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    Chapter 6   
 Lung Disease of Alpha-1 Antitrypsin 
Defi ciency       

       Robert     A.     Sandhaus     

            Introduction 

 A defi ciency of the circulating glycoprotein, alpha-1 antitrypsin (AAT), can lead to 
clinically signifi cant lung injury in a proportion of those who inherit this condition. 
The risk of lung disease is affected by the specifi c genotype of the SERPINA1 gene 
that codes for the AAT protein, risk factor exposures, and the individual’s genetic 
background [ 1 ,  2 ]. Even those  with   the most commonly identifi ed  severely   defi cient 
genotype, PiZZ, may lead their entire lives without evidence of clinically signifi -
cant, AAT defi ciency-related disease. The types of lung injury that occur in indi-
viduals with AAT defi ciency (AATD) are not unique; people with normal AAT 
genes can develop similar lung diseases with extended exposures to the same risk 
factors as those that accelerate damage in those with AATD. In some ways, AATD 
simply magnifi es and amplifi es the damage done to lung tissue by such risk factors, 
most prominently tobacco smoke exposure [ 3 ]. 

 The two most  common   pulmonary conditions associated with AATD are pulmo-
nary emphysema and bronchiectasis. The pulmonary emphysema tends to be pan-
lobular in distribution and most prominent in the lower lobes but this is not invariable 
[ 4 ]. Upper zone disease and centrilobular distribution can be seen in AATD-related 
lung disease but this tends to be less common. Similarly, the bronchiectasis noted in 
those with AATD does not have unique characteristics except for its ubiquity. In one 
study [ 5 ], approximately 94 % of individuals with AATD had computerized tomog-
raphy (CT) lung radiology consistent with bronchiectasis. In most cases, this bron-
chiectasis is asymptomatic, the so-called anatomic bronchiectasis. 

 Rarer lung conditions have been associated with AATD. Patients with ANCA- 
positive granulomatosis with polyangiitis (formerly Wegener’s granulomatosis) 
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appear to have a higher prevalence of abnormal AAT genotypes than the general 
population [ 6 ]. There is a biochemical logic to this since the ANCA antigen, pro-
teinase 3, is inhibited by AAT. 

 It is important to identify individuals with AATD, especially those with lung 
disease, because progression of disease can be prevented,    slowed, or halted by elim-
ination of risk factors [ 3 ]. In addition, in many countries, individuals with emphy-
sema due to AATD can receive intravenous infusions of wild-type AAT protein, 
derived from human plasma, a therapy shown to reduce the rate of emphysema 
progression. Potential future therapies for AATD-related lung disease include gene 
therapies, stem cell therapies, small-molecule protease inhibitors, and gene correc-
tion. While most of the pulmonary injury associated with bronchiectasis and emphy-
sema is considered irreversible, future therapeutics may reverse or repair these 
injuries.  

    History 

 Lung disease and AATD have been intimately associated since the fi rst descrip-
tion of this genetic condition. In 1963, the publications by Laurell and Eriksson 
identifi ed a genetic defi ciency of the AAT protein and described its association 
with “familial emphysema” [ 7 ]. A mechanism that might link this plasma protein 
defi ciency with the alveolar destruction of pulmonary emphysema was unknown 
at the time. 

 At essentially the same time, Gross and associates found that intratracheal instil-
lation of certain proteases produced pulmonary injury in rodents analogous to the 
histology of human pulmonary emphysema [ 8 ]. Further work by a number of inves-
tigators found that only proteases able to degrade elastin, a prominent lung connec-
tive tissue protein,  were   capable of inducing pulmonary emphysema in animal 
models [ 9 ,  10 ]. While a number of different proteases with elastolytic properties 
had been identifi ed and tested with success, none of these appeared to have access 
to human lungs. This led to questions about the applicability of these animal models 
to human disease. Since 1964 was the year of the US Surgeon General’s report link-
ing cigarette smoking to lung diseases including pulmonary emphysema, investiga-
tors even evaluated tobacco and tobacco smoke for elastolytic activity, but none 
was found. 

