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Abstract
Alpha-1 antitrypsin (AAT) protects the lung by inhibiting neutrophil proteinases, but AAT has many other non-proteolytic 
functions that are anti-inflammatory, antiviral and homeostatic. Approximately 1 in 1600 to 1 in 5000 people have the 
homozygous Z mutation, which causes AAT misfolding, accumulation in (predominantly) liver cells and low circulating 
levels of AAT, leading to AAT deficiency (AATD). AATD is classically a disease of neutrophilic inflammation, with an 
aggressive and damaging innate immune response contributing to emphysema and other pathologies. AATD is one of the 
most common genetic disorders but considerably under-recognised. Most patients are diagnosed later in life, by which time 
they may have accumulated significant lung, liver and multisystem damage. Disease presentation is heterogeneous and not 
fully explained by deficiency levels alone or exposure to cigarette smoking. This suggests other factors influence AATD-
associated pathological processes. Aging itself is associated with organ dysfunction, including emphysema and airflow 
obstruction, inflammation, altered immune cell responses (termed immunosenescence) and a loss of proteostasis. Many 
of these processes are present in AATD but at an earlier age and more advanced stage compared with chronological aging 
alone. Augmentation therapy does not completely abrogate the manifold disease processes present in AATD. New approaches 
are needed. There is emerging evidence that both age- and AATD-related disease processes are amenable to correction by 
targeting proteostasis, autophagy, immunosenescence and epigenetic factors. This review explores the impact of the aging 
process on AATD presentation and discusses novel therapeutic strategies to mitigate low levels of AAT or misfolded AAT 
in an aging host.
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1 Introduction

“All diseases run into one, old age” Ralph Emerson
Most chronic inflammatory diseases have a strong asso-

ciation with age. For example, periodontitis [1], ischaemic 
heart disease [2] and most chronic respiratory conditions 
are all more common in older adults [3]. Initially, this was 
thought to reflect that diseases that are slow in progression 
might only become clinically apparent at an older age. How-
ever, epidemiological studies have highlighted that chronic 
conditions cluster in the same individuals with a preva-
lence higher than expected, even when shared risk factors 

are considered [4, 5]. Furthermore, studies across chronic 
inflammatory morbidities have identified potentially shared 
pathological mechanisms, including excessive reactive oxy-
gen species (ROS) production, immune cell dysfunction and 
a loss of proteostasis, all of which are associated with age 
[6].

Many chronic inflammatory illnesses demonstrate bio-
logical features of aging that appear advanced compared 
with healthy individuals of the same age [7]. This is thought 
to represent a mechanistic continuum between aging and 
age-related disease, termed accelerated aging [8]. There 
appears to be a dose response between the level of chronic 
inflammation present, the burden of chronic disease and the 
presence of accelerated aging. Fortunately, there are also 
potential therapeutic strategies to combat accelerated aging, 
with early studies suggesting that mammalian aging can be 
delayed through dietary and pharmacological manipulation 
[9]. If there were links between heightened chronic inflam-
mation, aging and chronic disease, one would expect the 
clearest evidence of this to be seen in conditions with the 
greatest burden of inflammation.
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Key Points 

Alpha-1 antitrypsin (AAT) deficiency (AATD) is the 
most well-established genetic cause of chronic obstruc-
tive pulmonary disease (COPD), accounting for up to 2% 
of COPD cases. The most common severe deficiency is 
characterised by a loss of function (reduction in func-
tional AAT) and a gain of function (the formation of 
misfolded AAT polymers), both of which are pro-inflam-
matory states and associated with tissue damage.

Many of the disease manifestations of AATD are only 
clinically apparent in older patients, and AATD patients 
have other chronic inflammatory conditions more fre-
quently than would be expected.

The inflammation present in AATD and some AATD-
associated pathological processes share features of 
accelerated aging.

Strategies to improve the inflammatory burden of AATD 
by enhancing AAT secretion, reducing polymer forma-
tion or clearance or targeting accelerated aging may 
improve disease outcomes.

is the classical circulating anti-proteinase in humans, and 
its central function is to inhibit free neutrophil proteinases 
[such as neutrophil elastase (NE) and proteinase 3 (PR3)] 
in the lungs to limit proteinase-associated inflammation and 
tissue damage. Damage is limited rather than prevented, as 
AAT binds proteinases on a one-to-one molar basis, and 
concentrations of NE and PR3 far exceed those of AAT at 
the site of a degranulating neutrophil. This leads to an area 
of obligate tissue damage around each degranulating cell 
until concentrations of the proteinases are reduced by dif-
fusion into the local tissue environment [17]. In addition 
to the anti-proteinase function of AAT, it is increasingly 
recognised that AAT has multiple non-proteinase-mediated 
effects. These are anti-inflammatory and immunomodula-
tory. AAT reduces free radical production and associated 
damage. For example, AAT reduces neutrophil superoxide 
production through interactions with inflammatory media-
tor surface receptors and binds hemin (heme oxidized to 
the ferric state), which reduces hemin-associated free radi-
cal production [18–20]. AAT reduces neutrophil migration 
towards inflammation through steric binding of interleukin 
(IL)-8 and leukotriene B4 (LTB4) [21]. AAT reduces the 
inflammatory cytokine cascade by inhibiting the production 
of tumour necrosis factor (TNF)-α in macrophages [22] and 
reducing cytokine release from monocytes and neutrophils 
[23]. AAT also has antimicrobial properties (as shown in 
studies of pseudomonas aeruginosa [24]) and antiviral func-
tions (being able to block HIV-1 virus from entering cluster 
of differentiation [CD]-4+ T cells [25]). AAT appears to 
mitigate auto-immunity and increase immune tolerance by 
enhancing the number and function of foxp3-positive regu-
latory T cells [26]. AAT has a role in diverse organ sys-
tems, such as preventing overt hyperglycaemia in diabetic 
mice [27] and reducing inflammation-mediated apoptosis 
and increasing insulin secretion of pancreatic B cells [28]. 
In keeping with this, trials of AAT therapy in new-onset 
type 1 diabetes mellitus to protect pancreatic B cells are 
ongoing, with dose-ranging studies recently reported [29]. 
AAT modulates microglial cells in inflammatory conditions, 
enhancing microglial survival from amyloid β-induced tox-
icity [30].

