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Abstract

Autoimmune diseases are conditions caused by an over reactive immune system that attacks self-tissues and
organs. Although the pathogenesis of autoimmune disease is complex and multi-factorial, inflammation is
commonly involved. Therefore, anti-inflammatory therapies hold potential for the treatment of autoimmune
diseases. However, long-term control of inflammation is challenging and most of the currently used drugs have
side effects. Alpha-1 antitrypsin (AAT) is an anti-inflammatory protein with a well-known safety profile. The
therapeutic potential of AAT has been tested in several autoimmune disease models. The first study using a
recombinant adeno-associated viral (rAAV) vector showed that AAT gene transfer prevented the development
of type 1 diabetes (T1D) in the non-obese diabetic (NOD) mouse model. Subsequent studies showed that
treatment with AAT protein prevented and reversed type 1 diabetes. The beneficial effects of AAT treatment
have also been observed in other autoimmune disease models such as rheumatoid arthritis and systemic lupus
erythematosus. This paper reviews the therapeutic application of AAT and discusses possible mechanisms of
action in various autoimmune diseases.
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Introduction
Alpha-1 antitrypsin (AAT) is one of the major serum
proteins in the circulation. It is mostly produced by
hepatocytes,1 although other cells can also express
AAT including epithelial cells,2,3 monocytes,4
macrophages,5 neutrophils,6 cornea7 and pancreatic
islet cells.8,9 The AAT gene (SERPINA1) is located
on chromosome 14 and consists of 5 exons. The
gene expression is complex and regulated by
tissue-specific and pathological condition-specific
processes (reviewed by Kalsheker et al10). First,
there are multiple promoters that control AAT gene
expression. For example, the liver-specific promoter
is located upstream of exon 1C, while the monocytespecific promoter is located upstream of the liver
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specific promoter (upstream of exon 1A). The gene’s
expression in other cell types is not well characterized.
Second, AAT gene expression can be stimulated by
inflammation or inflammatory mediators, such as
IL(interleukin)-6 and lipopolysaccharide (LPS).11,12
Third, enhancers and repressors in the introns and
downstream of the gene also play important roles
in transcriptional regulation of the AAT gene.10
AAT protein biosynthesis and posttranslational
modification are also complex and significantly
influence its functions. AAT is a secretory glycoprotein
that requires proper folding. AAT gene mutations
(e.g., Glu342Lys) can lead to AAT protein misfolding,
polymerization and inefficient secretion from the
hepatocyte and can result in a conformational disease
characterized by liver cirrhosis and pulmonary
emphysema. Protein glycosylation, oxidation and
other modifications can affect the half-life and
functions of AAT.13 Because of the complexity of AAT
gene regulation, protein biosynthesis and secretion,
it is difficult to use serum AAT levels to predict and
understand the biological roles of AAT.
Although AAT has been studied for over 60 years,
the functions of AAT are not fully understood. AAT
is a serine proteinase inhibitor (SERPIN) and inhibits
neutrophil elastase (NE), proteinase 3, trypsin and
cathepsin G, and many other enzymes and factors
(e.g., tryptase, chymase, Nkallicreins and factor Xa)
(reviewed by Bergin et al6). Most of these enzymes are
involved in tissue damage or repair. AAT deficiency
(AATD) is an autosomal genetic disorder resulting
from a mutation in the AAT gene. AATD patients
most commonly carry mutant S or Z alleles (e.g., ZZ,
SS or SZ) and have low serum AAT levels. The low
levels of AAT are permissive to NE activity in the lung
and likely the cause of emphysema. About 1%-5%
of chronic obstructive pulmonary disease (COPD)
patients may have AATD.14 The interaction of AAT
with NE and the correlation between AATD and
COPD have been intensively studied. AAT protein
augmentation therapy for AATD has been clinically
used for many years and has been proven to be safe
and effective (reviewed by Petrache et al15). To protect
the lung against degeneration in AATD patients, AAT
gene therapy, using recombinant adeno-associated
viral vector (rAAV) for muscle gene delivery, has
been developed and shown to have protective effects
in clinical studies.16,17 In addition to serving as
a SERPIN, AAT also inhibits various enzymes and

