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Abstract

Background Alpha 1 Antitrypsin Deficiency (AATD) is a largely underrecognized genetic condition character-

ized by low Alpha 1 Antitrypsin (AAT) serum levels, resulting from variations in SERPINAT. Many individuals affected

by AATD are thought to be undiagnosed, leading to poor patient outcomes. The Z (c.1096G > A; p.Glu366Lys) and S
(c.863A>T; p.Glu288Val) deficiency variants are the most frequently found variants in AATD, with the Z variant present
in most individuals diagnosed with AATD. However, there are many other less frequent variants known to contribute
to lung and/or liver disease in AATD. To identify the most common rare variants associated with AATD, we conducted
a systematic literature review with the aim of assessing AATD variation patterns across the world.

Methods A systematic literature search was performed to identify published studies reporting AATD/SERPINAT vari-
ants. Study eligibility was assessed for the potential to contain relevant information, with quality assessment and data
extraction performed on studies meeting all eligibility criteria. AATD variants were grouped by variant type and linked
to the geographical region identified from the reporting article.

Results Of the 4945 articles identified by the search string, 864 contained useful information for this study. Most arti-
cles came from the United States, followed by the United Kingdom, Germany, Spain, and Italy. Collectively, the articles
identified a total of 7631 rare variants and 216 types of rare variant across 80 counties. The F (c.739C>T; p.Arg247Cys)
variant was identified 1,281 times and was the most reported known rare variant worldwide, followed by the |
(c.187C>T,; p.Arg63Cys) variant. Worldwide, there were 1492 Null/rare variants that were unidentified at the time

of source article publication and 75 rare novel variants reported only once.

Conclusion AATD goes far beyond the Z and S variants, suggesting there may be widespread underdiagnosis

of patients with the condition. Each geographical region has its own distinctive variety of AATD variants and, there-
fore, comprehensive testing is needed to fully understand the true number and type of variants that exist. Compre-
hensive testing is also needed to ensure accurate diagnosis, optimize treatment strategies, and improve outcomes
for patients with AATD.
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an acute-phase reactant that protects the lungs from the
action of serine proteases, particularly neutrophil elastase
[6, 7]. Primarily produced by the liver and secreted by
hepatocytes into the circulation, AAT is also produced by
alveolar monocytes and macrophages [8—10]. SERPINA I
mutations can affect AAT serum levels and/or function,
with some producing conformational changes that result
in AAT polymerization and intracellular retention, dis-
rupting the protease/antiprotease imbalance in the lungs,
with damaging effects on lung parenchyma that can lead
to emphysema development [2, 3, 11].

SERPINAI shows high variability, with>200 vari-
ants described in the ClinVar NCBI database to-date
[12, 13]. Due to codominance of SERPINA1I alleles, phe-
notypes of both alleles are expressed and, therefore, up
to two AAT protein variants can be present in any one
individual. The M variant is the most common and
results in normal AAT function and serum levels. Indi-
viduals homozygous for the M variant, referred to as
PI*MM individuals, have serum AAT levels of approxi-
mately 105-164 mg/dL [14]. Worldwide, the most com-
mon pathogenic AATD variants are the S (c.863A>T;
p.Glu288Vval) and Z (c.1096G>T; p.Glu366Lys) vari-
ants, which express approximately 50-60% and 10-20%
of normal AAT levels, respectively [15]. In the United
States (US), the most common pathogenic AATD vari-
ants in order of prevalence are the S, Z, F (¢.739C>T;
p.Arg247Cys), and I (c.187C>T; p.Arg63Cys) variants,
all of which result in reduced levels/functionality of AAT
[16, 17]. Despite being the second most common patho-
genic variant worldwide, the Z variant is associated with
the highest risk of lung and liver disease in AATD. The
Z variant mutation leads to polymerization and intracel-
lular retention of AAT in hepatocytes and other AAT-
producing cells [18], and as a result, PI*ZZ individuals
can have serum AAT levels ~32 mg/dL [14]. Rare Null
variants (designated QO) result in premature truncation
of the AAT protein and are associated with a high risk of
lung disease. Due to codominance of SERPINAI alleles,
individuals homozygous for Null mutations have a com-
plete absence of serum AAT [17, 19], with serum levels of
individuals heterozygous for Null mutations dependent
upon the second type of AAT variant expressed.

In the US, it is estimated that ~ 20.5 million individuals
have one of the five common AATD genotypes (PI*MS,
PI*MZ, PI*SS, PI*SZ, PI*ZZ); in Central and Western
Europe, this figure is estimated to be ~44 million [15]. It
is also estimated that AATD remains largely under-rec-
ognized [20], with ~90% of individuals affected by AATD
in the US and Europe thought to be undiagnosed [21, 22].
Failure to accurately diagnose patients can lead to poor
patient outcomes due to the lack of implementation of
preventative measures and appropriate treatment [23].
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New AATD variants also continue to be discovered, mak-
ing AATD diagnosis challenging. As such, both quanti-
tative and qualitative approaches should be used to aid
diagnosis, such as measuring serum AAT levels, pheno-
typing for abnormal AAT proteins (by isoelectric focus-
ing [IEF]), targeted genotyping for specific variants, and
genetic sequencing. Variant-specific polymerase chain
reaction (PCR) tests can now test for several common
pathogenic variants simultaneously [24]. However, this
diagnostic method will only capture the variants being
screened for and will not identify rare or novel variants
[25]. Genetic sequencing of SERPINAI can identify any
currently known or novel variant, but is an expensive
technology often used only in certain situations [13],
such as where there are low AAT serum levels with nor-
mal genotyping results, or discrepancies between serum
levels, IEF, and PCR tests. PCR testing is often limited to
the more common Z and S variants, but this should be
expanded to include low-frequency variants, as well as
rare and country-specific mutations [26].