AATD is a condition of low circulating levels of AAT, 
caused by mutations in SERPINA1 and inherited in an auto-
somal and co-dominant pattern, with two copies of the gene 
(allele) contributing to the disease. The most common is the 
‘M’ variant. PiMM (two copies of the M allele) is consid-
ered normal and corresponds to AAT blood levels of 20–53 
μM. Over 150 mutations in SERPINA1 have been described, 
but the most common and most studied mutations are the ‘Z’ 
and ‘S’ variants. These are associated with misfolding of the 
AAT protein, especially the Z mutant protein, leading to its 
retention and accumulation in the endoplasmic reticulum 
(ER) of AAT-producing cells. This causes low circulating 

Alpha-1 antitrypsin (AAT) deficiency (AATD) is a 
chronic inflammatory condition associated most commonly 
with lung and liver disease. AATD lung disease shares fea-
tures of chronic obstructive pulmonary disease (COPD), 
but patients with AATD are considered to have levels of 
pulmonary inflammation that are greater than those with 
non-AATD COPD [10]. This is because the loss of func-
tional AAT and the gain of misfolded AAT are highly pro-
inflammatory. COPD itself is considered a disease of accel-
erated aging, demonstrating all of the classical biological 
hallmarks of aging [11]. Were there a simple mechanistic 
link between chronic inflammation and accelerated aging, 
it should be more clearly identifiable in AATD and, indeed, 
certain manifestations of AATD are recognised features of 
aging. This review article discusses the evidence that links 
AATD with accelerated aging, including whether therapeu-
tics designed to target aging might be beneficial in AATD.

2  Alpha‑1 Antitrypsin (AAT) and its 
Deficiency

AAT encoded by the SERPINA1 gene on chromosome 14 
is a serine proteinase inhibitor [12] produced principally 
by hepatocytes but also in small amounts by neutrophils, 
monocytes and endothelial and epithelial cells [13–16]. It 
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levels of AAT, decreasing the inhibition of neutrophil pro-
teinases and impacting on the non-proteolytic activities of 
AAT, already described. Misfolded proteins may polymerise 
(a key feature of the Z protein), and these polymers are pro-
inflammatory [31] and can act as an activating factor, poten-
tially enhancing neutrophil recruitment [32]. Polymers are 
implicated in AATD-associated liver disease but may also 
impact on other cells where misfolded proteins accumulate, 
including monocytes and macrophages, activating the stress 
response. When homozygous, the Z allele (PiZZ) is associ-
ated with circulating AAT levels of 3–7 μM; however, with 
co-dominant inheritance, patients can also have heterozygote 
patterns, including PiSZ, which is also associated with a less 
severe deficiency (10–20 μM) [33].

Despite being considered a rare disease, AATD is rela-
tively common, affecting between 1 in 1600 and 1 in 5000 
people in screening studies, depending on geographical loca-
tion [34, 35]. Extrapolation of data from population studies 
suggests approximately 3.4 million individuals globally have 
an AATD genotype that leads to a deficiency [36]. An esti-
mated 250,000 PiZZ individuals exist worldwide, but the 
prevalence varies by region, with approximately 120,000 
in Europe, 90,000 in America and the Caribbean, 4000 in 
Africa and 3200 in Asia [37]. PiSZ is more common: over 
1,400,000 PiSZ individuals are estimated globally, with over 
700,000 in Europe, over 500,000 in America and the Carib-
bean, over 85,000 in Africa and over 77,500 in Asia [38]. 
However, AATD is under-diagnosed, with epidemiological 
studies suggesting that < 0.5% of expected cases are detected 
[39].

The World Health Organization recommended AATD 
testing for anyone with a diagnosis of COPD or adult-onset 
asthma [40]. In 2003, the American Thoracic Society and 
European Respiratory Society (ERS) published a joint state-
ment highlighting that a diagnosis of AATD should be con-
sidered in patients with, among other things, early-onset 
emphysema [41], recently reinforced by the updated ERS 
strategy document for AATD [42]. However, adoption of 
this guidance is variable, as confirmed in a recent UK-based 
study, where only 2.2% of 29,596 patients diagnosed with 
COPD before 60 years of age had any record of being tested 
for AATD; in those that had been tested, > 20% had a con-
firmed diagnosis [43], highlighting the benefit of screening 
in this population.

Patients with confirmed AATD frequently experienced 
significant delay to diagnosis. Surveys of patients recalling 
their disease journey described the first symptoms of disease 
being present in the fourth decade of life but the diagnosis 
being made almost a decade later and requiring, on average, 
three different specialist assessments [44, 45]. This underdi-
agnosis limits the ability of individuals to consider appropri-
ate lifestyle changes, monitoring or therapeutic strategies to 
mitigate the impact of AATD.