interacts with a number of inflammatory molecules.
For example, it has been reported that AAT inhibits
caspase-1 and -3, prevents apoptosis18-21 and has
heme oxygenase-1 suppressor activity.22 AAT also
interacts with other important signaling molecules
including IL-8, tumor necrosis factor (TNF)-α
receptors (TNFR1 and TNFR2),23 fatty acids24 and
retinoic acid.25 Moreover, many studies have shown
that AAT treatment decreases gene expression of
pro-inflammatory cytokines (e.g., IL-1β, IL-6, TNF-α
and B-cell activating factor [BAFF]) and other cellular
molecules (e.g., RANK, integrin β3, DC-STAMP and
cFos), and enhances gene expression for the antiinflammatory cytokine IL-10. The intracellular effects
of AAT may result from its interaction with cell surface
receptors (e.g., CD14 or TNFRs) thereby affecting
second messenger mediated signal transductions
(e.g., cAMP and protein kinase A)26 in addition to
other unknown mechanisms. Furthermore, AAT
can directly enter the target cells and interact with
cellular proteins or factors.27
Besides emphysema and COPD, AATD has been
shown to be associated with autoimmune and
inflammatory diseases. The association of AAT
with rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE) was recognized soon after the
discovery that AATD was linked to emphysema and
COPD (reviewed by Breit28). Most of the early studies
investigated the clinical associations of autoimmune
diseases with AAT phenotypes and noted that
the frequency of AAT-deficient phenotypes (e.g.,
PiMS or PiMZ) was higher in autoimmune disease
patient populations including those with RA, SLE
and psoriasis, although some controversy over the
results was reported.29,30 It has been reported
that AAT levels and activities in type 1 diabetes
(T1D) patients were lower than that in healthy
controls.31-34 In addition, the prevalence rates of
inflammatory bowel disease and hyperthyroidism
in AATD patients were found to be higher than that
in the general population.35 AATD has also been
shown to be associated with other inflammatory
diseases including panniculitis36,37 and vasculitis
(in particular granulomatosis with polyangiitis[GPA]
formerly known as Wegener’s granulomatosis).38
In GPA pathogenesis, overexpressed proteinase
3 (PR3) on the surface quiescent neutrophils is
the target antigen of antineutrophil cytoplasmic
antibodies, which can activate neutrophils and play
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an important role in the disease development.39
It has been shown that AAT can inhibit anti-PR3
antibody-induced neutrophil activation40 and
that AAT activity is significantly decreased in GPA
patients.41 Importantly, AATD patients developed
autoantibodies against lactoferrin.23 The linkage
of AAT to immunity was also indicated by an overreactive immune system in AATD or COPD patients
(reviewed by Cosio42). For example, lymphoid
follicles comprised of monoclonal B cells as well
as CD4+ and CD8+ T cells, which are implicated in
driving autoimmune diseases, were found in the
lungs of AATD and COPD patients.43 Increasing
evidence suggested a protective role of AAT against
autoimmune disease development. However, the
therapeutic effect of AAT for autoimmune diseases
had not been reported until 2004.44 In addition,
recent discoveries of AAT functions in different
disease models provided better understanding of the
protective effect of AAT in autoimmune disease.
AAT therapy has been tested in several disease
conditions and has shown promising results and a
strong safety profile. Phase I and II clinical studies
using rAAV mediated gene therapy for AATD also
showed no side effect from transgene expressed
AAT.45-47 Several forms of AAT augmentation
therapy, including intravenous infusion and
inhalation of aerosolized AAT, have been used for
many years to treat AATD and show no or minimal
adverse events. The anti-inflammatory effect of AAT
has also promoted the therapeutic evaluation of AAT
in many other disease conditions including graftversus-host disease in humans,48 stroke in the rat
model,49 osteoporosis in the mouse model50,51 and
aging in Drosophila.52 This review will focus on the
therapeutic applications of AAT in 3 autoimmune
diseasesT1D, RA and SLE.