 This picture changed in 1968 with Janoff and Sherrer’s fi rst description of a 
potent elastolytic protease isolated from the human  polymorphonuclear   neutro-
philic leukocyte or neutrophil [ 11 ]. This “human neutrophil elastase” (HNE) proved 
to be quite potent at  producing   emphysema in a number of different animal species. 
Soon after the fi rst descriptions of the effects of this elastase, reports appeared docu-
menting that human AAT protein was an exceptionally potent inhibitor of HNE [ 12 , 
 13 ]. While AAT is a broad-spectrum serine protease inhibitor (SERPIN), its inhibi-
tory kinetics suggest that its preferred target is HNE. Finally, a potential mechanism 
for the emphysematous lung injury seen in patients with AATD was emerging. 
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 The proposed mechanism for lung injury in AATD revolved around the 
 protease- antiprotease balance in the lung parenchyma. In individuals with normal 
levels of AAT protein in the lung, neutrophils perform their function as the major 
acute infl ammatory  cells   of the body with AAT protein acting as a barrier of sorts 
to protect normal lung connective tissue, especially elastin, from proteolytic degra-
dation during lung infl ammation. In individuals with a hereditary defi ciency of 
AAT, there is insuffi cient anti-elastase protection and, over time, emphysema can 
result [ 14 ]. 

 Soon after this scenario became accepted, a new wrinkle appeared in the story. 
Investigators noted that certain products of tobacco combustion were capable of 
inactivating the anti-elastase properties of AAT [ 15 ]. Simply bubbling  cigarette 
smoke   through a solution of AAT could completely inactivate elastase inhibition by 
the AAT protein. The mechanism of this inactivation proved to be oxidation of a 
methionine residue in the catalytic site of the AAT molecule [ 16 ]. The result is that 
the protease pathogenesis mechanism of pulmonary emphysema was extended to 
those with normal circulating AAT levels who smoke cigarettes. 

 Given this unifying theory of emphysema pathogenesis, how can one explain the 
fact that some with AATD never develop clinically signifi cant lung disease? 
Individuals with the most commonly identifi ed genotypes associated with AATD 
have plasma AAT levels that are approximately 10–15 % of the usual levels expected 
in individuals with the normal, PiMM, AAT genotype. It appears that under most 
circumstances in individuals with AATD, when there is no increased infl ammation 
in the  lungs   and there is little oxidative inactivation of the AAT protein bathing the 
lungs, even this reduced level of AAT is suffi cient to protect the lung from signifi -
cant destruction. Events that can upset this delicate balance would include lung 
infection and exposure to agents that can increase infl ammation or decrease the 
effectiveness of AAT as an elastase inhibitor, such as cigarette smoke, including 
secondhand smoke, and occupational exposures. 

 A group of AAT mutations, known collectively as “null mutations,” lead to the 
production of no AAT protein [ 17 ]. Virtually all  individuals   identifi ed with two null 
SERPINA1 genes develop pulmonary emphysema as young adults and, without 
therapy, their disease progresses rapidly. This suggests that even having a reduced 
level of AAT protein in the lungs provides signifi cantly more protection than a total 
absence of AAT protein. 

 In the early 1980s, armed with this understanding of the role of AAT in lung 
protection, a group of investigators in the Pulmonary Division of the NIH intramu-
ral facility in Bethesda, Maryland, sought to evaluate whether supplementation of 
the circulating levels of AAT protein might benefi t patients with lung disease due to 
AATD [ 18 ]. They developed a methodology for the purifi cation of AAT from the 
plasma of healthy individuals with normal SERPINA1 genes and infused individu-
als with AATD with this purifi ed AAT concentrate. Further, they demonstrated that 
they could raise both the plasma and lung levels of AAT with these infusions. 
Unfortunately, AAT is cleared relatively rapidly from the circulation with a half-life 
of less than 1 week, so infusions with multiple grams of this “augmentation ther-
apy” on a weekly schedule were required to maintain levels felt to be adequate. 
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Since this regimen failed to maintain a “normal” trough level through the end of a 
week, even once a steady-state level had been achieved, a “protective threshold” 
was defi ned, based on the evaluation of AAT genotypes that produced mildly 
decreased levels but seemed to have no or minimal increased risk of lung disease. 
The regimen of 60 mg/kg of body weight, given by weekly intravenous infusion, 
was found to keep patients studied above this protective threshold [ 19 ]. 

