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Abstract: Alpha-1 antitrypsin deficiency (AATD) is caused by mutations in the SERPINAT
gene, which encodes the alpha-1 antitrypsin (AAT) protein. Currently, over 200 SERPINA1
variants have been identified, many of which cause the quantitative and/or qualitative
changes in AAT responsible for AATD-associated lung and liver disease. The types of these
pathogenic mutations are varied, often resulting in misfolding, or truncating of the AAT amino
acid sequence, and improvements in sequencing technology are helping to identify known
and novel genetic variants. However, due to the diversity and novelty of rare variants, the
clinical significance of many is largely unknown. There is, therefore, a lack of guidance on
how patients should be monitored and treated when the clinical significance of their variant
combination is unclear or variable. Nevertheless, it is important that physicians understand
the advantages and disadvantages of the different testing methodologies available to diagnose
AATD. Owing to the autosomal inheritance of the genetic mutations responsible for AATD,
genetic testing should be offered not only to patients at increased AATD risk (e.g. patients
with chronic obstructive pulmonary disease), but also to relatives of those with an abnormal
result. Genetic counseling may help patients and family members understand the possible
outcomes of testing and the implications for the family. While stress/anxiety can arise from
genetic diagnosis or confirmation of carrier status, there can be positive consequences to
genetic testing, including improved lifestyle choices, directed medical care, and empowered
family planning. As genetic testing technology grows and becomes more popular, testing
without physician referral is becoming more prevalent, irrespective of the availability of
genetic counseling. Therefore, the Alpha-1 Foundation offers genetic counseling, as well

as other support and educational material, for patients with AATD, as well as their families
and physicians, to help improve the understanding of potential benefits and consequences of

genetic testing.
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Introduction

The SERPINAI gene that encodes alpha-1 antit-
rypsin (AAT) is a highly polymorphic 12.2kb gene
clustered with other serpin genes on the long arm
of chromosome 14 at position 32.13 (14q32.13),
and consists of three noncoding regions (la—c)
and four protein-coding regions numbered 2-5
(Figure 1).! AAT deficiency (AATD) is caused by
variations/mutations in the SERPINAI gene

sequence, the different types of which lead to dif-
ferent changes in the AAT protein (conforma-
tional and concentration), and consequently, have
different pathological implications. The normal
AAT protease inhibitor (PI) is designated with the
letter M and is encoded by the wild-type
SERPINA1 sequences, also termed the M alleles;
individuals with biallelic M alleles are therefore
designated as PI*MM individuals. Serum AAT

Ther Adv Chronic Dis
2021, Vol. 12: 33-48

DOI: 10.1177/
20406223211015954

© The Authorl(s), 2021.
Article reuse guidelines:
sagepub.com/journals-
permissions

Correspondence to:
Kimberly E. Foil
Division of Pulmonary,
Critical Care, Allergy and
Sleep Medicine, Medical
University of South
Carolina, Charleston, SC
29425, USA
foilkl@musc.edu

journals.sagepub.com/home/taj

33

@ @ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
@ (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/taj
mailto:foilk@musc.edu

Therapeutic Advances in Chronic Disease 12

14p13
14p12

14¢32.13

__________________ SERPINA1 gene
T 1a_ 1blc 2 3 4 >
Macrophage ‘I allele ‘S’ allele ‘Z allele
Hepatocyte ‘F allele
Transcriptional
Promoters

Figure 1. SERPINAT gene.

Located on the long arm of chromosome 14 at position 14932.13, the SERPINAT gene consists of three transcriptional
promoters (1a-c] upstream of the transcriptional start codon and four protein-coding regions (2-5). The S and F mutations
occur in the third protein-coding region, and the | and Z mutations occur in coding regions 2 and 5, respectively. The green
bar in coding region 2 represents the AUG transcriptional start codon and the red bar in coding region 5 represents the TAA

stop codon.

levels in PI*MM individuals are approximately
100-220mg/dL, or 20-53uM.2 The M allele
encompasses several common benign subvariants,
such as M1 (Ala213), M1 (Val213), M2, M3 and
M4, which can be differentiated by some but not
all testing methodologies.?2 Other benign allelic
variants also exist, such as E, G, and Zpratt, in
which the respective sequence variation encodes a
variant AAT protein that does not diminish AAT
levels or function.?->