Alpha-1 Antitrypsin Therapy for Type
1 Diabetes
Type 1 diabetes (T1D) is an autoimmune disease
affecting many young people worldwide. Currently,
no cure is available, and the standard care for T1D
is to manage glucose metabolism by exogenous
insulin replacement therapy. T1D develops because
of endogenous insulin insufficiency due to an
autoimmune destruction of the insulin producing
pancreatic beta cells. The factors responsible for

T1D are complex and involve a combination of
genetic, environmental, and immunologic influences,
all of which contribute to beta cell destruction and
insufficient insulin secretion. Although T cell-driven
autoimmunity plays an important role in disease
development, innate inflammatory factors also
contribute to the pathogenesis.53 Therefore, antiinflammatory therapy holds potential for the treatment
of T1D.
The association of low AAT levels and activities with
T1D development has been recognized,31-34 and the
therapeutic effect of AAT as an anti-inflammatory
therapy for the treatment of T1D has been tested.
Following a study using rAAV mediated IL-10 gene
therapy, which showed a complete prevention of T1D
in the non-obese diabetic (NOD) mouse model,54 a
rAAV vector expressing the human AAT gene (rAAV2CB-AAT) was tested for the therapeutic effect of AAT
for T1D. AAT gene therapy resulted in significant
prevention of T1D with 70% of treated NOD mice
remaining diabetes free until 32 weeks of age.44 In
addition to reducing insulitis, AAT gene therapy also
reduced serum insulin autoantibody levels. These
results promoted subsequent investigations using
AAT as an anti-inflammatory drug for autoimmune
and inflammation-related diseases. To further improve
the protective effect of AAT gene therapy, the rAAV1CB-AAT vector, known to be a more efficient rAAV
serotype for muscle gene delivery, was used, and this
formulation prevented diabetes in 90% of NOD mice,
attenuated cell-mediated autoimmunity and altered
T-cell receptor repertoire.55,56 Clinical grade AAT
protein therapy has also shown to prevent or reverse
diabetes in NOD mice.57,58 While repeated injections
of human AAT may induce a severe immune response
(fatal anaphylaxis) in the NOD mouse model,59 it can
be avoided by kinetics optimization to lower AAT
levels at 30 minutes after injection, and the animals
can become tolerant to long-term treatment.57 Unlike
rAAV- medicated AAT gene therapy, which generally
takes weeks for peak transgene expression, AAT
protein therapy can provide a quick protective effect.
Therefore, AAT protein therapy is not only capable
of preventing, but also reversing newly onset T1D
in NOD mice.57,58 AAT protein therapy may also be
useful in finding the critical therapeutic windows for
reversal of T1D.53 In addition to reducing cytokine
production (e.g., BAFF),57 it has been shown that
AAT treatment can inhibit cellular caspase-3 activity,
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protect pancreatic beta cells from cytokine or druginduced apoptosis and enhance insulin secretion from
beta cells.27,60 Based on these preclinical results and
the clinical evidence showing impaired AAT activity
in T1D patients, clinical studies using AAT for the
treatment of T1D have been conducted. A recent
report showed that AAT was well tolerated and safe
in patients with new onset of T1D and suggested a
higher AAT dose (>90 mg/kg/week) may be needed
for optimal therapeutic effect.61
Allogenic transplantation of islet cells has been
considered as a treatment for T1D. However, immune
rejection and recurrent autoimmunity leading to
transplant cell death has slowed the progress. Given
the anti-inflammatory and cytoprotective effect of
AAT, AAT has been tested as an anti-rejection agent
in islet transplantation studies. Results from these
studies showed that AAT treatment significantly
prolonged islet allograft survival and induced immune
tolerance in mouse models.62-64 The results from
islet transplantation studies have provided important
insights for understanding AAT functions and
prompting studies of AAT as an antirejection agent in
other organ transplantations.

Alpha-1 Antitrypsin for Rheumatoid
Arthritis
Rheumatoid arthritis (RA) is a common systemic
autoimmune disease characterized by chronic joint
inflammation and destruction. The associated pain
and disability severely affect the quality of life of RA
patents. While the pathogenesis of RA is complex,
inflammation clearly plays an important role in the
disease development. Therefore, anti-inflammatory
agents have constituted the principle treatment option.
To evaluate the therapeutic potential of AAT on RA,
AAT protein and gene therapies have been tested in the
type II collagen-induced (CIA) arthritis mouse model.
Results from those studies showed that both therapies
delayed arthritis development, and reduced serum
autoantibody against collagen II and BAFF levels.65
It is important to notice that repeated injections of
human AAT protein (hAAT) in CIA mice induced
high levels of anti-hAAT antibodies but did not lead
to anaphylaxis as observed in NOD mice. The immune
response to hAAT raised concerns about the nonespecific effect from foreign protein-induced immune
response that may complicate interpretation of the

