice;
however, when the same dosage was consolidated to week-
ly administration, there was a significant increase in au-
tophagic vacuoles with a concomitant decrease in ATZ
protein, and improved hepatic fibrosis. There was also a

decrease in compensatory hepatocellular proliferation,
which is another known response to hepatocyte damage
[38, 57]. As a drug that is already approved by the FDA,
rapamycin may be an appropriate target for further trials;
however, concerns exist about this drug’s potential lung
toxicity, which though rare, may aggravate underlying lung
dysfunction in patients with A1ATD.

In contrast, carbamazepine (CBZ) is a well-known anti-
epileptic and mood stabilizer with an extensive safety pro-
file. CBZ has been shown to enhance the degradation of
mutant ATZ both through autophagic and proteosomal
mechanisms [58]. The reduction in ATZ was seen both in
the HeLa inducible cell line HTO/Z and in PiZ x GFP-LC3
mice, which allows for intracellular tracking of the degrad-
ed human ATZ proteins in autophagosomes [58].
Interestingly, serum concentrations of human A1AT in
PiZ mice were not significantly affected by CBZ treatment,
arguing against any effect on secretion of ATZ in vivo [58].
Nevertheless, as a pre-clinical model, the PiZ transgenic
mice did show a reduction in hepatic fibrosis with CBZ
therapy. Of note, the projected dose needed in humans for
this hepatoprotective effect is more than 10 times the cur-
rent approved dose of CBZ [58]. However, mice have re-
quired higher doses than humans in other studies due to
higher surface area-to-body weight ratio. Thus, CBZ has
significant potential to reverse hepatic fibrosis in A1ATD
and is currently in phase II/III clinical trials for patients
aged 15 years and older (NCT01379469).

Fig. 2 Pathogenesis of liver disease in A1AT deficiency and potential
pharmacologic interventions. Mutated A1AT is produced in the nucleus,
transported to the ER where it aggregates, and forms ATZ globules.
Therapeutic targets focus on several common pathways. (1) genetic
modification: RNAi, viral gene transfer, and stem cell therapy. (2)
Increase autophagy: carbamazepine, rapamycin, and bile acids. (3)

block polymerization: nucleoside analog S-(4-nitrobenzyl)-6-
thioguanosine, single chain antibody fragments (scFv), and compounds
that bind to the allosteric cavity of A1AT. (4) increase secretion:
phenylbutyrate. IC intercellular, EC extracellular, rER rough
endoplasmic reticulum, AP autophagosome, L lysosome (modified from
Khan 2016 [2])
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Bile Acids as Small Molecule Therapy

Bile acids are amphipathic steroid molecules normally synthe-
sized in the liver from cholesterol, followed by excretion as
the major component of bile. Synthetic bile acid agonists have
recently emerged as promising agents in the treatment of
chronic liver diseases, such as non-alcoholic fatty liver disease
and primary biliary cirrhosis [59]. In general, most hydropho-
bic bile acids can have toxic effects, while hydrophilic bile
acids are cytoprotective. In wild-type (WT) mice, common
bile duct ligation (BDL), a model of obstructive cholestasis,
alters bile acid composition, with significant increases in hy-
drophilic conjugated bile acids, causing pro-inflammatory but
not cytotoxic effects in hepatocytes [60]. Interestingly, BDL
has been shown to actually activate hepatoprotective mecha-
nisms as well. In a series of elegant experiments, Gao et al.
showed that activation of autophagy after BDL protects WT
liver from cholestasis-induced injury, by eliminating accumu-
lation of reactive oxygen species and preventing apoptosis
[61]. Similarly, cultured human HepG2 cells pre-conditioned
with sub-toxic concentrations of the hydrophobic bile acid
glycochendeoxycholic acid (GCDCA) adapted towards fur-
ther insult from GCDCA-induced apoptosis (a process called
“hormesis”) [62]. Khan et al. recently demonstrated that BDL
accelerated clearance of ATZ globules in PiZ mice, with en-
hanced autophagy and proliferation of globule-devoid hepa-
tocytes compared to globule-containing cells [63].
Comparable findings were also confirmed using a partial
BDL model, in which the unligated right lobe served as an
internal control for the ligated left lobe, supporting localized
effects of retained bile acids in PiZ mouse liver [63]. These
findings suggest a role for bile acid signaling as a potential
therapeutic target in A1ATD.

