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Abbreviations

AAT Alpha-1 antitrypsin

AATD  Alpha-1 antitrypsin deficiency

FEV,  Forced expiratory volume in one second
COPD  Chronic obstructive pulmonary disease

Introduction

Alpha-1-antitrypsin deficiency (AATD) is an under-recognized hereditary condition
characterized by low serum levels of alpha-1 antitrypsin (AAT) and an increased risk
for the development of respiratory and hepatic disease [1-3]. Fewer than 10 % of the
individuals with severe AATD are recognized clinically, typically after long diagnos-
tic delays [4—6]. Its early detection is crucial as it may prompt specific interventions
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such as testing of family members, genetic counseling for patients and families, life-
style changes (e.g., smoking cessation and occupation change), screening for other
manifestations of the disease, and consideration of augmentation therapy [7].

An early diagnosis of AATD can be accomplished by screening the general pop-
ulation [8, 9] or by targeting high-risk groups. Population-based screening has the
advantage of detecting clinically unaffected individuals at a younger age, but this
modality is expensive and challenging to perform on a large scale [10]. Targeted
detection is associated with higher recognition rates and lower costs. The diagnostic
yield and costs of this approach depend largely on the characteristic of the individu-
als tested and the protocol used for processing the samples [11]. The ATS/ERS
statement describes the conditions that should prompt testing for AATD, serving as
the basis for targeted testing [1].

The gene that codes for AAT protein is located on the long arm of chromosome
14 (14931-32.3). More than 120 variants of this gene exist. At least 32 of these vari-
ants are associated with altered, reduced, or absent serum AAT; however, the vast
majority (~95 %) of AATD individuals with lung disease are homozygous for the Z
allele [12, 13]. In addition, subjects heterozygous for the Z allele (PI MZ and PI SZ)
have a modest increase in the risk of developing lung disease [1, 14-16].

Detection of AATD

Different algorithms for the detection of AATD that combine measurement of AAT
protein in plasma, genotyping, and isoelectric focusing (IEF) have been proposed.
The algorithm used in this study begins with genotyping for the two most common
deficient alleles involved in the disease, namely PI*Z (Glu 342 GAG — Lys AAG)
and PI*S (Glu 264GAA — Val GTA). Genotyping is less technically demanding
than IEF and it allows us to identify the prevalence of the main genotypic variants
in the population studied, a relevant analysis, since one of the main barriers for not
testing for AATD individuals is the perceived low yield of the test [17].

Little is known about the demographic, clinical, and genotype characteristics of
individuals who underwent target screening for AATD in the USA. We sought to
determine the prevalence of the main AATD genotypic variants and describe the
demographic and clinical characteristic of the patients who underwent testing in one
of the largest targeted detection programs in the USA. In addition, we explored the
relationship between age and genotype, gender, race, smoking history, year of test-
ing, region of origin of the sample in the USA, and reason for testing.

National Detection Program

Data from subjects who underwent AATD testing as part of the National Detection
Program for alpha-1-antitrypsin deficiency from December 2003 to July 2009
were retrospectively analyzed. Kits for alpha-1 antitrypsin detection, containing
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a healthcare provider’s guide to alpha-1 antitrypsin deficiency, the ATS/ERS
statement on standards for the diagnosis and management of individuals with
alpha-1 antitrypsin deficiency [1], and several blood collection cards, were dis-
tributed to respiratory physicians throughout the country. A total of 5195 US phy-
sicians ordered at least one AATD test. Each blood collection card was
accompanied by a questionnaire asking demographic and clinical information,
including age, gender, race, geographic data, smoking history, diagnosis of respi-
ratory or hepatic diseases, and family history of respiratory diseases. Family his-
tory of respiratory diseases referred to the presence of AATD, COPD, or
emphysema in parents or siblings. Although a more recent version of the ques-
tionnaire discriminated among these conditions, for consistency these respiratory
diseases were grouped together.