 The US Food and Drug Administration (FDA) approved the marketing of the 
fi rst AAT augmentation therapy based on this biochemical effi cacy in December of 
1987. Since it was appreciated that a signifi cant percentage of individuals with 
AATD would  never   develop lung disease, it was directed that this therapy should be 
reserved for individuals with severe AAT defi ciency who had documented lung dis-
ease. For 15 years, this was the only augmentation therapy product approved in the 
USA and was widely prescribed to treat AATD-related emphysema. Beginning in 
2003, additional products gained marketing approval until, at the time of this writ-
ing, there are a total of four such products available in the USA and several products 
available in other parts of the world. In the USA, each of the three additional aug-
mentation therapy products was approved based on small studies that demonstrated 
the newer products were not inferior to the original in safety and biochemical 
effi cacy. 

 Liver injury in AATD is associated with polymerization and retention of AAT 
protein within hepatocytes (see appropriate chapters in this book). Recent work has 
demonstrated that these same polymers can be found in blood and within the con-
nective tissue of the pulmonary parenchyma in defi cient individuals [ 20 ,  21 ]. In 
addition, these polymers in the lung appear to have pro-infl ammatory properties that 
may enhance the lung damage associated with AATD.  

    Clinical Presentation of AATD Lung Disease 

 Lung disease in AATD is mostly indistinguishable from  chronic obstructive pulmo-
nary disease (COPD)   in general. Identifi cation of AATD in a given individual 
depends on a laboratory diagnosis indicating a low level of circulating AAT protein 
and Pi-type  or   genotype revealing two abnormal AAT-coding genes [ 22 ]. Pi-typing 
evaluates circulating AAT protein using isoelectric focusing to reveal differences in 
protein migration patterns due to molecular isoforms. Genotyping evaluates the 
 SERPINA1 gene   for known mutations associated with defi ciency. In rare cases, it is 
sometimes necessary to sequence the SERPINA1 genes to identify a rare or previ-
ously unknown genotype. To date, more than 400 mutations of the SERPINA1 gene 
have been reported. A minority of these is associated with a defi ciency or dysfunc-
tion of circulating AAT protein. 

 While the defi nitive diagnosis of AATD is based on laboratory testing, there are 
clinical indicators that increase the likelihood of its presence. Precocious emphy-
sema or emphysema out of proportion to smoking history often prompts testing for 
AATD. Similarly, a  family   history of emphysema, especially with lung disease out 
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of proportion to risk factors like smoking, can be suggestive and a family history of 
unexplained liver disease may also raise suspicion. It is increasingly common for 
radiologists to suggest a diagnosis of AATD based on chest CT evaluation showing 
lower zone, panlobular emphysema, often accompanied by bronchiectasis. Current 
guidelines and standards suggest testing all individuals diagnosed with COPD for 
AATD regardless of age and smoking history. Several studies have demonstrated an 
increased prevalence of undetected AATD (between 0.6 and 3 %) among the gen-
eral COPD population [ 23 ,  24 ]. 

 Finally, family testing of those identifi ed with AATD will often reveal unde-
tected, and often asymptomatic, AATD in family members. In the future, routine 
AATD testing of newborns may well be the norm. A focus on risk factor reduction 
in those identifi ed at an early age may well prevent much of the disease we currently 
see in this condition. 

 A retrospective study of a single center’s experience has suggested an increased 
incidence of lung cancer in individuals carrying at least one AAT defi ciency muta-
tion [ 25 ]. This work still requires confi rmation.  

    Management of AATD Lung Disease 

 Once identifi ed, an individual with AATD should be assessed for the conditions 
associated with this genetic condition including, most prominently, lung and liver 
disease. Individuals with normal lung function and no evidence of signifi cant 
destructive lung disease should be educated about AATD and risk factors for dis-
ease. Smoking prevention and cessation are among the most important steps to pre-
vent lung disease in AATD (as in many lung conditions). Currently, augmentation 
therapy with plasma-derived AAT protein is not indicated in those without evidence 
of destructive lung disease. Careful monitoring of lung function and radiology is 
suggested. 