The choleretic ursodeoxycholic acid (UDCA) has immu-
nomodulatory, anti-oxidant, and anti-apoptotic properties, and
it has long been a staple in the management of cholestasis,
including in patients with mild-to-moderate liver disease in
A1ATD [64]. In vitro treatment with the hydrophilic bile acid,
tauroursodeoxycholic acid (TUDCA), has been shown to in-
hibit apoptosis in HEK293 cells over-expressing ATZ [65].
More recently, nor-ursodeoxycholic acid (nor-UDCA), a
side-chain shortened derivative of UDCA, is another synthetic
bile acid actively under investigation for the treatment of
cholangiopathies, such as primary sclerosing cholangitis
[66]. nor-UDCA is unique in that it is a weak acid that goes
through cholehepatic shunting, with reabsorption directly
from cholangiocytes to hepatocytes, to stimulate bile flow
and remove toxic bile acids independently of known bile acid
receptors [66] When PiZ mice were treated with this com-
pound, there was a 32% increase in autophagic vacuoles with
a significant reduction in the accumulation of ATZ globules.
Furthermore, majority of globules were observed to be in con-
tinuity with an autophagic vacuole, suggesting a direct effect

on enhancing autophagy. nor-UDCA also reduced both pro-
liferation of inflammatory cells as well as the number and area
of inflammatory foci. This was reflected in improved markers
of hepatic injury and apoptosis, as well as less compensatory
liver proliferation. Most interesting is that the effects of nor-
UDCA seem to be unique to cells with the PiZ mutation and
are not replicated in WT mice [67•]. Exogenous bile acids
such as nor-UDCA are thus promising as small molecule ther-
apy to increase autophagy and even protect against liver dam-
age in A1ATD.

Inhibiting Polymerization of ATZ

Preventing the polymerization of insoluble ATZ in the liver is
an attractive therapeutic approach. Homozygosity of the Z
allele (PiZZ) results from single base pair substitutions replac-
ing lysine with glutamate at position 342 [68]. This change in
negative-to-positive charge induces conformational changes
that destabilize the protein’s secondary structure, allowing un-
stable β-sheets to sequentially polymerize with exposed reac-
tive loops, generating insoluble aggregates. The formation of
hydrophobic pockets within the polymers has encouraged
structure-based drug discovery. Through virtual ligand screen-
ing of over 1 million small molecules, Mallya et al. identified
six compounds that could block the polymerization of ATZ
in vitro [69]. These compounds targeted the “gap” between
strands 3 and 5 of β-sheet A, which compromises the binding
site for serpin inhibitory activity on neutrophil elastase. At
least one of the small molecules (CG) was able to actively
increase the clearance of ATZ polymers in vitro. When
assayed against additional screening libraries, this lead com-
pound was found to be highly selective and therefore less
likely to have unwanted off-target effects. Subsequent struc-
tural studies of protein docking in vitro and in silico have
identified other potential small molecule candidates, such as
the nucleoside analog S-(4-nitrobenzyl)-6-thioguanosine, of-
fering novel mechanisms to induce and model conformational
changes using molecular dynamics [70].

Similar strategies have identified biologic small molecules,
such as monoclonal antibodies, that can prevent ATZ polymer
formation while preserving serine protease inhibitor activity
[71••]. Intrabodies are intracellularly expressed single chain
antibody fragments (scFv), composed of one heavy (VH)
and one light (VL) variable domains linked by a synthetic
flexible peptide. The resulting scFv is the smallest fragment
of an antibody capable of preserving antigen-binding specific-
ity, while maintaining solubility and stability within the cell.
Most importantly, scFv can be targeted to subcellular compart-
ments by incorporating trafficking signals specific for the ER
or other organelles, making them ideal candidates for
correcting proteinopathies. For example, scFv4B12 is the iso-
lated Fab domain from a mouse anti-human ZA1ATantibody,
targeted to the ER by a C-terminal KDEL sequence.
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scFv4B12 inhibited the intracellular polymerization of ATZ
by up to 60% in vitro, also confirming that most of the ATZ
polymerization occurs within the ER [72]. This led to a sig-
nificant improvement of ATZ secretion without generating
additional ER stress. The ATZ protein also retained almost
two-thirds of its inhibitory activity against neutrophil elastase
in vitro. This partially restored serpin activity suggests that
binding to scFv4B12 induces a substantially folded, native-
like form. Future directions would be to optimize the impact
of this mechanism to completely eliminate the formation of
any polymers and to develop a deliverymechanism for in vivo
trials.