3  The Heterogeneity of Disease Associations 
of AAT Deficiency (AATD)

Classically, AATD is associated with lung and liver disease 
and, less commonly, necrotising panniculitis, an inflamma-
tory condition of subcutaneous fat tissue that presents as 
tender, erythematous or pigmented skin nodules and ulcers.

The most common lung manifestation is emphysema, 
which tends to have an earlier onset in AATD than in non-
AATD smokers—as initially described in 1963 in patients 
aged 35–44 years [46] —and can occur in the absence of 
cigarette smoking (although it is enhanced by smoking). 
AATD-associated emphysema is classically panacinar and 
disproportionately lower zone (in contrast with the more 
apical distribution seen in non-AATD COPD). However, 
the presence of emphysema in AATD is not ubiquitous and, 
when present, its distribution can also be heterogeneous. 
A computed tomography study described 8.5% of patients 
with AATD as having no emphysema (including never and 
ex-smokers) [46]. In those with emphysema, 64% had basal-
predominant emphysema and 36% had predominantly api-
cal emphysema [47], more typical of non-deficient COPD. 
Similarly, airflow obstruction is very common in AATD but 
not universal, with a recent study of never-treated severely 
deficient individuals reporting normal airflow in 18% of the 
cohort on baseline assessment [48].

Interestingly, even in severely deficient PiZZ patients, 
the rate of decline in lung function parameters varies [49] 
(see Fig. 1), and studies suggest this variability cannot be 
explained by smoking status or pack-year exposure alone 
(with rapid decline seen in some never smokers and no 
decline seen in some smokers [48]). This strongly suggests 
that not all manifestations of disease can be explained by the 
level of deficiency or environmental exposures, and other 
explanations for the heterogeneity must be sought.

The liver diseases associated with AATD include neo-
natal hepatitis and fulminant post-natal liver failure, adult-
onset cirrhosis, and hepatocellular carcinoma. While this is 
mainly limited to AATD phenotypes associated with intra-
hepatocyte polymerisation, the exact mechanism remains 
unknown. Presentation is variable, with a recent system-
atic review [50] reporting that 10.5% of patients with PiZZ 
homozygotes and PiSZ allele described liver cirrhosis and 
14.7% reported having had a liver transplantation. While it 
seems possible that concurrent liver injury from viral infec-
tions, alcohol or high body mass index accelerate the pro-
gression of liver disease, these risk factors are not identified 
in all adults [51].

These classically associated conditions are not the only 
diseases to cluster with AATD. Asthma and partially revers-
ible airflow obstruction have been reported in 35% and 61% 
of patients with AATD, respectively [52], and clinically 
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significant bronchiectasis has been described in 27% of PiZZ 
patients [53]. Vasculitis and, more specifically, anti-PR3 
vasculitis is seen three- to ninefold more commonly than 
in non-AATD individuals [54], and outcomes are worse in 
patients with AATD, with a mortality rate of 39% for PiZZ 
patients compared with 16% for non-AATD patients [55]. 
Also, inflammatory bowel disease (particularly ulcerative 
colitis) and hypothyroidism have been identified more fre-
quently in patients with AATD than would be expected in 
a general population according to a UK registry of AATD 
patients [56].

Without population screening, there is a risk of ascertain-
ment bias when cohort studies describe disease associations 
with AATD, but these diseases readily ‘match’ the known 
functions of AAT (including a reduction in immune toler-
ance to promote auto-immunity and allergy and reduced 
inhibition of proteinases with associated tissue damage). 
However, AATD has also been shown to co-occur more 
commonly than expected with conditions less classically 
associated with AAT function and more associated with 
aging. These conditions include arterial hypertension, car-
diovascular disease (CVD), chronic kidney disease, osteo-
porosis and type 2 diabetes mellitus (T2DM) [57–59]. A 
similar pattern of comorbidity is seen in non-AATD COPD 
and, although COPD, CVD and related conditions [4] share 
the common risks of smoking, obesity and a sedentary 

lifestyle, these cannot fully account for the increased burden 
of disease [60]. Furthermore, in AATD, behavioural risk fac-
tors such as smoking are less prevalent following diagnosis, 
with up to 78% of smoking patients with AATD undertak-
ing smoking cessation measures upon diagnosis [61]. This 
is in contrast with the majority of patients with non-AATD 
COPD, who continue to smoke cigarettes, even in large clini-
cal trials [62]. This raises the important question of what is 
driving the variable disease presentation and multimorbidity 
in AATD—is it AATD, the associated inflammation or age 
(as suggested by Ralph Emerson)?

4  The Aging Host and its Impact on Lung 
Function, Inflammation and Cell Function

Aging is associated with a general decline in organ sys-
tems, including the lungs. At the extremes of age, structural 
changes to the thoracic cage cause a reduction in chest wall 
compliance. Osteoporosis can lead to a reduced height of 
the thoracic vertebrae, and associated kyphosis can affect 
inspiratory capacity and diaphragmatic function [63]. Res-
piratory muscle function decreases, with one study describ-
ing a 12% reduction in respiratory muscle strength in older 
adults over 6 years of follow-up [64]. The structure of the 
lungs changes, with degeneration of the elastin fibres around 