A better understanding of AAT variants could help
raise awareness among clinicians about the possibility of
rare variants contributing to disease risk. To determine
which are the most commonly reported rare AATD vari-
ants in different geographical regions, we conducted a
systematic literature review. Specifically, we aimed to
identify the most frequently occurring rare pathogenic
variants in AATD, assess their variation by geographical
area, and evaluate the utility of expanded variant testing.

Methods

Systematic literature search

A systematic literature search was performed in MED-
LINE (PubMed) to identify English language studies pub-
lished on AATD/SERPINAI variants in the past 56 years
(search performed January 13, 2023). The search strategy
included themes such as ‘Alpha 1 Antitrypsin’ and ‘vari-
ant. A full description of the search string is presented
in Table 1. Articles identified by the search string were
sorted by ‘Best Match’ and study eligibility was assessed,
first by a review of article titles, then abstracts, fol-
lowed by full-text reviews to identify potentially relevant
information.

Data extraction

During full-text review, data extraction and quality
assessment were performed on studies meeting all eligi-
bility criteria (Table 1). Where possible, extracted data
from eligible studies included reference information, the
type/number of variants reported, and the location of the
study population.
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Table 1 Search strategy

Criteria

Search string Title/abstract: "alpha 1 antitrypsin" OR "alphal
antitrypsin” OR "AAT " OR "AATD" OR "A1ATD"
OR "alpha 1 protease inhibitor" OR "alpha’
protease inhibitor" OR "A1-PI" OR "A1PI"

OR "SERPINAT"

AND

Title/abstract: "variant" OR "allele" OR "muta-
tion" OR "polymorphism" OR "splice" OR "dele-
tion" OR "missense" OR "gene" OR "genotype"
OR "registry" OR "registries" OR "diagnosis"
OR "testing" OR "test"

NOT

Publication type: Review

Study/publication type  Inclusions: Clinical trials, original research arti-
cles, multi-center studies, single center studies,
or case reports reporting AATD/SERPINAT
alleles/variants, genotypes, or phenotypes
Exclusion: Review papers, opinion pieces,
guidelines, meta-analyses, systematic reviews,
editorials, commentaries, articles not reporting
original data, articles that have been retracted

Subjects Inclusion: Data collected from human subjects

Exclusion: Animal models

AAT Alpha 1 Antitrypsin, A1-PI/A1PI Alpha 1 protease inhibitor, ATATD/AATD
Alpha 1 Antitrypsin Deficiency

Data analysis

AATD variants reported were grouped by variant type
(e.g., E I, Mypion) and linked to a geographical region
(Africa, Asia, Europe, North America, South America,
and Oceania) identified from the reporting article. The
normal M variant, including the normal M-like variants
(M1-M6) are not reported. As the epidemiology of the
common Z and S variants are already well character-
ized [27], these variants are also not reported here. For
the purpose of this analysis, ‘rare’ variants are defined as
non-normal, non-M/Z/S variants. Synonymous variants
have also been identified and reported. Where possible,
at first mention, variants have been described according
to Human Genome Variation Society (HGVS) nomencla-
ture [28].

Results

AATD variants by geographical region

In total, 4,945 articles were identified by the search
string, 983 of which met the inclusion criteria and were
included in the analysis. After a review of the 983 arti-
cles, a total of 864 articles were found to contain use-
ful information on AAT/AATD variants for this study
(Additional file 1: Table S1); some contained informa-
tion on AATD variants from more than one geographi-
cal region. A list of the number of articles identified in
each country is shown in Additional file 1: Table S2.
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Collectively, all articles identified a total of 7,631 rare
AATD variants in a comparable number of individuals
(most individuals were reported to be single heterozy-
gous for rare AATD variants) and 216 rare variant types
across 80 countries worldwide (Table 2). The results
reflect a mixture of genetically defined variants with spe-
cific polymorphism(s) (i.e., those with known nucleotide
changes) and variants defined by IEF (i.e., those identi-
fied before newer genetic testing techniques were widely
available). These latter variants are of uncertain identity
in some cases and may overlap with other variants that
are reported.

Globally, there were 1,492 variants that were described
as unidentified Null/rare variants at the time of source
article publication; the most reported known rare AATD
variant was the F variant, which had a total of 1,281
reports (Table 2 and Additional file 1: Table S3). The
next most frequently reported variants were the I, E, and
C variants (the E and C variants were identified by IEF
and were not characterized by sequencing). There were
13 rare variant types that were identified in > 100 reports
(Fig. 1A), 45 that had 10-99 reports (Additional file 1:
Fig. S1), and 158 that were reported < 10 times (Fig. 1B).
There were also 75 rare novel variants that were reported
only once (Fig. 1B and Additional file 1: Fig. S2). The total
number of all rare variants reported in each geographi-
cal region are listed in Additional file 1: Table S4; these
variants are listed by variant numbers in Additional file 1:
Table S5 and listed by individual countries in Additional
file 1: Table S6.