The allele most commonly associated with severe
AATD is the Z allele. Individuals that are
homozygous for the Z allele (PI*ZZ) are at high
risk of lung and liver disease, and have serum
AAT levels that are approximately 10-20% of
normal (20-45mg/dL, or 2.5-7uM).%° Other
alleles associated with severe AATD include
Mptatons Mieerens S€lect other rare variants, and
the family of null alleles, which produce no AAT
protein product. Some other alleles, such as the S
variant, are associated with less severe deficiency
and intermediate forms of AATD, resulting in
serum AAT levels that are reduced compared to
PI*MM levels but higher than PI*ZZ levels. Such
alleles may contribute to AATD when combined

with a pathogenic variant on the other allele. A
serum AAT level of <57mg/dL, or <11 uM, con-
ventionally defines AATD,? but attention to
moderate AAT levels and corresponding geno-
types will continue to elucidate the full spectrum
of AATD-associated risks and phenotypes. Yet
other SERPINA 1 variants have unique molecular
mechanisms, or significance, that is not yet greatly
understood.

Nomenclature of SERPINA1 alleles is unconven-
tional. AAT protein variants were originally iden-
tified and named based on their electrophoretic
properties long before the encoding SERPINAI
gene was identified. The normal AAT protein
(M) received its name based on its migration to
the middle of the isoelectric focusing (IEF) gel.
Other alleles were designated with a letter A-L or
N-Z depending on their proximal or distal loca-
tion, respectively, to the M protein band. When
challenged with no unused letter for a new allele,
numerical figures (for polymorphisms with >0.01
allele frequency) or place of origin names (for rare
alleles) were used with the letter of the closest
anodal allele, giving rise to allele names such as
M1 and Mp, 4.7 Upon identification of the
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SERPINAI gene, the sequence variant corre-
sponding to each PI allele received the same name
for fidelity of allele and protein product (e.g. Z
allele encodes PI*Z AAT) in AATD testing, lit-
erature and clinical practice. Null alleles, which
produce no AAT protein, were originally collec-
tively named ‘null’ (or =), and later, when corre-
sponding sequence variations were elucidated,
were individually named with the prefix ‘Q0’ and
place of origin suffix (i.e. the birthplace of the
proband). Genomic nomenclature has evolved
with expanding use of genetic testing technolo-
gies, and the Human Genome Variation Society
(HGVS) has published guidelines for the consist-
ent and unambiguous description of DNA vari-
ants.® Many more recently identified SERPINA1
variants are named in accordance with newer
guidelines, but conventional AAT nomenclature
still widely persists in the literature and in AAT
specialty laboratories, and previously named
alleles now have multiple aliases (e.g. PI*Z, Z,
and ¢.1096G>A refer to the same variant).

In the United States, the most common abnormal
alleles linked to AATD in order of prevalence are
S, Z, F and I;° beyond these, numerous other
SERPINA1 variants exist. Over 200 variants of
SERPINAI are now described in the ClinVar
database of the National Center for Biotechnology
Information,!? and with next-generation sequenc-
ing (NGS) technology, more novel variants are
likely to be found.

As previously discussed in the first part of this
review series by Tejwani and Stoller,!! AATD can-
not be diagnosed in the clinic based on sympto-
mology alone; a range of quantitative and
qualitative methods are required to identify the
presence of AATD. However, each of these tech-
niques have advantages and disadvantages, which
will be discussed within this part. In addition, an
overview of the diversity of the genetic changes
that can lead to AATD will also be discussed,
along with the implications for clinical practice, as
well as the role that genetic counseling can play in
the care of patients with AATD and their families.

The spectrum of variants in AATD

AATD is most commonly associated with single-
nucleotide polymorphisms (SNPs); for example,
the Z and S allelic variants result from the base

pair substitutions ¢.1096G>A and c.863A>T
leading to the amino acid changes p.Glu366Lys
and p.Glu288Val, respectively, in the AAT pro-
tein (ClinVar accession VCV000017967.13 and
VCV000017969.9; Table 1).1° Small changes to
the AAT amino acid sequence can affect the
structure/folding of the protein and reduce its
secretion from hepatocytes, and/or reduce the
binding affinity of AAT for neutrophil elastase
(NE), with or without protein polymerization.
However, AATD can also be caused by null vari-
ants (or nonexpressing SERPINA I alleles), which
can arise from missense mutations, nonsense
mutations, frameshifts, large deletions, and com-
plete absence of the SERPINA1 gene.1?