Fig. 1  The heterogeneity of lung function decline in PiZZ AATD. 
A recent study of 482 never treated, severely deficient individuals 
with AATD were assessed annually with post bronchodilator spirom-
etry and gas transfer on at least four occasions for ≥ 3 years. Patients 
were divided into those meeting spirometry criteria for COPD and 
those who did not. Patients were then divided into those with a 
change in lung function that reflected normal aging (‘no decline’: 
change < − 0.1% predicted per year), those with a slow decline 
(‘slow’: change of − 0.1 to < − 0.5% predicted per year), moder-
ate decline (‘moderate’: change of − 0.5 to < − 1.0% predicted per 
year), and rapid decline (‘rapid’: change of > −1.0% predicted per 

year), in both  FEV1 and  KCO as previously described [49]. Percent-
age of individuals with an average change in a  FEV1 % predicted and 
b  KCO by groups. In patients without COPD at baseline, 43 and 71% 
had a faster than expected decline in  FEV1 and  KCO, respectively. Of 
those with COPD at baseline, 76 and 81% had a faster than expected 
decline in  FEV1 and  KCO, respectively. Adapted from Stockley et al. 
[48]. AATD alpha-1 antitrypsin deficiency, COPD chronic obstruc-
tive pulmonary disease, PiZZ homozygous for Z allele, FEV1 forced 
expiratory volume in 1  s,  KCO the carbon monoxide transfer coeffi-
cient
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the alveolar duct leading to enlargement of airspaces, termed 
senile emphysema [65]. The corresponding reduction in sup-
porting tissue can lead to premature closure of small airways 
during normal breathing, with associated air trapping and 
hyperinflation.

These changes are associated with an age-related decline 
in lung function measurements, but lung function meas-
ures are more variable in ‘healthy’ older individuals than 
in younger adults, making it difficult to establish what is 
‘normal’ in old age. Most cross-sectional studies showed 
a decline in forced expiratory volume in 1 s  (FEV1) with 
age, with an estimated rate of decline in  FEV1 of approxi-
mately 15–25 ml/year at age 40–50 years but greater after 
the age of 70 years [66]. Gas exchange also declines with age 
when corrected for alveolar volume, suggesting changes to 
the alveolar–capillary membrane [67] in addition to ‘senile 
emphysema’.

Aging is associated with increased inflammation, with 
most studies of older adults describing a low-grade inflam-
matory signal that can be measured systemically, even in 
‘health’. Termed inflammaging by some, this includes meas-
urable increases in proinflammatory cytokines such as IL-6, 
TNFα and IL-1β and reductions in some (e.g. IL-10) but 
not all anti-inflammatory mediators [68]. Although tissue 
inflammation with age is less well-studied, lung challenge 
animal models and studies of human synovium do suggest 
greater inflammation is also seen in aging tissues and organs 
[69, 70]. Systemic and local inflammation has been consist-
ently associated with non-communicable chronic disease 
and frailty, and a recent prospective study showed that mid-
life levels of inflammatory markers predicted frailty 21 years 
later, highlighting a potential causative link [71].

Aging is also associated with a decline in immune cell 
function (termed immunosenescence), with all facets of 
the immune system altered, including the neutrophil (the 
cell most implicated in the pathology of AATD) and its 
responses. Circulating neutrophil numbers do not alter with 
age [72], but most neutrophil functions show an age-related 
change. The ability of neutrophils to undertake chemotaxis 
accurately towards bacteria and other instigators of inflam-
mation, through the extracellular matrix, appears impaired 
with age [73, 74]. This decline in chemotaxis is seen from 
middle age onwards, although the deficit is most apparent 
after people reach their sixth decade of life. The cause of 
this defect is related to excessive phosphoinositide 3 kinase 
activity [75], an enzyme associated with neutrophil direc-
tional sensing, ROS release and phagocytosis of large parti-
cles [76]. Neutrophil degranulation increases, and evidence 
exists of increased neutrophil proteinase activity systemi-
cally, as demonstrated by higher levels of CD63 on the sur-
face of neutrophils (a marker of primary granule release, 
which contain proteinases and other bactericidal products) 
and higher concentrations of the NE-specific fibrinogen 

degradation product, Aα360VAL in the plasma [75]. The 
ability of neutrophils to phagocytose opsonised bacteria 
[77–79], especially staphylococcus aureus [72], reduces. 
Finally, neutrophil extracellular trap release also reduces 
with age [80].

These functions appear even more impaired during 
acute infections, with the degree reflecting the severity of 
the infectious insult [81]. Furthermore, during severe or 
repeated infections, older patients can develop a neutrope-
nia because of two compounding factors. First, a reduced 
response to granulocyte colony-stimulating factor (G-CSF), 
which should usually increase the release of immature neu-
trophils from the bone marrow [82, 83], and, second, an 
inability to prolong the lifespan of activated neutrophils in 
response to survival signals (granulocyte macrophage col-
ony-stimulating factor [GM-CSF], interferon-1) at the site of 
inflammation [84]. Although all of these features have been 
described during normal aging, this process appears acceler-
ated in some individuals, most commonly in the presence of 
chronic disease [85].

The mechanisms that lead to inflammation and cellular 
senescence with aging have been identified, as described in 
a landmark review by Lopez-Otin et al. [86] in 2013. These 
include genetic instability (the accumulation of genetic dam-
age throughout life and a reduction in DNA repair mecha-
nisms [87]); telomere attrition (the progressive loss of tel-
omere-protective sequences from chromosome ends [88]); 
epigenetic alteration (including histone modifications, DNA 
methylation, chromatin remodelling and aberrant production 
and maturation of many messenger RNAs [mRNAs] [89]) 
and loss of proteostasis (impaired ability to prevent the for-
mation of or clear misfolded proteins [90]).