We recorded the US State where the sample was originated and grouped them in
Regions (Northeast, Midwest, South, and West) as defined by the U.S. Census
Bureau [18]. We excluded from the analysis those samples in which the origin was
not recorded or they originated from Canada or Puerto Rico (n=328).

Although we suggested testing potential AATD individuals following the recom-
mendations proposed by the ATS/ERS statement [1], in practice, individuals were
tested according to the discretion of physicians who received the kits. To simplify
the analysis, we divided the reasons for screening into five main categories: (1)
presence of respiratory diseases such as COPD, asthma, and bronchiectasis, (2)
presence of hepatic diseases (hepatitis or cirrhosis) or abnormal liver function tests,
(3) combination of respiratory and hepatic diseases, (4) presence of family history
of COPD or AATD, and (5) family history of respiratory diseases plus respiratory
and/or hepatic diseases.

Fresh whole blood was collected by fingertip puncture on a 903 filter paper.
Blood was allowed to air dry before mailing. Once the dried blood spot (DBS)
sample was received, we processed it following the algorithm shown in Fig. 5.1.
PI*Z and PI*S genotyping was performed with End-point allelic discrimination
on an ABI Prism 7500 Fast System (Applied Biosystems) using 3.2 mm DBS
punches. Assays were run in a 96-well format according to the manufacturer’s
instructions. Nephelometry determination was performed using methods described
previously [19, 20]. For reflex testing, we performed single nucleotide polymor-
phisms (SNP) analysis and DNA sequencing using similar methodology to
Ferrarotti et al. [21].

Dried blood spot collection methodology is minimally invasive, requires a small
amount of sample, and is easier to preserve and ship [22]. In addition, we have
demonstrated an excellent correlation between AAT protein concentration mea-
sured in plasma and in DBS (n=347, r=0.95) (Fig. 5.2).

Although this model confirmed the presence of S and Z alleles, and detected the
majority of deficient individuals, it did not directly test for the common “wild-
type” M variant. The presence of PI*M was assumed when genotyping for S and Z
was negative and the DBS AAT protein level was concordant with this genotype.
We used PI*M instead of PI non S-non Z (which is the correct term) for
simplicity.
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Dried blood spot
(DBS) sample
received

Genotyping for S
and Z alleles

Negative for S or Z Positive for S or Z
alleles alleles

Strong suspicion for AAT DBS level
null/rare alleles or
Physician request

NO YES SS MS, Mz, 72, SZ 4

Stop AAT DBS Stop
level

Normal Low

Reflex testing*

Fig. 5.1 University of Florida detection Lab Testing Algorithm. Heterozygous and homozygous
individuals for PiZ undergo reflex testing for confirmatory purposes. In the case of PiIMZ and
PiMS individuals with low DBS AAT levels, reflex testing is performed to rule out the combination
of a Z or S allele with a Null or Rare allele. "Blood sample is requested for PI typing by single
nucleotide polymorphism (SNP) and DNA sequencing

Results of the National Detection Program

A total of 40,049 unique subjects underwent target screening for the presence of
AATD from December 2003 to June 2009. For this analysis, we included adult
patients (>16 years) with an available genotype. Data from 37,708 individuals were
used for further analysis (Fig. 5.3).
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Assessed for eligibility

(n=40,049) Excluded (n=2,341)
Genotype N/A (n=900)
Genotype failed (n=53)
Genotype rare (n=23)
Age N/A (n=687)
A 16 =678
Included ge <16 years(n :
(n=37,708)
MM MS SS Mz Sz 7z
(n=31,670) (n=2,957) (n=115) (n=2,344) (n=244) (n=378)
84% 7.8% 0.3% 6.2% 0.6% 1%

Fig. 5.3 Flow diagram of the study population and results of genotyping

The genotypes were MM in 84 % (n=31,670), MS in 7.8 % (n=2957), SS in
0.3 % (n=115), MZ in 6.2 % (n=2344), SZ in 0.6 % (n=244), and ZZ in 1 %
(n=378) (Fig. 5.2). One in 6.25 individuals had a genotype other than MM. At least
one Z allele was present in 7.9 % of the samples (#=2966). The S and Z allelic
frequency was 4.55 % and 4.43 %, respectively.