Many rare AAT variants, such as the more com-
mon/well-characterized My..ien> Mptattons Mprocidas
Myirzburgs Phrescias a0d Py oy variants (not a com-
prehensive list) have been linked to the develop-
ment of lung disease and/or liver disease as a
result of changes in AAT quantity, polymeriza-
tion, and/or a reduction in ability to inhibit NE
(Table 1).13-1° In particular, the M,,,,, single
amino acid deletion at position 76, is strongly
linked to emphysema and liver disease, and is the
highest frequency rare variant reported in a recent
Portuguese study.!® Null variants are designated
with the prefix ‘Q0’ and the examples of these
given in Table 1: QOAmersfoom QOMattawa and
QOpjjingham (NOt 2 comprehensive list), all result in
premature termination of the AAT amino acid
sequence, and consequently, undetectable levels
of serum AAT. In addition, null variants are
strongly linked to the development of emphy-
sema,!%14:20,21 but in line with all null variants, do
not confer a risk of liver disease as they do not
induce the polymerization of AAT responsible for
liver damage.!? There is, therefore, a wide spec-
trum of SERPINAI genetic variants that cause
AATD (Table 1), but currently there is only clear
clinical guidance for the management and treat-
ment of the most common (e.g. PI*ZZ) or severe
(PT*Znull) forms of the disease.?2 Detailed infor-
mation on the management and treatment of
AATD can be found in the next part of this review
series authored by Barjaktarevic and Campos.23

Establishing clinical relevance
Guidelines are clear for the most common or
severe AATD-causing genotypes with regard to
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how patients should be monitored and treated,
but they are unclear for variants with variable or
uncertain clinical consequence, and even for
combinations of moderate frequency alleles asso-
ciated with moderate deficiency (e.g. PI*SF).
The first indicator of whether a rare variant is
pathogenic is often the associated serum AAT
level. In general, patients who are heterozygous
for a pathogenic SERPINA variant and the nor-
mal allele (e.g. PI*XMZ) are unlikely to have
severely low serum AAT levels, but may have
mild-to-moderate reduction compared with nor-
mal due to the codominant allelic expression of
AAT. When pathogenic rare variants are present
in combination with other pathogenic variants
(e.g. the Z allele), serum AAT levels may be well
below normal; such patients may benefit from, or
should be considered for, intravenous AAT ther-
apy when clinical criteria for augmentation ther-
apy are met. For example, an individual with the
PI*ZMp, 4. genotype was recently reported as
having a serum AAT level of 24mg/dL
(~4.4uM) .#* Likewise, when rare pathogenic vari-
ants are present in combination with null vari-
ants, AAT levels may be very low or undetectable
(although this is extremely rare).!2 Case reports
have reported an individual with the PI*ZQ0¢ ¢
genotype as having a serum AAT level of 14.5mg/
dL (~2.7uM),% and individuals homozygous for
the QO,;,, allele with serum AAT levels below
10 mg/dL (~1.8 uM).46

Although AAT level is often useful in interpreta-
tion of results and inferring clinical risk, several
pathogenic variants result in near-normal levels of
serum AAT but are functionally deficient in their
ability to inhibit NE. This is thought to be the
case with the F variant;*’ individuals with AATD
involving the F allele may have serum AAT levels
that appear adequate, despite their genetic risk.
Testing assays measuring AAT function are avail-
able, but not widely used in testing setups. Other
factors can also affect serum AAT levels, such as
inflammation, cigarette smoke and estrogen.48:4°
As AAT is an acute phase reactive protein, serum
AAT levels increase during stages of acute inflam-
mation. Therefore, the presence of systemic
inflammation at the time of sample collection for
AATD testing may mask usually low baseline
AAT levels.#8 Furthermore, different AAT pro-
tein phenotypes react differently in response to
inflammation, with M-type AAT proteins show-
ing a strong response and Z-type AAT proteins