 While there are no evidence-based recommendations for the follow-up of healthy 
individuals with AATD, in general, clinicians treating a large number of such 
patients do annual or biannual complete pulmonary function testing often accompa-
nied by liver function studies. A baseline high-resolution CT of the chest without 
contrast can be considered (Fig.  6.1 ). Interval repetition of  the   chest CT is not rec-
ommended but is reserved for evaluating signifi cant changes in an individual’s 
respiratory status [ 26 ].

   The clinical evaluation and follow-up of individuals with AATD-related lung 
disease is similar to the monitoring of healthy individuals with AATD. The fre-
quency of evaluation is generally increased, however. Those with destructive lung 
disease usually have their lung function evaluated semiannually until stable and 
then are moved to annual visits unless an unexpected change occurs. Generally, 
those with lung disease have some evaluation of oxygenation included in their 
workup, such as an arterial blood gas, a 6-min walk with oximetry, or a formal 
 pulmonary exercise study. Depending on risk factors and age, a cardiopulmonary 
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exercise study may be considered. In those requiring supplemental oxygen, it is 
often reasonable to consider an echocardiogram to evaluate for right-sided heart 
disease and pulmonary hypertension. 

 The treatment of lung disease due to AATD broadly follows the treatment rec-
ommendations for individuals with non-AATD COPD and/or bronchiectasis. 
While clinical trials of medications for the treatment of COPD have generally 
excluded individuals with AATD and none of the usual COPD drugs have been 
specifi cally evaluated for effectiveness in AATD-related lung disease, it is  gener-
ally   assumed that AATD-associated lung disease responds to the same medications 
and other treatments that are used in treating typical, smoking-related COPD. The 
mainstays of therapy include long-acting inhaled beta-agonists, long-acting inhaled 

  Fig. 6.1    Computed tomography of the chest in patients with AAT defi ciency shows  a   broad range 
of manifestations. AAT defi ciency has classically been associated with the development of basilar- 
predominant panacinar emphysema (Panel  a ). However, upper-lobe-predominant emphysema 
(Panel  b ) and bronchiectasis (Panel  c ) can also be observed, and sometimes the lungs are normal 
(Panel  d ) (reprinted with permission from Ref. [ 26 ])       
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anticholinergics, and long-acting inhaled corticosteroids. These medications are 
presumed to have the same benefi cial effects on pulmonary exacerbation incidence 
and symptoms as in non-AATD COPD. As with these agents in any patient being 
treated for COPD, the goal is to use the lowest dose and fewest drugs that achieve 
the desired benefi t. 

  Pulmonary exacerbations   are common in AATD lung disease. Studies have sug-
gested that on average AATD patients with lung disease have just over two exacer-
bations per year, with subpopulations within these studies that have no exacerbation 
and others with many more than two each year [ 27 ]. This latter group may benefi t 
from the addition of a phosphodiesterase 4 inhibitor or chronic macrolide therapy, 
again based on studies in non-AATD COPD patients. For individuals with clinically 
signifi cant bronchiectasis, airway clearance devices and techniques may be benefi -
cial. Antibiotic therapy should be based on sputum culture and sensitivity results in 
this setting and resistant enteric organisms may colonize AATD patients with long- 
standing bronchiectasis, just as in this condition in those without AATD. 

 With respect to the treatment of an exacerbation, logic would suggest that 
patients with AATD would be at greatest risk of incremental lung destruction during 
a time of acute lung infl ammation. Therefore, aggressive treatment of pulmonary 
exacerbations is recommended. Empiric therapy with antibiotics is recommended, 
if no recent sputum culture results are available to guide antibiotic choice. Addition 
of oral or parenteral corticosteroids may be required for severe exacerbations. 

 Other treatments initially developed for non-AATD COPD are also employed in 
the management of AATD lung disease. Pulmonary rehabilitation appears to benefi t 
many with this condition. Immunization against organisms that commonly cause 
community-acquired pneumonia is recommended for those with AATD lung dis-
ease as is annual infl uenza immunization. Many clinicians recommend immuniza-
tion against hepatitis A and B virus in order to reduce the risk of liver injury. 