Compared with data obtained from control cohorts of genetic epidemiological
studies in the USA (n=27,809) [23], we found an increase in the detection rate of
genotypes other than PI MM in our program. The detection rate markedly increased
for the genotype ZZ by a factor of approximately 48 times (Table 5.1).
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Table 5.1 Comparison between prevalence of PI ZZ in epidemiologic studies versus our targeted
screening program

Epidemiologic studies (%)* | Targeted screening (%) | Increase in detection rate

PI MM 91.14 84 0.92
PI*MS 5.88 7.8 1.33
PI*SS 0.095 0.3 3.16
PI*MZ 2.78 6.2 2.23
PI*SZ 0.089 0.6 6.74
P1ZZ 0.021 1 47.62
PI*Z allele 1.45 4.55 3.14
PI*S allele 3.07 4.43 1.44

4Data obtained from de Serres et al. who estimated the gene frequency according to the race and
calculated the prevalence of different AATD phenotypes in the general US population [23]

Age

The age at the time of genetic testing for the entire cohort was 57.3+15 years
(Table 5.2). Individuals heterozygous for PI*Z were genetically diagnosed 3.8
(95 % CI: 0.3) years before subjects without any Z allele (p<0.001). Individuals
homozygous for PIZ were genetically diagnosed 1.96 (95 % CI: 0.7) years before
subjects heterozygous for PI*Z (p=0.007). PI*Z homozygous were genetically
diagnosed 5.7 (95 % CI: 0.7) years earlier than subjects without any Z allele
(p<0.001).

The difference in age at the time of the testing between PI*MM and PI ZZ indi-
viduals was 5.73 years (95 % CI 4.2-7.2) (Table 5.3 and Fig. 5.4). PI ZZ individuals
were genetically diagnosed at the age of 50 years or above and 70 years or above in
55 % and 9 % of the cases, respectively. The oldest individual diagnosed with the
ZZ genotype was 87 years old.

Gender

Of all the subjects, 58 % were women. A lower percentage of women were observed
in individuals heterozygous (55.2 %) and homozygous (49.2 %) for PiZ (p<0.001)
(Table 5.2). This female gender predominance was maintained for all genotypes,
except for PI ZZ (Table 5.3).

In PI ZZ individuals, the age at the time of genetic testing did not differ between
genders [men: 52.1+11 years versus women: 51.7+ 14 years (p=0.75)].
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Table 5.2 Characteristics of the individuals in the overall population and subjects with no Z allele,
heterozygous and homozygous for PI*Z

Overall NoZ PI*Z PI*Z
population alleles heterozygous homozygous P
n 37,708 34,742 2966 378
Age (years) mean+SD | 57.3%15 57.6+x15 |53.9+16 51.9+13 <0.001
Gender (women %) |58 58 55.2 49.2 <0.001
Race (%)
White 80.2 79.4 90.3 89.1 <0.001
African-American 6.9 7.4 0.7 -
Hispanic 6.1 6.4 23 33
Asian-Pacific 0.8 0.9 0.1 -
American-Indian 0.2 0.2 0.2 -
Mixed 0.4 0.4 0.7 0.5
Other 0.7 0.7 0.2 0.3
Not reported 4.6 4.5 5.7 6.8
Smoking (%)
Current 20.6 20.9 18.2 11 <0.001
Ex-smokers 41.7 41.8 41.1 39.5
Never-smokers 28.2 279 31.1 34.3
Unknown 9.5 9.5 9.7 15.2
Origin of the sample (US Region) (%)
Northeast 13.2 13.1 14.1 12.9 <0.001
Midwest 18.9 18.7 21.1 16.8
South 55 55.3 50.8 54.4
West 12.9 12.8 14 15.9
Reason for testing (1-5) (%)
1 68.2 69.4 54.1 51.3 <0.001
2 2.3 2.3 2.6 34
3 3.8 3.9 32 4.5
4 1 0.4 7.8 7.7
5 14 0.9 6.6 9.3
Unknown 233 23.1 25.8 23.8