exhibiting a reduced reaction.*8 Serum AAT lev-
els have also been shown to increase with tobacco
smoke exposure in a dose-dependent manner.4°
In a population-based cohort of 5187 adults,
those who were exposed to environmental tobacco
smoke had higher serum AAT levels than nonex-
posed never-smokers, and serum AAT levels were
highest in active smokers who consumed at least
15 cigarettes per day.#® In women within the same
cohort, menopausal status was significantly asso-
ciated with a decrease in serum AAT levels
(p=0.003), and intake of female hormones, such
as oral contraceptives and hormone replacement
therapy, was significantly associated with an
increase in serum AAT (»p<<0.001 for both).%°
Therefore, serum AAT levels should be inter-
preted with mindfulness of these factors and
should not be used alone for establishing the clin-
ical relevance of rare and novel SERPINAI
variants.

Determining the clinical significance of novel
variants where there are no previous reports of
pathogenicity can be challenging; however, com-
putational approaches are being utilized to iden-
tify variants with severe pathogenic potential,
which can be tested for secretory deficiencies in
cell culture models.>%51 For example, PolyPhen-2
is an easy-to-use and freely accessible software
that can predict the possible impact of amino
acid substitutions on protein structure and func-
tion, and is one of the interpretation tools used in
several studies of SERPINA1 variants.1851-53
However, many different programs are available
and being used to apply pathogenicity predic-
tions on SERPINA I mutations, developing algo-
rithms to identify variants of interest for iz wvitro
studies.’® Although it is increasingly possible to
predict the pathogenicity of rare and novel
SERPINA1 variants, much investigation is still
required to fully understand their clinical conse-
quences and what the appropriate management
of patients with these variants should entail.

Testing

Based on the latest evidence, clinical practice
guidelines recommend testing for AATD in any
patient with chronic obstructive pulmonary dis-
ease (COPD), emphysema and/or chronic bron-
chitis, regardless of age or ethnicity, in patients
with incompletely reversible asthma, those with
unexplained chronic liver disease (see the part of
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this review series by Patel and Teckman),>*
necrotizing panniculitis, granulomatosis with pol-
yangiitis, and unexplained bronchiectasis.??
Furthermore, parents, siblings, children, and
extended family of patients identified with an
abnormal AAT gene should be provided with
genetic counseling and offered AATD testing.
For family testing, testing AAT level alone is not
recommended as it does not fully characterize
AATD disease risk;?? further testing is required.
For diagnostic testing of symptomatic patients,
the 2016 US Clinical Practice Guidelines recom-
mend genotyping for at least the S and Z alleles
because >95% of all individuals with severe
AATD have PI*ZZ or PI*SZ genotypes, with
confirmatory testing considered using PI pheno-
typing, AAT level testing and/or expanded geno-
typing.?2 The 2017 European Respiratory Society
(ERS) statement identifies AAT level testing as a
crucial first test to identify AATD, but notes that
it must be supported by qualitative tests to iden-
tify the causative mutations.>> In practice, AATD
testing consists of at least one of four fundamen-
tal steps: determination of AAT serum levels, IEF
phenotyping, allele-specific genotyping, and
direct sequencing.>® Measurement of AAT serum
levels can detect some, but not all severe AAT
deficiencies. When serum levels are severely low,
additional testing is required for comprehensive
diagnosis and risk assessment. A clinician may
order a specific test(s) based on clinical circum-
stance (e.g. presence of a null allele in the family,
patient history of liver transplant, whether a
patient is receiving augmentation therapy).>?
Different laboratories employ different testing
algorithms, with NGS increasingly incorporated
for select samples at AATD specialty labs, and as
a standalone AATD test at select genetics labs.

Quantitative testing

As AATD is most commonly characterized by
low levels of antigenic AAT, measuring serum
levels of AAT provides an initial indication of
AAT deficiency irrespective of a patient’s genetic
variant status, and is a widely available diagnostic
test. Nephelometry is the most widely used
method in the literature;® however, the most
modern technique is immunoturbidimetry. Both
techniques measure the turbidity of a sample to
determine levels of an analyte; however, whereas
nephelometry is a measure of light scattered by a
sample, immunoturbidimetry is a measure of

light absorbed by a sample. Immunoturbidimetry
is a higher-throughput method with lower associ-
ated costs but provides similar results to neph-
elometry.2758 In the past, quantitative techniques
for identifying AATD were performed on whole
blood samples. However, more recently, quanti-
tative techniques using dried blood samples are
more widely available, facilitating testing.>%-5°
Whole or dried blood spots allows application of
any of the major testing methods discussed within
this part. Use of saliva and buccal samples is gain-
ing popularity for genetic testing; for AATD,
DNA-based testing (i.e. genotyping and sequenc-
ing) may be done on a buccal or saliva sample,
but blood is required for quantitating AAT serum
level and PI phenotyping.