 The use of AAT  augmentation therapy   should be considered in any AATD patient 
with documented emphysema. The goal of augmentation therapy is to prevent or 
slow the rapid decline in lung function found in individuals with lung disease due to 
AATD. The appropriate time to start augmentation therapy in an individual with 
AATD lung disease is an area of some disagreement. The fi rst large study (large by 
rare disease standards) of patients with AATD was the NIH/NHLBI Registry of 
Patients with Alpha-1 Antitrypsin Defi ciency (AATD) which enrolled 1129 indi-
viduals with AATD with a goal of evaluating the natural history of AATD [ 28 ]. 
Enrolled individuals were followed for approximately 5 years (3.5–7 years) with 
annual or semiannual testing of lung function, chest radiology, and blood work. The 
study began soon after the marketing approval of the fi rst augmentation therapy 
product in the USA, and a majority of enrollees were treated with augmentation 
therapy for all or part of their time in the registry. A post-hoc analysis of the effect 
of augmentation therapy on mortality and lung function was performed [ 29 ]. 
A signifi cant improvement in survival was noted in those who (1) received augmen-
tation therapy during any of their time in the registry and (2) had an entry forced 
expiratory volume in 1 s (FEV 1 ) of less than 50 % predicted. In addition, there was 
a signifi cantly decreased rate of decline of lung function, as assessed by FEV 1 , in 
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individuals receiving augmentation therapy whose entry FEV 1  was between 35 and 
49 % predicted compared to those who did not receive augmentation. Studies per-
formed concurrently in Europe, with smaller subject numbers, confi rmed many of 
the fi ndings of the US registry study, although survival improvement could not be 
documented in those studies [ 30 ,  31 ]. 

 Based on these studies, some clinicians elect to initiate augmentation therapy 
only once the FEV 1  of an affected individual declines to less than 50–60 % pre-
dicted. Others note the small number of healthier but declining patients, and thus the 
lack of power to detect improvement in healthier individuals, in the studies just 
cited. In addition, it can be pointed out that individuals who  have   emphysema due 
to AATD but have an FEV 1  greater than 50–60 % of predicted would be asked to 
wait until additional lung tissue was irreversibly destroyed if the former approach is 
used to guide the initiation of augmentation therapy. Once the decision to initiate 
augmentation therapy is made, the dose approved for the currently available thera-
pies remains the same as initially described in the publications from the NIH intra-
mural investigations of the 1980s: 60 mg/kg/week by intravenous infusion. There 
remains some controversy about whether this is the appropriate dosage and admin-
istration interval for all patients. At the time of this writing, there is at least one 
dose-ranging study enrolling subjects. 

 What remains controversial still, more than 25 years after the introduction of the 
fi rst AAT augmentation product, is the measurable clinical benefi t of this therapy. 
At the time of approval of the fi rst product in this class, there were too few identifi ed 
potential subjects to perform a well-powered, placebo-controlled, long-term pro-
spective clinical effi cacy study. Now that detection efforts have identifi ed a suffi -
cient number of potential subjects to perform such studies, the effectiveness  of 
  augmentation therapy is so widely accepted, at least within the USA, that a long- 
term placebo-controlled trial is virtually impossible to enroll because potential sub-
jects fear randomization into the placebo group. Further, a growing number of ethics 
committees/institutional review boards (IRB) are fi nding ethical confl icts with stud-
ies that intend to enroll AATD patients and randomize some into placebo arms for 
prolonged periods. Several small, pilot, placebo-controlled prospective studies have 
been performed [ 32 ,  33 ], and, to date, one well-powered placebo-controlled trial of 
augmentation therapy has been completed [ 34 ]. The most recent studies have used 
longitudinal measurements of lung CT densitometry as the primary endpoint, since 
this appears to allow the most direct quantifi cation of lung tissue destruction cur-
rently available. 