“p for the comparison of No Z alleles versus heterozygous and homozygous PI*Z

Race

The race distribution of the entire cohort, individuals heterozygous and homozy-
gous for PI*Z, divided by genotype, is shown in Tables 5.2 and 5.3. The PI*Z allele
was present mainly in Caucasians and rarely in individuals of African-American,
Asian-Pacific, or American-Indian descent. The PI*ZZ allele combination was not
seen in the latter three groups (Table 5.2).
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Table 5.3 Characteristics of the individuals divided by genotype

MM MS SS MZ Sz 77 P
Age (years) 57.6+15 |57.8+15 |552+15 |538+16 |54.8+16 |51.9+13 | <0.001
Gender 58 57 55 56 51 49 <0.001
(women) (%)
Race (%)
White 79.1 82.5 81.7 90.5 88.4 89.1 <0.001
AA 8 1.7 - 0.8 - -
Hispanic 6.1 2.2 13.9 2.1 3.7 3.3
Smoking history (%)
CS 20.8 22 24.8 18.5 14.5 11 <0.001
ES 41.7 41.7 46 40.1 50.6 39.5
NS 28 26.9 20.4 31.7 24.9 34.3
NR 9.5 9.4 8.8 9.6 10 15.2
Origin of the sample (%)
Northeast 13.3 11.1 10.5 13.9 16.5 12.9 <0.001
Midwest 18.8 18.2 21.9 20.8 23.6 16.8
South 55.2 56.6 60.5 51 48.8 54.4
West 12.7 14.2 7 14.3 11.2 15.9
Reason for testing® (%)
1 69.5 68.9 64.3 53.9 56.1 51.3 <0.001
2 2.3 2.5 35 2.6 2.5 34
3 39 39 5.2 32 33 4.5
4 0.3 0.8 0.9 7.6 9.8 7.7
5 0.8 14 2.6 6.4 8.6 9.3

“Reason was not available in 23.2, 22.4, 23.5, 26.4, 19.7, and 23.8 % of the samples for genotypes
MM, MS, SS, MZ, SZ, and ZZ. Abbreviations: F Female, M men, W white, O other race, NR not
reported, CS current smoker, ES ex-smoker, NS never-smoker

60
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? o
) i
&
: |
50
45 T T T T T T
MM MS ss MZ sz zz

Genotype

Fig. 5.4 Mean age (+2 Standard Error) according to genotype
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Smoking History

The smoking history for the entire cohort, individuals heterozygous and homozygous
for PI*Z and divided by genotype, is shown in Tables 5.2 and 5.3. The percentage
of never-smokers increased and the proportion of current smokers decreased when
comparing subjects with no Z allele to subjects with one and two PI*Z alleles
(»<0.001) (Table 5.2). Interestingly, PI ZZ women included more never-smokers
individuals than PI ZZ men (42.9 vs. 25.9 %, p<0.001). In contrast, PI ZZ men
included more ex-smokers subjects than PI ZZ women (49.7 vs. 28.8 %, p<0.001).

Year of Testing

We tested 3142 samples in 2004, 3766 in 2005, 5257 in 2006, 7283 in 2007,
11,006 in 2008, and 7116 during the first 6 months of 2009. The corresponding
mean ages at genetic testing were 54.4+15 years, 58.2+ 16 years, 57.3+ 15 years,
57+15 years, 57.6+ 14 years, and 58.3+ 15 years, respectively (p<0.001). In con-
trast, the age at genetic testing in PI*ZZ individuals was not significantly different
for the years 2004-2009.