Europe

For Europe, there were 526 articles that reported AATD
variants across 35 countries. The most articles came from
the United Kingdom (UK; n=77), Germany (n=68),
Spain (n=63), and Italy (n=>56). Eleven European coun-
tries had 10-50 articles, and a further 11 countries had
between 2 and 10 articles; seven countries (Albania,
Bulgaria, Czech Republic, North Macedonia, Slova-
kia, Slovenia, and Ukraine) had only one article report-
ing rare AATD variants. Germany reported the highest
number of rare AATD variants (n=902; n=29 rare vari-
ant types), followed by the Netherlands (n=518; 16 rare
variant types), Italy (n=459; 47 rare variant types), Spain
(n=456; 35 rare variant types), Portugal (n=268; 18 rare
variant types), France (n=236; 41 rare variant types),
and the UK (n=167; n=25 rare variant types). Sixteen
countries had <100 rare variants each and 10 countries
reported no rare variants.

In total, there were 3,419 rare variants (133 rare vari-
ant types) reported across Europe and 744 of these were
unidentified Null/rare variants at the time of source arti-
cle publication. The F variant was the most frequently
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Fig. 1 Number of rare AATD variants reported. A Variants with > 100 reports. B Variants with < 10 reports. Variants with > 10-99 reports are shown
in Additional file 1: Fig. S1. *Q0/rare = unidentified Null or rare variant at the time of source article publication. "Variants identified by IEF; all other
variants were genetically identified. AATD Alpha 1 Antitrypsin Deficiency
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reported known rare variant (n=435), followed by a
variant referred to as My (identified by IEF [n=377]),
then the I (n=293), Myion (€.227_229del; p.Phe76del
[n=251]), P yen (c.839A>T [M1 Val]; p.Asp280Val
[n=132]) and QOguem (c.1131A>T; p.Leu377Phe
[n=110]) variants. The F variant was the most frequently
reported known rare variant in Germany (n=114),
Greece (n=11), Hungary (n=25), Iceland (n=22),
Poland (n=14), Sweden (n=20), and the UK (n=86),
whereas the I variant was the most frequently reported
rare variant in Belgium (n=9), France (n=46), Ireland
(n=45), and Switzerland (n=12; Fig. 2). The Myjjton
variant was the most frequently reported variant in Spain
(n=105) and Italy (n=56), and unidentified P variant(s)
(discovered by IEF) were most frequently reported in
Norway (n=9) and Serbia (n=12). The V (c.5154G> A;
p.Glyl72Arg) variant was the most frequently reported
variant in Albania (n=4), North Macedonia (n=4), and
Romania (n=10), whereas Mg, (identified by IEF) was
the most frequently variant reported in Finland (N=15)
and was not reported in any other country. In Portugal,
the most frequently reported rare variant was QO sm
(n=83) and in Denmark the rare variant reported the
most was the X (c.682G > A; p.Glu228Lys [n=9]) variant.
The Netherlands reported 377 My variants (identified by
IEF) and only one rare variant was reported in Croatia:
QOgyedevoort (€-552C > G; p.Tryl84ter).

North and South America

Thirty-three articles were identified reporting AATD var-
iants in Canada. Most articles were reported in Ontario
(n=16), followed by British Columbia (n=8), and Que-
bec (n=7). In total, 321 rare variants (n=34 types of rare
variant) were reported across Canada. Ontario had the
most rare variants of all the Canadian States (n=113 rare
variants; n=20 rare variant types), followed by Quebec
(n=70; n=13 rare variant types), and Alberta (n=11;
only the F variant was reported). Across the whole of
Canada, the F variant (n=71) was reported more than
the Mypuion (n=54), I (n=26), QOc,qg (c.839A>T;
p-Asp280Val [n=16]), and QOpgjngham (c.721A>T;
p.Lys241ter [n=15]) variants (Fig. 3). There were 115 rare
variants (n=9 rare variant types) where the Canadian
state was not specified, 34 unidentified Null/rare vari-
ants, and no reports of any AATD variants in the three
Northwest Territories.

Across the entire US, 189 articles reported AATD vari-
ants. The state of Maryland reported the most articles
(n=23), followed by Minnesota (n=21), and California
(n=20). In total, 3,160 rare variants (n="79 types of rare
variant) were reported across the US. Arkansas had the
most rare variants (n=1,958 variants; n=20 rare vari-
ant types), followed by Maryland (n=173; n=19 rare
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variant types), and Minnesota (n=171; n=10 rare vari-
ant types). Across the entire US, the F variant (n=658)
was the most frequently reported rare variant, followed
by the C (n=441), E (n=420), I (n=348), P (n=158), and
G (n=125) variants (Fig. 3); the C, E, P, and G variants
were identified by IEF. Also in North America, there were
four articles published reporting AATD variants in Mex-
ico and one article reporting AATD variants in Puerto
Rico; however, only Z/S variants were reported in both
countries. There was also one article reporting only the
normal M1/M2 variants in Greenland (Fig. 3).

There were just 15 articles that reported AATD vari-
ants in three South American countries (Argentina
[n=4], Brazil [n=10], and Venezuela [n=1]). Argentina
had only reported Z/S variants and in Brazil, 10 rare vari-
ants (n=5 types of rare variant) were reported in total;
the I variant was reported most frequently (n=5), fol-
lowed by two unidentified Null/rare variants, and one
report each for the F, Myjchinan (€-227_229del; p.Phe76del)
and Py . variants (Fig. 3). There was only one report of
arare AATD variant in Venezuela; a variant referred to as
AN, which was identified by IEF (Fig. 3).