Associated with these are increased nutrient signalling 
through insulin/insulin-like growth factor and target of rapa-
mycin (TOR)-signalling networks, and mitochondrial dys-
function, with increased ROS production and an increased 
presence of senescent cells that have entered irreversible cell 
cycle arrest, all of which are pro-inflammatory. For example, 
senescent cells exacerbate the release of a signature cock-
tail of pro-inflammatory cytokines called the senescence-
associated secretory phenotype (SASP), induced in part by 
the TNF-receptor (TNFR) superfamily cytokine receptors 
[91], impairing immune cell function and accelerating tissue 
aging [92, 93]. However, they appear amenable to treatment 
with interventions that reduce the activity of these pathways 
(such as caloric restriction), extending lifespan and health-
span (the duration of adult life spent in health), in both 
murine and rhesus monkey models [94, 95].

The body of evidence indicating that many chronic, non-
communicable diseases might reflect a state of accelerated 
aging is growing, and AATD may also be considered in this 
light.
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5  AATD as a Form of Accelerated Aging

5.1  Biological Processes and Ageing in AATD

AATD shares many features with accelerated aging. There 
is chronic inflammation, both systemically and locally in the 
lung, that is greater than seen in non-AATD COPD, espe-
cially for neutrophil chemoattractants such as LTB4 and IL-8 
[96]. AAT can inhibit the effects of IL-8 by direct binding, 
isolating IL-8 from its cogent receptors, CXCR-1 (associated 
with phagocytosis) and CXCR2 (associated with neutrophil 
migration) [97]. NE can increase LTB4 production and asso-
ciated BLT1 (LTB4’s receptor) expression on endothelial, 
epithelial and immune cells. In keeping with this, neutro-
phils from PiZZ AATD patients demonstrate increased adhe-
sion and degranulation in response to LTB4 [98].

TNFα (heavily implicated in many chronic diseases and 
accelerated aging [99–101]) is raised and is particularly 
significant in AATD. AAT reduces TNFα activity by sev-
eral mechanisms, including binding and directly inhibiting 
TNF-converting enzyme activity, preventing pro-TNFα from 
becoming the active cytokine and inhibiting TNF receptors 
on the surface of cells, preventing activation of nuclear fac-
tor (NF)-κB [102]. Conversely TNFα decreases AAT con-
centration in cells [102]; in turn, AAT inhibits genes upregu-
lated by TNF-α, including TNF-α-induced self-expression. 
Interestingly, these effects are also induced by oxidized 
AAT, a modified form lacking significant serine protease 
inhibitor activity [103], indicating it is not a feature of the 
active inhibitory site (Met 358). In AATD, the accumulation 
of misfolded Z and related AAT proteins leads to ER-associ-
ated protein degradation and the unfolded protein response 
[104], increasing TNFα production and expression, which 
in turn increases cellular apoptosis and (when expressed on 
neutrophils) leads to deficient bacterial killing [105].

Although not fully studied, chronic inflammation in 
AATD may also contribute to the increasing presence of 
the primary hallmarks of aging, as exemplified by TNFα. 
Prolonged TNFα exposure has been shown to induce tel-
omere attrition [106] and cause pro-inflammatory epigenetic 
alterations in immune cells [107] and is a potent inducer 
of DNA damage (genetic instability), both directly [108] 
and indirectly through ROS generation [109]. In keeping 
with this, mutations in telomerase genes have been found to 
induce susceptibility to young-onset severe emphysema at a 
similar rate to that of AATD [110], and paediatric patients 
with AATD have been shown to have shorter telomeres with 
decreased telomerase activity compared with healthy con-
trols [111].

AATD can result in a loss of proteostasis, with accumula-
tion of the misfolded AAT protein and subsequent ER stress, 
but early studies suggest patients with AATD might also 

be at increased risk of other protein-misfolding conditions, 
such as amyloidosis. Transthyretin (TTR)-related familial 
amyloid polyneuropathy (ATTR) results from aggregation 
and extracellular disposition of misfolded TTR variants, and 
AAT is an important chaperone molecule for TTR, reducing 
aggregation [112]. Furthermore, changes in histone deacety-
lase activity (HDAC; involved in protein folding and pro-
teostasis) have been described with age [113], and HDAC 
modulators have been shown to increase AAT expression in 
PiZZ cells, in vitro [114].

AATD is associated with an increased burden of ROS 
[115], and some evidence supports mitochondrial dysfunc-
tion [116]. AATD is associated with changes to the immune 
system, with some features of immunosenescence. Focus-
ing again on neutrophils, evidence of enhanced neutrophil 
degranulation and proteinase activity in AATD is clear and 
consistent [117], and early studies suggest a reduction in the 
phagocytosis of opsonised bacteria, especially haemophilus 
influenzae, which appears to be detrimental in AATD [118]. 
However, studies suggest the accuracy of neutrophil migra-
tion is increased in AATD, especially in comparison with 
non-AATD COPD [119], highlighting that not all changes 
to the immune system in AATD map to an accelerated aging 
phenotype.

Silent information regulators of transcription (SIRT) 
are NAD + -dependant deacetylases associated with reduc-
tion–oxidation reactions and highly implicated in acceler-
ated aging. SIRT1 inhibits cellular senescence, oxidative 
stress and autophagy via Foxhead Box 03 (FOXO3) dea-
cetylation [120–122]; smokers have reduced SIRT1 levels 
and ‘smoking’ mice are protected against emphysema when 
given an activator of SIRT1 (SRT1720) [123]. SIRT1 also 
has a role in the stress response of cells, with downregula-
tion of SIRT1 shown to increase the heat shock response 
[124], and in AATD there is evidence of increased levels 
of protein degradation with high levels of albumin protein 
fragments and heat shock protein (HSPA8) [125].