Serum AAT reference ranges reported in the
2003 American Thoracic Society (ATS)/ERS
statement are still widely used today; by neph-
elometry, the normal range is given as 83-220 mg/
dL, and the range given for patients homozygous
for the Z variant (PI*ZZ), is 20-45mg/dL.°
However, these reference ranges were largely
based on older studies and may contain data
obtained from patients with inflammation, which
as mentioned earlier, can affect serum AAT lev-
els.#® Serum AAT levels can increase by 3—4-fold
in response to inflammation and infection in AAT
replete individuals,° and therefore reduce the
accuracy of the reference ranges. Although the
acute phase response is negligible in terms of
AAT elevation in severe AATD, patients with
genotypes such as PI*XMZ, PI*MS and PI*SS still
retain a substantial acute phase response.48
Therefore, C-reactive protein (CRP) may be
tested simultaneously as an indicator of inflam-
mation at the time of AAT testing. Alternative
AAT reference ranges from a cohort of individu-
als with normal (<5mg/L)) CRP levels are shown
in Table 2.

Measuring serum AAT levels alone is useful for
identifying ‘classic’ severe AATD but is inade-
quate for detecting all types of severe AATD and
for identifying genotypes. For example, PI*ZZ
and PI*ZM;..4e, Would have comparable severe
AATD, but differentiating the genotypes is
important for accurate family testing and estimat-
ing the risk for liver disease to the patient.
Measuring serum AAT levels alone is also inade-
quate for detection of alleles that are associated
with variable, or near-normal AAT levels with
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reduced AAT function. The F variant is an exam-
ple of this, as it is associated with near-normal
circulating levels of AAT, but abnormal AAT
function, which contributes to risk of lung dis-
ease.*” Measuring serum levels alone also limits
the identification of individuals harboring an
abnormal genotype that have AAT levels overlap-
ping the normal range.*® Examples of this include
individuals with the PI*MZ genotype, where
individuals have enhanced susceptibility and
familial risk,°! in addition to the PI*SS genotype,
which is of variable consequence.?” Furthermore,
AAT distribution is not uniform and so serum
AAT levels do not reflect levels of AAT in the
lungs, which is where AAT primarily functions to
inhibit NE.®® Given these limitations of basing
diagnosis on serum AAT levels alone, additional
qualitative assessment of AATD genotype/pheno-
type is essential.

Qualitative testing

Qualitative analysis is performed to identify AAT
protein variants and pathogenic alleles. IEF, also
called Pi-typing, or phenotyping, is one method
used to identify AAT protein variants. This
method is a high-resolution electrophoretic tech-
nique that separates proteins based upon their
charge, which can be used to identify the AAT
protein types, both normal and abnormal, present
in patient sera. IEF requires expert interpretation
of results due to the large number of AAT variants
and technical aspects of such assays.®? IEF is una-
ble to identify heterozygosity for null AAT vari-
ants and is not appropriate for patients receiving
AAT therapy. PI*ZZ patients receiving AAT ther-
apy will be identified as PI*MZ through IEF due
to the introduction of exogenous M-type AAT.
For patients on AAT therapy for whom genotype
is unknown, genetic testing must be performed.

Targeted polymerase chain reaction (PCR) test-
ing provides rapid and accurate identification of
common/well-known genetic variants (e.g. Z, S,
and increasingly a subset of other well-character-
ized pathogenic variants), but given the diversity
of SERPINA I variations, it would be too costly to
assemble a comprehensive panel of probes to
detect all known deleterious SERPINA 1 variants.
Furthermore, targeted PCR will not detect novel
SERPINA 1 variants.52 Multiplex PCR, the simul-
taneous detection of multiple genotypes in a sin-
gle reaction, is possible for a limited number of

AATD genotypes, including rare alleles with a
known genetic sequence, and allows for more
variants to be tested from a single sample.%3
However, multiplex genotyping is also unable to
detect novel SERPINAI variants. Furthermore,
as the prevalence of AATD genotypes varies
worldwide,® and the prevalence of rare AATD
genotypes is largely unknown, it is likely that the
panels of probes in multiplex PCR tests will be
better suited to some countries than others. Only
complete genetic sequencing can identify all
SERPINA I variants.