Origin of the Sample

Samples originated from US Postal Regions Northeast, Midwest, South, and West
in 13.2 %, 18.9 %, 55 %, and 12.9 % of the cases, respectively. The age at genetic
diagnosis of PI*ZZ was not significantly different among regions.

Reasons for AATD Testing

Patients were tested predominantly for respiratory diseases (68.2 %) (Tables 5.2 and
5.3). Heterozygous and homozygous for PI*Z had a higher proportion of individu-
als with family history of respiratory diseases than subjects without any Z allele
(p<0.001).

Interpretation of the National Detection Program

In this study, which included a large number of patients who underwent AATD
targeted detection in the USA, we observed a higher frequency of AATD alleles
compared with population screening studies in the USA. We noted that patients
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were genetically tested at a relatively advanced age. Homozygous and heterozygous
variants of PI*Z were diagnosed at a younger age, a difference more noticeable in
current smokers. Interestingly, no correlation was found between age at genetic
diagnosis and gender, race, year of genetic testing, and origin of the sample in the
USA in PI ZZ subjects.

Targeted detection is a tool to increase AATD recognition that has a higher yield
and lower cost than population screening. Using the algorithm described in Fig. 5.1,
we found that 16 % of the samples had a genotype other than PiMM, a figure almost
twice the prevalence observed in the general population (8.8 %) [24]. In the present
assessment, the detection rate for PI ZZ was 1 %, which increased to 1.1 %
(401/37,731) and 1.71 % (645/37,731) if Z null/rare and PI SZ genotypes were
sequentially included. When compared with general screening, the detection rate
of PI ZZ individuals increased approximately 48 times with targeted detection.
A review of the literature reveals a broad degree of detection rates for PI ZZ, rang-
ing from 0.2 to 6.6 % [11, 17, 25-27]. This variation is likely to result from the
different criteria used for testing of potential AATD subjects.

The use of the real-time polymerase chain reaction for genotyping, as the first
test in our algorithm, allows the detection of the two most common deficiency
alleles found in AATD individuals in a rapid and efficient way. If used alone, this
test may result in the misclassification of rare deficiency alleles. For this reason, we
measured AAT protein DBS levels in patients homozygous and heterozygous for
PI*Z and PI*S, for confirmation and to avoid misclassification of a second deficient
allele. In the event that AAT protein level was low in DBS, we perform PI typing as
a reflex testing. In PI MM individuals, we only performed AAT plasma levels in
those subjects considered to be at high risk (less than 50 years of age, presence of
emphysema, and/or suggestive family history). The routine measurement of AAT
plasma levels in all PI MM subjects would not be cost-effective, as a minuscule
proportion of these subjects would have severe AATD. To prove this concept, we
analyzed data from the Alpha-one coded testing (ACT) trial (unpublished) on 5670
individuals with genotype PI*MM who had measurement of DBS AAT protein
level. In this study, only 27 patients (0.4 %) had an AAT DBS level below or equal
to 0.6 uM (a conservative cutoff).

A similar approach to diagnosis was validated by other studies [28, 29] that used
genotyping and AAT protein serum concentrations with reflex IEF if results are
discordant. Snyder et al. [28] found that 4 % of the samples were discordant for
genotype and AAT protein serum concentration, requiring reflex PI typing.
Bornhorst et al. [29] observed that by adding genotyping, AAT protein serum con-
centration, and reflex PI typing, 1.6 % of the samples with two deficient alleles were
misclassified..