Gene Therapy and Editing

Several groups are actively pursuing genetic approaches to
A1ATD therapy (see Table 1 for current clinical trials). An
innovative strategy involves targeted “knock-down” of the
mutant ATZ gene in hepatocytes. The creation of a second
generation antisense oligonucleotide inhibitor that is compli-
mentary to the mutant human A1AT gene (AAT-ASO, coding
for the ATZ protein) resulted in a significant reduction in
A1AT mRNA and protein levels in PiZ transgenic mice,
which over-express human ATZ in the liver [73••]. This data
was replicated in both young and adult PiZ mice to show that
AAT-ASO both prevents and decreases ATZ protein aggregate
formation, in addition to improving liver fibrosis.
Administration in WT non-human primates also led to a sig-
nificant reduction in levels of circulating normal A1AT, dem-
onstrating long-term potential for this approach in higher spe-
cies [74]. On a similar note, targeted gene correction with
microRNA (miRNA) “dual therapy” has also been studied
in PiZ mice, where effective knock-down of mutant ATZ is
accompanied by expression of wild-type A1AT (ATM), induc-
ing both decreased hepatic inflammation and ATZ globule
accumulation, with concomitant increase in normal serum
A1AT [75]. Clinical trials in adults are also ongoing for

intramuscular (IM) injection of recombinant adeno-
associated virus vectors expressing normal A1AT (rAAV1-
hAAT, Table 1). Initial reports demonstrated dose-dependent,
sustained transgene expression of normal A1AT in the ab-
sence of significant adverse effects, up to 5 years after a single
IM injection of rAAV1-hAAT [76].

While still in experimental stages, gene transfer may pro-
vide another targeted mechanism to induce autophagic clear-
ance of the mutated ATZ protein. In pre-clinical studies, liver-
directed gene transfer of transcription factor EB (TFEB), a
master regulator of autophagy, reduced mutant ATZ globules
in PIZ mice by enhancing autophagy [77]. There was an in-
crease in fusion of autophagosomes with lysosomes, and more
ATZ globules were observed within autolysosomes, corre-
sponding to diminished ATZ globules in the cytoplasm.
Histologically, there was also less fibrosis and apoptosis.
The mice were observed for an additional 6 months on
TFEB gene therapy with no visible signs of liver disease
[77]. These preliminary results are promising and support
trials for safety and efficacy in humans.

Cell Therapy

To date, there has only been identification of one human SNP
in the SERPINA1 gene that confers susceptibility for liver
disease A1ATD, and reporter gene assays failed to show a
functional difference between alleles [33]. Without extensive
knowledge of genetic modifiers that increase the risk of liver
disease, stem cell therapy may be the key to developing more
personalized approaches. Somatic stem cells from patients
with A1ATD can be reprogrammed to induced pluripotent
stem cells (iPSCs) which can generate hepatocyte-like cells
(iHeps) [78, 79]. Although these cells do not function
completely as native hepatocytes, they do maintain similar
ultrastructure and secrete proteins unique to native hepato-
cytes. The iPSC model is distinct in the ability to differentiate
cells from patients with severe liver disease from those that do

Table 1 Clinical studies listed in ClinicalTrials.gov for therapy of liver disease in A1ATD [87]

Therapeutic agent Therapeutic mechanism Methodology Clinical trial ID Current status

Carbamazepine (CBZ) Mood stabilizer and anti-epileptic drug that enhances
autophagy to increase ATZ protein clearance

Phase 2 NCT01379469 Recruiting

AAVrh.10 AAV gene transfer of normal A1AT into muscle cells Phase 1/ 2 NCT02168686 Not open

ARC-AAT RNAi-based knockout of ATZ protein expression Phase 1 NCT02363946 Terminated

rAAV1-CB-hAAT
gene vector

AAV gene transfer of normal A1AT into muscle cells Phase 1 NCT00377416 Active, not recruiting

ALN-AAT RNAi-based knockout of ATZ protein expression Phase 1/ 2 NCT02503683 Active, not recruiting

rAAV1-CB-hAAT
gene vector

AAV gene transfer of normal A1AT into muscle cells Phase 2 NCT01054339 Completed

4-PBA Molecular chaperone to increase ATZ protein secretion
from the liver

Phase 2 NCT00067756 Completed

This table does not include lung-targeted therapies (modified from Khan, 2016 [2]).
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not have clinically overt liver disease, despite sharing the same
PiZZ mutation. Tafaleng et al. showed that patient-derived iHeps
from those with severe liver disease processed the mutant ATZ
protein slower and had increased globular inclusions in the ER,
while iHeps from primarily lung-affected patients (liver
“protected hosts”) lacked such inclusions [80]. iHeps treatedwith
lentiviral vector-mediated expression of short hairpin RNAs
(shRNAs) directed against ATZ led to a 66% reduction in intra-
cellular ATZ protein, which was functionally relevant and effi-
ciently maintained during hepatocyte differentiation [81]. An
emerging human genetic signature for susceptibility to liver dis-
ease was also recently described for A1ATD using iHeps [82].
On a similar note, activation of the c-JUN N-terminal kinase
(JNK) pathway was recently found to aggravate proteotoxicity
of mutant ATZ, and treatment of patient-derived iPSC with the
JNK inhibitor SP600125 reduced ATZ polymer accumulation
[83]. Since iHeps can model the variable clinical phenotypes of
A1ATD, they may be used to develop future targets for therapy,
ranging from disease modeling and drug screening to autologous
cell transplant.