Complete genetic sequencing of SERPINAI
using the Sanger method can provide full details
of all mutations present, including rare/novel
SNDPs and null variants.*7-65> However, NGS has a
higher throughput and lower cost than Sanger
sequencing and is therefore becoming the gold
standard sequencing methodology for AATD.
NGS can also identify novel variants and should
allow the discovery of further rare SERPINAI
variants.4950 Nevertheless, irrespective of the
sequencing method used, it is essential that
defined laboratory protocols are followed in order
to ensure error rates are minimized.>>

Screening for AATD

At present, the majority of epidemiological data
on AATD comes from the United States and
Western Europe. While AATD has been identi-
fied at the highest frequencies in these popula-
tions, there is a considerable lack of information
available for ~50% of the world’s United Nations,
hindering our global understanding of the dis-
ease.%%-%7 Many studies of AATD detection have
targeted or drawn populations with enhanced
suspicion for AATD, such as relatives of a
proband or those with clinical features (e.g. early-
onset COPD).55 Population-wide screening stud-
ies for AATD can be challenging to perform on a
large scale, but several have been successfully
conducted and they can provide a less-biased esti-
mate of disease prevalence and natural history.%8
Due to the differing methodologies used, the
reported prevalence of AATD and associated var-
iants may not be directly comparable across stud-
ies.?* It has also been suggested that some rare
alleles may not be as rare as previously assumed.2?*
Determining the frequency and clinical signifi-
cance of both rare and common variants is key to
understanding the true burden of AATD.
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Table 3. AATD testing recommendations.®2?

Pulmonary

Extra-pulmonary

Familial testing

Testing should occur in those with:

e COPD o
e Incompletely reversible asthma e
e Unexplained bronchiectasis °

Testing should occur for those with:
Unexplained chronic liver disease e
Necrotizing panniculitis
Granulomatosis with polyangiitis

Testing should be offered to:
Parents, children,
siblings, and extended
family of an individual
with an abnormal gene

AATD, alpha-1 antitrypsin deficiency; COPD, chronic obstructive pulmonary disease.

Targeted screening of enriched patient popula-
tions with respiratory symptoms results in a far
higher detection rate than population-wide
screening and so has been employed to great
effect in several countries worldwide.?7-0%70 A
potential disadvantage of targeted screening pro-
grams is missing individuals with severe AATD
who have not been diagnosed with emphysema or
COPD.%-7172 This cohort is likely composed of
(1) symptomatic individuals who have not sought
care/received diagnosis, (2) pre-symptomatic
individuals, and (3) those who will remain asymp-
tomatic, with largely unknown distribution
among these groups. Some targeted screening
programs also test relatives of diagnosed patients
(familial screening), which again has advantages
and disadvantages, which will be discussed in the
‘Genetic counseling’ section.”®

The largest population-based screening study
conducted in AATD was performed in 200,000
Swedish infants in 1976, which identified 127
PI*Z and 48 PI*SZ individuals who have been
followed longitudinally.”® Studies such as this are
informative but can be prohibitively expensive
and therefore, population-wide screening has
seen limited application.3? Benefits of population-
based screening leading to early and widespread
identification of affected individuals include life-
style recommendations (e.g. smoking avoidance)
to reduce disease risk, earlier symptom recogni-
tion and treatment, and the opportunity for
genetic counseling. Limitations include potential
psychological effects, potential genetic discrimi-
nation, and medical resource utilization in (the
often many) pre-symptomatic years, and these
have remained barriers to adoption of standard-
ized newborn screening for AATD, so additional
data are needed.” Current testing recommenda-
tions from the Alpha-1 Foundation and the ATS/
ERS are shown in Table 3.6:22