results. As observed in the NOD model,66 rAAV8mediated human AAT gene therapy in CIA did not
induce anti-hAAT antibodies and resulted in a similar,
if not better, protective effect.65 These results together
clearly rule out the concern of non-specific effect and
indicate that the protective effects are hAAT specific.
Another AAT gene therapy system has also been
developed, in which AAT gene expression in rAAV
vector is up-regulated by doxycycline (Dox). Since
Dox also has anti-inflammatory effects, this system is
considered to be a drug (Dox)-inducible, combination
therapy. The application of this system in the CIA
mouse model reduced arthritis development and joint
damage.67
Consistent with the protective effects of AAT
observed in animal models, clinical correlation
between AAT and RA has been reported.68-70 A recent
study showed that RA patients carrying a mutant AAT
gene (PiMZ phenotype) had higher levels of anti–
citrullinated peptide autoantibodies.71 In addition, RA
patients have been reported to develop autoantibodies
against carbamylated AAT.72 These results suggest a
potential role for AAT in modulating RA autoimmunity.

Alpha-1 Antitrypsin for Systemic
Lupus Erythematosus
Systemic lupus erythematosus (SLE) is a lifethreatening autoimmune disease affecting millions
of people (mostly women) worldwide. The disease
can cause tissue damage in multiple organs including
kidney, brain, skin and heart.73 Currently, there is no
cure for SLE. The treatment options are limited to
nonsteroidal anti-inflammatory drugs, antimalarial
drugs, corticosteroids and immune suppressants to
control the symptoms and reduce tissue damage.
However, these drugs have many debilitating side
effects. Therefore, development of a safe and effective
therapy for SLE is needed. Mounting evidence shows
that dendritic cells (DCs) and type I interferon (IFN-I)
play critical roles in initiating and maintaining the
disease.74 Plasmacytoid DCs (pDCs) that link innate
and adaptive immunity are the major cell source for
the production of IFN-I in response to autoantigens
in the form of immune complexes. IFN-I can activate
monocytes or conventional DCs (cDCs) to produce
BAFF, which is a key factor stimulating B cells to
produce autoantibodies. In addition, activated DCs can
present autoantigens and induce T cell differentiation
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by up-regulating major histocompatibility complex
class II and costimulatory molecules for adaptive
immune responses. Activated pDCs can also indirectly
affect T cells by producing inflammatory cytokines (e.g.,
IL-12, IL-6, TGF-β, TNF-α, IFN-I). Therefore, targeting
DCs by inhibiting their activation and function has a
great potential for controlling autoimmunity and the
development of SLE.75
Although serum levels of AAT, an acute-phase protein
reactant, can be elevated in SLE,76 the therapeutic effect
of AAT has not been tested until recently. Shapria et al
discovered that treatment with an anti-inflammatory
peptide (a H2A histone fragment) increases the levels
of C-terminal fragment (termed UBE, 36 AA, 378–
413) of AAT in C57BL/6 mice.77 Injection of UBE
into MRL/lpr mice, a spontaneous lupus mouse model,
reduced proteinuria, renal damage, and the levels of
autoantibodies against double stranded DNA (antidsDNA) and cytokines (IL-17 and IL-12). Likewise, a
recent study showed that treatment with clinical grade
human AAT inhibited mouse bone marrow derive DC
maturation and cytokine secretion including TNF-α,
IL-1β, and importantly, IFN-I.78 The treatment also
lowered serum levels of lupus specific autoantibodies,
anti-dsDNA IgG and anti-nuclear antibodies.
Importantly, the treatment attenuated lupus nephritis
in MRL/lpr mice.

Alpha-1 Antitrypsin Insufficiency
A common question regarding the use of AAT to treat
autoimmune disease is why AAT treatment is needed
since most patients with autoimmune diseases are
not AAT deficient. Several studies have attempted
to find a correlation between AAT levels and disease
development or to use AAT as a biomarker. Some
studies showed significantly higher or lower AAT levels
in patients than in healthy controls, while other studies
show no significant difference.70 These inconsistencies
may be due to differences in the sample size,
detection methods or patient populations. In addition,
several other factors, which may contribute to AAT
insufficiency, should be considered when investigating
the protective role of AAT in autoimmune diseases.
First, Insufficient Alpha-1 Antitrypsin Production
The AAT gene is regulated by inflammatory
mediators (e.g., IL-6), while AAT, in turn, can
suppress inflammatory cytokine gene expression. It