5.2  Organ Dysfunction and Aging in AATD

Although lung function measurements of 30-year-olds with 
AATD (diagnosed since birth) are within the normal range 
[126], clear deficits are noted in mid-life, and up to 80% of 
patients experience a faster decline in  FEV1 than age alone 
would predict [127]. Although highly variable, the mean 
rate of decline has been described as being 49.9 ml/year in 
patients with AATD aged 40–60 years [128], higher than 
described in non-AATD COPD, which (although also highly 
variable) has been cited as an average of 33 ml/year [129].

Liver disease is also associated with aging, and the same 
processes of DNA damage, oxidative stress, telomere dys-
function, apoptosis resistance, cell cycle arrest, epigenetic 
changes and SASP release have been described in liver 
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cirrhosis, non-alcoholic fatty liver disease and chronic 
hepatic infections [130]. For example, increased hepatocyte 
nuclear area and hepatocyte expression of p21, both markers 
of senescence, are associated with increased fibrosis stage 
and poor outcomes in non-alcohol-related fatty liver disease 
[131]. No papers on senescent markers in AATD-associated 
liver disease have yet been published, but such studies are 
underway.

5.3  Comorbidities and Aging in AATD

AATD is associated with significant age-related comorbid-
ity, but—like the lung and liver disease—this is apparent 
at a younger age and with an increased prevalence com-
pared with non-AATD controls. For example, CVD is more 
common in patients with AATD when increased cardiovas-
cular risk is assessed noninvasively using arterial stiffness 
[132]. In non-AATD COPD, arterial stiffness relates to 
lung disease, including  FEV1,  FEV1/forced vital capacity 
(FVC) ratio [133] and emphysema on computed tomogra-
phy scans [134]. Arterial stiffness is greater in patients with 
AATD than in age-matched healthy controls [135], and a 
small study of 19 patients with AATD found a relationship 
between increased arterial stiffness, age and  FEV1 % pre-
dicted [57]. CVD is associated with inflammatory patterns 
similar to those seen in AATD, including higher concentra-
tions of systemic TNFα (which predicts future cardiovas-
cular events [136, 137]). There is also evidence of neutro-
philic inflammation in CVD (especially pertinent in AATD), 
including associations with impaired microvascular perfu-
sion, left ventricular dilation and adverse CVD outcomes 
[138]. We have already discussed the potential relationship 
between diabetes and AATD (Sect. 3).

The burden of osteoporosis is increased in AATD. Murine 
models suggest that AAT inhibits members of the TNFR 
superfamily in a dose-dependent manner, and this includes 
RANKL (receptor activator of NF-κB ligand) which, when 
activated, leads to osteoclast-associated mineral resorption 
and osteoporosis [139], perhaps providing some insight into 
the heightened burden of this disease in AATD. Sarcopenia 
is defined as a reduction in muscle mass and muscle function 
and is more prevalent with age [140]. AATD may favor the 
development of sarcopenia as exercise induces an increase in 
glycolytic type 2A myofibers, which are more fatigue prone 
and have higher energy consumption than the type 1 myofib-
ers seen with exercise conditioning in non-AATD COPD 
[141]. The potential relationship between aging and AATD 
is summarized in Fig. 2.

6  Current and Putative Treatments for AATD

There is great interest in expanding both the number of 
effective treatments in AATD and the ease of drug delivery 
for patients. Intravenous augmentation therapy has been the 
only specific treatment for AATD for decades. However, the 
current regimen only slows rather than prevents the progres-
sion of lung disease. For this reason, trials are now assessing 
better formulations, different doses and different routes of 
administration. Liver disease has been targeted with chemi-
cal chaperones to enhance the removal of mutated AAT from 
cells, RNA interference to prevent or reduce mutated AAT 
production, and viral vectors to enhance wild-type AAT 
production and secretion. As well as this, a number of stud-
ies are investigating repurposed drugs that have potential 
therapeutic effects in AATD. Table 1 provides a list of cur-
rent AATD treatments either recently evaluated or under 
evaluation. Preclinical studies are also evaluating putative 
targets in lung disease, if not in AATD, and these are out-
lined in Table 2.

AAT augmentation therapy was first approved by the US 
FDA in 1987 for emphysema associated with severe AATD, 
but not all countries have licensed its use, including the UK, 
where augmentation therapy is only available for individual 
cases of panniculitis. Augmentation therapy modulates 
some manifestations of disease associated with a loss of 
AAT function, at least in some, but not all patients, includ-
ing  FEV1 decline and emphysema progression [142]. It is 
unclear whether augmentation therapy might affect other 
diseases associated with AAT function (with the excep-
tion of panniculitis, where the treatment is very effective), 
although the prevalence of CVD was lower in a population 
of patients with AATD receiving augmentation [143] and, as 
stated, AAT trials in diabetes are underway. However, there 
is significant redundancy in biological systems, and a loss 
of AAT may be mitigated via alternative cellular pathways, 
which could limit the impact or need for AAT augmentation 
in other putative AAT-related mechanisms of disease.

Although, classically, AAT augmentation is not thought 
to affect the progression of liver disease in AATD, some 
murine models suggest AAT can affect the progression of 
non-AATD-related liver failure [144]. Currently liver trans-
plantation remains the only curative treatment for AATD-
associated liver disease. While it can be successful, the 
limited availability of organs and the increasing burden of 
multimorbidity in elderly patients prevent widespread use. 
Therefore, therapies that reduce the burden of misfolded 
AAT in the liver are needed. One approach is to increase 
AAT transport from the ER with chemical chaperones. Phe-
nylbutyrate has been used as a chaperone in several other 
diseases and increased AAT secretion in cell lines and 
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animal models [145]; unfortunately, this did not translate 
to increased systemic AAT concentrations in AATD [146].