Africa

Across Africa, Asia, and Oceania, all known rare variants
identified had <100 reports each. There were 39 articles
reporting AATD variants in 17 out of the 54 countries
in Africa; n=10 articles came from South Africa, n=9
from Tunisia, and n=3 each from Egypt and Nigeria.
Two countries reported only the normal M1/M2/M3
variants (Central African Republic and Kenya), and two
reported only the Z and/or S variants (Cape Verde and
Egypt). There were 264 rare variants (n=22 rare variant
types) reported across the whole of Africa (Fig. 4). The
most reported known rare variant besides variants that
were unidentified at the time of source article publica-
tion (n=120) was St. Albans (c.840C > T and c.1093G > A;
p-Asp280Asp and p.Asp365Asn [n=24]), followed by the
V (n=22), F (n=14), Wg,, (n=13), L (n=10), Mypiton
(n=10), P (n=10), and Sg,1,., (n=10) variants (the W,
L, P, and Sg.,, variants were identified by IEF). Apart
from Nigeria, which reported 98 unidentified variants
as well as three L. and W variants, South Africa had the
most known rare AATD variants (n=83; n=9 types of
rare variant), followed by Tunisia (n=40; n=8 types of
rare variant), Morocco and the Democratic Republic of
the Congo (n=8 each; n=1 and n=2 types of rare vari-
ant, respectively). Across Africa, 120 unidentified Null/
rare variants were reported. The F variant was only
reported in four African countries; Botswana (n=4),
Liberia (n=4), Somalia (n=4), and South Africa (n=2).
The I variant was only reported once in Africa, in Soma-
lia in 1977.
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Fig. 2 Rare AATD variants reported in Europe. For countries with more than 10 rare variants reported (France, Germany, Italy, Netherlands,

Poland, Portugal, Spain, Switzerland, and the UK) only the 10 most frequently reported rare variants are shown. The full list of all rare variants

by geographical region and country are shown in Additional file 1: Tables 54, S5, S6. Countries are color-coded according to the most frequently
reported variant in each country. For countries where the most frequently reported group was ‘unidentified Null/rare variants, countries (Germany
and Switzerland) are color-coded according to the next known rare variant. *Q0/rare = unidentified Null/rare variant at the time of source article
publication. fVariants identified by IEF; all other variants were genetically identified



Ferrarotti et al. Orphanet Journal of Rare Diseases (2024) 19:82 Page 8 of 17
United States
F n=658 WBethesda n=3
*QO/rare n=535 Finneytown1 n=3
ct n=441 My n=2
E* n=420 Pittsburgh n=2
= - =2
I n348 A Canada
P n=158 QOpttawa n=2 = 1
* = E =1 n=
G n=125 Durham n M =54
v n=62  Euenpers’ n=1 *Q'w(il/t?;re n=34
ator n=37. e, :i | n=26
\ n=37 Durate QOCardiff n=16
D' n=28 Ncambodia/ v nole
X n=28  Pierre-bénite n=1 Bellingham A
ZPrattf n=21 Niartford City n=1 OHeerI'en 11
PLoweII n=17 P1' n=1 B Ourém N =10
Miams' n=16  Peomeiisvite ~ N=1 Venezuela Nslaskatoon g
O*oGranite Falls n=15 PDUFGIE n=1 AN? n=1 (')’I'OCIda ne?
T n=15 POkiT n=1 QOMattawa _6
n=
wt n=14 PWeishif n=1 RY Bolton e
MHeerIen n=12 QoCardiff n=1 p K hee
' n=12 QOChillicothe n=1 ECastorla nea
Ecincinnati n=11 Ocincinnatii ~ N=1 - Lemberg s
' n=10  QOpgyion n=1 || Brazil Voo n=t
PCIiftonJr n=10 QOForks n=1 I* n=5 PFranklm ' =3
QOBellingham n=9 QOFDSStDn n=1 QO/ra re n=2 C)f?*o\.ldepest =3
' n=9 QOgranite City n=1 F n=1 v Cork . n;3
NHampton1 n=7 QOHiguey n=1 Myichinan nil P‘;'?{(;rgargh .
Siiunich n=7 QOs,vannah n=1 PLowel n=1
= Q0c;nada n=2
MBaIdwin n=5 QOSummit n=1 Q0 ; o2
MProcida n=5 OTangier n=1 Ludwigshafen =2
PSalt Lake n=5 QOTrastevere nil XAlban* =2
PStAIbans n=5 West n=1 Mc " el
K n=4 0Wilkes-Barre n=1 M oba R o1
QOclayton n=4 SNorth Adams n=1 MDurate el
= = Wiirzburg =
brocida n=4 Tarragona n=1 "~
0San Francisco n=4 Tijarafe n=1 o n=1
Isait Lake n=3 Valipotis n=1 Cedar Island "~
MMineraI Springs n=3 Decatur n=1 Hong Kong 1 1
Wiirzburg n=3 WSpringﬁeId n=1 Hongj Kong 2 el
QOBoIton n=3 Z+saar n=1 . AN' . F . | No reports SDon?stl el
QOynonvitte n=3 Zijttte Rock n=1 Mfunlch 1