has been recently reported that AAT treatment can
down-regulate endogenous AAT gene (SERPINA1)
expression in human hepatocytes.79 Normally, this
feedback system works well to control inflammation.
However, in the setting of autoimmune or chronic
inflammatory disease, this system may be imbalanced.
On the one hand, chronic inflammation may exhaust
the up-regulated AAT gene expression. On the other
hand, inflammatory molecules (e.g., cytokines) further
upregulate inflammatory genes thereby, counteracting
the cytokine-inhibiting action of AAT (Figure 1).
It has been reported that endogenous AAT (mouse
AAT) levels in commonly used T1D (NOD) mice are
lower than in normal mice (C57BL/6),56 and mouse
AAT levels in lupus mice (MRL/lpr) are gradually
decreased as the disease develops.78 These results
provide evidence for the insufficiency of AAT in these
disease conditions and the necessity of AAT therapy.
Second, Insufficient Alpha-1 Antitrypsin
Function
AAT protein can be chemically modified or cleaved
leading to loss of function. Mature AAT is a single
polypeptide chain of 394 amino acids with 3
N-glycosidically linked oligosaccharides at 46, 83
and 247.80,81 AAT glycans are extremely important
for AAT half-life in circulation and for exerting antiinflammatory function.82,83 In certain pathological
conditions, AAT glycosylation changes can be
detected.84 A recent study showed that glycosylation
of AAT was changed to heavily sialylated forms
during the resolving phase of community-acquired
pneumonia. Importantly, the more negatively charged
AAT glycoforms (M0 and M1) are more effective
in binding to IL-8 and in inhibiting neutrophil
migration.85 In high glucose conditions in vitro and in
plasma of diabetes patients, the proteinase inhibitory
capacity of AAT can be significantly lower.31 AAT
has 9 methionines and is sensitive to reactive oxidant
species. Oxidization on methionines 351 and 358
at the reaction center can lead to the loss of anti-NE
activity.86 In addition, inactivated oxidized AAT were
detected in synovial fluid of RA patients.87 In human
plasma and in atherosclerotic lesions, the oxidized
AAT can also interact with low-density lipoprotein
and form a complex, which can be rapidly degraded
by macrophages.88 AAT is a key substrate of matrix
metalloproteinase 9,89 which is involved in a variety
of autoimmune diseases (reviewed by Ram90). In RA
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lower activity leading to a relative AAT insufficiency
locally.87 The set-specific (or local) AAT insufficiency
(rather than deficiency) may be the reason that AAT
treatment is beneficial in autoimmune diseases. The
same concept may also apply to other disease conditions
including stroke, osteoporosis and obesity.49,51,52,91

Possible Mechanisms
Since AAT is a multifunctional protein, multiple
mechanisms may be involved in the protective or
therapeutic effect of AAT in autoimmune disease.
Although the mechanisms are not entirely understood,
increasing evidence supports the following theories
(Figure 2).

patients, some AAT can be carbamylated and lead to
the generation of autoantibodies against carbamylated
AAT.72 Hence, the loss of AAT function in autoimmune
disease conditions may be the reason that AAT therapy
is needed.
Third, Pathological Alpha-1 Antitrypsin
Insufficiency
In certain pathological conditions, the demand for
AAT locally at inflammation sites (e.g., pancreatic islet
in T1D, joints in RA or kidney in SLE) may increase
and such demand may not be met by a commensurate
increase in circulating AAT. For example, in human
rheumatoid synovial fluid, AAT is oxidized and has a