Most of the patients who had PI ZZ genotype were 50 years of above, of white
race, and had a history of cigarette smoking. AATD is largely under-recognized and
there are significant diagnostic delays [4], due to the fact that many individuals do
not have significant clinical impairment, especially if they do not smoke. This may
in part explain why more than 50 % of AATD individuals were diagnosed after the
age of 50 years. Other explanations are the relatively low percentage of patients wo
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were tested for family history of respiratory diseases including AATD (17 %) and
the relatively low rate of current smokers (10.6 %). The mean age at the time of
inclusion of AATD individuals in different registries ranged from 46.1 to 51 years
[2, 27, 30, 31], though this result may be biased as patients may have been diag-
nosed several years prior to the inclusion in these registries. PI ZZ individuals were
diagnosed at a younger age than PIMM subjects. Similarly, Lieberman et al. [32]
found that COPD individuals homozygous for PI ZZ were younger (55.9 +9.8 years)
than PI MM subjects (64 +8.7 years, p <0.001).

We observed a balanced gender distribution in PI ZZ patients, although more
women were tested than men. Other studies found a slight male predominance
(52.3-55 %), particularly in index cases [2, 30, 33].

Homozygous PI*Z individuals were only of Caucasian, Hispanic, or mixed race,
even though a significant number of patients were of African-American, Asian-
Pacific, and American-Indian race. In these latter races, few individuals were het-
erozygous for PI*Z. This marked white race predominance was observed in other
studies, ranging from 96.2 to 99.2 % [2, 31]. de Serres et al. described that the high-
est risk for AATD is found in Caucasians, followed by Hispanics and African
Americans. The lower prevalence is among Mexican Americans and Asians [34].

Homozygous or heterozygous individuals for PI*Z had less percentage of cur-
rent smokers and more never-smoker individuals than the overall population stud-
ied. These findings are similar to the smoking status of other studies (current smoker
ranged from 2.1 to 8.3 % [2, 12, 31]. In our study, PI ZZ smokers were diagnosed at
a younger age than nonsmokers or ex-smokers, a finding supported by other author
that demonstrated that nonsmoking AATD individuals have a delay of symptoms
and most of them a normal life span [33, 35-38]. Interestingly, the duration of
smoking also influenced the age at the time of testing, since individuals who smoked
more than 10 years were diagnosed 7.4 (95 % CI: 2.6) years before than subjects
who smoked less than for this duration of time (p=0.005).

The number of subjects tested in our program has increased during the 6-year
study period. The age at the time of testing has remained stable at around 57-58
years after an initial increase. Contrary to what one would have expected after the
release of the ATS/ERS consensus statement in 2003 [1], we did not observe a
reduction in the age of the subjects tested for the deficiency.

More than 50 % of the samples were originated in US Postal Region III, as we
are the referral center for the State of Florida AATD detection program. We did not
find a statistical difference in the prevalence of AATD in the samples tested when
divided by Regions. Furthermore, the age of individuals tested from the four US
Postal Regions was similar.

More than half of the individual were tested due to respiratory symptoms. In a
small percentage (2.4 %) of the samples, a family history of respiratory disease and
AATD was volunteered. This percentage is lower than the one reported by other
studies [2, 30]. We did not find a correlation between reason for testing and age at
the time of genetic diagnosis.

There are limitations to this study. The results only apply to individuals who
underwent targeted detection and are not representative of all individuals with the
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disease. Symptomatic individuals are more likely to undergo testing than asymp-
tomatic subjects, leading to ascertainment bias. Single rare deficiency alleles were
not detected by our algorithm and few homozygous null/rare individuals could have
been missed. More than 50 % of the samples originated in US Region IV (other
Regions were less represented), and a family history of AATD was not separated
from a family history of respiratory diseases (COPD or emphysema). In spite of
these limitations, this study provides a valuable insight into the prevalence and
demographic and clinical characteristics of severe AATD in patients who undergo
targeted screening in the USA.

The results of this study support the use of targeted detection programs to iden-
tify non-index and index individuals with severe AATD who can benefit from
genetic counseling, risk-reduction behaviors, and/or augmentation treatment.
Furthermore, the program provides opportunities to increase the awareness about
this largely unrecognized disease.
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