 The single well-powered study enrolled about 180 subjects with approximately 
half randomized to receive augmentation therapy at standard doses and the other 
half receiving placebo infusions for 2 years. This study demonstrated a signifi cant 
preservation of lung tissue comparing the treated to the control group. In addition, 
an extension study allowed treated subjects to continue on therapy for an additional 
2 years and rolled the placebo subjects onto treatment for this second 2-year period. 
 The   extension study demonstrated that, during the second 2 years of therapy, the 
rate of loss of lung tissue slowed even further in the group on 4 years of augmenta-
tion therapy. See Fig.  6.2 . In addition, those initially receiving placebo showed a 
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decrease in the rate of loss of lung tissue once they were started on augmentation 
therapy for the 2 years of the extension study. An interesting fi nding in this study 
was that the trough blood levels of AAT were inversely correlated with the rate of 
lung tissue loss. See Fig.  6.3 .

  Fig. 6.2    Effect of augmentation therapy (A1PI) versus placebo on rate of lung  density   decrease 
during the double-blind and open-label portions of the trial in all patients. Values on graph are 
annual rates of decrease calculated from CT densitometry at total lung capacity. A1PI  n  = 92; pla-
cebo  n  = 85 during double-blind period. A1PI  n  = 50; placebo  n  = 47 during open-label period. 
 p  = 0.03 during the double-blind portion (reprinted with permission from Ref. [ 32 ])       

  Fig. 6.3    Rates  of   lung density decrease at total lung capacity versus trough augmentation therapy 
serum concentrations achieved. Response-exposure curve.  Shaded area  represents 90 % confi -
dence intervals. A1PI = α1 (reprinted with permission from Ref. [ 32 ])       
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    While it  is   encouraging to see the results of this trial, the use of CT densitometry 
to quantify lung tissue destruction is not accepted by all. In addition, the clinical 
signifi cance of the magnitude of benefi t demonstrated in these studies remains 
unclear. Still, in a condition that progresses over decades, even small annual 
improvements can have large long-term benefi ts. At this time, it can be said that 
augmentation is generally well accepted in areas of the world where it is available 
and a growing number of health systems are approving the administration of this 
class of product. Augmentation therapy remains the only specifi c therapy currently 
available to treat the lung disease of AATD. It should be noted that no benefi t of 
augmentation therapy in granulomatosis with polyangiitis has been demonstrated. 

 Another powerful treatment for individuals with AATD is education. Education 
of affected individuals and their family members regarding  the   mechanisms of dis-
ease, risk factors, and treatment can be a powerful therapy to help prevent and treat 
lung disease in AATD. This has been demonstrated by the publications from the 
AlphaNet health management program, evaluating the benefi ts of patient self- 
management in a large group of lung-affected individuals with AATD [ 35 ]. Currently 
including nearly 5000 individuals, most on augmentation therapy, this program con-
tinues to involve those with AATD in their own care and prevention of disease. 

 An important unanswered question is the risk of lung disease in those who inherit 
a single abnormal AAT gene. For several common genotypes, there appears to be 
little evidence of an increase in risk. These include the S, I, P, and F genes when 
each is inherited with a normal M gene. Two heterozygote combinations deserve 
special attention: PiMZ and PiMNull. The blood levels of AAT with these latter 
heterozygotes can approach those seen to lead to increased risk of lung disease in 
those who are homozygote for a defi cient gene and those who inherit a complex 
heterozygote, such as PiSZ. Studies have suggested that individuals with the PiMZ 
genotype have an increased risk of lung disease only if they smoke tobacco products 
with little or no increased risk seen in nonsmokers [ 36 ,  37 ]. It is possible that there 
is a subgroup of PiMZ individuals with signifi cantly increased risk of lung disease 
but this has yet to be demonstrated conclusively.  

    Summary 

 Lung disease is the most common trigger for testing of individuals for 
AATD. Evidence suggests that the great majority of individuals with AATD remain 
undetected [ 38 ]. Whether they remain untested because of lack of signifi cant illness 
or because the diagnosis remains unconsidered even in those with cardinal diseases 
is not clear. Based on family testing results, it appears likely that many of those with 
AATD who remain undetected are perfectly healthy. However, studies of those 
with the diagnosis of COPD suggest that there are a sizable number of individuals 
with undetected AATD within the COPD population. 

 Since there is specifi c therapy for AATD-related COPD that is distinct for that 
provided to patients with more usual COPD, identifying those with lung disease due 
to AATD can be clinically important. In addition, identifying an individual with 
lung disease due to AATD also identifi es a family that is potentially at risk.     
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