Inhibition of Proteinases
Tissue damage mediated by proteinases is a major
characteristic in autoimmune diseases. The inhibitory
effect of AAT on proteinases may contribute to
tissue protection. Recent studies have shown that an
imbalance between NE and AAT has a pathogenic
role in autoimmune disease conditions.91 It has been
reported that animals and humans with T1D have
elevated circulating protein levels and enzymatic
activities of NE and PR3 suggesting that reduced AAT
is responsible for increased proteinase activity.92 An
imbalance between NE and AAT has been reported
to alter insulin sensitivity, tissue inflammation and
energy expenditure.91 In addition, anti-caspases and
anti-MMP activities can also contribute to cell and
tissue protection.18 As a proteinase inhibitor, AAT can
also influence inflammatory molecule maturation and
activation. For example, AAT inhibition of caspase-1
can in turn inhibit IL-1β activation since the conversion
of the precursor of IL-1β to its active form involves
cleavage by caspase-1.21
Interaction with Inflammation Mediators
It has been shown that AAT directly interacts with IL-8
and TNF-α receptors and blocks their actions.23,32
A recent study has shown that AAT can directly
bind to and inhibit the activity of leukotriene B4.93
Leukotriene B4 plays an important role in neutrophil
infiltration and is associated with many inflammatory
disorders including COPD, RA and psoriasis.94-97
AAT can also bind plasma fatty acids and induce gene
expression of angiopoietin-like protein 4, a potent
anti-angiogenic and anti-inflammatory factor, through
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inhibit gene expression of inflammatory molecules
including IL-6, IL-1β, TNF- α and IFN-I. The molecular
mechanism of this action is elusive. It is believed that
AAT can enter the target cell and interact with cellular
factors.27 A recent study using RNA-sequencing
has shown that AAT treatment inhibits irradiationinduced expression of 33 genes including IL-6, IL-8,
CCL2, CCL7, IL1Beta, CXCL1, CXCL2, and CXCL6
even 3 days after AAT withdrawal.52 Bioinformatics
analyses indicate that most of these genes are related
to innate immunity and are regulated by NF-κB.
Suppression of Autoantibody Production
As mentioned above, multiple studies have shown that
AAT treatment significantly reduces autoantibody
levels in T1D, RA and lupus mouse models.44,65,78
Interestingly, the inhibitory effect of AAT on
autoantibody production has also been observed
in AAT deficient patients.23 Since autoantibodies
are a hallmark of various autoimmune diseases, this
inhibitory effect clearly demonstrates the specific role
of AAT in regulating autoimmunity. Although the
effect of AAT on cytokine production and function
may contribute to reducing autoantibody production,
more mechanisms, such as AAT’s direct effect on B
cells, may be involved in the inhibition of autoantibody
productions. It has been reported that pro-, pre-, and
immature B cell population were reduced in aged AAT
transgenic mice compared to age-matched wild type
mice, indicating the effect of AAT on the fitness of B
cell progenitor populations.101

the per-oxisome proliferator-activated receptordependent pathway.24 In plasma of T1D patients, AAT
can interact with heat shock protein 70 and glucoseregulated protein94,98,99 which play pathological
roles in the disease development by binding and
delivering antigens.100 These functions are completely
independent of the anti-proteinase activity and play a
critical role in immune regulation.
Alteration of Gene Expressions
It has long been observed that AAT treatment can

Attenuation of DC Maturation and Function
DCs play a critical role in the development of
autoimmune diseases. It has been shown that AAT
treatment significantly inhibits LPS (TLR4 agonist) or
CpG (TLR9 agonist) induced cDC and pDC maturation
and the cytokine secretion (e.g., IFN-I) in vitro.78
Similarly, AAT treatment in lupus prone MRL/lpr mice
attenuates bone marrow-derived DC differentiation
and maturation.78 AAT treatment can also promote
IL-10 producing tolerogenic DCs.102 The effect of
AAT on DCs may provide the central mechanism for
regulatory benefits in autoimmune disease conditions.
In addition, the effects of AAT on other cell types
including neutrophils and macrophages (reviewed by
Bergin6) are certainly important for the therapeutic
benefits. It should be noted that there may be crosstalk among the aforementioned mechanisms. For
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example, AAT interacting with TNF-α receptors can
block TNF- α signaling leading to the inhibition of
downstream gene expression in DCs.

Future Directions and Challenges
Increasing data from preclinical studies has shown
the therapeutic potential of AAT for autoimmune
diseases. On one hand, more mechanistic studies
are needed to understand the function of AAT.
The challenge for this direction is to dissect AAT
functions and identify the major targets and pathways
in different conditions. Overcoming this challenge
may require the development of new animal and cell
models, and application of advanced technologies,
such as RNA-sequencing and proteomics. On the
other hand, more translational and clinical studies are
required to confirm the therapeutic effect of AAT. The

challenges for this direction mostly come from the
complex nature of autoimmune diseases including the
variations in disease symptoms, staging, and genetic
and environmental factors. It is possible that AAT
therapy will be effective in some patient populations,
but not others. Cumulative clinical data will provide
useful information for the precision application of
AAT therapy.
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