Several US commercial screening programs cur-
rently provide cost-free AATD testing for use in
clinical settings (i.e. the test must be ordered by
and resulted to a healthcare provider).% Clinicians
may also order AATD testing through a variety of
institutional and for-fee commercial laboratories.
AATD testing is also increasingly available direct
to consumers without physician referral, and,
therefore, without pre-test genetic counseling to
fully inform patients of the implications the results
may bring. The Alpha-1 Foundation has offered
free and confidential testing for AATD for over
15years through a research program,” though
with associated online educational materials and
access to genetic counseling. More recently,
AATD is among the conditions included on
genomic health screens offered direct-to-con-
sumer by companies such as 23andMe, and oth-
ers. Additionally, in recent years, AATD has been
added to expanded prenatal/preconception
genetic carrier screens. While such screens are
aimed at detecting couples with reproductive risk,
individuals genetically affected with conditions
such as AATD are occasionally identified.”677

The hopeful dissemination of deidentified data
from genomic tests that include AATD, but are
not performed due to concern for AATD specifi-
cally, will contribute to elucidating the true preva-
lence of AATD variants, and facilitate the
continued understanding of AATD’s disease bur-
den and natural history through projects such as
patient registries. The American College of
Medical Genetics and Genomics (ACMG) rec-
ommends that all labs performing whole-exome
and genome sequencing report secondary find-
ings in 59 genes associated with select highly pen-
etrant genetic disorders, for which established
interventions are available to reduce morbidity
and mortality.”® Of note, despite increasing con-
sumer access to AATD results via inclusion on
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genomic health and expanded carrier screens, the
SERPINAI gene is not currently on the ACMG
list of genes in which to report secondary find-
ings; therefore, individuals receiving clinical
exome or genome testing generally do not learn
their AATD genotype even though early recogni-
tion may improve outcomes. Such tests, however,
are usually ordered in an attempt to find the etiol-
ogy of an unexplained clinical phenotype, and the
reporting paradigm will likely change if exomes/
genomes are pursued for broader predictive pur-
poses in the future.

Inheritance of AATD variants and genetic
counseling

As AATD follows the autosomal pattern of inher-
itance, one of each parents’ two SERPINAI
alleles is passed to each child. In addition, the
SERPINA1 alleles that encode AAT are co-dom-
inantly expressed,! meaning that in AATD hete-
rozygotes, half of AAT produced is normal, while
half is abnormal in accordance with the genetic
variant. The risks to a patient’s offspring there-
fore depend upon the genetic status of both par-
ents (Figure 2).7° If only one parent is heterozygous
for a pathogenic allele and the other is an unaf-
fected noncarrier, there will be a 50% chance that
each offspring will be heterozygous for the patho-
genic allele and a 50% chance that they will be an
unaffected noncarrier [Figure 2(a)]. If one parent
is homozygous (e.g. PI*ZZ) or compound hete-
rozygous (e.g. PI*SZ) for pathogenic alleles and
the other parent is an unaffected noncarrier, each
offspring will have a 100% chance of carrying one
pathogenic allele [Figure 2(b)]. If both parents
are heterozygous for a pathogenic allele, there will
be a 25% chance of each offspring being an unaf-
fected noncarrier, a 50% chance of being hete-
rozygous for a pathogenic allele, and a 25%
chance of being affected with biallelic pathogenic
variants [homozygous or compound heterozy-
gous, based on parental genotypes; Figure 2(c)].
More significantly, if one parent themselves is
homozygous or compound heterozygous and the
other parent is also heterozygous, there is a 50%
chance of the offspring being severely deficient in
AAT [Figure 2(d)]. In the rare event that both
parents have biallelic pathogenic alleles, then
each offspring will also be affected. Furthermore,
the likelihood of inheriting two different patho-
genic alleles is becoming increasingly apparent
with the growing number of recognized deficiency

e

@
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Figure 2. Autosomal inheritance of SERPINAT alleles.
Autosomal inheritance of SERPINAT alleles if parents are:
‘normal’ and heterozygous (a], ‘normal’ and homozygous (b],
both heterozygous (c), and heterozygous and homozygous
(d). Only eventualities c and d confer risk of the offspring
being severely deficient in AAT (25% and 50% chance,
respectively).

Estimated worldwide prevalence:8

MZ, 42,564,136; ZZ, 181,894.

genotypes, as well as the commonality of hete-
rozygotes in the general population.