Harnessing autophagy (the process of orderly degradation 
and recycling of dysfunctional cellular components) is also 
of great interest in AATD-associated liver disease. Rapa-
mycin and carbamazepine are medications used in different 
diseases but have been shown to affect autophagic pathways. 
Rapamycin is a mechanistic TOR (mTOR) inhibitor used for 
immunosuppression, but it has also been shown to enhance 
autophagy in murine models, with increased autophagic 
vacuoles, decreased AAT PiZ protein and improved hepatic 
fibrosis [147]. Carbamazepine (an anti-epileptic drug) has 

been shown to enhance the degradation of mutant AAT 
protein, through both autophagic and proteosomal mecha-
nisms in murine models [148], and is currently in phase II/
III clinical trials for patients, with trial reporting expected in 
2020 (NCT01379469). The choleretic ursodeoxycholic acid 
(UDCA) shows similar promise.

There are also strategies to prevent the polymerisa-
tion of mutant AAT or increase the secretion of normal 
AAT in deficient patients through peptide, gene or mRNA 
therapy. The Z allele results from single base pair substi-
tution, replacing  lysine342 with glutamate, which induces 
the conformational change that allows unstable β-sheets to 

Fig. 2  Mechanisms of damage in AATD and aging and potential ther-
apeutic strategies. In AATD, a number of biological processes con-
tribute to disease presentation, some of which are also seen in accel-
erated aging, but they can be targeted using appropriate therapeutics. 
a The genetic mutation leads to b misfolded AAT protein, which gets 
retained in the endoplasmic reticulum. Gene therapies may increase 
wild-type AAT expression, RNA interference strategies may reduce 
expression of the mutant AAT protein and chaperone molecules may 
assist with the removal of the misfolded protein. c In PiZZ AATD, 
polymer formation is common and is implicated in liver disease, but 
both chaperone molecules and drugs that increase autophagy may 
reduce polymer burden. Alternatively, small molecules may prevent 
misfolded protein formation. d Both the reduced systemic AAT and 
the presence of polymers are pro-inflammatory (shown as lightning 
strikes) and increase TNFα concentrations and bioavailability, as 
well as other pro-inflammatory cytokines and ROS. Specific anti-
inflammatory therapies (e.g. targeting IL-8, leukotriene B4 or TNFα 
or their cogent receptors) may reduce this burden. e The inflamma-
tion leads to neutrophil activation, migration and degranulation, but 
proteinase and ROS release could be targeted using proteinase inhibi-

tors and antioxidants. f Low AAT levels and increased proteinase 
(scissors) and ROS activity lead to tissue degradation, cleavage of 
immunoglobulins and inflammation, all of which are implicated in g 
the disease manifestations of AATD, which include (from figure top 
to bottom) liver disease, panniculitis, lung disease, but also chronic 
inflammatory comorbidities such as heart disease and diabetes. With 
aging, (1) genetic instability, telomere attrition, epigenetic modifica-
tions and loss of proteostasis (from left, clockwise) lead to (2) cell 
cycle arrest, immunosenescence, the release of the SASP and mito-
chondrial dysfunction (from left, clockwise). (3) This is proinflam-
matory (4), leading to neutrophil recruitment into tissues, proteinase 
release and oxidant damage, all implicated in disease. Current drugs 
to target aging processes, including those targeting telomeres and 
telomerase, reduce epigenetic modifications but also increase the 
removal of misfolded proteins, enhance autophagy, reduce the burden 
and function of immunosenescent cells and target inflammation, pro-
teinases and ROS. AAT  alpha-1 antitrypsin, AATD AAT deficiency, 
IL interleukin, PiZZ homozygous for Z allele, ROS reactive oxygen 
species, SASP senescence-associated secretory phenotype, TNF 
tumour necrosis factor
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polymerise, generating insoluble aggregates. The underly-
ing process of protein conformational change is amenable to 
targeting with monoclonal antibodies and small molecules, 
and to these ends drug development programmes have been 
established. Finally, stem cell and genetic therapies are also 
under development, but none to date have been approved in 
humans [149], although clinical trials are ongoing.

Currently, no therapies have been approved to address 
accelerated aging in general or specifically in AATD, but 
potential targets have been identified, and this is a fast-mov-
ing area for therapeutic discovery. Targets include the clear-
ance of senescent cells, telomerase reactivation, epigenetic 
drugs and reducing both inflammation and ROS. A landmark 
study, recently published, suggested that transplanting senes-
cent cells into young mice caused age-like physical dysfunc-
tion, and clearance of senescent cells with dasatinib plus 

quercetin improved physical function in mice and reduced 
pro-inflammatory cytokines in explanted human adipose 
tissue [150]. In oncology, there is interest in inhibiting tel-
omerase to reduce the replicative burden of cancer cells, 
and concerns rose about increasing cancer burden if telom-
erase activity was enhanced. However, a recent murine study 
reported an increase in lifespan and healthspan when telom-
erase activity was enhanced, without increasing the cancer 
burden [151]. There are a high number of epigenetic tar-
gets to reduce accelerated aging, including SIRT1, calorific 
restriction to decrease mTOR signalling [152], and some 
repurposed drugs. These drugs include quetiapine [153] 
and especially simvastatin [154], which has been shown to 
improve age-associated neutrophil dysfunction [81] and is 
now being tested as a putative adjuvant therapy to enhance 
neutrophil functions in respiratory infections [155]. Whether 

Table 2  Preclinical studies and putative targets under preclinical or clinical evaluation that may improve outcomes in lung disease, including 
alpha-1 antitrypsin deficiency