Stem cell therapy may prove to be superior to gene transfer
because it provides amore patient-specific approachwith ex vivo
targeted gene correction. Recent advances in gene editing tech-
niques, such as zinc finger nucleases (ZFN) and the CRISPR/
Cas9 system, in combination with delivery vectors engineered to
target diseased tissue, could offer potential cures for A1ATD and
many other monogenic liver-based metabolic diseases. Multiple
patient-derived iPSC lines subjected to a combination of ZFN
and piggyBac (a moth-derived DNA transposon) technology
demonstrated bi-allelic correction of the PiZZ point mutation
[84]. The modified cells continued to replicate and differentiate
as expected, showing that this treatment did not impact their
integrity. After differentiating into hepatocytes, the iPSC pro-
duced a properly formed A1ATwith enzymatic inhibitory activ-
ity comparable to what is seen in healthy hepatocytes. Findings
were replicated in vivo with the production of corrected human
A1AT protein following transplantation into the liver of immune-
deficient Alb-uPA+/+/Rag2−/−/Il2rg−/− mice, indicating success-
ful engraftment. Results were consistent in cells derived from
several patients; therefore, cell therapy could involve corrected
patient-specific iPSC. Of concern, a small number of de novo
mutations were detected during cell culture and gene editing,
suggesting possible off-target effects. Routine screening of both
primary and corrected iPSC lines would be critical for the safe
use of differentiated stem cells in clinical applications.

Recently, mouse bone marrow-derived stem cells and human
mesenchymal stem cells have also shown promising results, re-
placing ATZ globule-containing host hepatocytes when
transplanted into PiZ mouse strains. Beneficial results included
reduction in inflammatory response, fibrosis, and apoptotic death
of hepatocytes, with improved hepatic glycogen storage and se-
rum glucose levels [85]. In theory, cell infusions are by far safer,
less invasive, and more cost effective than transplanting a whole

organ; however, considerable variability exists among cell
sources, preparations, and clinical protocols [86]. In practice, a
single case report of human hepatocyte transplantation in a cir-
rhotic child with A1ATD resulted in orthotopic liver transplanta-
tion 2 days later, suggesting that cell therapy may be more ap-
propriate as a “bridge” to organ transplant rather than a cure [87].
The successful use of safe and effective stem cell-derived thera-
pies in large batches using uniform protocols is still under devel-
opment. Clearly, there are many unanswered questions that must
be addressed and optimized with both animal models and human
trials before widespread clinical acceptance of liver cell therapy
for A1ATD.

Conclusions and Future Directions

While the focus of this review has been on treatment of
A1ATD-related liver disease, this only accounts for part of
the morbidity, since removing the defective protein alone will
not treat the lung disease. In fact, there is evidence that the
minimal circulating ATZ protein may still protect lung func-
tion to some extent, as patients with “null” disease (producing
no A1AT due to a premature stop codon) develop lung disease
at an earlier age compared to other mutations [88]. Thus, some
form of A1AT replacement therapy (protein or gene-directed)
would still be necessary to restore serpin inhibitory activity in
the lungs. To add to this complexity, a very recent study by
Karadagi et al. reported that exogenous normal A1AT protein
purified from human plasma can lower expression of the
SERPINA1 gene in cultured primary human hepatocytes iso-
lated from liver explants from patients with or without
A1ATD [89]. Although liver biopsies were not available, sim-
ilar trends were also detected in lung tissues obtained from a
small cohort of PiZZ A1ATD emphysema patients receiving
augmentation therapy relative to those without therapy [89].
These novel findings could redefine the role of augmentation
therapy from merely replacing the deficient A1AT protein in
the lungs to possibly down-regulating the toxic effects of mu-
tant ATZ expression in the liver. Thus, the question of poten-
tial hepatoprotective effects for augmentation therapy in
A1ATD is largely unexplored.

A1ATD is a common cause of genetic liver disease. It has a
wide spectrum of presentations ranging from an incidental
finding to end-stage cirrhosis requiring transplantation.
There have been no reliable predictors identified for which
patients will develop a more severe course of liver disease,
making targeted individualized treatment an important consid-
eration. At this time, curative therapies available are limited to
transplantation, but research in this field has been very prom-
ising, revealing novel mechanisms of action. Several innova-
tive small molecule and gene-based strategies are now in clin-
ical trials, with an overall approach of reducing proteotoxicity
and maintaining protein homeostasis in the liver.
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