. Only Z/S/M1/M2/M3 variants reported

Fig. 3 Rare AATD variants reported in North and South America. Countries are color-coded according to the most frequently reported variant
in each country. *Q0/rare = unidentified Null/rare variant at the time of source article publication. "Variants identified by IEF; all other variants were

genetically identified

Asia

There were 95 articles that reported AATD variants in 18
countries across Asia. Japan published the most reports
on AATD variants (n=26), followed by India (n=10),
China and Turkey (n=9 each). Japan also reported the
most rare AATD variants (n=126; 19 rare variant types),
followed by China (n=84; 16 rare variant types), Iran
(n=44; 3 rare variant types) and Turkey (n=29; 5 rare
variant types). Saudi Arabia reported only the Z and S
variants. Across the whole of Asia, there were 338 rare
variants identified; the Sy ., (c.230C>T; p.Ser77Phe)
variant was reported the most (n=72), followed by the
F (n=69), Eqyy, (c.1075A>G; p.Lys359Glu [n=55]),

Myjichinan (1 =20), and X (n=14) variants (Fig. 4). There
were 19 unidentified Null/rare variants reported across
Asia. The Sy, variant was reported only three times
outside of Japan and South Korea, both of which were
in Italy. Similarly, Er,,, was only reported once outside
China and Japan, in Switzerland. There were only 11 I
variants reported in Asia; n=1 in China, and n=2 each
in Iran, Tajikistan, and Thailand, and n=4 in Turkey.

Oceania

In Oceania, there were 19 articles reporting AATD vari-
ants in Australia and three articles reporting AATD
variants in New Zealand. In Australia, there were 108



Ferrarotti et al. Orphanet Journal of Rare Diseases (2024) 19:82 Page 9 of 17

Turkey Jordan Iran Kazakhstan Tajikistan Russia China
lsrael *QO/rare n=21 || F n=2 F n=37 || N* n=1 I n=2 R n=1 Erokyo n=51
V. nea | n=4 V n=5 N' n=1 n=11
V_s* n=1 PLoweII n=4 I n=2 P\.Neishif n=4
X/t nel Matton  N=3 Pittsburgh n=3
MProcida n=1 SHangzhgu n=3
Libya Hailin n=2
T n=3 ' n:1
ETripoli* n=1 LBeijing N n=1
Guehen; n=1
Tunisia Huairou n=1
MMalton :;18 Ja|gan
SBerberf n=10 liyama Eigg
MWUrzburgnzs Nichinan :
R' n=2 Nagato n=6
Nt n=1 Tokyo n=4
PLoweH n=1 n=4
T n=1 QOCIaytonf n=4
L ¢ Y Toyoura n=3
Morocco , b . :/?kif n=g
. = % { % w / - Palermo n=
WOcsio "8 ' S y *QO/rare  n=2
Gambia
Mem' n=1 N South Korea
Pakistan Q0ciayton ~ N=3
Liberia A e * F n=4 liyama n=3
F n=4 n=2
India
Nigeria E' n=1 Philippines
*QO/rare n=98 F n=1 F n=4
L n=3 p =8 -
wt n=3 Somalia Malaysia Vietnam
F n=4 X n=12 XChristchurch n=4
Angola I n=1 F n=2 Bristol n=2
WSanf n=1 o
D.R.C Australia Thailand
Namibia L* n=7 *QO0/rare F n=2
W' n=2 V  n=1 F n=25 I n=2
| n=14
Botswana South Africa G n=11 || New Zealand
F n=4 St.Albans  n=24 wt n=9 Fo n=8
*QO/rare n=21 QOgeingham =4 IChnstchurch :ii
v + n=21 NAdeIaide n=3 -
WSan n=10 PLowell n=2
EJohannesburg n=2 |:rank|inf n=1
n=2 + n=1
Christchurch n=1
Obernburg n=1
T n=1

L D™ I (NG [l e
- W W Ol B
I:‘ Xchristchurch . Only Z/S/M1/M2/M3 variants reported ‘ No reports

Fig. 4 Rare AATD variants reported in Africa, Asia, and Oceania. For countries with more than 10 rare variants reported (China and Japan)

only the 10 most reported rare variants are shown. The full list of all rare variants by geographical region and country are shown in Additional file 1:
Tables S4, S5, Additional file 1: Table S6. Countries are color-coded according to the most frequently reported variant in each country. For countries
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rare AATD variants (n=10 rare variant types) reported.
The F variant was the most reported known rare variant
(n=25), followed by the I (n=14), G (n=11), W (n=9),
and QOpjjingham (n=4%) variants (Fig. 4); the G and W
variants were identified by IEF. There were also 38 uni-
dentified Null/rare variants. Three N4 (identified
by IEF) variants were reported in Australia, which were
not reported in any other country. In New Zealand, there
were only 10 rare AATD variants reported; n=8 F vari-
ants, n=1 Christchurch (c.1159G > A; p.Glu387Lys) vari-
ant, and n=1 I variant. There were only two variants
reported as Christchurch worldwide, the one reported
in New Zealand and another from South Africa (Fig. 4);
this variant was later referred to as Xcpistchureh it France
(n=6), Italy (n=1), and Vietnam (n=4).