For an overview of the clinical potential of senolytic drugs, see Kirkland et al. [170]
AAT  alpha-1 antitrypsin, COPD chronic obstructive pulmonary disease, FOXO3 foxhead box 03, hATT  human ATT, mRNA messenger RNA, 
mTOR mechanistic target of rapamycin, Nrf2 nuclear erythroid-related factor 2, PI3 K phosphoinositide 3 kinase, PiZZ homozygous for Z allele, 
SIRT Silent information regulators of transcription, TFEB transcription factor EB

Method/approach Description

The mTOR signalling pathway associated with cell metabolism, 
survival, and growth, which is a negative regulator of autophagy and 
linked with cell senescence through activation of PI3 K

mTOR activation in mouse models induced lung cell senescence, and 
lung emphysema developed rapidly [171]. Oral mTOR inhibitor being 
evaluated in cancer [172]. Number of autophagic vacuoles increased 
and intrahepatic Z-AAT polymers decreased in a mouse model [179]

SIRT1 is thought to regulate epigenetic gene silencing and suppress 
recombination of rDNA

Mice were protected against emphysema when given SRT1720 through 
FOXO3-mediated reduction of cellular senescence [123]

Autophagy TFEB enables rapid induction of autophagy; its overex-
pression is sufficient to induce autophagy [173]

Overexpressed TFEB was associated with reduced Z-ATT polymers and 
liver fibrosis in a murine model [174]

Antisense oligonucleotide against hATT. A complementary sequence 
to a specific mRNA, inhibiting its expression and then inducing a 
blockade in the transfer of genetic information from DNA to protein

Delivery of the antisense oligonucleotide to PiZZ mice produced an 
80% reduction in circulating PiZZ ATT levels [175]. See Table 1 RNA 
interference for human studies

Knock-out gene expression Following gene knock-out, insertion of wild-type AAT led to high circu-
lating levels of ATT and a reduction in the hepatic polymers, although 
this did not prevent fibrosis [176, 177]

Genome editing using CRISPR, a gene correction technique. A dou-
ble-stranded break in the DNA is created and new DNA sequences 
inserted/deleted [104]

In a humanized PiZZ mouse model, an adenovirus was used to deliver 
Cas9 and a guide-RNA molecule targeting hSERPINA1. The 
single-dose therapeutic gene-editing approach completely reverted 
the phenotype associated with the PiZZ mutation, including circulat-
ing transaminase and hAAT protein levels, liver fibrosis and protein 
aggregation [178]

Repurposed treatments
Sulforaphane. The transcription factor Nrf2 is a key regulator of cyto-

protective proteins, including antioxidants and proteasomal pathways
Disruption of Nrf2 causes earlier-onset and more severe emphysema in 

mice after exposure to cigarette smoke [181]. Sulforaphane is a potent 
pharmacological activator of Nrf2 and increases endogenous antioxi-
dants; it improved bacterial clearance in macrophages from patients 
with COPD and in a murine model [182]

Simvastatin. Traditionally used to lower cholesterol in primary and 
secondary prevention of ischaemic heart disease. Improves innate 
immune responses to infection and inflammation in healthy older 
adults and old adults with pneumonia-associated sepsis [81, 155, 
180, 183]

Some studies suggest improved innate immune cell function in in vitro 
COPD, but studies have not shown benefit [184]. However, there may 
be subgroups of responders depending on the dose and timing and 
participant’s age [183]
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any of these therapies enter clinical practice to help prevent 
an accelerated aging phenotype remains to be seen, but it is 
likely that our prescribing practices for many chronic dis-
eases will substantially change over the next few decades.

7  Conclusion

Our understanding of the functions of AAT is evolving, 
and—with this—the complexity of AATD is increasingly 
evident. AATD reflects not only a pathological loss of func-
tion (reduced circulating AAT) but also a gain of function 
(the impact of mutant AAT accumulation and polymerisa-
tion, especially in hepatocytes) alongside a dysfunctional 
immune response and the presence of chronic inflamma-
tion, all within an aging host. These features vary between 
patients, and it is likely that other genetic and environmen-
tal factors will also influence AATD disease manifestation 
and progression. All in all, treating AATD is likely to be 
challenging. However, advancements in drugs and delivery 
systems are likely to provide us with multiple future options 
for treatment.

There is great interest in targeting biological processes 
associated with aging, but it remains unclear whether or 
how much accelerated aging contributes to the pathology 
seen in AATD. However, sound reasons exist for considering 
whether AATD is, in its manifestations, a disease of acceler-
ated aging. Inflammation is a central feature of both AATD 
and accelerated aging. Pro-inflammatory signals are both a 
consequence of AATD and also drive AATD progression. 
These signals are a consequence of the primary hallmarks 
of aging and a cause of its development. Inflammation is a 
feature of many chronic non-communicable diseases such 
as CVD, T2DM and osteoporosis, all seen with increasing 
prevalence in AATD. Perhaps inflammation is the ‘one’ 
(from Emerson’s quote) that all diseases run into with age.

We have succeeded in reducing cigarette smoking in 
patients diagnosed with AATD, and augmentation therapy 
has slowed lung function decline for many patients and may 
delay the time to death [156]. Furthermore, trials of thera-
pies to reduce the burden of misfolded mutant AAT pro-
tein are underway and offer hope for patients with AATD-
associated liver disease. While this is undoubtedly progress, 
we still have much to learn about the pathophysiology of 
AATD. Understanding the impact of age and shared patho-
genic mechanisms across age-associated diseases may pro-
vide new therapeutic strategies.
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