It is important to note that genetic testing only
informs patients whether or not they harbor any
pathogenic SERPINAI alleles and does not pre-
dict the age of AATD disease onset, the type of
symptoms patients will present with, the severity
of these symptoms, or the rate of AATD disease

journals.sagepub.com/home/taj

43



https://journals.sagepub.com/home/taj

Therapeutic Advances in Chronic Disease 12

progression.22 However, knowledge of AAT path-
ogenic variant status allows for risk modification
(e.g. smoking avoidance) and allows proper mon-
itoring for disease onset or progression.?? Owing
to the autosomal inheritance described above,
testing for AATD should be offered to parents,
siblings, children, and extended family members
of individuals found to have AATD (whether
homozygous or heterozygous), with siblings of
severely deficient individuals at highest priority
due to their greater genetic risk.22 However,
genetic testing has implications for the whole
family and the possible outcomes of the results
should be discussed before testing.® Patients and
family members should be offered genetic coun-
seling for this purpose. For children, ethical con-
siderations are more complicated; predictive
testing in adolescents should be undertaken only
if both themselves and their parents give informed
consent, and if they are mature enough to under-
stand the implications of testing and the possible
outcomes. For younger children, parental/guard-
ian consent is required, but it has been shown
that parents value genetic testing for their chil-
dren at risk for AATD when it can be done in a
confidential setting.8! A discussion of potential
risks and benefits should occur surrounding pre-
dispositional diagnostic testing for a patient of
any age, weighing medical utility with potential
anxiety, impact on insurability (e.g. life, disabil-
ity), and, for children, autonomy. Testing chil-
dren for AATD is only clearly indicated when
clinically directed (e.g. in the presence of liver
disease), where testing follows the previously dis-
cussed guidelines.

Where genetic counseling is unavailable, with-
holding testing based on the absence of a genetic
counselor referral is not recommended and a
knowledgeable provider can advise patients on
the possible outcomes of testing. However, it is
helpful for providers ordering AATD testing to be
familiar with key areas of pre- and post-test
genetic counseling, including the natural history,
pattern of inheritance, reduced penetrance and
clinical variability, and genetic risk to family
members based on the results. The information
patients receive from genetic testing can be per-
sonally unsettling and create stresses and anxiety
within the family. In accordance with the 2008
Genetic Information Non-discrimination Act
(GINA) in the United States, genetic testing
results cannot affect a patient’s ability to obtain

health insurance or employment; however, GINA
does not address life, disability or long-term care
insurance, or apply to employers with fewer than
15 employees or the military. Potential effect of
results on eligibility or premiums for life, disabil-
ity, or long-term care insurance may further exac-
erbate stress and anxiety. Despite the potential
for negative psychological impacts from AATD
testing, there is evidence to suggest that knowl-
edge of AATD status can enable patients to feel
peace of mind and in control of their lives, as well
as improve medical outcomes.”> Specific informa-
tion about genetic counseling for AATD is avail-
able through the Alpha-1 Foundation website
(www.alphal.org).

Conclusions

There are many known SERPINAI1 variants
associated with AATD and the increasing avail-
ability of higher throughput sequencing method-
ologies, particularly NGS, is contributing to
continued detection of rare and novel variants
responsible for AATD. Several studies suggest
that some variants are not as rare as previously
thought, indicating that additional data from
standardized studies and/or population-level
testing are required to refine prevalence data and
determine AATD’s true extent and disease bur-
den. Deciding the best course of treatment in
individuals with rare/novel variants can be chal-
lenging. Computational modeling, quantitative
AAT testing and clinical assessment can assist in
proper diagnosis and management of patients.
To better inform patients and healthcare profes-
sionals about the genetic variants related to
AATD, a dedicated online database now exists,
which is being updated as further data become
available (Alpha-1 Alleles; www.alphalresearch.
org/allele_search). Irrespective of which genetic
variant(s) of SERPINA1 a patient carries, labora-
tory testing is the cornerstone of AATD diagno-
sis, and it is important that clinicians have an
understanding of the advantages/disadvantages
of the different diagnostic tests available. Expert
analysis and utilization of multiple methods in
inconclusive cases can help provide comprehen-
sive analysis and accurate diagnosis. Where pos-
sible, genetic counseling should be offered with
genetic testing and to those diagnosed with
AATD so that patients can better understand the
broader implications of AATD variants to them-
selves and their families.
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