Redundant variants

Several rare AATD variants were originally identified by
IEF, before genotyping and sequencing methods became
more widely available. As a result, some rare SERPINAI
mutations, such as Xcpischuren Mentioned above, have
been shown to have several names depending on when/
where the variant was identified. For example, the vari-
ant referred to as St. Albans is also known as Pg apans
(c.1093G>T; p.Asp365Asn). Additionally, the Mjion
variant, which is the result of a ¢.227_229del (p.Phe76del)
mutation on an M2 base allele, has been shown to have
the same mutation as other variants on different base
alleles: Mcygjiari (M1) Myjichinan (M1, with another rare
mutation that does not lead to AATD), Mpyjermo (M1)
and QO , pama (S). Likewise, the ¢.839A > T (p.Asp280Val)
SERPINAI mutation has been demonstrated to be to the
mutation associated with the Py, 1 (M1), Ppate (M4),
and QOc,qi (M1) variants. The top 20 most common
rare AATD variants identified in this study, their synony-
mous variants, and their HGVS nomenclature are shown
in Table 3 (a full list of all variants and HGVS nomencla-
ture is shown in Additional file 1: Table S7).

Discussion

This systematic review of the literature has identified
numerous reports of rare AATD variants across the
world. We identified 216 different types of rare AATD
variant reported in the literature, 13 of which were fre-
quently reported (> 100 times each) and 75 of which were
novel. Aside from the variants that were unidentified
Null/rare at the time of source article publication, the
rare variant most reported worldwide was the F variant,
followed by the I, E, and C variants. The F variant was
also the most commonly reported known rare variant
across Europe, North America, and Oceania. Together,
the data highlights that AATD goes far beyond the most
commonly reported Z and S variants, suggesting that
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there may be widespread underdiagnosis for AATD in
patients with COPD.

In patients with AATD, the Z and S variants are highly
prevalent, with the Z variant being present in 98% of
individuals exhibiting diseases related to AATD [29].
Worldwide, there is estimated to be approximately 190
million individuals with the Z and/or S variants (either
in a homozygous or heterozygous state) [15], and yet
AATD remains underrecognized [20, 30]. The true num-
ber, prevalence, and types of rare AATD variants are
currently unknown, which likely contributes to AATD’s
under recognition. Presently, most of the evidence per-
taining to the management of AATD is based on subjects
who are homozygous for the Z variant or heterozygous
for the Z variant and a Null variant, as these individuals
are most likely to be identified as having AATD-related
symptoms. Results of this study, therefore, suggests that
there are many individuals who are left untreated that
may otherwise benefit from treatment; these individu-
als may also benefit from preventative measures, such as
smoking cessation, reducing exposure to environmental
and occupational pollution, and early exacerbation treat-
ment [1, 31]. Individuals heterozygous for the Z variant
(MZ) also have evidence of accelerated lung function
decline and there are suggestions that these individuals
may benefit from early diagnosis and potentially from
AAT therapy [32, 33]. Given the prevalence of rare vari-
ants, and the wide range of AAT serum concentrations
observed in MZ individuals, there is a possibility that
some individuals identified as MZ, may in fact carry an
unidentified rare variant as well as the Z variant, increas-
ing their risk of disease. However, in many cases, the clin-
ical significance of these rare/novel variants is uncertain.
The clinical significance of Null variants and the benefit
of AAT therapy for individuals with these high-risk vari-
ants is less uncertain as there is some evidence that AAT
therapy may be beneficial for individuals with Z/Null and
Null/Null genotypes [34-36]. Once there is more sub-
stantial clinical evidence for the benefit of AAT therapy
in individuals with genotypes other than ZZ, clinical
guidelines should be reconsidered. However, given the
extreme diversity of AATD variants and the unlikelihood
that clinical evidence for the efficacy of AAT therapy will
be available for each variant, a pragmatic approach is
perhaps needed. AAT functionality assays are not widely
available at present; therefore, currently, the decision to
treat patients with AAT therapy should be based upon
AAT genotype and the patient’s clinical characteristics.

While the F variant is not reported as frequently as the
Z and S variants, the present review shows that the F var-
iant has been observed worldwide and at high rates. The
F variant was first discovered in 1965 [37], and is associ-
ated with quantitatively normal AAT levels, but reduced
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AAT function and, therefore, carriers are associated with
increased susceptibility to elastase-mediated lung tis-
sue damage [4, 27, 38]. The F and I variants can be eas-
ily detected by IEF, but as AAT serum levels expressed by
the F variant are quantitatively normal, AAT serum test-
ing alone will not identify individuals carrying this vari-
ant. Often, variant-specific PCR testing is not performed
to test for the F variant, but this should be considered
due to its high prevalence as well as its reduced function
in preventing elastase-mediated lung tissue destruction
and the ability of AAT therapy to slow the progression of
lung tissue density loss [39, 40].

Another variant that should be considered for routine
testing is the I variant, which was the second most fre-
quently reported known rare variant in the current study.
The I variant confers a high risk of lung and liver disease,
as with the Z variant, and was first characterized in 1989
[41]. In line with the present review, there is evidence
that the I variant is relatively common among patients
with AATD. In a Spanish study of 3,511 AATD blood
samples referred for AATD testing between 1998 and
2010 with serum AAT levels<120 mg/dL, 34% of cases
were attributed to the I variant, highlighting the variant’s
potential clinical significance [42]. The prevalence of the
I variant has also been reported to vary among low fre-
quency variants from country to country; the number
of cases attributed to the I variant have been reported
as 28% in Switzerland [43], 5% in Italy [44], and 90% in
Ireland [45]. It should be noted, however, that the IEF
banding pattern for the I variant can be confused with
the IEF pattern of the F variant, as both the F and I vari-
ants share the same amino acid substitution but at dif-
ferent positions in the protein (Arg to Cys; p.Arg247Cys
and p.Arg63Cys, respectively), thus introducing a simi-
lar change in electrostatic charge [17, 42]. Therefore, to
avoid misinterpretation, suspected cases identified by
IEF should be confirmed with molecular methods. This,
along with the large number of variants that were clas-
sified as unidentified Null/rare, emphasizes the need for
variant-specific testing methods, i.e., genotyping, along-
side phenotypic analysis.

The prevalence of the Z, S, F, and I variants were
recently investigated in a large scale, gene-based screen-
ing program in the US and results showed that the F vari-
ant was reported to be more prevalent than the I variant
[16]. While our results support this finding, we found
that the C and E variants were reported more frequently
than the I variant in the US. The majority of the C and E
variants identified were reported in a study that utilized
IEF to determine AAT protein phenotypes in a sample of
72,229 patients in 2013 [46]. However, it is known that
some of the variants detectable by IEF do not correspond
to specific mutations in SERPINAI. IEF is commonly
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utilized to determine AAT protein phenotypes based on
their electrophoretic mobility, with AAT proteins origi-
nally being classified as slow (‘S’) or fast (‘F’) variants
compared with the moderate mobility (‘M’) of the nor-
mal AAT protein [4]. Consequently, AAT variants were
historically classified from ‘A-Z’ based on their banding
pattern. The variants that migrated faster through IEF
gels were classified as ‘A-L; depending on how close they
were to the normal ‘M’ variant, whereas variants that
migrated more slowly were classified as ‘N-Z’ [4]. Once
there were no unused letters for naming new variants,
or the exact mutation was diagnosed by molecular tests,
numerical figures and places of origin were added [17].
Today, most genomic databases follow HGVS guidelines
[28], despite both patients and physicians being more
familiar with the previous IEF-based nomenclature for
AATD variants. Therefore, it is likely that many of the
variants reported as C and E are in fact other SERPINA1
variants that have since been genetically discerned and
reported using different nomenclature, and may explain
why these variants are reported only in certain countries
and/or older publications.

Further to this, there are several examples of where
variants have likely been assigned different names
depending on when/where they were first identified. The
My variant was first described in the Netherlands in 1976
and the term ‘M, was proposed based on its electropho-
retic behavior [47, 48]. However, as this variant was not
reported anywhere else, it is likely that another name for
the My variant was subsequently used. Likewise, the AN
variant was only identified in one article reporting allelic
frequencies in an Andean Venezuelan population in
1996 [49]. The authors did, however, note that the iden-
tity of the AN variant needed to be confirmed due to a
similar IEF banding pattern to the F variant [49]. Further-
more, the use of genetic-based identification methods
has shown that some variants have the same mutation
on different base alleles and, therefore, the same vari-
ant can have more than one name, adding further con-
fusion to the AATD variant nomenclature. For example,
the My 11on Variant has a p.Phe76del mutation on the M2
base allele, whereas the Myjchinan @0d Mg variants
have the same mutation on the M1 base allele [50]. The
Ncambodia Variant is also known as M1pe e benite [515 521,
M\X/ﬁrzburg is also called M\/all d’'Hebron [53’ 54]’ and PLowell is
also called QOc, iy Ppourater OF Yparcelona [25]. Here, these
variants have been reported separately, as they were
reported in the literature. SERPINAI is a mutational hot
spot and so some variants contain more than one muta-
tion, such as QO , p,ima (P-Phe76del and p.Glu288Val) and
the St. Albans variant (p.Asp280Asp and p.Asp365Asn)
[4, 55]. Adopting the use of HGVS guidelines would pre-
vent confusion with describing currently known variants



Ferrarotti et al. Orphanet Journal of Rare Diseases (2024) 19:82

and the naming of new rare and novel variants, and
would further our understanding of SERPINA 1 variation.

A further issue is that despite HGVS guidelines exist-
ing to ensure consistent and unambiguous description of
sequence variants [28], it is still common in the AATD
field to employ residue numbering according to the
mature protein (i.e., without the first 24 residues of AAT’s
signal peptide) [4]. Here, we have followed HGVS guide-
lines and described variant residue numbering with the
inclusion of AAT’s 24-residue signal peptide. To ensure
consistent naming and description of SERPINA I variants
and avoid confusion with AATD variant nomenclature,
we call for others in the field of AATD to refrain from
using the old convention and precisely follow HGVS
guidelines.

AATD was once thought of as a disease that affected
patients of European decent only; however, current
data shows that many countries have several rare vari-
ants within their population, irrespective of population
ancestry. Today, we know that SERPINAI is a muta-
tional hot spot and new rare variants arise irrespective
of ancestry and geography. To aid identification of rare
variants, a multiplex genotyping system has been devel-
oped to enable simultaneous identification of multiple
AATD variants [24]. However, due to regional variations,
the multiplex genotyping system may show more utility
in certain geographical regions than others, or at least,
would require further integrative analysis in some popu-
lations. Out of the 14 variants that can be detected using
the multiplex system, our results show that only half have
been identified outside of Europe and North America (F,
I’ MMalton' PLowell’ QOBellingham' QOClayton’ and inyama)’ with
only four having been found in Asia (F, I, QO¢y0n and
Stiyama) and three in Africa (F, I, and Myon)-

The geographical differences in the number and/or
types of rare AATD variants reported may likely be the
product of several different factors. For example, some
countries, particularly in the western world, place a
greater emphasis on AATD research and diagnostic prac-
tices than others; as a result, this will likely influence the
extent to which rare AATD variants are reported by these
countries. Similarly, in countries with a history of isola-
tion or lack of migration, endogamy or consanguinity
may result in some variants being more prevalent than
in countries with more population movement, and coun-
tries with smaller populations may result in certain vari-
ants being more concentrated. This is certainly a complex
topic and continuing advancements in genetic testing
and increased AATD awareness will contribute to the
identification and reporting of different variants in coun-
tries across the world.

It has been suggested that African populations
could be a source of novel AATD variants due to the
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low prevalence of other, more common variants [55,
56]. Our study identified 22 types of rare variant that
have been reported in Africa. Seven of these variants
are, so far, unique to African populations (Ejhunnesburg
Etripoly Mgam» Obernburg, Sg.., St. Albans, and
We,,), but due to global migration, we may begin to
see further spread of these rare variants. This has been
observed with the Er,,, variant; a variant predomi-
nantly found in China and Japan [57-59], which has
also been reported in Switzerland [43]. Therefore, there
is a rationale to tailor expanded variant genotyping for
multiple specific mutations, including rare variants.
However, as testing for all known variants simultane-
ously is not practical and does not identify novel vari-
ants, ultimately, only genetic sequencing, which can
identify any mutation, provides the most accurate pic-
ture of variant status.

The majority of the AATD variants identified in this
current literature search contain mutations that occur in
the protein-coding region of SERPINAI; however, muta-
tions that occur in regulatory regions may also severely
impact gene expression and/or serum AAT protein lev-
els [60]. Therefore, gene sequencing, and if necessary,
including introns as well, is recommended for any dis-
cordance between AAT serum levels and the reported
genotype to obtain a definite AATD diagnosis. Moreover,
some SERPINAI mutation may not have a direct impact
upon serum AAT concentration, but may determine AAT
protein functionality. Instances like this support the need
for genetic sequencing to identify AATD variant status
and correlate it to serum AAT levels, AAT functionality,
and the clinical condition of the patient and/or their rate
of lung function decline.

One important implication of the findings reported
herein is that there are many uncommon, rare variants
associated with AATD reported worldwide. Further
detection of rare variants may help identify more individ-
uals with AATD and improve appropriate AATD diag-
nosis, enabling patients to receive timely and adequate
treatment to help limit disease progression. The role of
AAT therapy for patients with rare variants and low AAT
serum level remains controversial given that no clinical
proof of efficacy is available or on the horizon.

Genetic testing that can effectively identify rare and
novel AATD variants is crucial and should be used to
support quantitative AAT testing [61]. However, whole-
gene sequencing of SERPINAI and next-generation
sequencing can be costly. Testing for multiple variants
simultaneously is a practical solution but is not a ‘one-
size fits all’ solution to a disease with such global varia-
tion. Ideally, testing for multiple variants simultaneously
should be adapted according to geographical region.
Such data would provide further insight into the natural
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history and understanding of clinical phenotypes linked
to specific variants, which is an endeavor that the Euro-
pean Alpha-1 Research Collaboration (EARCO) is com-
mitted to [22]. The EARCO registry enrolls patients with
AATD, including those with rare variants, providing
prospective data on the clinical characteristics of these
patients, and is open to all Investigators around the world
caring for patients with AATD.

Limitations

Data presented herein does not reflect the actual preva-
lence of AATD variants; data was identified in studies
through targeted screening of individuals with symptoms
of AATD, through familial identification, or through
national screening programs. Data was obtained from
articles published over the last 56 years and it is uncertain
whether some individuals with rare AATD variants have
been reported in more than one publication. Similarly, in
the clinical setting, it is important to acknowledge that
some rare variants may be prone to underreporting. This
can be attributed to instances where these variants have
been previously documented in the literature, rendering
them no longer novel. Since AATD was first described in
the 1960s, methods of variant identification and nomen-
clature have changed; older publications, where vari-
ants were identified based upon visual inspection of IEF
banding patterns, may have mis-identified AAT variants.
More recently identified variants are named in accord-
ance with HGVS guidelines; however, the unconventional
nomenclature still widely persists in the literature and so
it is difficult to fully assess the true number of rare AATD
variant types that exist. Here, variants with different
polymorphisms (such as M,,,..n) have been counted as
separate variants. Furthermore, it is likely that not all rare
variants are reported in the literature, with many listed
in genetic databases only; others may only be reported in
non-English language journals.

Conclusions
AATD goes far beyond the most common Z and S vari-
ants, which dominate the literature in the field of AATD.
Rare variants also play an important role in AATD, as
demonstrated by their presence in patients from across
the world. Our analysis highlights that comprehensive
testing approaches are needed to ensure accurate AATD
diagnosis, to optimize treatment strategies, particularly
in terms of identifying patients who may benefit from
AAT therapy. Ultimately, this could help to improve
patient outcomes.

AATD variants are reported inconsistently through-
out the literature. Some are reported according to the
original IEF-based nomenclature while others are
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reported according to partial or full HGVS guidelines.
We therefore call for others in the field of AATD to
adopt the most recent HGVS guidelines to avoid confu-
sion over AATD variant nomenclature. Nomenclature
alignment would also help to fully understand SER-
PINA1 variability and assess the true extent of variant
types in AATD. Finally, given the diversity of AATD
variants that exists and the unlikelihood that clinical
evidence for AAT therapy efficacy for each variant will
become available, we underline the importance of cor-
rect molecular diagnosis of AATD to provide the basis
for the best management and treatment options in view
of precise medicine. However, this does require that
there is standardized sequencing/reporting in the field
of AATD.
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